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Effect of ultrasound treatment on bioactive compounds’ composition of soybean 
and red prickly pear used to develop a functional beverage 

by 
Sayra Nayely Serrano Sandoval 

Abstract 
Soymilk and red prickly pear have nutraceutical properties. It has been reported that aglycone 

isoflavones in soymilk as well betalains, polyphenols, and vitamin C from red prickly pears 

have health-related attributes. Ultrasound(US) has been explored to enhance the content of 

phytochemicals in plant-based foods. Hence, the aim of this research was, to evaluate the 

effects of US treatment on the extractability and/or biosynthesis of antioxidants of soybeans 

and red prickly pears to elaborate a mixed beverage. Firstly, soybeans were sonicated with 

100µm-20min at 30°C and soymilk was obtained. Individual isoflavones were quantified in 

the resultant soymilk and b-glucosidase activity was evaluated. Secondly, two studies were 

conducted with red prickly pears. In the first one, US was applied at different amplitudes(50, 

75 and 100µm) and treatment times(5, 10, and 15min); and betalains, phenolics, and vitamin 

C concentration was quantified immediately after processing(0h) and after 24 and 48h of 

storage. The optimal conditions were employed in the second study(50µm-15min and 

100µm-10min) and in addition to the quantification of antioxidants, the respiration rate and 

ethylene production were measured(0-48h, every 6h). Furthermore, tyrosinase activity was 

measured. Finally, a mixed beverage was prepared with soymilk extracted form sonicated 

soybeans and US-treated prickly pears(70:30 v/v) and the physicochemical and 

phytochemical properties were evaluated. Obtained results indicated that the activation of b-

glucosidase during US-processing of soybeans induced the interconversion of isoflavone 

glucosides to aglycone structures in the obtained soymilk. Furthermore, US-cavitation 

phenomena increased the extraction of isoflavones. On the other hand, immediately after US 

at 100µm-10min and during storage, the concentration of betalains on the peel and pulp of 

prickly pears augmented significantly, which was supported by the increase of tyrosinase 

activity. Furthermore, changes in the concentration of phenolics and vitamin C were also 

observed in the US-treated fruits. The data obtained from the evaluation of the respiration 

rate and ethylene production support that US affects both the extractability and the 

stimulation of biosynthetic pathways. The mixed beverage presented a high content of 

aglycone isoflavones, betalains, phenolics, and vitamin C which could have functional 

properties. 
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Chapter 1  

1. Introduction  

Nowadays, the busy and complicated schedules of modern population have led to 

unhealthy dietary patterns, increasing the consumption of junk food and processed products 

with excess of saturated fat, salt, sugar and refined grains (Sharma and Majumdar, 2009; 

Anand et al., 2015). According to Mak et al. (2012) the increase of chronic and degenerative 

diseases in great part of the world population even in children are related with these 

inadequate eating habits. For this reason, people are increasingly concerned about their health 

and are currently claiming products with high nutritional value, attractive sensorial 

characteristics, easy-to-prepare and ready-to-eat (Khan et al., 2013).  

In order to meet consumer health expectations, functional foods were introduced in a new 

market segment called “Health and Wellness”. They are wholly enriched, fortified or 

enhanced foods that have potential benefit effects on health over and above basic nutrition. 

Scientific evidence has demonstrated the correlation between consumption of these products 

and low risk of chronic disorders such cardiovascular disease, diabetes or cancer (Khan, et 

al., 2013; Corbo et. al., 2014; Sikand et al., 2015; Rudkowska, 2016). Hence, the innovation 

and development of functional foods is of great interest for the food industry and researchers.   

Corbo et al. (2014) and Kris-Etherton et al. (2002) reported that beverages are by far the 

most attractive functional foods category due to (i) their convenience and possibility to meet 

consumer demands for container contents, size, shape, and appearance; (ii) their easy 

distribution; and (iii) great opportunity to incorporate in the diet desirable nutrients and 

bioactive compounds. The mixture of different food ingredients or foods has given rise to an 

important group of functional beverages. Furthermore, it has been demonstrated that by 

blending fruit juice or pulp with other ingredients such as cow´s milk or soymilk, the 

physicochemical characteristics, sensorial properties and nutritive value of the resulting 

beverage are improved (Andrés et al., 2014).  

Soy-products have received a special attention in the formulation of functional products 

because of their nutritional properties and potential health benefits. It is well known that 

soybean (Glycine max) is the most abundant source of vegetable protein with high quality 

essential (isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, 
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valine and histidine) and no-essential (cysteine and tyrosine) amino acids. It has an elevated 

concentration of polyunsaturated fats, fiber, vitamins, minerals and low content of saturated 

fat (Fen-Jin and Jin-Qiang, 2013) and significant concentrations of phytosterols, tocopherols, 

and isoflavones (Toro-Funes et al., 2014; Preedy, 2013).  

According to Fahmi et al. (2014), isoflavones are molecules located in the cellular wall 

being a subgroup of non-steroidal phytoestrogenic and antioxidative polyphenolic 

compounds with a structure similar to 17-β-estradiol and capable of binding to estrogen 

receptors (ERs). Isoflavones are usually present as glycoside conjugates in foods, such as 

genistin, diadzin, and glycetin, and in lower concentration, their aglycone forms such as 

genistein, diadzein, and glycetein. Whereas isoflavones occur in many types of legumes, 

soybean contains the highest concentration (Preedy, 2013). Several studies have reported the 

positive effect of these molecules on human health, in particular, prevention of hormone-

dependent cancers, cardiovascular diseases, osteoporosis, adverse menopausal 

manifestations and age-related cognitive decline (Pilsákova et al., 2010; Preedy, 2013; 

Pilsákova et al., 2010). 

Among the most consumed soy-products worldwide, soymilk has been recognized as a 

healthful beverage for non-tolerant lactose or vegetarian people (Fahmi et al., 2014; Joo-Ann 

et al., 2012). However, it is not totally well accepted by consumers because of its off-flavor, 

which is characterized by a beany relish and an unpleasant aftertaste. Therefore, finding ways 

to improve this characteristic without affecting its nutritional properties has become a great 

challenge. The combination of soymilk with other ingredients, such as fruit juices or pulp, is 

a potential alternative to obtain soymilk beverages with enhanced flavor and high content of 

health-related compounds.  

Due to its exotic flavor, attractive color, and antioxidant properties, red prickly pear 

(Opuntia ficus-indica) is a good option to be combined with soymilk and obtain a new mixed 

beverage with functional properties. This fruit is very common in Mexico and other areas of 

Latin America, South Africa, and the Mediterranean (Zafra-Rojas et al., 2013). The 45% of 

the worldwide production corresponds to Mexico and only 1.5% of its production is exported. 

Several studies have demonstrated that red prickly pear has a significant content of minerals, 

vitamin C, flavonoids, phenolic acids, and betalains (Cruz-Cansino et al., 2015; Galati et al., 

2003), great radical-scavenging properties, and high antioxidant activity (Tesoriere et al., 
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2004; Alba-Jiménez et al., 2014). Indeed, the total antioxidant activity of red prickly pear is 

similar to red grape raisin, orange and grapefruit (Cruz-Cansino et al., 2015).  

Usually, the processing of prickly pear is limited mainly because this fruit has a high 

content of carbohydrates, low acidity values and high pH (5.3-7.1), which make it susceptible 

to microbial deterioration, low storage stability and short shelf-life (Mosshammer et al., 

2006, Cruz-Cansino et al., 2015; Zafra-Rojas et al., 2013). However, considering its sweet 

and exotic taste, some alternatives for processing are as jams, jellies, juices or mixed 

beverages. Therefore, there is an opportunity to use the juice of red prickly pear as raw 

material to prepare a mixed beverage combined with soymilk.  

Innovative technologies, such as high-pressure processing (HPP), electrical pulses fields 

(PE), and ultrasound (US) have been explored to enhance the content of bioactive compounds 

either by biosynthesis or by extraction. It is believed that oxidative stress produced after 

treatment with emerging technologies could be responsible for the accumulation of health-

related compounds (Jacobo-Velázquez et al., 2017). Among them, US technology is a low-

cost, simple, reliable and environmentally friendly process (Witrowa-Rajchert et al., 2014; 

Zafra-Rojas et al., 2013).  

US treatment is defined as mechanical waves with a frequency above the threshold of 

human hearing (20 Hz to �20 kHz). Due to the contact of the medium and the ultrasound 

waves microbubbles are formed, creating mild acoustic pressures. Collapses of microbubbles 

throughout the fluid result in a phenomenon called cavitation. This event generates high 

temperatures (> 5, 000 K) and pressures (70-100 MPa) at a localized level (Barbosa-Cánovas, 

et al., 2010). As a consequence, polymer chains breakage and destruction of cell walls can 

occur, allowing the extraction of intracellular plant material compounds (Witrowa-Rajchert 

et al., 2014; Yeo et al., 2013; Joo-Ann et al., 2012). Besides, these effects can cause chemical 

changes such the formation of primary and secondary radicals (H+, OH-) and pylorisis 

reactions. Furthermore, recent reports (Cuéllar-Villarreal et al., 2016; Jacobo-Velázquez et 

al., 2017) suggest that US treatment may also act as abiotic elicitor for the biosynthesis and 

accumulation of plant bioactive compounds when applied during postharvest, by a similar 

mechanism exerted by wounding stress.  Nevertheless, there are not clear metabolic pathways 

that explain the change in concentration of nutraceuticals due to the US treatment. Hence, it 

is important to study some catabolic routes in order to propose the possible mechanisms 
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involved after US treatment of plant-based foods such as soybean and red prickly pear.      

For these reasons, the main purpose of this research was, to evaluate the effects of US 

treatment on the extractability and/or biosynthesis of bioactive compounds of soybean and 

red prickly pear used as raw materials to elaborate a mixed beverage with a high content of 

bioactive compounds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 Chapter 2 

2. Theoretical Framework 

2.1 Abiotic stress, ethylene production, and respiration rate   

Homeostasis consists in biological processes carry out by living organisms, such as 

plants, that permanently regulate and maintain their internal systems in order to survive. 

When plant cells perceive an internal or external stimulus, different mechanisms are 

employed by them to counteract such alteration (Hogan, 2008; You and Chan, 2015). The 

biotic (viruses, fungi, insects, and nematodes) and abiotic (chilling, freezing, heat, flooding, 

drought, chemical, radiation, mechanical, and bending) stress may lead to an imbalance 

between the plant defenses and free radicals, phenomenon called oxidative stress (Hogan, 

2008; Munné-Bosch et al., 2004).  

Free radicals contain an unpaired electron in an atomic orbital (Lobo et al., 2010; 

Devasagayam et al., 2004), which makes them unstable and highly reactive species. 

Therefore, they can donate or accept an electron from other species (Lobo et al., 2010) and 

have a short-life (Devasagayam et al., 2004). These molecules may be produced by common 

metabolism of the cell and from external stimulus. Among these, the most common are the 

reactive oxygen species (ROS) and the reactive nitrogen species (RNS) that result from 

enzymatic and non-enzymatic reactions (Pham-Huy et al., 2008). 

ROS in plants, including superoxide radical (O2), hydrogen peroxide (H2O2), the 

hydroxyl radical (OH-), and the perhydroxy radical (HO-2), are significantly accumulated 

under external stress conditions and lead oxidative damage (Munné-Bosch et al., 2004; You 

and Chan, 2015; Xu et al., 2015). Furthermore, these species are involved multiple signaling 

pathways including the activation of secondary molecules, plant hormones, and 

transcriptional regulators (You and Chan, 2015). For instance, ROS molecules could trigger 

the gene regulation that results in the inducement of defense pathways in order to provide 

tolerance to the environmental tensions (You and Chan, 2015). Besides the xanthophyll cycle 

and photorespiration, there are a number of enzymatic and non-enzymatic antioxidants, 

which are stable molecules that interact with free radicals to neutralize them. Among them, 

vitamin E, ascorbate, and carotenoids are key to maintain the integrity of the photosynthetic 

membranes (Munné-Bosch et al., 2004). One of the products that can be measured due to 

environmental changes affecting a plants homeostasis is ethylene.  
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Ethylene regulates diverse metabolic and developmental processes in plants, and it is 

considered one of the major hormones that acts as a signal molecule in the tolerance of 

environmental stresses (Hogan, 2008; Munné-Bosch et al., 2004). It is a gaseous hormone 

that may propagate in the air and spread from cell to cell across membranes (Munné-Bosch 

et al., 2004). According to Cuéllar-Villarreal et al. (2016), ROS and ethylene are the 

signaling molecules that allow the accumulation of phenolics (chlorogenic acid and 

isocoumarin) in vegetables, like carrots. Besides, studies have confirmed that changes in 

respiration rate of some vegetables, as well as their activation of secondary metabolism, may 

be modulated by ethylene (Cuéllar-Villarreal et al., 2016).  

The respiration rate is on par with the cell metabolism activity because the energy 

derived from the respiration process makes possible most of the reactions of a cell. Therefore, 

the measurement of respiration is an easy and non-destructive technique for the monitoring 

of the metabolic and physiological state of the plant tissues (Saltveit, 2015). Xu et al. (2015) 

stated that an elevated CO2 content may increase the levels of antioxidants (polyphenols, 

ascorbate, and alkaloids) and the activity of some antioxidant enzymes, in order to enhance 

the antioxidant capacity and neutralize the ROS species.  

2.2 Free radicals, antioxidants, and nutraceuticals   

Comparable to plants, humans also produce free radical that lead oxidative stress. 

Several enzymatic reactions can generate free radicals, such as the respiratory chain, the 

phagocytosis, the prostaglandin synthesis, and the cytochrome P450. Besides, non-enzymatic 

process including reactions of organic compounds with oxygen and those initiated by 

ionizing radiations (Pham-Huy et al., 2008). For instance, the generation of radicals occurs 

during the synthesis of ATP (adenosine triphosphate) in the mitochondria (Devasagayam et 

al., 2004). Likewise, they are formed in the immune cell activation such as in inflammation 

conditions and infection, in addition, in mental stress, exercise, aging, ischemia, and cancer. 

Exogenous free radical molecules are produced from air and water pollution, cigarette, 

alcohol, drugs (cyclosporine, tacrolimus, gentamycin, bleomycin), solvents, and radiation 

(Pham-Huy et al., 2008).       

Free radicals and oxidants may be involved in normal metabolism human as well in 

the oxidative stress that drives to certain illnesses (Pham-Huy et al., 2008). Studies have 

revealed that exogenous H2O2, which is one of the major ROS species, could mimic the action 
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of the insulin growth factor. Besides, nitric oxide (NO), a class of RNS, represents a 

physiological role in vasodilation and neurotransmission through activation of guanylated 

cyclase (Devasagayam et al., 2004). Nevertheless, when these molecules are produced in 

excess contribute to the oxidative stress. This process can alter important macromolecules 

such as proteins, lipids, lipoproteins, and deoxyribonucleic acid (DNA).  

Similar to plants, the human body also has several defense mechanisms carried out 

by antioxidants. The main mechanisms are (1) inactivation of transition metal ions, (2) 

neutralization and extinction of ROS and RNS, (3) ending of consecutive reactions carried 

out by free radicals, and (4) cellular restore of radicals’ damages (Fregoso-Aguilar et al., 

2016). The imbalance of free radicals’ production and their neutralization by antioxidants 

contributes in the development of chronic and degenerative conditions such as cancer, 

autoimmune disorders, aging, cataract, rheumatoid arthritis, cardiovascular and 

neurodegenerative diseases (Lobo et al., 2010; Pham-Huy et al., 2008; Devasagayam et al., 

2004).  

Antioxidants are classified according to their mechanism of action or origin. The main 

ones belong to the group of enzymatic antioxidants which are directly implicated in the 

inactivation of ROS and RNS. The most common are the superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GRx). The non-

enzymatic antioxidants are conformed by metabolic products and nutrient molecules. On one 

hand, metabolic products such as lipoic acid, glutathione, L-ariginine, coenzyme Q10, 

melatonin, uric acid, bilirubin, metal-chelating proteins, and transferrin can act as 

antioxidants. On the other hand, nutrient molecules are provided by daily nutrition, such as 

vitamin E, vitamin C, carotenoids, trace metals (selenium, manganese, zinc), flavonoids, 

omega-3 and omega-6, and other fatty acids (Fregoso-Aguilar et al., 2016; Pham-Huy et al., 

2008). These nutrient antioxidants are also referred as nutraceuticals.  

“Nutraceutical” is a term coined in 1979 by Stephen DeFelice. According with this 

author, it is “a food or parts of food that provide medical or health benefits, including the 

prevention and treatment of a specific disease” (Lobo et al., 2010). For instance, flavonoids 

are the major nutraceuticals in plants that have antioxidant properties and have been reported 

that these compounds could possess anti-inflammatory, anti-allergic, hepatoprotective, anti-

thrombotic, anti-viral, and anti-carcinogenic activities (Lobo et al., 2010; Nasri et al., 2014). 
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Nutraceuticals can be classified depending on the food source, mechanism of action and 

chemical nature. Some examples of they are the dietary fiber, probiotics, prebiotics, 

polyunsaturated fatty acids, vitamins, polyphenols, among others (Das et al., 2012).    

Up-to-date, these substances have received significant interest due to their nutritional 

and therapeutic effects. Because of these benefits, it is not surprising that the food industry 

and research centers are investing considerable resources in the development of functional 

foods and technologies for designing these foods (Siegrist et al., 2015). In addition, food 

industries have been focused in the attributes that consumers claim in a novel product, such 

as clean label, safe, healthy and natural product, attractive sensorial characteristics, and 

engaging package (Kraus, 2015).  

2.3 Functional foods and beverages  

Nowadays, people are increasingly concerned about their health and are currently 

claiming products with high content of antioxidants, such as functional foods (Khan et al., 

2013). The consumption of functional foods contributes to the prevention and reduction of 

several diseases and enhance certain physiological functions. (Khan, et al., 2013; Corbo et. 

al., 2014; Sikand et al., 2015; Rudkowska, 2016; Kraus, 2015; Siegrist et al., 2015). As a 

consequence, the demand for nutraceuticals and functional foods including beverages has 

raised in many parts of the world (Ogundele et al., 2016) and it is estimated that this market 

would reach US $250 billion by 2018 (Nasri et al., 2014).  

Beverages are the most active functional foods category on the market, including fruit 

juices, sport and performance beverages, ready to drink teas, vitamin fortified water, and soy 

beverages, among others (Nanasombat et al., 2015). Fruit juice-based drinks have become 

more popular because they are an easy and economic source of antioxidants (Rodríguez-

Roque et al., 2015; Andrés et al., 2014). Fruit juices can be combined with other raw 

materials, such as milk or soymilk to obtain mixed beverages with improved sensory and 

nutritional characteristics. In addition to the antioxidants of fruits, milk is a rich source of 

proteins, unsaturated fatty acids, vitamins, carotenoids, and minerals; while soymilk contains 

high amounts of phenolic compounds, isoflavones, proteins, fiber, magnesium, iron, and 

niacin (Rodríguez-Roque et al., 2015). The consumption of this kind of products produces a 

synergistic effect in the body (Ogundele et al., 2016; Andrés et al., 2014) improving 

consumers wellness.  



Chapter 1I. Theoretical Framework  
 

 

10 

Fasoyiro et al. (2005), prepared a mixed beverage combining roselle extract with 

orange, pineapple or apple. As a result, the roselle-fruits beverages increased in vitamin C 

and mineral concentration. Moreover, the beverages had higher acceptability than the 

traditional ones especially, those mixed with pineapple, in term of taste, flavor and overall 

acceptability. Besides, some studies have demonstrated a high concentration of bioactive 

compounds in mixed beverages based on fruit juices and milk or soymilk. A study of Andrés 

et al. (2014) revealed that milk- and soymilk-fruit juice beverages were a good source of 

bioactive compounds such carotenoids, vitamin C and polyphenols with potential antioxidant 

activity. Likewise, a formulation of acai with soymilk presented an optimum nutritional 

composition related to protein (14% of the Recommended Daily Intake) and phytochemical 

content (anthocyanins, phenolics compounds and isoflavones), which could probably provide 

the beverage with a functional use (Monteiro-de Oliveira et al., 2010).  

   

2.3.1 Soymilk  

Soymilk is an aqueous extract of soybean [Glycine max(L.) Merrill] that has 

functional components such as the a-linoleic acid, isoflavones, lecithin, lectins, peptides, 

phytosterols, proteins and saponins (Dixit et al., 2011). Besides, its high content of fiber, 

magnesium, phosphorus, vitamin K, riboflavin, thiamine and folic acid contributes to the 

body’s normal functioning (Corbo et al., 2014). Due to its nutritional and potential benefits 

related to health, soymilk is the most consumed soy-product worldwide (Fahmi et al., 2014). 

However, it is not totally well accepted by most of the consumers because of its off-flavor 

(Zhang et al., 2015). 

Several studies have confirmed that the consumption of soymilk has some health-

related benefits. Rivas et al. (2002) studied the effect on hypertension after a long-term 

consumption of soymilk, and they concluded that the periodic soymilk consumption had 

significant hypotensive action in essential hypertensive individuals, and its action was 

correlated with the urinary excretion of genistein. Bricarello et al. (2004) reported that 

soymilk consumption is also correlated with low-density lipoprotein cholesterol and plasma 

thiobarbituric reactive substances reduction, improving lipid profile and reducing lipid 

peroxidation. Further, another study confirmed that regular soymilk intake (100 mL per day) 

is related with a better plasma lipid profile in men and young women (Ho et al., 2000). In 
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this manner, soymilk would help for prevention and treatment of hyperlipidemia. On the 

other hand, soymilk may be considered among the most promising food for cancer and 

gastrointestinal infection prevention (Je-Ruei et al., 2002). Moreover, Villegas et al. (2008) 

observed an inverse association between soymilk intake and type 2 diabetes mellitus (2 DM) 

incidence. These functional properties of soymilk have been associated with its bioactive 

compounds, specifically isoflavones (Fahmi et al., 2014; Dixit et al., 2011; Joo-Ann et al., 

2012). 

2.3.1.1 Isoflavones  

Isoflavones are non-steroidal phytoestrogenic and antioxidative polyphenolic molecules 

found in the cell wall of all plants, the highest concentrations being in legumes (Fahmi et al., 

2014; Preedy, 2013). These compounds have a structure similar to estrogens hormones with 

the capacity to bind to the human estrogen receptor ERa and ERb, as a result, they have 

various estrogenic or anti-estrogenic effects (Preedy, 2013). Therefore, isoflavones could 

protect against hormone-dependent illneses (Fahmi et al., 2014; Joo-Ann et al., 2012).  

Moreover, there is considerable evidence that isoflavones have the potential to 

prevent various diseases. Studies suggest that isoflavones can reduce heart diseases, 

menopausal transition, low-density lipoprotein-cholesterol content, and blood pressure; 

besides, there is evidence that may improve endothelial function (Joo-Ann et al., 2012; Yeo 

et al., 2012; Kalaiselvan et al., 2010; Mezei et al., 2003; Sikand et al. 2015; Preedy et al., 

2013; Yu et al., 2016; Liu, et al., 2012). In addition, it is well known that the isoflavone 

extract may be beneficial to diabetic individuals because it reduces glucose levels and the 

incidence of cataracts (Jee-Youn et al., 2007; Mei-Ping et al., 2008; Gilbert et al., 2013; El-

Kordy et al., 2015; Sikand et al., 2015; Kalaiselvan et al., 2010; Mezei et al., 2003). Another 

reported beneficial result of the isoflavone intake is the anti-inflammatory effect in chronic 

illnesses (Yu et al., 2016; Kao et al., 2007; Chacko et al., 2007) and the potential effect 

against osteoporosis (Kalaiselvan et al.; 2010; Wei et al., 2012; Preedy et al., 2013). 

Although isoflavones have been associated with the prevention of breast cancer, the reported 

mechanisms are inconclusive (Messina, 2014; Preedy et al., 2013).  

The major isoflavones reported in soy-based products, such soymilk, are glucosides 
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(genistin, daidzin and glycitin) and a small percentage of bioactive aglycones (genistein, 

daidzein and glycitein) (Preedy, 2013; Fahmi et al., 2014). The chemical structure of 

isoflavones present in the food affect their bioavailability, biological activity and 

physiological effects. For example, the glucosides forms (malonyl glucoside, acetyl 

glucoside, or glucoside) are highly polar and water soluble to cross the intestinal epithelium 

by diffusion in contrast with the aglycones forms (Joo-Ann et al., 2012; Islam et al., 2014; 

Yeo et al., 2012). Izumi et al. (2000) confirmed that aglycones were absorbed faster and in 

higher amounts in humans than their glucosides. Likewise, Setchell et al. (2002) verified that 

isoflavones glucosides are not absorbed across the enterocyte of healthy adults. Their 

bioavailability requires the hydrolysis of the sugar structure by b-glucosidases enzymes in 

the duodenum and proximal jejunum for their recapture to the peripheral circulation (Islam 

et al., 2014; Setchell et al., 2002). Therefore, the soy based products that have high content 

of aglycone structures may be more effective in preventing chronic diseases than those which 

are enriched with glucosides.   

Nevertheless, Matsuura et al. (1989) proved that daidzein and genistein, the major 

aglycone isoflavones in soymilk, are responsible for its beany flavor and objectionable 

aftertaste. For this reason, the combination of soymilk with fruit juices, such red prickly pear, 

could be a good alternative to improve their sensorial characteristics and, at the same time, 

to enhance the health-promoting properties derived from the synergistic antioxidant action 

(Ogundele et al., 2016; Andrés et al., 2014). 

2.3.2 Prickly pear (Opuntia ficus-indica cv. Rojo Vigor) 

Species from genus Opuntia spp. are the most abundant of the Cactaceae family, 

native of Mexico, grown throughout the Americas as well as the central area of the 

Mediterranean, Europe, Asia, Africa, and Australia (Tesoriere et al., 2004; Sumaya-Martínez 

et al., 2011). Prickly pear is the fruit of this plant and is ripening between April and August 

(Magloire-Feugang et al., 2006). Mexico is the main producer of prickly pears with 45% of 

the worldwide production, where approximately 80 species and 150 cultivars are harvested 

(Tesoriere et al., 2004; Jiménez-Aguilar et al., 2014), being the main ones, O. amylacea, O. 

ficus-indica, O. joconoxtle, O. megacantha, O. streptacantha, O. hyptiacantha, and O. 

leucotricha (Jiménez-Aguilar et al., 2014).  
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This sweet and exotic fruit has an oval-spherical shape with a great number of seeds 

and juicy pulp, which are protected by a thick peel with small prickles. Besides, prickly pears 

have high pH (5.3-7.1) and very low acidity (0.05- 0.18% citric acid equivalents) values that 

compromise their stability resulting in a short self-life of 3-4 weeks (Magloire-Feugang et 

al., 2006). Prickly pear fruits can be different colors: red, purple, orange-yellow and white, 

which are due to the combination of two betalain pigments, betanin (purple-red) and 

indicaxantin (the yellow-orange) (Tesoriere et al., 2004; Magloire-Feugang et al., 2006; 

Jiménez-Aguilar et al., 2014). These compounds together with vitamin C, phenolic and 

flavonoid content, taurine, calcium, potassium, and magnesium concentration are related 

with its high antioxidant activity (Tesoriere et al., 2004; Magloire-Feugang et al., 2006; 

Jiménez-Aguilar et al., 2014).  

Although white prickly pears are preferred for consumption as a fresh food, in recent 

times red-purple varieties have become more popular in the research field due to the higher 

antioxidant compounds concentration than other varieties. Kuti (2002) investigated the 

antioxidants compounds in four prickly pears varieties. Conjugated flavonoids (quercetin, 

kaempferol and isorhamnetin), ascorbic acid, and carotenoids were quantified. Quercetin was 

the most abundant in all varieties examined, kaempferol was found in green, purple and red 

varieties and isorhamnetin in green and purple fruits. The red color ones contained the most 

ascorbic acid and yellow fruits the most carotenoids. The antioxidant activity of the fruit was 

higher in the purple and red varieties, which was correlated to the total flavonoid content. 

Furthermore, Sumaya-Martínez et al. (2011) evaluated the antioxidant activity and the total 

phenolic, ascorbic acid, betacyanin, and betaxanthin content in different varieties of prickly 

pears. Their results indicated that the antioxidant activity from yellow and white cultivars 

was not significantly different and was lower than that of red and purple varieties. The highest 

antioxidant activity was recorded in red prickly pear that was significantly correlated to the 

betalains, total phenolic,  and vitamin C concentration. More recently, another study 

confirmed the antioxidant capacity of three varieties of prickly pear juice (red-purple, white-

green, yellow-orange) in different concentrations by DPPH (1,1-diphenyl-2-picrylhydrazyl 

radical). The red-purple juice obtained the highest antioxidant content in all concentrations 

(Madrigal-Santillán et al., 2013).  
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Hence, there is a need for strategies to take advantage of the health benefits of red 

varieties and increase the competitiveness of Mexican producers. This could be achieved by 

the creation of new high value-added products, ingredients or additives obtained from red 

prickly pears (Tesoriere et al., 2004; Sumaya-Martínez et al., 2011; Butera et al., 2002; 

Gallegos-Vásquez et al., 2011). 

2.3.2.1 Betalains, phenolic compounds, and vitamin C   

Water-soluble betalains are vacuolar pigments that replace the anthocyanins in most 

plant families of the Caryophyllales, including the Cactaceae (Magloire-Feugang et al., 2006; 

Tesoriere et al., 2004). These pigments are formed by a nitrogenous core structure, betalamic 

acid [4-(2-oxoethylidene)- 1,2,3,4-tetrahydropyridine-2,6-dicarboxylic acid] (Fig. 2.1), 

which bounds with imino compounds (cyclo-DOPA and/or its glucosyl derivatives) or 

amines or amino acids to form violet betacyanins and yellow betaxanthins, respectively (Fig. 

2.1) (Imtiyaj-Khan, 2016). Due to their antioxidant properties, even higher than ascorbic acid 

(Magloire-Feugang et al., 2006), their identification in prickly pear has becoming of interest 

for scientist. Nowadays, the structure of 75 betalains have been elucidated from plants under 

the order Caryophyllales, the most common are histidine-Bx, glutamine-Bx, g-aminobutyric 

acid-Bx, proline-Bx, isoproline-Bx, betanin, and isobetanin  (Imtiyaj-Khan, 2016).  

Currently, the biosynthesis pathway of these compounds is not fully known. 

However, some works have proposed the betalain pathways described in Fig.  2.2. According 

to De Loache et al. (2015) and Hatlestad et al. (2012); first, tyrosine is hydroxylated to L-

DOPA by CYP76AD1 (De Loache et al., 2015; Hatlestad et al., 2012) or tyrosinase (Chang-

Quan et al., 2007; Steiner et al., 1996), that have monophenol monooxygenase and diphenol 

oxidase activities (Chang-Quan et al., 2007).  The, L-DOPA (L-3,4-dihydroxy-

phenylalanine) is oxidized by CYP76AD1 (De Loache et al., 2015; Hatlestad et al., 2012) or 

tyrosinase (Chang-Quan et al., 2007) leading to an instable dopaquinona which 

spontaneously cycles to form the cyclo-DOPA (Imtiyaj-Khan, 2016). On the other hand, L-

DOPA ring is cleavage by the enzyme DOPA 4,5-dioxygenase (DODA) forming the 4,5-

seco-DOPA followed by spontaneous reaction to produce the betalamic acid (Chang-Quan 

et al., 2007; Imtiyaj-Khan, 2016). The spontaneous union of cyclo-DOPA and betalamic acid 

results in betanidin that is catalyzed by 5-O-glucosyltransferase and forms the betacyanins 
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(Chang-Quan et al., 2007). Conversely, the union of betalamic acid with amines or amino 

acids form the betaxanthins (Imtiyaj-Khan, 2016).  

 

 

Figure 2.1. Representative structures of different classes of betalains. A. Betalamic acid, B. 

the main structure of the betacyanins and C. betaxanthins.  

Source: Imtiyaj-Khan (2016). 
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Figure 2.2. Biosynthesis of betalains. Source: modified of Hatlestad et al., 2012 and 

Chang-Quan et al., 2007. 

 

Betalain pigments contained in prickly pears have demonstrated to possess beneficial 

effects on the redox balance involved in the inflammation process (Tesoriere et al., 2004). In 

a recent study, Clifford et al. (2015) stated that the betalains treatment significantly inhibits 

NF-κB DNA-binding activity in rats induced with acute renal damage. Besides, their results 

showed a notably suppression of cyclooxygenase-2 (COX-2), which is an important 

precursor molecule for pro-inflammatory metabolites.        

The antioxidant activity of betalains has been demonstrated in several in vitro and 

biological models (Gengatharan et al., 2015). Gentile et al. (2004) showed the capacity of 

betalains to protect endothelium from redox imbalance induced by cytokines, through ICAM-

1 (Intercellular Adhesion Molecule 1) inhibition. Besides, betalains from prickly pear can 

inhibit lipid peroxidation (Coria-Cayupán and Nazareno, 2015) and growth of malignant cells 

P-815 in vitro (Dehbi et al., 2013). As well, a betalain pre-treatment to HT-29 cells 

significantly reduced hydrogen peroxide induce DNA damage and activate a transcription, 

factor (Nrf2), which induces the defense mechanism in the cell (Esatbeyoglu et al., 2014). In 
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addition, the oral administration of betalains extract in irradiated mice significantly enhanced 

the activity of antioxidant enzymes, SOD and GPx in the liver, spleen and kidney 

(Wroblewska et al., 2011). Daily intake for two weeks of betalains reduced oxidative stress 

in healthy volunteers by the reduction of malondialdehyde and 15-F 2t isoprostane in plasma 

and the decrease of hydroperoxides in LDL cholesterol (Schmandke, 2005). It is believed 

that betalains may modulate the imbalance between oxidant molecules and the antioxidants 

of an organism by creating a favorable cellular environment to neutralize the free radicals 

(Esatbeyoglu et al., 2014).       

On the other hand, phenolic compounds are the main class of secondary metabolites 

in plants and are classified into phenolic acids and flavonoids (Minatel et al., 2017). Among 

them, the major groups are hydroxybenzoic and hydroxycinnamic acids, anthocyanins, 

proanthocyanidins, flavonols, flavones, flavanols, flavanones, isoflavones, stilbenes and 

lignans (Magloire-Feugang et al., 2006). Phenolic compounds are formed by one or more 

phenolic group conjugated with mono- and polysaccharides (Minatel et al., 2017). In prickly 

pear, different classes of phenolic compounds have been reported, such as, 3-O-glycosides 

(quercetin, kaempferol, and isorhamnetin), dihydroflavonols, flavonols, and flavanonols 

(Kuti, 2002).  

Several reports have stated that flavonoids have numerous biological properties that 

could have protection against chronic diseases (Kuti, 2002). Likewise, other studies have 

demonstrated that phenolic compounds possess anti-inflammatory (Hsu et al., 2013; Lee et 

al., 2006; Sergen et al., 2010), antimutagenic (Spada et al., 2008; Valdez-Morales et al., 

2014), anticarcenogenic (Wahle et al., 2010; Maisarah et al., 2016), and neuroprotective 

activities (Tesoriere et al., 2004).  A strong and positive correlation (p≤ 0.05) between the 

phenolic compound content and the antioxidant potential of fruits, such as red prickly pear 

has been observed (Galvano et al., 2007; Wu-Yang et al., 2012; Socho et al., 2010; Bhumi 

and Patel, 2017). The antioxidant activity of phenolic compounds is attributed to the capacity 

of neutralize free radicals, donate hydrogen atoms, electrons, or chelate metal cations 

(Hassanpour et al., 2017). In particular, the position of their hydroxyl groups, and the 

substitutions on the aromatic rings, confers to these molecules the capacity of neutralize free 

radicals (Minatel et al., 2017).  
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The phenolic biosynthesis pathway has been well characterized. They are formed via 

shikimate pathway from simple sugars resulting from primary metabolism. The synthesis of 

phenylalanine begins with carbohydrates transforming into erythrose-4-phosphate (pentose-

phosphate pathway) and phosphoenolpyruvate (glycolysis), which get in into the shikimic 

acid metabolic pathway. Phenylalanine deamination by phenylalanine ammonia-lyase (PAL) 

is the first crucial stage in the biosynthesis of the phenolic compounds (Cantos et al., 2002; 

Oufedjikh et al., 2000). Internal and external stress can impact in the phenolic biosynthesis 

both before and after harvest of plant-based foods.  

Environmental stresses can affect metabolic process such as photosynthesis and the 

assimilation of carbon, that lead to an influence on the phenolic concentration in plant cells 

(Ewané et al., 2012). Xu et al. (2011) reported that the effect of temperature and light 

influence significantly on the phenolic compounds concentration in the seed and skin of 

berries. Other studies have stated that the effect of ultraviolet (UV) and solar radiation leads 

activation of PAL and increase of phenolic synthesis (Schreiner et al., 2012; Berli et al., 

2010). Moreover, recent studies have demonstrated that emerging technologies like high-

pressure processing (HPP), pulsed electric fields (PEF) and ultrasound (US) can enhance the 

PAL activity and induce the synthesis of phenolic compounds (Dörnenburg and Knorr, 1998; 

Wu and Lin, 2002; Yu et al., 2016; Cuellar-Villarreal et al., 2016). 

In addition to betalains and phenolic compounds, red prickly pears have a high 

content of vitamin C (Tesoriere et al., 2004). L-ascorbic acid or L- ascorbate (AA), 

commonly known as vitamin C behave as a cofactor for enzymes that neutralize the effects 

of ROS (Giovannoni, 2007). Plants produce great amounts of AA to confer resistance against 

oxidative stresses associated with biotic and/or abiotic challenges. AA intake is indispensable 

for the synthesis of collagen, hormones, neurotransmitters and in the metabolism of certain 

amino acids and vitamins (Silencio-Barrita and Santiago-Sánchez, 2013). Moreover, it is 

considered as an electron donor and has been associated with the reduction of incidence of 

cancer and blood pressure, immunological regulation, and drug metabolism (Bendicho et al., 

1986; Padayatty et al., 2003; Balasaheb-Nimse and Pal, 2015).  

Although the pathways responsible for AA accumulation in plants are not completely 

understood, the major mechanism involves the L-galactose pathway, in which GDP-d-
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mannose is converted to AA by four successive intermediates. 

There are recent reports suggesting that emerging technologies such as HPP, PEF, 

and US applied in different fruits can act as abiotic elicitors for the biosynthesis of AA (Cao 

et al., 2010; Ortega et al., 2013). However, there are no information about the metabolic 

pathways that explain the change in AA due to the stimuli triggered by the abiotic stressor. 

2.4 Emerging food preservation technologies as abiotic elicitors 

Several reports point out that emerging technologies such HPP, PEF, and US 

(traditionally applied to food preservation) improve the extraction of high-value compounds 

of plant-based foods (Alexandre et al., 2016). HPP has been become the most widely 

accepted nonthermal food preservation technology (Serment-Moreno et al., 2014; Mújica-

Paz et al., 2011); in addition, due to the cell membrane disruption caused during the 

processing, the concentration of some nutraceuticals in different plant material has been 

observed (Jacobo-Velázquez et al., 2017). On the other hand, the application of PEF 

technology induces a transmembrane potential difference across the cell membrane, resulting 

in its breakage and the cell permeability increases (Jacobo-Velázquez et al., 2017; Aguiló-

Aguayo and Plaza, 2017). Likewise, current findings of US technology have been related 

with the accumulation of bio-compounds due to the cavitation phenomena (Wu and Lin, 

2002).  

Likewise, Jacobo-Velázquez et al. (2017) stated that these novel technologies could 

act as abiotic stressors to trigger the synthesis of nutraceuticals in plant-based foods. Hence, 

the higher nutraceutical content evaluated in plant material treated with emerging 

technologies could be due to the enhance of extraction process and/or to the stimulation of 

metabolic pathways. However, research in this area is limited and there is scarce information 

to support this asseveration.     

Briones-Labarca et al. (2015) mentioned that HPP and US are the most effective 

methods for bio-compound extraction, in particular, phenolic compounds from papaya seeds. 

Casazza et al. (2010), reported that the highest content in total polyphenols, o-diphenols and 

flavonoids of grapes’ seeds and skin were obtained with a HPP treatment while the highest 

antiradical power was determined in seeds’ extracts from microwave-assisted extraction 

(MAE). A study of Corrales et al. (2008) stated that the total phenolic content of grape fruits 
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subjected to US, HPP and PEF was 50% higher than the untreated samples; however, the 

optimal treatment was PEF. Additionally, M’hiri et al. (2008) recommended the application 

of US low power and MAE treatments for phenolic and flavonoid compounds extraction 

from orange peel. Recently, Cuellar-Villarreal et al. (2016) analyzed the immediate and late 

response of a US treatment (24 kHz at 100 mm for 300 s) on carrot, and reported that there 

was a significant increase of phenolic compounds content immediately after processing and 

during storage. They stated that the immediate response was due to the extractability effect, 

while the late stress response was carried out by the increase of ROS, ethylene, and PAL 

activity.  

2.4.1 Ultrasound  

As mentioned before, US treatment applies sound waves at a frequency above the 

human hearing range (20 Hz to �20 kHz). The amplitude of the treatment is measured as the 

maximum distance (µm) of the vibrating tip of the sonotrode, which is responsible for 

sending the acoustic waves into the medium (Barbosa-Cánovas et al., 2010). According to 

Barbosa-Cánovas et al. (2010), the major advantages of US for the food industry are that it 

is an innocuous and ecological friendly process. Besides, US treatment is greatly 

reproducible, low in cost and simple to manage. Chemat et al. (2011) pointed out that the 

water, energy, and treatment time consume of conventional technologies are higher than in 

US processing. For these reasons, industrial US assisted treatments have been increasing in 

the last years. These processes include the homogenization, cutting, inactivation of 

microorganisms, inactivation/activation of enzymes, drying enhancement, surface cleaning, 

depolymerization, crystallization, sieving, bio-component separation, peeling, nanoparticle 

production, particle size reduction, improvement of interface heat and mass transfer, and 

extraction (Barbosa-Cánovas et al., 2010).   

Acoustic cavitation is a phenomenon caused when the ultrasonic waves collide with 

the medium, in most cases it is water (Qin et al., 2012). This event produces thousands of 

micro- and nano-bubbles of gas and vapor (Zhang et al., 2008) that hit each other, and 

collapse in the solid exterior, forming membrane pores (Fig. 2.3) (Vardanega et al., 2014). 

The transient and repetitive cavitation creates high pressures (70-100 MPa) that cause 

turbulence (Barbosa-Cánovas et al., 2010), resulting in the easily breakdown of polymer 

chains of the cellular walls of plants and animals. The rupture of cellular structures can easily 



Chapter 1I. Theoretical Framework  
 

 

21 

allow the mass transfer processes (Nowacka and Wedzik, 2016). Likewise, the violent 

collapse of bubbles that occur during cavitation can generate enormous temperatures (>5, 

000K) which can induce physical, chemical, and metabolic changes. Among these changes, 

primary radicals of water vapor (H+, OH-) are formed (Barbosa-Cánovas et al., 2010) and 

results in non-specific reactions (Lobo et al., 2010; Jacobo-Velázquez et al., 2017). For 

instance, free radicals as H+ and OH- could link with amino acids residues of the enzymes, 

and influence with their stability, substrate site, and catalytic functions (Cruz et al., 2006). 

Furthermore, other reactions such pyrolysis could occur if organic molecules are in the matrix 

causing irreversible chemical and physical changes that generate of off-flavors in some foods. 

Besides the US treatment can cause the denaturation or aggregation of proteins (O´Sullivan 

et al., 2016). Hence, it is necessary to know the optimum US treatment conditions for specific 

foods in order to avoid the unrepairable and undesirable changes as well ensure high-quality 

properties in the processed products (Barbosa-Cánovas et al., 2010). 

 

 

 

 

 

 

 

Figure 2.3. Schematic view of a cell during cavitation, showing the effect of ultrasound 

such pore formation, cell membrane disruption, and cell breakage. 

 

Due to the cell breakage, the immediate stress response of US treatment has been used 

widely to extract bioactive compounds from plants cells (Jacobo-Velázquez et al., 2017) and 

also, for microbial inactivation. As reported by Dong-Ping et al. (2016) US-assisted 

extraction is an efficient process to obtain natural antioxidants from Jatropha integerrima 

flowers (Dong-Ping et al., 2016). In a recent investigation, Yilmaz, et al. (2017) reported a 

high extraction of lycopene and β-carotene from tomatoes waste after a US processing of 90 
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W during 30 and 15 min, respectively. Likewise, Zhenzhou et al. (2016) optimized 

experimental conditions for US-assisted extraction of anthocyanins and phenolic compounds 

(68ºC, 52 min, 60 µm and 150W) from purple sweet potatoes in order to obtain higher yield 

of bioactive compounds than with conventional processes. The effectiveness of US treatment 

as an extraction technique has been also proven in other components of plants such leaves or 

roots. Kong et al. (2015) reported that a US process of 240 W for 30 min at 55ºC was effective 

to recover the antioxidants from guava leaves (Psidium guajava L.). Likewise, a US treatment 

condition allowed the extraction of the most accessible polysaccharides (pectin 

polysaccharides and starch) and less accessible components (xylan, mannan and glucan) from 

valerian roots (Valeriana officinalis L.) (Hromádková et al., 2002). Famhi et al. (2014) 

determine the effect of US treatment on soybean slurry (35 kHz, 40ºC and 60 min), obtaining 

a soymilk with high isoflavones content (aglycones and glycosides).  

On the other hand, current research findings of US technology have been related with 

the accumulation of bio-compounds, such as nutraceuticals, due to the late stress response 

caused during the processing. According to Wu and Lin (2002) and Cuellar-Villarreal et al. 

(2016) the presence of free radicals, ROS and the high pressures and temperature achieved 

during the treatment can cause irrelevant damage to break the cell but sufficient to stimulates 

genes associated with stress response that results in the synthesis of antioxidants. Wu and 

Lin (2002) examined the stress metabolic activities of Panax ginseng cells treated with a low-

energy US (38.5 kHz at 13.7 and 61 Mw/cm3) for 2 min. The authors observed that the US 

treatment caused an increase in the polyphenol oxidase (PPO), peroxidase (PO), and 

phenylalanine ammonia lyase (PAL) activities, which was related to the increase in phenolic 

compounds concentration. A different study, Wu and Ge (2004) confirmed the stimulation 

of Taxus chinensis defense responses and secondary metabolism by low-energy US. The US 

exposure induced jasmonic acid (JA), lipoxygenase (LOX), allene oxide synthase (AOS) and 

taxol production. The results suggest that oxidative stress allows the JA accumulation, and 

both JA and ROS activate LOX pathway that is a key signal element of taxol production of 

T. chinensis cells.  



 

 Chapter 3 

3. Hypothesis  

US treatment applied to soybeans and red prickly pears modify the profile of some 

bioactive compounds due to the cavitation phenomena, improving extraction and/or 

biosynthesis of these compounds. Sonicated raw materials could be used to develop a mixed 

beverage with high concentration of phytochemicals with potential functional properties.  

3.1 General objective  

To evaluate the effects of US treatment on the bioactive compounds composition of 

soybeans and red prickly pears and elaborate a mixed beverage with the sonicated material. 

Furthermore, propose the possible physical and biochemical mechanisms to justify observed 

changes in the concentration of nutraceuticals in soybeans or red prickly pears.      

3.2 Specific objectives  

3.2.1 To evaluate the effect of US processing (100 µm during 20 min at 30 ºC) applied on 

soybeans, on the isoflavone profile of the resultant soymilk. 

3.2.2 To measure the b-glucosidase (b-glu) enzyme activity of the sonicated soybeans and 

resultant soymilk in order to explain the probable mechanisms involved in the 

observed changes of the isoflavone profile, having untreated soybean and soymilk as 

reference. 

3.2.3 To evaluate the effect US treatment at three levels of amplitudes (50, 75 and 100 µm) 

and three times (5, 10 and 15 min) at 25°C on the concentration of betalains, total 

phenols and vitamin C of the peel and pulp of red prickly pears and select the optimum 

processing conditions based on the highest concentration of bioactive compounds.  

3.2.4 To measure the tyrosinase enzymatic activity of red prickly pears treated with the 

selected US treatments according to the point 3.2.3 and to propose metabolic 

pathways that explain the detected changes in the concentration of betalains.  

3.2.5 To formulate and characterize a soymilk-red prickly pear mixed beverage elaborated 

with the sonicated ingredients from points 3.2.1 and 3.2.3, having an untreated 

beverage as a reference, in order to corroborate that the application of US in the raw 

materials could increase the concentration of bioactive compounds of the final 

product.     
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3.3 Research plan 

Part I. US treatment applied to soybeans  

3.3.1 Evaluation of the physicochemical parameters (pH, soluble solids, acidity, and color) 

and isoflavone content of soymilk extracted from sonicated soybeans (100 µm during 

20 min at 30 ºC), having a soymilk from untreated beans (control) as a reference. 

3.3.2 Measure the b-glucosidase activity in untreated and sonicated soybeans and the 

resultant soymilks, and describe the possible physical or biochemical mechanisms 

involved in the possible changes of the isoflavone profile.   

Part II. US treatment applied to red prickly pear  

3.3.3 Apply the US treatments proposed in point 3.2.3 to red prickly pears and evaluate the 

bioactive compounds (total betalains, vitamin C, and total phenolic compounds) in 

peel and pulp at 0, 24 and 48 h stored at 15 ºC, having untreated fruits as references.  

3.3.4 Based on the obtained results from point 3.3.3, select the optimum processing 

conditions and then re-evaluate the immediate (0 h) and storage effects (6, 12, 24, 36 

and 48 h) at 15ºC on the total betalains, vitamin C, and total phenolic compounds and 

the respiration rate, volatile organic compounds (VOCs) production (related with 

ethylene production), and tyrosinase activity in the peel and pulp of the control and 

treated red prickly pears.     

Part III. Formulation and characterization of the mixed beverage  

3.3.5 Formulation of a mixed beverage from soymilk and red prickly pear previously 

sonicated with the optimal treatments.  

3.3.6 Physicochemical (pH, soluble solids, acidity, color, and rheological properties) and 

bioactive compounds (isoflavones, total betalains, vitamin C and total phenolic 

compounds) characterization of the mixed beverage.  

 

 



 

 Chapter 4 

4. Materials and methods 

4.1 Production of soymilk 

 Soybeans (Glycine max) were purchased in a local store (NutriZone, Monterrey, 

Mexico). They were stored at room temperature in darkness until treatments and soymilk 

preparation. Soymilk was prepared as described by Yeo and Liong, (2013) with slightly 

modifications. Whole soybeans were washed and soaked in distilled water (1:3 w/v) during 

16 h at room temperature, hydrated beans were drained, rinsed and ground with distilled 

water at a ratio of 1:4 (w/v) using a blender (Vita-mix Corp., OH, USA) for 1 min at high 

speed. The resultant slurry was filtered through four layers of cheese cloth. Finally, resultant 

soymilk (400 mL) was pasteurized at 60ºC for 30 min in a water bath with constant agitation, 

using a digital hot plate (Cimarec, Thermo Scientific, USA) and a digital thermocouple to 

control temperature. Immediately after pasteurization, soymilk was cooled at 4º C.   

 

4.2 Selection and characterization of red prickly pears   

 Red prickly pears (Opuntia ficus-indica, cv. Rojo Vigor), were obtained by 

Agroproductores La Flor de Villanueva, Tuna y Nopal (Puebla, Mexico), harvested in three 

different dates from June to August 2017. Fruits in the stage 3 of maturity (red color in the 

middle and green in the tips) were used for this study considering the information reported 

by UC Davis Postharvest Technology Center (Kader, 1999). After selection, fruits were 

carefully washed and disinfected with chlorinated water (200 ppm, pH 6.5) to remove the 

prickles and were stored for 24 h at 15 ºC before the treatments in order to stabilize the fruit.     

 In order to perform the physicochemical and phytochemical characterization of 

fresh red prickly pears (~130 g) were separated in two parts: pericarp (peel), and endocarp 

(pulp). The peel was homogenized with a blender (Oster, 465-15), while the seeds were 

separated from the pulp with a kitchen strainer and discarded. From the homogenized pulp, 

the pH, total acidity and total soluble solids, as well total betalains, total phenolics and 

vitamin C analysis were carried out before US treatment.     
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4.3 Ultrasound pre-treatments of soybean and prickly pear  

 Ultrasound pre-treatments were carried out with a UP400S, 400 W ultrasound 

processor (Hielscher Inc., USA) with a 22 mm diameter titanium probe which was immersed 

4 cm in the treatment medium. The samples (soybeans and whole red prickly pear) were 

processed in a double-walled glass container with controlled temperature using a LAUDA 

water bath (Lauda Wobser Gmb & Co. Germany) containing an ethylene glycol solution 

(25%) as recirculating liquid. A thermocouple was employed to monitor and record the 

temperature throughout the experiments.   

 The soaked beans were drained, rinsed and transferred into the double-walled glass 

container with distilled water at a ratio of 1:3 (w/v), and treated at 100 µm for 20 min at 30 

ºC. Then, the soymilk was prepared and the samples were freeze-dried (-50 ºC, 0.04 mbar) 

(Labconco FreeZone 7400030, Triad Freeze Dry Systems, USA) to perform the isoflavones 

extractions, identification and quantification.    

 On the other hand, three whole red prickly pears were immersed in 1000 mL of 

distilled water for each US treatment evaluated. Fruits were treated with amplitudes of 50, 

75 and 100 µm during 5, 10 and 15 min at of 25 ± 5°C. After processing, treated fruits were 

stored at 15 ºC and analyzed as described below.    

 

4.4 Storage studies for US-treated prickly pears  

Two separated experiments for red prickly pears were conducted. In the first 

experiment, US-treated and non-treated red prickly pears were stored for 3 days in an 

incubator (VWR, Radnor, PA, USA) set at 15 ± 2ºC. Sampling of three prickly pears was 

performed at 0, 24 and 48 h after US treatment. Prickly pears were separated in two parts: 

peel and pulp without seeds in a plastic tube (15 mL) and immediately frozen with liquid 

nitrogen and stored at -80º C to determine the combined effect of US-treatment and the 

storage time in the phenolic, betalain and vitamin C content. 

In the second experiment, red prickly pears were stored at the same conditions used 

in the first experiment. Sampling of three prickly pears was performed at 0, 6, 12, 24, 36 and 

48 hours after US treatment and immediately frozen with liquid nitrogen and stored at -80º 

C to determine the combined effect of US-treatment and the storage time in the phenolic, 

betalain and vitamin C content and the effect of US on respiration rate, volatile organic 
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compounds (VOCs) production (related with ethylene production), and tyrosinase activity. 

In order to calculate the respiration rate and VOCs production from samples, three prickly 

pears (~130g each one) were placed in hermetic plastic containers (1.7 L) and allowed to 

accumulate CO2 and VOCs for 1 h. Gas sample (15 mL) of headspace was withdrawn using 

a needle probe connected to the intake of the F-950 gas analyzer (Felix Instruments, WA, 

USA) as reported by Cuéllar-Villarreal et al. (2016).   

4.5 Preparation of mixed beverage  

 The beverages were prepared by mixing whole red prickly pear and soymilk in a 

ratio 30:70 (v/v), 3% v/v vanilla and citric acid up to reach pH 5. These proportion were 

selected based on an internal sensory evaluation. Two beverages were prepared: 1) control: 

soymilk and red prickly pear without US treatment, and 2) treated: soybean and red prickly 

pear sonicated with the selected optimal treatment conditions.  

 

4.6 Physicochemical characterization  

 Physicochemical characterization was performed in the soymilk, fresh red prickly 

pears, and in mixed beverages following the AOAC procedures.    

 

4.6.1 pH and acidity  

pH was measured by direct immersion on the samples with a potentiometer (Thermo 

Scientific Orion, Singapore).  

Titratable acidity was carried out using a potentiometer method according to Bermúdez-

Aguirre et al., 2009. 10 mL of sample were mixed with 20 mL of distilled water and agitated 

constantly. Samples were titrated at room temperature with 0.1 N NaOH solution. The end 

point was reached when the pH was 8.3. Acidity was expressed as a percentage of citric acid 

(1 mL of 0.1 N NaOH = 0.006404g of citric acid).  

 

4.6.2 Total soluble solids  

Soluble solids were determined by direct measure with a digital refractometer (ATAGO-

PR-32α, Brix 0.0 to 32.0%) and expressed in Brix degrees (ºBx).  
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4.6.3 Moisture content  

 Determination of moisture content was carried out according to AOAC Method 

(2000).  Briefly, 3 g of sample were weighed in an aluminum dish, previously placed at a 

constant weight. The samples were placed in the oven (3 h) at 105 ºC. Afterward, the samples 

were storage 30 min in a container with desiccant silica and finally were weighted. The 

moisture (%) were expressed in wet basis.  

 

4.6.4 Color  

The color was evaluated with Konica Minolta™ CM 600 d series (Osaka, Japan). Color 

was recorded as described by Cruz-Cansino et al., (2015) using L*, a*, b* scale (CIELAB 

system), where L* indicates lightness (L*= 0 or 100 indicate black and white respectively); 

a* the axis of chromaticity between green (-) to red (+), and b* the axis between blue (-) to 

yellow (+). Results of L*, a* and b* were used to calculate chroma (C= [(a*2 + b*2)1/2]) and 

Hue angle (hº) (hº= tg-1(b/a)).  

 

4.6.5 Rheological properties  

 
Rheological measurements were performed in the mixed beverage at 25 ºC using a 

controlled-stress rheometer (Anton Pear MCR, Physica Messtechnik GmbH, Germany) using 

a Standard Measuring System CC27/T200/SS with 1mm of measurement position. Flow 

curves were obtained for 300 s with shear rates between 0.1 s-1 and 150 s-1. Two rheological 

models (Newton and Bingham) were used to calculate the relationship between shear stress 

(s) and shear rate (γ ̇). 

 
4.7 Phytochemical characterization    

4.7.1 Isoflavone extraction  

 Extraction of isoflavones from soymilk and mixed beverages was performed according with 

Luthria et al. (2007) with minimal modifications. Concisely, 0.5 g of freeze-dried sample 

were mixed with 10 mL of extraction solution (methanol: water 80:20 v/v) in a centrifuge 

tube. Then, samples were mixed during 1 min on a vortex mixer (VWR Digital Vortex Mixer, 

USA) and immersed in an ultrasound bath (Branson 2510, Branson Ultrasonic Corporation, 
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CT, USA) at room temperature for 15 min. The tubes were centrifuged at 4 ºC at 8000 g 

during 10 min (Thermo-Scientific SL 16R, USA). Supernatant was transferred into a 50 mL 

flask. The extraction process was repeated once with the residue. After isoflavone extraction, 

both supernatants were filtered through filter paper (Whatman No. 1) and pooled in a 20 mL 

container. The concentration was performed with a concentrator (Genevac LTD, EZ-2Plus, 

Ipswich, UK) in aqueous method at 50ºC for 6 h. The concentrate was diluted with 1 mL of 

HPLC grade solution of methanol: water (80:20 v/v) and filtered through a 0.20 µm PTFE 

syringe filter and transferred to HPLC vials.    

 

4.7.2 Isoflavones identification and quantification 

Identification and quantification of isoflavones were carried out by HPLC following the 

procedure proposed by Luthria et al. (2007). An Agilent 1200 HPLC system consisting of a 

quaternary pump, an auto-sampler and a diode array detector (DAD) (Agilent Technologies, 

CA, USA) and a reversed-phase XDB Eclipse C18 column (Agilent Technologies, CA, USA) 

was used for the analysis. The mobile phase consisted of solvents A (0.1% v/v formic acid 

in water) and solvent B was 100% acetonitrile. The gradient elution was as follow: 0 min 0% 

B, 8 min 10% B, 16 min 35% B, 26 min 90% B, 36 min 100% B. A column was equilibrated 

for 10 min with 15% B and washed at 100% B for 5 min a prior to the next injection. The 

column temperature was controlled at 30º C. The flow rate was maintained at 0.4 mL/min 

and the injection volume of isoflavone standards and samples were set at 1.0 µL throughout 

the run time of 60 min. The UV-visible detector was set a wavelength 254 nm to detect 

glucosides (daidzin and genistin) and aglycones (daidzein and genistein). The isoflavones 

were identified by comparing spectral data and retention times of samples peaks with those 

of standard references daidzein and genistein (Sigma Aldrich, Munich, Germany). For each 

isoflavone, quantification was performed by electronic integration of the chromatographic 

peak. Data were compared to calibration curves of available standards (Dadzein and 

Genistein) and results were expressed as mg/ 100 mL.   

 

4.7.3 Extraction and quantification of total phenolic compounds      

Total phenolic compounds were quantified from sonicated and non-sonicated red prickly 

pears and mixed beverages with Folin-Ciocalteau reagent following the methodology 
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stablished by Singleton et al. (1999). To measure total phenolic content in prickly pears, 

approximately 250 mg (peel-skin and pulp) were weighted in microtubes (VWR, 

Pennsylvania, USA). 1 mL of methanol was added and immersed into an ultrasound bath 

(Branson 2510, Branson Ultrasonic Corporation, CT, USA) at room temperature for 5 min. 

Centrifugation (Eppendorf AG Centrifuge 5417R, Hamburg, DE) were performed at 10000 

rpm, 4 ºC for 5 min, then an aliquot of 200 µL of the supernatant was diluted with 800 µL of 

methanol and shacked during 10 sec on a vortex mixer (VWR Digital Vortex Mixer, USA).  

On the other hand, the evaluation of total phenolic compounds in mixed beverages 

was achieved with freeze-dried material. Briefly, 500 mg of material were homogenized with 

20 mL of methanol using the tissuemizer. The centrifugation was carried out with Thermo-

Scientific SL 16R at 10 000 rpm, 4ºC for 15 min and the supernatant was diluted with 

methanol (1:4 v/v) as previously described.      

A 96-well plate (Costar, Thermo Fisher Scientific, USA) was filled with 240 µL of 

distilled water, 15 µL of diluted sample, 15 µL of Folin-Ciocalteau reagent (0.25 N) and 30 

µL of sodium bicarbonate (1 N). The plate was kept in the dark at room temperature for 2 h 

and the absorbance was measured at 765 nm in a microplate reader (Epochä BioTech 

Instruments, USA).  Results were expressed as mg equivalents of gallic acid (GAE)/ mg (wet 

weight or dried weight).   

 

4.7.4 Extraction and quantification of betalains  

 Determination of betalains was performed for treated and non-treated red prickly 

pears and mixed beverages with a colorimetry method stated by Castellar et al., (2003) and 

Stintzing et al. (2005). Concisely, 250 mg of homogenized peel-skin and pulp were weighted 

separately and mixed with 1 mL of distilled water and immersed into the ultrasound bath for 

5 min. The extracts were then clarified by centrifugation at 10,000 rpm, 4 ºC for 5 min 

(Eppendorf AG Centrifuge 5417R) and the supernatant was diluted (1:1 v/v) with water.   

The betalains extraction of mixed beverage was achieved with freeze-dried material. In brief, 

250 mg of dried material were mixed with 5 mL of extraction solvent A (50% methanol: 

water) and homogenized. Then, the mixture was mixed during 1 min on the vortex and 

immersed in the ultrasound bath at room temperature for 4 min. The centrifugation was 

performed as followed 9,000 rpm, 10 min at 4ºC (Thermo-Scientific SL 16R) and supernatant 
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was kept and the residue was employed to repeat the extraction process once however, with 

the addition of 3 mL of the extraction solvent. The final step of the extraction, solvent was 

changed to 3 mL of B (100% methanol). After betalain extraction, the supernatants were 

concentrated with the Genevac EZ-2Plus in aqueous method at 30ºC for 2 h. The betalain 

concentrate was dilute up to 5 mL in a volumetric flask. The betalains were measured in a 

dilution 1:9.    

 Betacyanins and betaxanthins content was reported as mg equivalent betanin/mg 

and equivalent indicaxanthin/mg, respectively. Betacyanins were detected at 535 nm and 

betaxanthins at 483 nm, according to Sumaya-Martínez et al. (2011) with some 

modifications. The method was optimized for a 96-well plate with a truncated cone formula 

and the calculated width was 5.335 mm. For betacyanin the extinction coefficient is 60,000 

L/(mol cm) and MW = 550 g/mol. For betaxanthins the extinction coefficient is 48,000 

L/(mol cm) and MW = 308 g/mol. The determination was done by triplicate.  

 

4.7.5   Extraction and quantification of ascorbic acid  

 The ascorbic acid content was determined by the microplate reader technique 

described by Gillespie and Ainsworth (2007). The samples of the two tissues of prickly pears 

after US treatments and control (1 g, wet basis) and mixed beverage (100 mg, dried basis) 

were homogenized with 5 mL of trichoroacetic acid, TCA (6%, w/v). Homogenized samples 

were centrifuged during 12 min at 10,000 rpm and 4ºC (Thermo-Scientific SL 16R). For 

determination of total ascorbic acid and reduced ascorbic acid 100 µL of supernatants were 

added into microtubes with 50 µL of phosphate buffer (pH 7). Total vitamin C was achieved 

by adding 50 µL of 32 mM dithiothreitol (DTT), then, alliquotes were incubated at room 

temperature for 10 min in dark conditions and immediately 50 µL of 12 mM N-

ethylmaleimide (NEM) were added. Reduced ascorbic acid was performed adding 100 µL of 

distilled water. Both samples (total and reduced) were aggregated into a reaction mixture 

containing 250 µL of TCA (10%, w/v), 200 µL of orthophosphoric acid (43%, v/v), 200 µL 

of α- α´ bipyridyl (4%, w/v) and ferric chloride (3%, w/v). Samples were agitated and 

incubated for 2 h at 37ºC in an incubator a prior to measure the absorbance at 535 nm. The 

results were normalized with a standard curve of L-ascorbic acid and were expressed as 
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ascorbic acid mg equivalents/ 100 mg. Oxidized ascorbic acid was calculated with the 

subtraction of the total ascorbic acid minus the reduced.   

 

4.8 Enzyme activities determination 

The enzymatic assays were carried out as described below. b-glucosidase was quantified 

in dry untreated soybeans, untreated and treated soaked soybeans and resultant soymilk from 

untreated and treated soybeans. While tyrosinase activity was evaluated only in the samples 

of prickly pears obtained from the second storage study (0, 6, 12 and 24 h).  
 

4.8.1 Evaluation of b-glu enzyme activity 

 The enzymatic activity of b-glu was performed according to the procedure 

established by Sanches de Lima and Iouko-Ida (2014) with some modifications. 200 mg of 

sample and 3 mL of 0.05 mol L-1 citrate buffer (pH 4.5) containing 0.1 mol L-1 NaCl was 

homogenized and shaken every 15 min for 1 h at 25 ºC. The samples were centrifuged at 4 

ºC, 8,200 g for 15 min (Eppendorf AG Centrifuge, 5417R) and the obtained supernatant was 

the enzymatic extract. The substrate, p-nitro-phenyl-b-D-glucopyranoside [p-NPG, 0.8 mL, 

1 mmol L-1 (Sigma Aldrich Co., St. Louis, MO, USA) in phosphate-citrate buffer (0.1 mol 

L-1, pH 6)] was transferred to a centrifuge tube and kept in a water bath at 30 ºC for 10 min. 

Then, 0.2 mL of the enzymatic extract was added and the tube was kept in the water bath at 

30 ºC for further 30 min. The reaction was quenched with 1 mL of 0.5 mol L-1 sodium 

carbonate. Then, the mixture was centrifuge (4 ºC, 6,800 g, 10 min) and the absorbance were 

immediately measured at 420 nm. The quantity of p-nitrophenol (p-NP) released by the 

enzymatic reaction was determined by comparison to a calibration curve prepared from 

varying the concentration of p-NP from 0.02 to 0.18 mmol in a 5 mL total reaction. One AU 

was defined as the quantity of enzyme necessary to release 1 mmol of p-NP min-1 under the 

experimental conditions. The results were expressed as b-glu activity levels (AU g-1 of 

sample, dry weight).  

 

4.8.2   Evaluation of tyrosinase enzyme activity 

The extraction and assay of tyrosinase was performed according to the method of 

Chang-Quan et al. (2007) and Schliemann et al. (1999) with some modifications. Four grams 
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of pericarp or endocarp without seeds were homogenized with 3 mL of extraction solution 

[60 mmol L-1 KH2PO4/ K2HPO4 (KPi) buffer (pH 5.7), including 0.5 mol L-1 NaCl, 10 

mmol L-1 ascorbate, 10 mmol L-1 CuCl2 and 2% Polyclar AT (w/v)], then filtered through 8 

layers of gauze cloth and centrifuged at 10,000 g at 4 ºC for 15 min (Thermo-Scientific SL 

16R, USA). The supernatant was concentrated by precipitation with ammonium sulfate (80% 

saturation) for 2 h at 4 ºC. After concentration, the precipitate was centrifuged and 

redissolved with one milliliter of the desalting buffer (20 mmol L-1 KPi buffer (pH 5.7) 

containing 10 mmol L-1 CuCl2). PD-10 Desalting columns (containing SephadexTM G-25 

Medium) were used to desalted the protein and the elution was performed with two milliliters 

of the desalting buffer. The eluted protein was used as enzyme extract. 

For the tyrosinase hydroxylation activity, 150 µL of the substrate [60 mmol L-1 

phosphate buffer, pH 5.7, including 2 mmol L-1 L-tyrosine, 30 mmol L-1 ascorbic acid and 

0.1 mg L-1 catalase] was saturated with O2 during 1 hour at 4 ºC and pre-incubated for 5 min 

in a room temperature. The reaction was started by addition of 100 µL enzyme extract and 

was stopped after 20 min by addition of 150 µL of 50% H3PO4 and centrifuged for 10 min 

at 15,000 g (Eppendorf AG Centrifuge 5417R). The product of tyrosine hydroxylation, 

DOPA, was separated using HPLC and detected with a diode array detector (DAD) at 279 

nm, heat-denatured protein was used as control. The HPLC analysis was performed in an 

Agilent HP1200 system (USA), with an Agilent Eclipse XDB-C18 column (250 mm 4.6 mm 

i.d., 5 mm). The following solvents were used as mobile phase: solvent A consisted of 1.5% 

phosphoric acid in water, and solvent B of 80% acetonitrile in water. DOPA was separated 

by isocratic elution with 2% solvent B in (A + B) for 10min. The enzyme activity was 

calculated using standard DOPA (Rt 6.5 min, 279 nm) and expressed in activity units (AU) 

which is defined as 1 µmol DOPA formation per hour/ mg of protein.   

For DOPA oxidation activity, the reaction mixture (1.0 mL) contained 500 µL assay 

buffer [120 mmol L-1 KPi (pH 6.8), 4% N,N´-dimethyl formamide (DMFA)], 175 µL of 28.6 

mmol L-1 MTBTH, 300 µL of 10 mmol L-1 L-DOPA and 50 µL enzyme extract. The assay 

buffer and the MBTH stock solution were saturated with O2 for 30 min immediately before 

use. The buffer, MBTH solution, and enzyme extract were pre-incubated at room temperature 
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for 5 min before the reaction was started by the addition of the substrate. The increase of 

absorbance at 505 nm was determined during 2 h with a spectrophotometer (Costar, Thermo 

Fisher Scientific, USA). Heat-denatured protein was used as control, 0.01 change of 

absorbance at 505 nm was defined as one AU of DOPA oxidation activity per hour/ mg of 

protein. The protein content of the sample was determined according to the method of 

Bradford by using bovine serum albumin as protein standard.  

Enzymatic cyclo-DOPA preparation was performed according to the method 

described by Steiner et al. (1999) with some modifications. The enzyme extract (50 µL) was 

added to 150 µL of DOPA (2 mmol/L in 0.01 mmol KPi buffer, pH 6.8) and incubated for 

10 min at room temperature. The reaction mixture was stopped with 150 µL of ascorbate 

(200 mmol/L) and 150 µL of methanol. cyclo-DOPA was analyzed by isocratic elution with 

100% solvent A for 5 min, followed by a linear gradient from 0% to 80% B (A+B) within 5 

min (UV detection at 280 nm; flow rate 1 ml/min). The enzyme activity was calculated using 

standard DOPA (Rt 6.5 min, 279 nm) and expressed in activity units (AU) which is defined 

as 1 µmol DOPA formation per hour/mg of protein. All measurements were performed in 

triplicate.  

 

4.9 Statistical analysis  

US treatments were conducted in duplicated for each condition and three replicate 

analyses were assayed on each parameter to obtain mean and standard deviation values. 

Analyses of variance (ANOVA) were conducted to determine main effects and interactions 

and mean separation performed using the LSD test (p < 0.05). Statistical analyses were 

conducted with the Minitab Statistical Software version 18.0 (SAS Institute Inc., Cary, NC, 

USA).   

 

 

 

 



 

 5. Results and discussion  

5.1 US-processing of soybeans: effects on physicochemical properties and 

isoflavone content of resultant soymilk and b-glucosidase activity  

The highest isoflavone content in soymilk was obtained from sonicated soybeans at 100 µm 

during 20 min at 30 ºC (Morales-de la Peña et al., unpublished data). Hence, in the present 

work, the optimum US-treatment proposed in the aforementioned study was replicated in 

order to analyze the effect of US in b-glu activity and propose possible mechanisms for the 

observed results, and furthermore to use the resultant soymilk to prepare the mixed beverage.   

Physicochemical characterization is shown in the Table 5.1. The pH values of soymilk 

are comparable with those reported by Lakshmanan et al. (2006) (5.99 ± 0.02) and Malaki-

Nik et al. (2008) (6.7 ± 0.03). Likewise, the ºBx, acidity and moisture content of soymilk 

were similar to those values reported by Monteiro de Oliveira et al. (2010) (ºBx: 5.41 ± 0.29, 

acidity: 0.05 ± 0.00, moisture: 95.68 ± 0.17%). Color parameters were similar the values 

reported by Mei et al. (2016).  

 

Table 5.1. Physicochemical characterization of soymilk.  

 

Total isoflavone content, calculated by the sum of the individual isoflavones: daidzin 

(Din) and genistin (Gin), and their respective aglycones, daidzein (Da), and genistein (Ge) 

of control soymilk and soymilk made with sonicated beans is shown in Fig. 5.1. As can be 

noticed, the soymilk formulated with sonicated soybeans presented a significant augment (19 

%) in the total isoflavone content compared to the control. This effect was also described by 

Fahmi et al. (2012), in soymilk obtained from US-processing slurry at different frequencies 

(35 and 130 kHz), treatment temperatures (20 - 40 °C) and times (20, 40 and 60 min). These 

results may be attributed to different factors occurring during sonication: 1. the ultrasonic 

waves produce thousands of microbubbles, which collide and generate high temperatures that 

induce to physical and chemical changes (Barbosa-Cánovas et al., 2010), and 2. the transient 

Sample Treatment pH �Brix Acidity (%) Moisture 
content (%) 

Color 
Chroma (C*) Hue angle (h�)  

Soymilk 
Control 6.3 ± 0.34 a 9.7 ± 0.17 a 0.11 ± 0.01 *a 91.6 ± 1.5 4.5 ± 0.06 a 54.3 ± 0.03 a 

100 %- 30 min 6.2 ± 0.41 a 9.8 ± 0.27 a 0.12 ± 0.05 *a 92 ± 0.05 4.3 ± 0.10 a 54.0 ± 0.01 a 

* lactic acid       
Mean values with different letters are significantly different at p<0.05 
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and repetitive cavitation creates high pressures that cause turbulence (Barbosa-Cánovas et 

al., 2010), resulting in the easily break of polymer chains of the cellular walls of plants and 

animals, and 3. cavitation phenomena induce rupture between proteins; (O´Sullivan et al., 

2016) since soy isoflavones are associated with globular proteins (Achouri et al., 2005), it 

could be possible that these physical forces break the protein-isoflavone linkage and give rise 

to the isoflavone extraction. In addition, it is known that isoflavones are located in cell walls 

of plants cells (Pislewska et al., 2002), then the aforementioned effects may lead to a mass 

transfer of intracellular isoflavones into the medium (Vardanega et al., 2014; Nowacka and 

Wedzik, 2016; Barbosa-Cánovas et al., 2010). 

The soymilk isoflavone profile was characterized by two glucoside isoflavones, Din 

and Gin, and their respective aglycones, Da and Ge, as shown in Fig. 5.2. The control soymilk 

presented a higher concentration of glucoside forms (Din and Gin) than in the soymilk 

prepared with the sonicated beans. The ratio of aglycones to glucosides increased by 12 - 18 

% in the soymilk prepared with the sonicated beans. In contrast to the most soy-based 

products, the soymilk elaborated with US-treated beans has a small portion of glucoside 

isoflavones and a high concentration of aglycones (Preedy, 2013; Fahmi et al., 2014). It is 

important to mention that the aglycones forms are absorbed faster and in greater amounts in 

humans than their glucosides (Izumi et al., 2000; Setchell et al., 2002). Additionally, among 

aglycones present in soy-based foods, Ge has been reported as the most biological active 

isoflavone (Mazur et al., 1998). It is important to highlight that the soymilk elaborated in this 

study with the sonicated material presented the highest Ge content (2.39 ± 0.03 mg 

isoflavone/100 mL of soymilk) compared with the conventional soymilk. 

Therefore, US may induce the interconversion of isoflavone glucosides to aglycones 

during treatment as reported by Fahmi et al. (2012). The higher amounts of aglycones in soy-

based products have been correlated with the b-glucosidase activity (Yeo and Liong, 2013; 

Sánchez de Lima and Ida; 2014; Matsuura et al., 1995). In order to corroborate the role of 

the b-glucosidase enzyme in the interconversion of isoflavones during the US-processing, 

the enzyme activity was evaluated (Fig. 5.3). The soaked beans (16 h) presented a significant 

increase in that enzyme activity regarding dry beans. Nevertheless, the highest augment was 

observed in the sonicated beans (100 µm, during 20 min at 30 ºC), while the lowest enzyme 

activity was detected in resultant soymilks (control, formulated with treated-beans) may be 



Chapter V. Results and discussion  
 

 

37 

due to enzyme inactivation due to the pasteurization process (60°C). Primary radicals of 

water vapor (H+, OH-) are formed (Barbosa-Cánovas et al., 2010) and results in non-specific 

reactions (Lobo et al., 2010; Jacobo-Velázquez et al., 2017). For instance, free radicals as H+ 

and OH- could join with amino acids residues of the enzymes, such b-glucosidase, 

influencing with their stability, substrate site, and/or catalytic activity (Cruz et al., 2006). 

Therefore, US-processing enhance the total isoflavones extraction and the b-glucosidase 

activity. From the human health-related point of view, the soy milk elaborated in this study 

may be more effective in preventing chronic diseases than those soy-based products with 

larger amounts of glucoside structures.  
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Figure 5.1. Effect of US-processing on total isoflavone content in control soymilk and soymilk made with sonicated beans 
(100 µm during 20 min at 30 ºC). Values represent the mean of at least 3 replicates with their standard error bars. Bars 
with different letters indicate statistical difference by LDS test (p < 0.05) between the control and soymilk made with 
sonicated material.  
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5.2 Effect of US treatment on red prickly pears 
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Figure 5.2. Effects of US-processing on the isoflavone profile of soymilk. Data points with an asterisk (*) indicate 
statistical difference determined by a LSD-test (p < 0.050) between the control and ultrasound treated samples. 

 

Figure 5.3. Effects of US-treatment on the β-glucosidase activity (g-1 min-1) of dry bean, soaked bean, sonicated bean 
(100%-20 min, 30 ºC), control soymilk, and soymilk made with processed bean. Values represent the mean of at least 3 
replicates with their standard error bars. Bars with different letters indicate statistical difference by LDS test (p < 0.05) 
between the samples.    
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Physicochemical characterization of three different batches of red prickly pears, is shown 

in Table 6.3.1. Values of total soluble solids (ºBx) of batches 1 and 2 were similar to those 

reported in the literature for prickly pears (cv. Rojo Vigor) from Puebla, Mexico (ºBx: 13.4 

± 0.4) (Sumaya-Martínez et al., 2011); otherwise, batch 3 had a lower total soluble solids 

concentration (ºBx: 12.1 ± 0.15). According to the Mexican standard PC-046-2005, the °Bx 

value of a commercial-quality cactus pear should not be less than 12%. Regarding pH values 

of the three batches, there was no significant differences among them and were within the 

range stated by Stintzing et al. (2005) (5.6 - 6.3) and Sumaya-Martínez et al. (2011) (6.08 ± 

0.017). According to Sumaya-Martínez et al. (2011), changes in °Bx and pH may be due to 

the state of maturation, crop conditions, climate and the composition of the soil where they 

were cultivated. Likewise, titratable acidity values of batches 1, 2, and 3 were comparable 

with those reported by Aquino-Bolaños et al. (2012) and Sáenz and Sepúlveda (2001) for 

red-purple varieties: 0.020 - 0.074 % and 0.03 -0.04 %, respectively. 

As seen in Table 5.2, the ripening stage (ºBrix/acidity) of batch 3 was significantly 

different from other batches. It is important to highlight that harvest time of batches 1 and 2 

was June-2017, while batch 3 was collected two months after (August-2017). For this reason, 

the fruits collected in different dates have dissimilar physicochemical characteristics that may 

affect the phytochemical content. The obtained values of ripening stage were higher than 

those reported by Dehbi et al. (2014) for Red Khourigba variety from Morocco (174.28 ± 

6.80).  

The Chroma (C*) values of the three batches shown in Table 5.2 were within the range 

of those described by Sáenz and Sepúlveda (2001) (C*= 10.1 - 18.9) for red-purple varieties. 

However, the hue angle (ºh) of the three batches of red prickly pears used in this work was 

lower than the range observed by the same authors (6.2 - 13.2) for the aforementioned 

varieties. Moisture content of the three evaluated batches was similar to that described for 

red varieties by Bensadón et al. (2010) (80.45 %), De Wit et al. (2010) (84-90 %), and Dehbi 

et al. (2014) (89.13 ± 8.09 %). In this study, the weight range of the red prickly pear was 

111.3 - 150.3 g; according with Stintzing et al. (2005), prickly pear weight fluctuates from 

100 to 150 g depending on origin, cultivar and edaphic conditions.  

According to the classification of UC Davis Postharvest Technology Center, prickly 

pears are non-climacteric fruits which are not capable of continuing their ripening process 
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once removed from the plant (Cantwell, 2017). Nevertheless, there are some physiological 

and physical changes accompanying the senescence progression, such as variation in 

firmness, external color, and aroma, (El-Gharras et al., 2006; Duru and Turker, 2005).  

Obtained results indicates that harvest season is crucial to achieve a homogenized 

sampling, and a visual evaluation is not enough for classifying the red prickly pear maturity 

stage.  

Table 5.2. Physicochemical characterization of raw materials used in the different 

experiments. 

 

 

5.2.1 Evaluation of immediate effect and late response (Batch 1)  

5.2.1.1 Betalain content  

The effect of US and storage time on the betalains content in the peel is shown in Fig. 

5.4A. Immediately after US treatment, a significant augment of betalains concentration was 

observed in the peel sonicated at 100%-10 min. According to Chemat et al. (2017), the 

immediately increase of plant compounds content is due to the cavitation phenomena that 

generates several effects such as fragmentation, erosion, capillarity, detexturation, and 

sonoporation, allowing the extraction of phytochemicals. In addition, during the storage the 

concentration of total betalains was significantly affected observing the highest content in 

the peels sonicated with 100%-10 min and 50%-15 min at 24 h. Besides, most of the samples 

showed a gradual increase in its concentration of betalains at 48 h regardless of treatment 

applied. The accumulation of these compounds during storage could be due to a similar effect 

observed after the sonication of carrot in order to repair the tissue, as a defense mechanism 

(Cuéllar-Villarreal et al., 2016). According to Jacobo-Velázquez et al. (2017), the US 

processing in postharvest crops could trigger the biosynthesis of plant bioactive molecules 

Sample 
Size (cm) 

Weight (g) pH �Brix Acidity (%) 
 

Ripeness  
ºBrix/ Acidity 

Moisture 
content (%) 

Color 

Length (l) Width (w) Chroma 
(C*) 

Hue angle 
(h�)  

Batch 1 7.44 ±0.41b 5.3 ± 0.2b 115.3 ± 4.0b 6.1 ± 0.1 a 13.0 ± 0.20 a 
 
0.055 ± 0.004* b c 

 

242.0 ± 27.4 a 
 90.3 ± 0.57 15.5 ±1.86 a 1.02 ± 0.1 a 

Batch 2 9.7 ± 0.69b 5.02 ± 0.58b 118.6 ± 5.3b 6.1 ± 0.08a 13.1 ± 0.28 a 0.054 ± 0.007 * c 240.08 ± 32.5 a 90.3 ± 0.95 15.6 ± 1.83 a 0.90 ± 0.2 a 

Batch 3 14.38 ± 5.02a 11.58 ± 6.3ª 142.4 ± 7.9a 6.6 ± 0.06a 12.1 ± 0.15 b 0.062 ± 0.010 * a 197.2 ± 2.7 b 90 ± 1.58 6.6 ± 0.92 b 1.01 ± 0.05 a 

* citric acid ** lactic acid 
Mean values with different letters are significantly different at p<0.05 
The batch 1 was collected the first days on the month of June, while the batch 2 at the end of the same month and the batch 3 was harvested at the beginning of 
August.     
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during storage. Likewise, an immediately significant increase was noticed in the pulp US-

treated at 100%-10 min (Fig. 5.4B). Total betalains of the pulps from red prickly pears treated 

at 50%-15 min and 100%- 10 min increased during 24 h storage. Contrary to the effect 

observed at 48 h in the peel, most of the pulp samples exhibit a significant decrease.  



   Figure 5.4A
. Effects of ultrasound and storage tim

e on the accum
ulation of total betalains in the peel of red prickly pear. B

ars w
ith different letters 

indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as total betalains content per m
g of peel or pulp w

et w
eight basis.  
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Figure 5.4B
. Effects of ultrasound and storage tim

e on the accum
ulation of total betalains in the pulp (B

) of red prickly pear. B
ars 

w
ith different letters indicate statistical difference by LD

S test (p < 0.05). C
oncentrations are reported as total betalains content per 

m
g of peel or pulp w

et w
eight basis.  
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5.2.1.2 Total phenolic content  

No significant changes were observed in the concentration of total phenolic compounds 

in the peel as an immediate effect of the US treatment, except those fruits treated at 50%-10 

min and 50% -15 min. Conversely, more than a few samples showed a significant increase 

at 48h of storage (Fig. 5.5A). It could be possible that this augment in phenolic concentration 

observed after 48 h was due to the biosynthesis of these compounds in the peel because some 

of them are utilized as precursors for lignin synthesis as a defense process similar to the one 

exerted by wounding stress (Cuéllar-Villarreal et al., 2016). 

A significant increase of total phenolic compounds was detected in most of the pulp 

samples immediately after the US treatments (Fig. 5.5B). This effect might be due to the 

immediate stress response described by several authors (Jacobo-Velázquez et al., 2017; 

Dong-Ping et al., 2016; Yilmaz, et al., 2017; Zhenzhou et al., 2016; Kong et al., 2015; 

Hromádková et al., 2002; Famhi et al., 2014). During storage (24 - 48h), the concentration 

of phenolic compounds in most of the pulp samples decreased compared to the control of the 

same storage time and with the same samples at 0 h.  
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Figure 5.5A

. Effects of ultrasound and storage tim
e on the accum

ulation of total phenolic com
pounds in the peel of red prickly pear. 

B
ars w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as m
g of gallic acid per gram

s 
of peel or pulp w

et w
eight basis. 
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Figure 5.5B

. Effects of ultrasound and storage tim
e on the accum

ulation of total phenolic com
pounds in the pulp of red prickly pear. 

B
ars w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as m
g of gallic acid per 

gram
s of peel or pulp w

et w
eight basis. 
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5.2.1.3 Total vitamin C concentration  

Immediately after US processing, a significant decrease was observed in all the peel 

samples treated with an amplitude of 100% regardless the processing time (Fig. 5.6A). This 

effect may be possible to the collapse events occurring during cavitation that can generate 

primary radicals of water vapor (H+, OH-), and non-specific reactions leading the vitamin C 

degradation (Barbosa-Cánovas et al., 2010). Besides, these decrements of vitamin C may be 

due to a merely physical process as the leaching losses during the US process as reported by 

Villamiel et al. (2015).      

In the same way, after 24 h of storage, a significant reduction of vitamin C concentration 

was noted in the peel of prickly pears treated at amplitudes of 50% and 75%; while in those 

samples processed at 100 % of amplitude the vitamin C concentration remained constant, 

inclusively up to 48 h. In addition, it was noticed that after 48 h, the vitamin C concentration 

in the peels of samples treated at 50% and 75% of amplitude significantly increased as a late 

stress response. Just like other vegetables foods, prickly pears produce large amounts of AA 

to confer resistance to the oxidative stresses associated with biotic and abiotic stress 

(Giovannoni, 2007; Silencio-Barrita and Santiago-Sánchez, 2013). For this reason, the 

biosynthesis of vitamin C may have been triggered as a response to the US processing and 

storage conditions. Conversely to the effects noticed in the peel, no significant changes were 

observed in vitamin C concentration of the pulp as an immediate response to the US 

processing. The highest vitamin C concentrations were observed at 24 h in pulp processed 

with 100%-10 min, 100%-15 min, and 75%-15 min as shown in Fig. 5.6B. Furthermore, the 

vitamin C content was kept constant during storage at 48 h. This effect may be due to the 

protection provided by the peel against light, oxygen, microorganisms and free radicals 

(Konarska, 2012).     
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Figure 5.6A
. Effects of ultrasound and storage tim

e on the accum
ulation of total vitam

in C
 in the peel of red prickly pear. B

ars 
w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as m
g of ascorbic acid 

per 100 gram
s of peel or pulp w

et w
eight basis.   
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Figure 5.6B
. Effects of ultrasound and storage tim

e on the accum
ulation of total vitam

in C
 in the pulp of red prickly pear. 

B
ars w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as m
g of ascorbic 

acid per 100 gram
s of peel or pulp w

et w
eight basis.   
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5.2.2 Evaluation of immediate effect and late response (Batch 2)  

In order to corroborate the US effect on immediate and late stress response in bioactive 

compounds analyzed in the first study, two treatments were selected taking into account the 

results aforementioned, in specific the highest betalain content. For this reason, the red 

prickly pears of batch 2 were US processed at 50%-15 min and 100%-10 min, and stored 

during 48 h at 15 ºC. For this second study the response variables were phytochemical 

content, respiration rate, and VOCs production related to ethylene which were evaluated at 

0, 6, 12, 24, 36 and 48 h. 

5.2.2.1 Betalain content  

Corroborating the results obtained in the first study, immediately after US processing 

and during the storage time, there was a significant increase in betalain content of peels 

treated at 100%-10 min (Fig. 5.7A). The highest augment was approximately of 20% at 36 h 

on the peel from fruits sonicated at 100%-10 min regarding the control. In contrast, no 

significant changes in betalain concentration were noticed in pulp just after processing (Fig. 

5.7B). However, from 6 to 36 hours, a significant increase was noted in the pulp processed 

at 100% -10 min regarding the untreated samples. The maximum increase in total betalains 

content was around 35% in the pulp processed at 100%-10 min after 36 h of storage.   
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Figure 5.7A
. Effects of ultrasound and storage tim

e on the accum
ulation of total betalains in the peel of red prickly pear. B

ars 
w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as total betalains content 
per m

g of peel or pulp w
et w

eight basis.  
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Figure 5.7B
. Effects of ultrasound and storage tim

e on the accum
ulation of total betalains in the pulp of red prickly pear. 

B
ars w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as total 
betalains content per m

g of peel or pulp w
et w

eight basis.  
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5.2.2.2 Total phenolic content  

Similar to the effects observed in the first study, no significant changes in the concentration 

of phenolic compounds were observed as an immediate stress response in peel samples (Fig. 

5.8A). Nonetheless, during storage it was noticed that phenolic compounds content of the 

peels sonicated at 100%-10 min increased 32% and 61% after 12 h and 24 h, respectively. 

Porras-Baclayon et al. (2007) stated that the activity of PAL, a key enzyme involved in the 

biosynthesis of phenolic compounds, was at its maximum level at the first 12 h of storage of 

broccoli heads stored at 20ºC. This fact could indicate that the PAL enzyme was involved in 

the increase of phenolic compounds in the peel of red prickly pears US treated (100%-10 

min). Nevertheless, since no information related to this effect has been previously reported, 

the PAL enzyme activity and gene expression are needed to support this hypothesis. Fig. 

5.8B shows that there are not significant changes in the content of total phenolic compounds 

of treated pulp at 0 h and during 24 h of storage. However, a significant augment in phenolic 

content was observed in the processed pulp with 100%- 10 min at 36 h. This response noted 

in the pulp may be due to the isolation effect provided by the peel, this already mentioned in 

the vitamin C pulp results. The peel may have acted as protective insulation during sonication 

and storage time (Konarska, 2012).  
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Figure 5.8A
. Effects of ultrasound and storage tim

e on the accum
ulation of total phenolic com

pounds in the peel of red prickly pear. 
B

ars w
ith different letters indicate statistical difference by LD

S test (p < 0.05). C
oncentrations are reported as m

g of gallic acid per 
gram

s of peel or pulp w
et w

eight basis.   
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Figure 5.8B
. Effects of ultrasound and storage tim

e on the accum
ulation of total phenolic com

pounds in the pulp of red prickly pear. 
B

ars w
ith different letters indicate statistical difference by LD

S test (p < 0.05). C
oncentrations are reported as m

g of gallic acid per 
gram

s of peel or pulp w
et w

eight basis.   
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5.2.2.3 Total vitamin C concentration  

Total vitamin C concentration in the peel significantly decreased immediately after 

US treatments at 50%-15 min and 100%-10 min (Fig. 5.9A). The decrease of vitamin C with 

the 50%-15 min observed in this second evaluation was not observed in the previous study 

and may be due to the fact that the peel of the fruits used in this study was more susceptible 

to physical deterioration by the ultrasound treatment that allowed the greater extraction or 

leaching of vitamin C. During the storage, no significant changes were observed from 6 to 

36 h; nevertheless, at 48 h there was a significant increase of 85% in the peel processed at 

50%-15 min. Besides, the control also had a significant augment in the concentration of 

vitamin C at 48 h of 26%. This suggests that there is no clear explanation of that abnormal 

behavior.  

Neither immediately effect of US processing nor storage time caused changes in the 

vitamin C content in the pulp of red prickly pears (Fig. 5.9B). The observed effect on the 

vitamin C content in the processed pulp has been mentioned above in the results of the first 

experiment.   
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Figure 5.9A
. Effects of ultrasound and storage tim

e on the accum
ulation of total vitam

in C
 in the peel of red prickly pear. 

B
ars w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as m
g of ascorbic 

acid per 100 gram
s of peel or pulp w

et w
eight basis.   
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Figure 5.9B
. Effects of ultrasound and storage tim

e on the accum
ulation of total vitam

in C
 in the pulp of red prickly pear. B

ars 
w

ith different letters indicate statistical difference by LD
S test (p < 0.05). C

oncentrations are reported as m
g of ascorbic acid 

per 100 gram
s of peel or pulp w

et w
eight basis.   
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5.2.2.4 Respiration rate and VOCs production  

The respiration rate and VOCs production were evaluated immediately after US 

treatments and during storage (48 h) every 6 h. As seen in Fig. 5.10A just after US processing 

at 50%-15 min and 100%-10 min there was a significant increase on the respiration rate, 

being significantly higher in red prickly pears treated at 100%-10 min. At 6 h after the 

treatments, their respiration rate of the sonicated red prickly pears was stabilized by 

equalizing the production of CO2 similar to control. This effect perhaps due to what several 

authors have reported, that the changes of the temperature causes a decrease or increase of 

respiration, since the fruits were sonicated at 25 ºC and stored at 15 ºC (Hatfield, 2015; Guinn, 

1974). 

However, at 12 h there was a significant rise in the respiration rate of the all the evaluated 

samples, being the US processed fruits at 100%-10 min those that showed the highest 

increase. From 18 h until 48 h, the respiration rate of all the evaluated fruits decreased, and 

just at 36 h there was a slight augment in all the samples.  

Obtained results indicated that the highest respiration rate was presented by the fruits 

sonicated at 100% of amplitude during 10 min. Cuéllar-Villarreal et al. (2016), evaluated the 

respiration rate on carrots US treated at 100%-5 min and observed a maximum respiration 

rate at 36 h of storage. It might be possible that the different tendency of their data whit those 

observed in this work is due to the different matrixes under evaluation, as well as the different 

treatment time.  ROS in plants are generated mainly by mitochondrial respiration (Cuéllar-

Villarreal et al., 2016). Hence, during US processing more ROS are produced increasing the 

respiration rates of the fruits. In addition, this increase certainly causes changes in the 

metabolism of the plant material that result in the enzymatic and non-enzymatic protection 

of the fruit against the damage caused by the oxidative stress generated during cavitation 

(You and Chan, 2015). This protection may be related to the biosynthesis of antioxidants of 

interest such as betalains, total phenolic compounds and vitamin C (Munné-Bosch et al., 

2004). 

It is well known that ethylene activates the secondary metabolism of plans and allows 

the biosynthesis of some antioxidants in response to the biotic and abiotic stress (Hogan, 

2008; Munné-Bosch et al., 2004), hence it was decided to evaluate the ethylene production 

(VOCs) immediately after processing and during storage (48 h) of untreated and sonicated 
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red prickly pears in order to correlate this with the changes observed on the concentration of 

bioactive compounds. As can be seen in Fig. 5.10B untreated and sonicated (50%-15 min) 

fruits had the same VOCs concentration at time 0 h; conversely, processed prickly pears at 

100%-10 min presented a higher ethylene production (0.02 µL C2H4/ Kg-1h-1). Thereafter, a 

slight increase was observed at 12 h which may be related to increasing in the respiration rate 

at that same period of time. From this time, up to the end of the storage the ethylene 

production of the control fruits continues decreasing until the values were not detectable. On 

the other hand, US treated prickly pears at 50%-15 min incremented their production of 

ethylene at 24 h and then started to be diminished over time. In contrast, an increase of 

ethylene production in the US treated prickly pears at 100%- 10 min was observed during 

the whole storage. This increase can be correlated with the respiration rate as well as the 

highest concentration of the phenolic compounds and betalains in the prickly pears sonicated 

at 100%-10 min. Namely, the highest increase of vitamin C was reached at 48 h in the peel; 

on the other hand, a significant raise in phenolic concentration was observed at 12 h and 36 

h in the pulp and at 12 h and 24 h in the peel. The significant increase in the betalain content 

was observed from the 12 h of storage, being the greatest augment in the peel at 48 h and in 

the pulp at 36 h of the treated prickly pears with 100%- 10 min. The results of the respiration 

rate can be correlated with the concentration of the phenolic and betalain content. However, 

the respiration is not the only factor that can give indication of the response to the immediate 

or late stress caused by the ultrasound treatment. Hence, it could be concluded that the 

increase in the concentration of betalains, phenolic compounds, and vitamin C may be due 

to both respiration and ethylene production. 
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Figure 5.10. Effects of ultrasound and storage time on respiration rate (A) and volatile organic compounds (VOCs) 
production (B) in red prickly pears stored at 15 ºC. Values represent the mean of at least 3 replicates with their 
standard error bars. Data points with an asterisk (*) indicate statistical difference determined by a LSD-test (p < 
0.050) between the control and ultrasound treated samples.  
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US treatment has been considered as an abiotic stressor because its application in plant-

based foods could trigger second metabolites. Nevertheless, the metabolic pathways that give 

rise to these secondary metabolites are not yet known. Jacobo-Velázquez et al. (2017) stated 

that the stress response begins immediately after cell membrane rupture with ATP molecules 

released outside the cell that will bind to neighboring cell protein receptors. Thus, these cells 

will produce signaling molecules including ROS, ethylene and jasmonic acid. When diffused 

through the cytosol, these molecules can activate the transcription factors of the secondary 

metabolism. Besides, during the late response to stress, these chemicals accumulate due to 

metabolic changes where the cells try to adapt to the abiotic stress. Because this is a recent 

hypothesis there are still aspects to consider. Based on the obtained results in the present 

study, a complementary mechanism is proposed to that described by Jacobo-Velázquez et al. 

(2017), considering the secondary messengers as the main initiators of the signaling cascade 

as shown in the Fig. 5.11. 

In this sense, the cavitation phenomena produced during sonication could cause the 

rupture of the red prickly pear cells allowing the release of second messengers that trigger 

the response to stress. According to Rangel-Yescas et al. (2007), once the ATP is outside the 

cellular medium is degraded by ecto-ATPases, forming ADP, AMP, and adenosine. All these 

molecules exert their action through the type P receptors (P1 and P2) that are also found in 

plants, then this statement could complement the previous hypothesis. As described by 

Jacobo-Velázquez et al. (2017), ATP will produce jasmonic acid, which has been previously 

analyzed in order to describe its contribution in response to stress.  

According to Sesaki-Sekimoto et al. (2005), jasmonic acid is involved in the AA and 

glucosinolate biosynthesis, besides, in the metabolism of the sulfur. These compounds are 

implicated in the accumulation of antioxidants such as beta-carotene, tocopherols, 

polyamines and arginine decarboxylases. Thus, the ROS will be eliminated and cell death 

will be avoided. In addition, in this new proposal, the role of other second messengers, such 

as IP3, cAMP, and Ca2+ (Riveros-Angarita, 2010) is taken into account. It has been shown 

that these second messengers in plants are related to possible defense mechanisms by 

activating metabolic pathways such as MAPK (Mitogen-Activated-Protein-Kinase) and 

activating transcription factors related to the synthesis of antioxidants (Taj et al., 2010). The 

contribution of diacylglycerol (DAG) in response to stress is not clear. Nevertheless, DAG 



Chapter V. Results and discussion  
 

 

63 

will be found in the extracellular medium once the cell membrane pores are formed because 

it is a fundamental second messenger. DAG has been studied in plants observing that it is the 

physiological activator of PKC (phospholipase C), which phosphorylate in serine or 

threonine residues of enzymes that possibly can act against stress. Besides, it is reported that 

DAG is later phosphorylated by diacylglycerol kinase (DGK) to form phosphatidic acid (PA), 

a molecule which is a key lipid signaling molecule involved in the stress response, in 

metabolism and in plant development (Dong et al., 2012). Further research is required to 

better understand the mechanisms and metabolic pathways of second metabolites in plant-

based foods subjected to US processing and take advantage of emerging technologies 

application for functional products development. 

 

 

 

 

 

 

 

 

Figure 5.11. Hypothetical model that explains the physiological mechanisms in response to the abiotic stress induced 
by the US. 
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5.2.3 Evaluation of tyrosinase enzymatic activity  

In order to elucidate the possible mechanisms affected by the US-treatment on the 

betalain synthesis, the tyrosinase enzymatic activity was evaluated in the control and 

sonicated red-prickly pear at three crucial steps of the betanidin formation. The selected 

samples were those that presented the highest betalains concentration in the second 

evaluation of immediate and late response. Sonicated red prickly pear at 100% during 10 min 

and stored during 0, 6, 12, and 24 h were chosen for the tyrosinase evaluation because the 

highest betalain concentration was at 36 h, therefore, the highest enzymatic activity should 

be at 24 h.  

The increases of the product of tyrosine hydroxylation, DOPA (Fig. 5.12), the 

oxidation activity (Fig. 5.13), and the cyclo-DOPA formation (Fig. 5.14) coincide with the 

amount of total betalains observed during storage time (6, 12 and 24 h). Because biosynthesis 

is a sequential process, the increase in enzymatic activity will take place before the increase 

in betalains. Therefore, increases in tyrosinase enzymatic activity at 6 h can be reflected in 

an increase in betalains concentration at 12 or 18 h, and so on.  

Immediately after US processing, there was a significant increase in total betalain in 

the sonicated peel (Fig. 5.7A), this result could be associated with the significant increase of 

the cyclo-DOPA formation (Fig.5.14A); however, no significant increase in the 

hydroxylation and oxidation activity was observed (Fig. 5.12A, 5.13A). This immediate 

increase is more related to the extraction process that occurs during the US-treatment than to 

the activation of tyrosinase (Chemat et al., 2017). Likewise, at 6 h of storage, a significant 

augment of betalain content was observed in the treated peel, this effect can be related to the 

significant increases in the hydroxylation activity and cyclo-DOPA formation (Fig. 5.14). 

From 12 h to 24 h of storage, significant increases were noted in the betalains concentration 

of the sonicated peel, as well in the hydroxylation and oxidation activity, and the cyclo-

DOPA formation (Fig. 5.14). Therefore, it can be concluded that from the 6th hour of storage 

the enzymatic activity of tyrosinase increased which leaded to the biosynthesis of betalains 

in the peel as a late effect induced by US and storage. 

In contrast, no significant changes in betalain concentration were observed in pulp 
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just after processing (Fig. 5B). Nevertheless, a significant increase of the hydroxylation 

activity (Fig. 5.12B) and cyclo-DOPA formation (Fig. 5.14B) were observed at 0 h. From 6 

to 24 hours, a significant increase of betalain concentration was observed in the processed 

pulp regarding the untreated samples. As well, a significant augment of hydroxylation 

activity (6-24 h), oxidation activity (12-24 h) (Fig. 5.13B), and cyclo-DOPA formation (6-24 

h). The present results clearly exhibit that the US-processing causes an activation of 

tyrosinase which is involved in the biosynthesis of betalains. Among the US induced effects, 

the free radicals formation as H+ and OH- could join with amino acids residues of the 

enzymes, such tyrosinase, influencing their stability, substrate binding, and/or catalytic 

functions leading the activation of the enzyme (Cruz et al., 2006). Further, the physical, 

chemical and mechanical changes induced by cavitation could cause pore formation and 

trigger the turn on the secondary metabolism (Jacobo-Velázquez et al., 2017; Cuéllar-

Villarreal et al., 2017). In addition, the presence of free radicals, ROS, high pressures and 

temperature achieved during the processing can cause slight damage not enough to break the 

cell but plenty to activated genes associated with stress response and with the synthesis of 

antioxidants (Wu and Lin, 2002; Cuellar-Villarreal et al., 2016). Some studies have been 

demonstrated the effect on the enzymatic activity by US-processing (Wu and Lin, 2002; 

Cuellar-Villarreal et al., 2016; Wu and Ge, 2004). 

According to Chang-Quan et al. (2007) and Steiner et al. (1996), in the biosynthesis 

of betalains; first, tyrosine is hydroxylated to L-DOPA by tyrosinase (monophenol 

monooxygenase activity), and via dopaquinone (o- diphenol oxidase activity) the formation 

of cyclo-DOPA. These products, DOPA and cyclo-DOPA are crucial precursors in the 

biosynthesis of betanidin, leading via conjugation reactions to the vast number of 

glycosylated betacyanins and their various acylated forms (Steiner et al., 1996). Figure 4 

illustrates the tyrosinase-catalysed formation of DOPA and cyclo-DOPA and their 

incorporation into betanidin. Besides, a significant portion of the tyrosinase-formed DOPA 

is cleavage by DODA enzyme forming the 4,5-seco-DOPA followed by spontaneous reaction 

to produce the betalamic acid (Chang-Quan et al., 2007; Imtiyaj-Khan, 2016). The 

conversion of dopaquinone to cyclo-DOPA, as well as the condensation of cyclo-DOPA with 

betalamic acid in this pathway, is believed to be a spontaneous reaction (Imtiyaj-Khan, 2016; 
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Steiner et al., 1996). 

 

 

 

Figure 2.2. Biosynthesis of betalains. Source: modified of Hatlestad et al., 2012 and 

Chang-Quan et al., 2007. 
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Figure 5.12. Effects of US-treatment on the tyrosine hydroxylation activity (AU mg protein-1) of untreated 
and sonicated A) peel, and B) pulp of red prickly pear. Values represent the mean of at least 3 replicates with 
their standard error bars. Bars with different letters indicate statistical difference by LDS test (p < 0.05) 
between the samples.    
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Figure 5.13. Effects of US-treatment on the Dopa oxidation activity (AU mg protein-1) of untreated and 
sonicated A) peel, and B) pulp of red prickly pear. Values represent the mean of at least 3 replicates with their 
standard error bars. Bars with different letters indicate statistical difference by LDS test (p < 0.05) between 
the samples.    
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Figure 5.14. Effects of US-treatment on the cyclo-dopa formation activity (AU mg protein-1) of untreated and 
sonicated A) peel, and B) pulp of red prickly pear. Values represent the mean of at least 3 replicates with their 
standard error bars. Bars with different letters indicate statistical difference by LDS test (p < 0.05) between 
the samples.    
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5.3 Elaboration the soymilk-red prickly pear mixed beverage 

Three different beverages were formulated with soymilk and red prickly pears (batch 3) 

in a ratio of 70:30 v/v. Considering that the contribution of betalains could be the most 

important factor in the formulation of mixed beverages. The red prickly pears used in the 

formulation were treated at 100%-10 min and stored at 0, 12 and 24 h (15 ºC) because with 

these conditions the highest total betalain content was obtained.      

Physicochemical characterization of mixed beverages is shown in Table 5.3. As can be 

seen, there are no significant differences in pH, ºBx, acidity, and moisture content between 

the mixed beverages. Naz (2012) reported similar pH values (5.8-6.8) of different fruit-

flavored soymilk (guava, mango, and banana). The same author described lower titratable 

acidity values (0.386, 0.404 and 0.27) for guava, mango, and banana flavored soymilk than 

the soymilk-red prickly pear beverage (~0.80 %) this fact may be due to the acidity was 

modified adding citric acid to the formula. A study of an optimized soymilk-acai beverage 

published ºBx values (19.07 ± 0.29) higher than those reported in this study it is may be 

because of the different fruit used to formulate the mixed beverage (Monteiro de Oliveira et 

al., 201). The color of the prepared mixed beverages varied according with the storage time 

of red prickly pears after the US treatment. The highest C* value was observed in the 

beverage made with sonicated prickly pears and stored 24 h. This effect could be an indicator 

of the synthesis of the betalains pigments during the storage time.  

 

Table 5.3. Physicochemical characterization of mixed beverages. 

 

 

 

 

Sample Treatment/ 
Storage time  pH �Brix Acidity (%) Moisture 

content (%) 
Color 

Chroma (C*) Hue angle (h�)  

Beverages 

Control 0h 5.2 ± 0.30 a 6.5 ± 0.06 a 0.80 ± 0.13 * a 88.5 ± 0.57 a 15.6 ± 0.83 e 0.50 ± 0.06 a 
100%-10 min/ 0h 5.0 ± 0.01 a 6.3 ± 0.05 a 0.82 ± 0.15 * a 89.3 ± 0.01 a 16.7 ± 0.41 d 0.46 ± 0.01 a b 

Control 12h 5.1 ± 0.28 a 6.2 ± 1.03 a 0.81 ± 0.12* a 90.3 ± 0.04 a 17.4 ± 0.35 c 0.46 ± 0.03 a b 
100%-10 min/ 12h 5.0 ± 1.45 a 6.4 ± 0.05 a 0.81 ± 0.11 * a 89.3 ± 0.34 a 17.4 ± 0.33 b 0.462 ± 0.01 a b 

Control 24h 5.1 ± 0.67 a 6.3 ± 0.05 a 0.82 ± 0.10 * a 89.7 ± 0.07 a 19.1 ± 2.16 c 0.38 ± 0.03 a b 
100%-10 min/ 24h 5.0 ± 1.2 a 6.2 ± 0.9 a 0.80 ± 0.16 * a 90.5 ± 0.20 a 21.0 ± 0.008 a 0.35 ± 0.006 b 

* citric acid                
Mean values with different letters are significantly different at p<0.05         
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5.4 Isoflavone content of mixed beverages 

Total isoflavone content of the mixed beverages is shown in the Fig. 5.15. No significant 

differences were observed between the control beverages and the beverages elaborated with 

sonicated raw materials prepared at different storage times. This effect is because the 

isoflavones are compounds present only in the soymilk, which was not stored for preparation 

as the red prickly pears. Nevertheless, the soymilk- red prickly pear drinks prepared with US 

treated soybeans have higher concentration of isoflavones (15-32%) than the beverage 

prepared with untreated raw material. As mentioned before, the extraction phenomenon 

occurs due to the transient cavitation during the US-processing (Vardanega et al., 2014; 

Nowacka and Wedzik, 2016; Barbosa-Cánovas et al., 2010). The average of total isoflavone 

concentration of the control and soymilk-red prickly pear drinks were 3.5 ± 0.16 and 4.30 ± 

0.16 mg /100 mL, respectively. These values are similar to those reported by De Almeida et 

al. (2010) and Rostagno et al. (2007) (0.5 - 2.5 mg/100 mL and 0.7 - 5.82 mg/100 mL, 

respectively). However, it is difficult to compare the data since there are several factors that 

influence the isoflavone content of soy-based beverages, such as the variety of the raw 

materials, soaking proportions, and treatment conditions used for the elaboration of each 

beverage (Morales- de la Peña et al., 2018).  

The Fig. 5.16 shows the isoflavone profile of mixed beverages. These results have the 

same tendency described before for the soymilk in the section results 5.1. During US 

treatment, b-glu activity increased and induced the rupture of glucosidic bonds of Din and 

Gin producing a significant increase of Da (8- 22%) and Ge (15- 23%) concentration. These 

significant augments of aglycone content are similar to those reported by Morales-de la Peña 

et al. (2018) (22- 27 %) in a soymilk-mango smoothie treated with US-processing.   
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Figure 5.15. Effect of US-processing on total isoflavone content in control soymilk and soymilk made with sonicated beans 
(100 µm during 20 min at 30 ºC). The hours on the top left of the graph represent the storage time of the prickly pear for the 
preparation of the mixed beverage. Values represent the mean of at least 3 replicates with their standard error bars. Bars with 
different letters indicate statistical difference by LDS test (p < 0.05) between the control and soymilk made with sonicated 
material.  
 

Figure 5.16. Effects of US-processing on the isoflavone profile of soymilk-red prickly pear mixed beverages. The hours on 
the top left of the graph represent the storage time of the prickly pear for the preparation of the mixed beverage. Data points 
with an asterisk (*) indicate statistical difference determined by a LSD-test (p < 0.050) between the control and beverages 
made with sonicated material.  
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5.5 Bioactive compound composition of mixed beverages 

Phytochemical composition of the mixed beverages is shown in Fig. 5.17. Theoretical 

values of betalains and vitamin C were calculated taking into consideration the percentage of 

the peel and pulp used to prepare the beverage and the initial estimated values of the these. 

It was not possible to calculate the theoretical values of the phenolic compounds in the mixed 

beverages because both soybeans and red prickly pear have phenolic molecules in different 

proportions and the concentration of this compounds in the soymilk was not evaluated. 
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Figure 5.17C
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In terms of betalains, the mixed beverage presented a lower concentration than the 

theoretical value in most of the drinks. Possible degradation reactions could occur during the 

manufacture of the mixed drink that caused the observed loss. Herbach et al. (2006) described 

that the detrimental effects on betalain integrity are mainly caused by temperature, oxygen, 

and light. The highest concentrations of betalains were quantified in the mixed beverage 

made with the control and treated prickly pear stored at 24 h (Figure 5.17A). However, there 

were no significant differences between the mixed beverages made with the control and 

treated prickly pears stored at 0 h and 12 h. As well as betalains, the vitamin C in the mixed 

beverages exhibited lower content than the theoretical values, this may be due to the oxygen 

and light exposure during the production of the mixed beverage (Oyetade et al., 2012). The 

higher content of vitamin C was quantified in the mixed beverage made with processed 

prickly pear and stored at 24 h (Figure 5.17B). The beverages produced with the sonicated 

red prickly pears that were stored for 12 h showed a significant increase of phenolic 

compounds compared to the control. Nevertheless, the optimized beverages made with the 

red prickly pears that were stored for 0 and 24 h did not present significant changes in their 

phenolic concentration.  

Table 5.4 shows the comparison of the nutritional properties of the red prickly pear-

soymilk with different mixed beverages found in the literature that were elaborated with an 

emerging technology or none. As can be observed in the table 5.4, total phenolic content 

estimated in this study (0.35 ± 0.02 mg gallic acid per g of beverage) was similar to the 

determined in the fruit juice (orange, kiwi, and pineapple) with commercial soymilk in a 

proportion (25:18:7:50 v/v/v/v). The range of the phenolic compounds of this fruit juice-

soymilk was 0.25 to 0.99 mg gallic acid per mL of beverage, this difference is due to the 

different maturity of the fruits used in the study as reported by the authors (Morales-de la 

Peña et al., 2010). However, in this same study, significantly higher values of vitamin C 

(30.14 ± 0.2 mg AA per 100 g) were obtained than those obtained in the soy and red prickly 

pear beverage (5.47± 0.61 mg AA per 100 g). This difference is due to the total content of 

vitamin C in the fruits and the proportions used to elaborate the beverages. Similar values of 

vitamin C to those observed in the Morales-de la Peña et al. (2010) study, were reported by 

Andrés et al. (2014) and Rodríguez-Roque et al. (2014).  
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Table 5.4. Comparison of red prickly pear-soymilk and mixed beverages found in the 

literature.  

 
 

Sample 

Betalains 

(mg betalains/ g 

beverage) 

 

Technology 

 

Phenolic 

compounds 

(mg GA/ g) 

Vitamin C 

(mg AA/ 100 

g) 

Total 

isoflavones 

(mg/ 100 mL) 

Total aglycone 

content 

(mg/ 100 mL) 

 

Reference 

Red prickly 

pear-soymilk 

(30:70 v/v) 

 

11.31 ± 0.14 a 

 

US 

 

0.35 ± 0.02 a 

 

5.47 ± 0.61 c 

 

4.5 ± 0.05 c 

 

 

3.1 ± 0.02 b 

 

 

 

Mango-soymilk 

(40:60 v/v) 

---- US ---- ---- 0.02 ± 0.01 d 0.044 ± 0.01 d Rosas-González, 

2015 

Fruit juice-

soymilk* 

[orange, kiwi, 

and pineapple 

(25:18:7:50 

v/v/v/v)] 

 

---- 

 

HIPEF 

 

0.25 to 0.99 b 

 

30.14 ± 0.2 a 

 

 

---- 

 

---- 

 

Morales-de la 

Peña et al., 2010 

Fruit juice-

soymilk* 

[orange, kiwi, 

and pineapple 

(25:18:7:50 

v/v/v/v)] 

 

---- 

 

HIPEF 

 

 

---- 

 

---- 

 

14.0 ± 0.6 b 

 

 

2.07 ± 0.04 c 

 

 

Morales-de la 

Peña et al., 2010 

Fruit juice*-

soymilk* 

[Papaya-Mango 

(97.3:2.7 v/v)] 

---- None ---- 25.93 ± 0.33 b 

 

---- ----  

Andrés et al., 

2014 

Fruit juice-

soymilk* 

[orange, kiwi, 

and pineapple 

(25:18:7:50 

v/v/v/v)] 

 

---- 

 

None 

 

---- 

 

23.1 ± 0.5 b 

 

 

20.4 ± 0.4 a 

 

4.92 ± 0.14 a 

 

Rodríguez-Roque 

et al., 2014. 

Data points with an asterisk (*) indicate commercial juice fruit or soymilk. Data with different letters indicate statistical difference by LDS test (p < 0.05) between the 
mixed beverages.  

 

The total isoflavone content (mg per 100 mL) of a fruit juice with commercial soymilk 

reported by Rodríguez-Roque et al. (2014) was significantly higher (20.4± 0.4) than the other 

evaluated beverages. The same formulation of the aforementioned study was used in the 

research of Morales-de la Peña et al. (2010), which was obtained 14.0 ± 0.6 mg per 100 mL 

of total isoflavone concentration. It is important to mention that these two drinks were made 
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with commercial soy milk with a proportion of 50%. The mango-soymilk reported by Rosas-

González was prepared in a proportion of 40:60 v/v using soybeans as described in the 

present study. Nevertheless, the total isoflavones and total aglycone content values were 

reported significantly lower than those reported for the red prickly pear-soymilk. The fruit 

juice-soymilk formulated by Rodríguez-Roque et al. (2014) presented higher total aglycone 

forms (4.92 ± 0.14 mg/ 100 mL) followed by the red prickly pear-soymilk (3.1 ± 0.02 mg/ 

100 mL). The lowest total aglycone concentration was reported by Rosas-González (2015). 

The red prickly pear-soymilk takes advantage not only by its high content of aglycones 

structures or their total phenolic compounds, but also by its novel content in betalains (11.31 

±0.14), which none of the mentioned beverages presents.   

 

5.6 Rheological properties of mixed beverage 

Changes in rheological properties of the different mixed beverages were investigated 

(Fig. 5.18). Two rheological models (Newton and Bingham) were used to calculate the 

relationship between shear stress (s) and shear rate (γ ̇). 

The model for a Newtonian fluid is described by the equation 1:  

s = µ γ ̇      (Eq.3) 

As per the definition of a Newtonian fluid,  s and ! values are proportional to each 

other, and the single parameter, h (viscosity) characterizes the flow data. The Bingham model 

is derived from the Newton’s equation by adding σo, Bingham yield stress, shear stress at 

zero shear rate (Pa):  

σ = σ0 + µB γ ̇       (Eq.2) 

where σ = shear stress (Pa), µB = Bingham plastic viscosity (Pa.s), and γ ̇ = shear rate (s-1) 

(Diamante and Umemoto, 2015). 

According to the results shown in the Table 5.5, the rheological data of the mixed 
beverages were better fitted to the Bingham model (r2 = 0.99). Beverages showed differences 
in the parameters obtained from the models’ equations aforementioned, which are mainly 
due because the mixed drinks were elaborated with different fruits that were stored during 
distinct times (0, 12 and 24 h).  
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Bingham plastic fluids remain rigid when the magnitude of shear is smaller than the 
yield stress, however, these materials flow like a Newtonian fluid when the shear stress 
exceeds. Common examples of Bingham plastic fluids are the toothpaste, mayonnaise, 
tomatoes paste, and ketchup (Caetano da Silva et al., 2008).  

Some studies have demonstrated that fruit and vegetable products are considered 
fluids of non-Newtonian behavior, following the model of Ostwald (s = K γ n) (Diamante 
and Umemoto, 2015). In addition, El-Mansy et al. (2005) described the pseudoplastic 
behavior of mango-papaya puree with the model of Ostwald and Hershel-Bulkley (s = s 0 + 
K γ n). Besides, soymilk studies have shown that it has Herschel-Bulkly fluid behavior due 
to its protein composition (Malaki-Nik et al., 2011; Pajin et al., 2013). However, the mixed 
beverages (soymilk-red prickly pear, 30:70) behaves as a Bingham fluids that could be due 
to the combination of soymilk and the fruit.  Likewise, Caetano da Silva and Leite-Medeiros, 
2008 evaluated the flow behavior of chocolate-milk drinks from Cupuassu using common 
rheological models and reported that it fitted mostly the Bingham model (r2 ≥ 0.997).  

The yield stress (σ0), a parameter of Bingham fluids, is related to the existence of a 
reticulated structure, which is mostly due to the interaction between colloidal particles or the 
formation of links between the long chain molecules. The presence of soya proteins with 
complex structure, β-conglycinin and glycinin, allow the creation of intermolecular bonds 
which influence high elastic properties of mixed beverages. σ0 value was higher in the control 
mixed beverage stored during 24 h, therefore, it indicated that the forces of the interparticular 
link were greater than those of the other mixed drinks. El-Mansy et al. (2005) consider that 
the σ0 value in products of a similar composition, as mixed beverages, is related to the factors 
which influence gel formation, such pH, sugar, pulp and pectin content. In addition, plant-
based dispersions are composed of insoluble particles and aqueous solution. In this case, the 
solids content, particle size distribution of solids, and serum play important roles in the 
rheological behavior. In order to have clearer information about the flow properties of these 
kind of mixed beverages, it is suggested to measure the flow behavior at different 
temperatures and to evaluate other parameters such the pectin content.    
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Table 5.5. Flow behavior parameters of soymilk-red prickly pear mixed beverages. 
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 µ (mPa s) r2 µB (mPa s) σ0 (mPa) r2 
Control 0h 0.0103 ±0.001 0.9963 0.0102 ±0.000 0.0863 ±0.001 0.9993 

Control 12h 0.0096 ±0.001 0.9909 0.0094 ±0.001 0.0978 ±0.001 0.9982 
Control 24h 0.0182 ±0.002 0.9831 0.0178 0.008 0.1240 ±0.002 0.9924 

100%-10 min/ 0h 0.0068 ±0.000 0.9916 0.0066 ±0.000 0.0875 ±0.000 0.9972 
100%-10 min/ 12h 0.0140 ±0.001 0.9903 0.0138 ±0.003 0.0905 ±0.001 0.9946 
100%-10 min/ 24h 0.0121 ±0.002 0.9852 0.0118 ±0.010 0.1170 ±0.003 0.9922 

Figure 5.18. Flow behavior of soymilk-red prickly pear mixed beverages made with soymilk and sonicated raw materials. 
  
 



 

 

6. Conclusions and recommendations   

In the present study, it demonstrated that US-treatment enables the extraction of total 

isoflavones content of the soybeans due to the cavitation phenomena. Furthermore, this 

research evidence that the US-processing induced the interconversion of isoflavone 

glucosides to aglycones on the sonicated soybeans at 100 %-20 min, hence, it activated the 

b-glucosidase enzyme that breaks the glucoside structure. From the human health-related 

point of view, the soymilk elaborated in this study may be more effective in preventing 

chronic diseases than those soy-based products with larger amounts of glucoside structures. 

The results of the physicochemical characterization of prickly pears of the different 

batches used in this study indicated that the fruit parameters vary depending on the ambient 

conditions that accompany the harvest season. For this reason, the authors do not recommend 

the visual evaluation for classifying the red prickly pear maturity stage to achieve a 

homogenized sample. 

The US-processing using in this study (100%- 10 min) allowed the extraction of betalains 

as immediate effect on peel and pulp. In addition, during the storage the concentration of 

total betalains was significantly affected observing the highest content in the peels and pulps 

sonicated with 100%-10 min and 50%-15 min (48 and 24 h, respectively). In order to 

demonstrate that these increases during the storage time are due to a biosynthesis process the 

tyrosinase enzymatic activity was measured and the product of tyrosine hydroxylation, 

DOPA, the oxidation activity, and the cyclo-DOPA formation were associated with the 

amount of increase during the storage time of total betalain content at 100%-10 min of US-

treatment. This results clearly exhibit that the US-processing causes an activation of 

tyrosinase which is involved in the biosynthesis of betalains.   

On the other hand, no significant increase in the concentration of total phenolic 

compounds in the peel was observed as an immediate effect of the US treatments in both 

evaluations. Nevertheless, in the first evaluation (batch 1) the increase of phenolic 

compounds at 0 h was observed. The peel increased significantly at 12, 24 and 48 h in both 

studies that are may be due to the biosynthesis of these compounds as precursors for lignin 

synthesis as a defense process. During the storage time, the pulp exhibited significant 

augments at 24 and 48 h (batch 1) and 36 h (batch 2).  
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Furthermore, immediately after US processing, a significant decrease of vitamin C was 

observed in all the peel samples treated with an amplitude of 100% regardless the batch 

number that may be due to a leaching physical phenomenon. In addition, it was noticed that 

at 48 h, the vitamin C concentration in the peels increased significantly in both evaluations 

with 100%-10min of processing. Likewise, the pulp processed with 100%-10 min did not 

present significant increases as an immediate response neither in the evaluation of batch 1 

nor in the batch 2.   

The obtained results of respiration rate and VOCs production indicated that the US-

process (100%-10 min) may act as abiotic stressor. In addition, these results can be associated 

with the increase of the concentration of the phenolic and betalain content during the storage 

time of the second evaluation. The authors hypothesize that the accumulation of bioactive 

compounds during storage is due to a set of physical and biochemical phenomena triggered 

by the US-treatment.  

The soymilk- red prickly pear beverages prepared with sonicated material have higher 

concentration of isoflavones (15-32%) than the control beverage. Likewise, the aglycone 

concentrations enhanced after US-processing around 8- 22% in Da and 15- 23 % in Ge. The 

mixed beverage elaborated in this study presented 0.35 ± 0.02 (mg GA/g beverage) of 

phenolic compounds and 5.47 ± 0.61 (mg AA/ 100 g) of vitamin C. In comparison with other 

mixed beverages reported in the literature, the red prickly pear- soymilk drink has the 

advantage of containing uncommon antioxidants such as betalains (11.31 ± 0.14 mg 

betalains/g beverage). The rheological results of the mixed beverages were better fitted to the 

Bingham model (r2 = 0.99), as plastic fluids remain rigid when the magnitude of shear is 

smaller than the yield stress, however, flow like a Newtonian fluid when the shear stress 

exceeds.  

The authors recommend the personal harvest of prickly pear in order to standardize the 

selection of raw material. According to the inconclusive results of total phenolic compounds 

the authors suggest the quantification of the individual phenolic compounds in order to obtain 

more information about the US-effect on their concentration. In addition, to complete the 

effects of the US-processing on the betalain concentration, the authors propose the evaluation 

of betalain profile. In order to evaluate the physical effect on the fruit that causes the US-

treatment, microscopy studies of the peel and pulp are necessary, as well as firmness and 
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thickness of the peel. Furthermore, to verify that the accumulation of bioactive compounds 

during storage is due to the biosynthesis an evaluation of enzymatic activity (PAL and GAL) 

and genes related to the secondary metabolism is needed. To continue with the development 

of the functional beverage further studies are needed in order to evaluate the stability of 

bioactive compounds, the bioavailability, and the health-related effect. The authors 

concluded that US is an economical and simple emerging technology that allows the 

accumulation of bioactive compounds from vegetable matrices such as soybean and red 

prickly pears, therefore, therefore it can be used in the development of functional foods. 
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