
ABSTRACT 

BHATIA, TRISHA. Microwave Assisted Extraction (MAE) of Anthocyanins from Purple-
fleshed Sweet Potatoes (Under the direction of Dr. K.P. Sandeep and Dr. Josip 
Simunovic). 
 

Healthy eating and clean labels are current and significant trends in food 

marketing and consumption. Anthocyanins present in fruits and vegetables as 

secondary metabolites are a growing market in the food industry as they have 

antioxidant functionality, anti-inflammatory benefits, anti-cancer potential, and support 

the cardiovascular system. Also, anthocyanins are used as natural colorants as they 

exhibit different colors at different values of pH (ranging from orange red at pH 1 to 

mustard yellow at pH 13).  

The main objective of this research was to develop a solvent-free microwave-

assisted extraction technique to extract anthocyanins from purple-fleshed sweet 

potatoes (PFSP). Earlier studies used solvents such as ethanol and methanol. Six 

different genotypes of PFSPs (NCP-13-0030, NCP-13-0005, NCP-13-0285, NCP-06-

0020, NCP-13-0315, and Stokes) were used in this research. Dielectric properties were 

measured from 23 °C to 130 °C to understand the interaction of purple-fleshed sweet 

potatoes and microwaves. Dielectric constant decreased with increasing temperature 

whereas dielectric loss factor and loss tangent increased with increasing temperature, 

indicating that an increase in temperature would result in PFSPs being heated more 

rapidly.  

PFSPs were washed, peeled, and cut into 1.5” cubes, steam blanched at 90 °C 

for 2-3 minutes as a pre-treatment method to inactivate polyphenol oxidase (PPO) and 

thereby, prevent browning. The optimal material (PFSP) to water ratio (1:1) and time-



temperature combination (100 °C for 9 minutes), determined from preliminary 

experiments were used to efficiently extract anthocyanins from PFSP. Folin-Ciocalteu’s 

and pH differential methods were used to determine total phenolic and anthocyanin 

content with an extraction efficiency ranging from 32.3% to 98.7% for phenols and 

29.5% to 67.4% for anthocyanins, depending on the genotypes of PFSPs. 

Further, storage stability study was conducted to determine the storage stability 

of anthocyanins and other phenolic compounds. It was evident from the results that 

storing anthocyanin extracts in nitrogen-flushed amber colored or opaque packaging at 

refrigeration temperatures extended the shelf life of anthocyanins.  

The potential applications of anthocyanin extracts are incorporation in foods and 

beverages such as breakfast cereals, granola bars, snacks, bakery products, and juices 

as nutrient supplements, pharmaceuticals, and natural colorants. Another important 

aspect of this research is the reduction of food waste by extraction of functional 

bioactive ingredients from sub-grade fruits and vegetables as well as waste and by-

products of this technology into food and beverage products such as flour for human 

use or as animal feed.  
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Chapter 1 

INTRODUCTION 

The word “anthocyanin” is derived from Greek words anthos meaning “flower” 

and kyanous meaning “dark blue”. Anthocyanins are water-soluble pigments which can 

vary in color – red, blue or purple depending on the pH. Under low pH conditions 

anthocyanins appear as red in color while under high pH conditions they appear blue in 

color and can hence, potentially replace artificial colorants used in the food industry. 

There are various fruits and vegetables rich in anthocyanins and these include 

blueberries, strawberries, purple corn, purple carrots, and purple-fleshed sweet 

potatoes. 

           Purple-fleshed sweet potatoes are referred to as “superfoods” because of their 

intense and rich purple color in the skin and flesh of the roots due to the accumulation of 

anthocyanins. The major reason for the development of these varieties of sweet 

potatoes were for their use as natural colorants. However, they are now gaining 

popularity as a dietary source of anthocyanins because of their various health benefits. 

These include having antioxidant properties, anti-cancer potential, anti-inflammatory 

benefits, protecting the cardiovascular system, and boosting the immune system 

(Anbuselvi and Balamurugan, 2014). 

 In spite of various advantages of anthocyanins, their major limitations are that 

they are heat sensitive and therefore degrade rapidly at high temperatures, and that 

they are susceptible to degradation over extended periods of storage time based on 

parameters such as light, oxygen, and temperature. Therefore, conventional extraction 

methods such as Soxhlet extraction are not suitable for anthocyanin extraction due to 
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long extraction time and high temperature combination. Hence, microwave assisted 

extraction (MAE) was chosen over Soxhlet extraction as this is an emerging extraction 

technique in the food industry since it reduces the extraction time and improves the 

extraction efficiency. 

The main objective of this research was to optimize microwave-assisted 

extraction of anthocyanins from purple-fleshed sweet potatoes (PFSP). Steps to reach 

this goal include optimization of the time-temperature combinations of microwave-

assisted extraction, determination of the dielectric properties of PFSP, assessing the 

effect of blanching on PFSP color of purple-fleshed sweet potatoes before and after 

extraction, identification of anthocyanins and phenolic acids present in PFSP, and 

assessing degradation of extracted anthocyanins over time from microwave assisted 

extraction.  
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CHAPTER 2  

LITERATURE REVIEW  

2.1 Plant Bioactive Compounds  

Plant bioactive compounds are defined as secondary plant metabolites or non-

nutrient constituents that may have beneficial or toxicological effects on humans and 

animals when ingested (Aluko, 2011; Awika, 2011). Secondary metabolites are 

produced within the plants besides the other primary biosynthetic compounds that aim 

at the growth and development of plants, such as carbohydrates, amino acids, proteins, 

and lipids. These bioactive compounds are also referred to as biochemical “side tracks” 

in plant cells as they are not needed for daily functioning of the plant (Denny and 

Buttriss, 2005). 

Several plant bioactive compounds are identified in various fruits, vegetables, 

and grains and they may be consumed via leaves, stems, roots, tubers, buds, fruits, 

seeds, and flowers of whole plants or we can also consume them via different 

fermented foods and drinks which include chocolate, tea, coffee, and wine (Goldberg, 

2003). 

Though these plant bioactive compounds are considered non-nutrients, they 

have diverse functionalities, which include attracting pollinating insects and other seed 

dispersing insects, protecting plants from being attacked by insects or being eaten by 

herbivores, protecting plant from microbial infection, and protecting plants from UV light 

(Denny and Buttriss, 2005). These plant bioactive compounds with various health 

benefits can be classified as follows: 
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1. Flavonoids and other phenolic compounds (Eg: purple-fleshed sweet 

potatoes, strawberries) 

2. Carotenoids (Eg: orange sweet potatoes, carrots) 

3. Plant sterols (Eg: nuts, avocadoes) 

4. Glucosinolates (Eg: mustard, horseradish) 

5. Allium compounds (Eg: onion, garlic) (Stanner, 2005) 

2.2 Flavonoids  

Flavonoids are derived from Latin word “flavus” meaning yellow. These are 

groups of phenolic bioactive compounds that are derived from the condensation 

reaction of cinnamic acid with three malonyl- CoA groups. This is the initial reaction from 

which all flavonoids are produced and is catalyzed by chalcone synthase enzyme. The 

chalcone is converted into phenylbenzopyran and further modification leads to different 

categories of flavonoids (Figure 2.1) (Bloor, 2001). Almost all plant tissues are able to 

synthesize flavonoids and there are at least 2000 naturally occuring flavonoids. These 

flavonoids are found mainly in the skin of fruits (such as in apples and grapes), in the 

pulp of fruits (such as cherries and bilberries), and in the epidermis of leaves (such as in 

tea leaves) (Goldberg, 2003; Denny and Buttriss, 2005; Fenemma, 1996). The 

flavonoids are further categorized into six groups depending on their structure (Fig. 2.1) 

as follows: flavones, flavanones, flavonols, isoflavones, flavanols (catechins), and 

anthocyanidins.  

Flavonoids are one of the extensive categories of plant bioactive compounds and 

hence, they have numerous functions which include: protection from harmful effects of 
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UV light, pigmentation, stimulation of nitrogen fixing nodules, and disease resistance 

(Pierpoint, 2000). 

As these flavonoids are present in almost all plants, hence, they become an 

integral part of human diet. It is estimated that an average American has a daily intake 

of approximately 20-25 mg/day of these flavonoids.  

There has been an increasing interest in the research of different types of 

flavonoids due to the growing evidence of the versatile health benefits of flavonoids 

through epidemiological studies. Flavonoids are naturally occuring phenolic antioxidants 

that are present in the human diet. They contribute to the antioxidant properties of green 

vegetables, fruits, olives, soybean oils, red wine, chocolate, and teas. Some flavonoids 

have been reported to possess a variety of biological activities, including antiallergic, 

anti-inflammatory, anti-viral, antiproliferative, and anticarcinogenic activities, in addition 

to, increasing the metabolism of human body (Ren et. al, 2003). Flavonoids have 

received substantial attention due to their helpful effects as antioxidants within the 

interference of human diseases like cancer and cardiovascular diseases, and a few 

pathological disorders of gastric and duodenal ulcers, allergies, vascular fragility, and 

viral and bacterial infections (Zand et al., 2002).  

2.2.1 Flavonols  

 Flavonols are phytochemical compounds found in high concentrations in variety 

of plant-based foods and beverages. Based on their structure flavonols are classified as 

flavonoids and include the following compounds: quercetin, kaempferol, and myricetin. 

The specific amounts of flavonols in foods are altered by a variety of parameters  

together with plant kind and growth, season light, degree of ripeness, food preparation, 
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and process. Despite these variables, high concentrations of flavonols can be found in 

apples, apricots, beans, broad beans, broccoli, cherry tomatoes, chives, cranberries, 

kale, leeks, pear, onions, red grapes, sweet cherries, and white currants as shown in 

Table 2.1 (Aherne and O'Brien, 2002). 

 Consumption of flavonols has been associated with a variety of beneficial effects 

including increased activity of erythrocyte superoxide dismutase (an antioxidant enzyme 

found in red blood cells), a decrease in lymphocyte DNA damage, a decrease in urinary 

infection and an increase in plasma antioxidant capacity which has the ability to 

scavenge free radicals (Nielsen and Williamson, 2007). 

2.2.2 Flavones 

 Flavone is a class of flavonoids based on the backbone of 2-phenylchromen-4-

one (2-phenyl-1-benzopyran-4-one). The molecular formula of flavone molecule is 

C15H10O2. It has three ring skeletons, C6-C3-C6, and the rings are referred to as A-, C-, 

and B rings, respectively (Figure 2.2). The flavones differ from flavonoids in the double 

bond arrangement, these flavones have a double bond between C2 and C3 in the 

flavonoid skeleton, there is no substitution at the C3 position, and they are oxidized at C4 

position (Martens and Mithofer, 2005). These compounds play a variety of roles in 

plants. Along with flavonols, they are primary pigments in white and cream colored 

flowers (Harborne and Grayer, 1994) and act as copigments with anthocyanins in blue 

flowers. Flavones and other flavonoids can also act as UVB protectants in plants, 

because they absorb in the 280 and 315 nm range (Harborne and Williams, 2000). 

 Flavones can also act as natural pesticides in plants, providing protection against 

insects (Harborne and Grayer, 1994) and fungal diseases (McNally, et al., 2003; 
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Lattanzio, et al., 1994). Plants grown under organic conditions (with presumably more 

pest pressure), however, have in most cases shown no higher concentrations of 

flavones than their conventional counterparts (Heimler, et al., 2009; Young, et al., 2005; 

Chassy, et al., 2006; Zhao, et al., 2007). Flavones also act as signaling molecules for 

plants, promoting colonization of roots by nityrogen-fixing bacteria and mycorrhizal fungi 

(Rolfe, 1988; Siqueira, et al., 1991; Gregory, et al., 2017). 

2.2.3 Flavanols 

 Flavanols also called dihydroflavonols, are the 3-hydroxy derivatives of 

flavanones. Flavanols are also referred to as flavan-3-ols as the hydroxyl group is 

always bound to position 3 of the C-rings. Flavanols are found abundantly in bananas, 

apples, blueberries, peaches, pears, and cocoa as seen in Figure 2.3 (Panche, et al., 

2016). 

The most common group of flavonoids in the diet, flavan-3-ols are considered 

functional ingredients of beverages, fruits and vegetables, food grains, herbal remedies, 

dietary supplements, and dairy produucts (Aron and Kennedy, 2008). Flavan-3-ols have 

been obtained from several tree species (Quercus, Castandea, Acacia, Eucalyptus, 

etc.). Four main flavan-3-ols are found in fruits. Two are orthodiphenols hydroxylated in 

the 3’ and 4’ positions in the B-ring ([+]-catechin and [-]- epicatechin), and two are 

trihydroxylated in the 3’-, 4’-, and 5’- positions ([+]-gallocatechin and [-]-

epigallocatechin). C-2 and C-3 represent two centers of asymmetry in the molecule in 

such a way that the four mentioned flavan-3-ols in fruits are grouped in two pairs of 

diastereomers whose absolute configurations are as follows: 2R in all cases and either 
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3S for (+)-catechin and (+)-gallocatechin or 3R for (-)-epicatechin and (-)-

epigallocatechin as shown in Fig. 2.4 (Murkovic, 2003). 

In flavanols monomeric flavan-3-ols are generally found in free rather than 

glycosylated or esterified form in fruits (see Table 2.2). One exception is the case of the 

(-)-epicatechin-3-O-gallate identified in grapes. This ester has been found in several red 

grape cultivars (Murkovic, 2003). 

2.2.4 Flavanones 

 Citrus fruits and juices are the most common dietary source of flavanones and 

some of the significant citrus fruits include oranges, mandarines, grapefruits, lemons, 

bergamots, and limes (Ting and Roussef, 1986; Aherne and O'Brien, 2002; Gattuso, et 

al., 2007; Erlund, 2004).  

 Citrus fruit flavanones occur mainly as O-glycosylated derivatives of naringenin 

(5,7,40 -trihydroxy flavanone), eriodictyol (5,7,3’,4’-tetrahydroxyflavanone), hesperetin 

(5,7,3’-trihydroxy-4’-methoxy-flavanone) and isosakuranetin (5,7-dihydroxy-4’-methoxy-

flavanone). These flavonoids typically occur as glycosides that are attached to a sugar 

molecule. The main flavonoid present in oranges are hesperidin (hesperetin-7-

rutinoside) and narirutin (naringenin-7- rutinamide). Naringin (naringenin-7-

neohesperidoside) and, to a lesser extent, narirutin are the predominant flavonoids of 

grapefruit. Lemons contain in addition eriocitrin (eriodictyol 7-rutinoside). Both 

rutinosides (6-O-α-L-rhamnosyl-β-D-glucosides) and neohesperidosides (2-O-α-L-

rhamnosyl-β-D-glucosides) are present in citrus fruits. They are always attached at the 

hydroxyl in position 7 of the flavanone nucleus. They can be considered the most 

characteristic phenolic compounds of citrus fruits and associated products. Grapefruit 
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and sour orange are dominated by neohesperidosides, mainly naringin in the former but 

similar amounts of naringin, neoeriocitrin and neohesperidin in the latter. Flavanone 

neohesperidosides have a bitter taste, while rutinosides have no taste (Navarro, et al., 

2014). 

Flavones are known to be mainly distributed in the outermost shell of the fruit, the 

flavedo, whilst the flavanones are in the albedo, which is immediately below the flavedo 

(Arcas, Botia, Ortuno, and Del Rio, 2000). This distribution may indicate that the flavone 

defense materials are the first barrier against pathogen attack, whils.t the flavanones 

function as the second barrier (Kim, et al., 2011).  

The citrus industry produces large quantities of peel and seed residues, which 

may account for up to 50% of the total fruit weight (Bocco, et al., 1998). Citrus industry 

by-products, if utilized optimally, could be the major source of phenolic compounds as 

the peel has been found to contain higher amounts of total phenolics compared to the 

edible portion (Balasundram, et al., 2011). 

Oranges and their near relatives differ in two characteristics of possible health 

significance; their individual flavanone profiles, and the number of total flavanones 

provided. In sweet oranges, tangerines and tangors, the flavanone glycoside pattern 

consist predominantly of hesperidin and narirutin. In sour oranges, naringin, 

neoeriocitrin, and neohesperidin are the main ones. Tangelos contain some or all these 

glycosides, but neohesperidin predominates (Peterson, et al., 2006). 

Lemons and limes contain mainly flavanone rutinosides that are derivatives of 

eriodictyol and hesperetin; whereas, in grapefruit the neohesperidosides are 

predominant, the main flavanone glycoside in grapefruit being naringin. The sugar 
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neohesperidose (2-O-α-L-rhamnosyl-β-D-glucose), which is high in grapefruits, imparts 

the tangy or bitter taste to the glycoside naringin. In lemons (C. limon) the flavanone 

profile is dominated by two specific flavanone glycosides — hesperidin and eriocitrin. In 

limes, only one flavanone, hesperidin, is dominant. The sugar, rutinose (6-O-α-L-

rhamnosyl-D-glucose), which is relatively high in lemons and limes, and its flavanone 

glycosides, hesperidin and eriocitrin, have a neutral taste. Lemons and limes have 

flavanone profiles more like sweet oranges, whereas grapefruits have a flavanone 

pattern like sour oranges (Peterson, et al., 2006). 

Flavanones are present in our diet almost exclusively in citrus fruits; however, 

they have also been reported in tomatoes, peanuts and some herbs such as mint, 

gaviota tarplant, yerba santa and thyme (Yanez, et al., 2008). Although it is difficult to 

determine the total dietary consumption of citrus flavanones, the daily intake has been 

estimated to range between 25 and 65 mg based on the consumption of a serving of 

orange juice (Tomas-Barberan and Clifford, 2000; Gil- Izquierdo, et al., 2001). 

2.2.5 Isoflavones  

Isoflavones are polyphenolic compounds found in many plants, but especially in 

some members of the Fabaceae family such as soybeans, chickpeas, alfalfa, green 

peas, and peanuts (Barnes, 2010; Boue, et al., 2003). Isoflavones are also found in 

legumes, fava beans, pistachios, and other fruits and nuts (Figure 2.6) (Haytowitz, et al., 

2008). Soybeans are abundant in isoflavones with varying concentration in different type 

of soy products. The highest amount of isoflavone is in whole-bean products, such as 

tofu and cooked soybeans. Isoflavones have been associated with several health 

benefits. Consuming isoflavones in the recommended dosage levels can help in 
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maintaining the health of blood vessels (Messina, 2010). Consumption of foods 

containing isoflavones may increase the body’s level of antioxidants and help support 

cellular health (Brown, et al., 2004; DiSilvestro, et al., 2006). 

Daidzein and genistein are the most common isoflavones, whose characteristic 

chemical structure (B-ring is linked to the C3 position of the C-ring instead of the C2 

position) resembles the structure of estrogens, 17-β estradiol as shown in Fig. 2.7 

(Marzocchella, et al., 2011). 

Isoflavones block the binding of more potent estrogens, potentially playing a role 

in preventing hormone-related cancer like breast cancer, cervical cancer, and the male 

prostate or testicular cancer (Phetnoo, et al., 2013). Interestingly, the incidence of 

breast and prostate cancers is lower among Asians in comparison to people in the 

Western world (Marugame and Katanoda, 2006) and this could be related to the 

significantly different consumption of isoflavones in Asian diets (15–47 mg per day) 

compared to that of Western diets (0.15–1.7 mg per day) (Medjakovic, et al., 2010 and 

Wu, et al., 1998). 

The physiological effects of flavonoids depend on their bioavailability. Isoflavones 

are the most absorbable and bioavailable flavonoids, and the bioavailability of genistein 

is greater than that of daidzein (Nielsen and Williamson, 2007; Vergne, et al., 2007).  

2.2.6 Anthocyanidins  

Anthocyanidins are primarily found in plants as their glycosides (i.e. attached to 

sugar molecules), anthocyanins as shown in Figure 2.8 (Denny and Buttriss, 2005). The 

word “anthocyanin” is derived from Greek words anthos meaning “flower” and kyanous 

meaning “dark blue”. Anthocyanins being water-soluble pigments, can vary in their color 
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– red, blue or purple depending on the pH. Under medium pH conditions anthocyanins 

appear as red in color while under high pH conditions they appear blue in color 

(Bridgers, et al., 2010; Montilla, et al., 2010; Valls, et al., 2009).  

 Anthocyanins contain a positive charge on the oxygen atom of the C-ring of the 

flavonoid structure (Figure 2.8), and are referred to as flavylium (2-phenylchromenylium) 

ion. These are characterized by their typical C6-C3-C6 structural backbone (Khoo, et al., 

2017; Riaz, et al., 2016; Bueno, et al., 2012). 

Anthocyanins are subdivided into sugar-free anthocyanidin aglycons and 

anthocyanin glycosides. Anthocyanidins are grouped into 3-hydroxyanthocyanidins, 3-

deoxyanthocyanidins, and O-methylated anthocyanidins, while anthocyanins are in the 

form of anthocyanin glycosides and acylated anthocyanins (Haytowitz, et al., 2018). The 

most common types of anthocyanidins are cyanidin, delphinidin, pelargonidin, peonidin, 

petunidin, and malvidin which vary in the degree of methylation of hydroxyl groups on 

ring B. On the other hand, acylated anthocyanins are also present in plants besides 

typical anthocyanins. Acylated anthocyanins are further categorized into acrylated 

anthocyanins, coumaroylated anthocyanins, caffeoylated anthocyanins, and 

malonylated anthocyanins. Cyanidin has a reddish-purple pigment and is commonly 

found in apples, cranberries, red cabbage, purple sweet potatoes, and purple corn. 

Delphinidin appears as blue-reddish or purple in color and is found in most of the plants 

and in some berries. Pelargonidin is a red colored pigment and is most commonly found 

in strawberries but it also gives an orange color hue to some flowers. Peonidin is also a 

type of anthocyanin that is abundantly found in many plants such as berries, grapes and 

purple fleshed sweet potatoes and is magenta in color. Petunidin is dark red or purple in 
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color and is found in blueberries and blackcurrants. Malvidin has a red hue and is found 

mostly in red wine and in some berries and grapes (Chandrasekhar, et al., 2012). 

Different types and sources of anthocyanins are presented in Table 2.4.  

 Anthocyanins are one of the reasons behind the fact that people in France have 

one of the lowest incidences of cardiovascular diseases despite a diet of high fat 

content and it has been linked to the high consumption of red wine. This phenomenon 

has been referred to as “French paradox” (Fennema, et al., 1996). 

2.3 Extraction  

In a food industry, extraction is defined as the process of transfer of one or more 

components of a biological feed from a source material into a fluid phase, followed by 

the separation of fluid phase and recovery of component(s) from the fluid. Feed is 

usually of plant or animal origin, depending on the extraction requirements (Wyk, et al., 

2012).  

 “Solute” is defined as the component removed through extraction from biological 

feed while “solvent” is referred to the phase that is mixed with the biological feed to 

remove the solute. After the solvent has been mixed with the feed and the solute has 

been transferred from the feed phase to the solvent phase, it is referred to as “extract” 

and the feed phase is now referred to as “raffinate”. It must be noted that in food 

processing industries, feed is usually solid, semisolid, or gel-like, whereas, when it 

comes to other industries, the extraction is usually based on liquid feeds (Wyk, et al., 

2012; Herrero, et al., 2010). 
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2.3.1 Soxhlet Extraction  

 Soxhlet extraction, also referred to as solvent extraction or solid-liquid extraction 

is one of the oldest methods for solid sample pretreatment. Soxhlet extraction was 

invented by Franz von Soxhlet in 1879 to quantify fat in milk but then it was commonly 

used for the extraction of lipids and now this technique is not limited to the extraction of 

lipids but has many other applications (Castro and Ayuso, 2000).  

 The material containing the desired component to be extracted is placed in a 

thimble which is then added into the main chamber of the Soxhlet extractor. The Soxhlet 

extractor is then placed over a flask containing extraction solvent and finally a 

condensor is attached which ensures that after solvent vapor cools down, it drips back 

into the chamber containing the solid material. After the extraction is complete, 

extracted component is separated from the solvent by means of an evaporator, while 

non-soluble portion in the thimble is discarded (Jenson, 2007). 

2.3.2 Pros and Cons of Soxhlet extraction technique 

 The advantages of Soxhlet extraction technique includes: 1) high extraction 

temperature is maintained which enables efficient extraction of components of interest, 

2) no filtration is required after the extraction but only evaporation of the solvent, 3) it 

does not reach equilibrium because the solid matrix is constantly exposed to fresh 

solvent, 4) Simple and cost-effective technique (Castro and Priego, 2010; Arsad, et al., 

2014).  

 The main disadvantages of Soxhlet extraction techniques include: 1) high 

temperature extraction, 2) time-consuming and labor intensive, 3) significant amount of 

solvent is consumed, 4) there is no possibility of adding an additional step of agitation to 
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speed up the process, 5) even though there is no filtration step, it still requires 

evaporation/ concentration to separate the extracted component from the solvent, 6) this 

technique cannot be used for extracting heat labile components such as anthocyanins 

because lengthy time and high temperature combinations can result in the degradation 

of extracted compounds (Castro and Priego, 2010; Arsad, et al., 2014).  

2.4 Microwave Assisted Extraction (MAE) 

 In recent years, Soxhlet extraction has been replaced by several faster extraction 

techniques because conventional Soxhlet extraction technique is not suitable for heat 

sensitive materials because of its high temperature and lengthy time of operation which 

can result in the degradation of extracted components (Liazid, et al., 2007). Therefore, 

in this research, MAE was used to extract anthocyanins using water as a solvent 

because it eliminates the use of chemical solvents and decreases the extraction time. 

 Microwaves are nonionizing electromagnetic waves with frequency ranging 

between 300 MHz and 300 GHz and there are two types of oscillating prependicular 

fields generating microwaves that include electric field (e) and magnetic field (H) (Wyk, 

et al., 2012). The microwaves lie between radio waves (frequency 3KHz to 300 MHz) 

and infrared waves (frequency 300 GHz to 400 THz) of the electromagnetic spectrum. 

Microwave radiation has the ability to heat materials by penetrating and dissipating heat 

in them (Kumar, 2006). 

 There are series of steps that can increase the efficiency of extraction which 

includes 1) penetration of solvent into the solid matrix; 2) solubilization and/or 

breakdown of components; 3) transport of solute out of the solid matrix; 4) migration of 
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extracted solute from the external surface of solid into bulk solution; 5) separation and 

discharge of the extract and solid (Aguilera, 2003). 

2.4.1 History of microwaves  

 The person to first conceptualize and patent (US Patent No. 2495429, 1945) the 

use of microwaves for heating of foods was Percy Spencer (Raytheon Manufacturing 

Laboratories, Massachusetts, 1945) and he described two magnetrons in parallel 

feeding a waveguide, with microwaves exiting the waveguide imposed upon food on a 

conveyor belt therefore, cooking it. He filed another patent (US Patent No. 2480679, 

1947) that described some other terms related to microwaves which were listed in 

former patent which included microwave oven and cavity. This patent was granted in 

1949. He received a third patent grant in the year 1952 (US patent No. 2605383, 1952) 

for conveying materials through microwave oven. General Electric in 1947 reported a 

prototype microwave oven operating at 915 MHz for thawing and precooking frozen 

food materials. In 1947, the first commercial microwave oven named Radarange® was 

demonstrated by Raytheon. This microwave provided an output power of 1600 Watts 

from one water-cooled permanent magnet magnetron. K.J. Steiffel developed the first 

slotted waveguide (US Patent No. 2560903, 1951) and was also the first to discuss the 

idea of using a metallic cover for reflecting microwaves surrounding foodstuffs. The first 

commercial microwave for heating foods became available by Raytheon in the early 

1950s. Microwave ovens were first introduced on large scale in 1965 with exponential 

growth taking place in 1970s and 1980s. In this era, microwave ovens are 

commonplace household appliances (Osepchuk, 1984; Saltiel and Datta, 1999). 
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2.4.2 Mechanism of microwave heating   

 In microwave heating, energy transfer occurs by two mechanisms: dipolar 

rotation and ionic polarization. In dipolar rotation, the polar molecules (those in which 

atoms tend to borrow electrons from each other; donor atoms become slightly positive 

while acceptor atoms become slightly negative, thereby making molecules dipolar) in 

the food are heated and hence, act as tiny magnets and align themselves in the 

direction of electric field. Under the influence of high frequency waves (2450 MHz or 915 

MHz), polar molecules (such as water) oscillate and friction between these molecules 

cause heating of the product. On the other hand, in ionic polarization when an electric 

field is applied, ions in the food move at high speed due to their inherent charge and this 

result in collisions and hence, conversion of kinetic energy into thermal energy. 

Microwave heating is volumetric and non-ionizing in nature (Veggi, et al., 2013). 

 In conventional heating, energy is transferred by convection, conduction, and 

radiation due to temperature differences between two products, while, in MAE, 

microwave energy is delivered to the material through molecular interactions with 

electromagnetic field via conversion of electromagnetic energy into thermal energy 

(Thostenson and Chou, 1999). 

2.5 Dielectric properties  

 Dielectric properties refer to the way microwaves interact with different materials. 

Metals are excellent reflectors and hence, metals are not heated significantly by 

microwaves, whereas, dielectric materials better absorb and transmit microwaves and 

are mainly heated through the absorption of microwaves. There are various factors 

affecting this absorption including composition, structure and temperature of materials 
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and frequency of microwaves (whether it is operating at 915 MHz or 2450 MHz). When 

a material is subjected to microwave field, these dielectric properties determine their 

heating behavior (Kumar, 2006). A detailed understanding and analysis of dielectric 

properties of the material of interest are required for the development of efficient 

microwave extraction devices and methods.  

2.5.1 Dielectric constant and loss factor  

The most important properties involved in microwave processing are the complex 

relative permittivity (ɛ) and loss tangent (tan δ) 

      ɛ = ɛ’ – jɛ”                       (1) 

    tan δ = ɛ”/ɛ’                       (2) 

where 

     j = (-1)1/2                          (3) 

Thus, complex permittivity of a material can be associated with the ability of the 

material to interact with electromagnetic energy, with ɛ’ (dielectric constant) being the 

real part, and ɛ” (loss factor) being the imaginary part. Dielectric constant is a measure 

of the ability of a material to absorb electromagnetic energy (for vacuum, ɛ’= 1); loss 

factor is a measure of the ability of a material to convert absorbed electromagnetic 

energy into heat. Loss tangent (tan δ) is the most important property in microwave 

heating. It measures the ability of a material to absorb microwave energy and dissipate 

it into heat. As a result, a material with high loss factor and tan δ combined with a 

moderate value of ɛ’ allows conversion of microwave energy into thermal energy 

(Acierno, et al., 2004; Mandal, et al., 2007).  
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 Penetration depth (dp) is defined as the distance at which power drops to 1/e 

(37%) of its value at the surface of the material, and is calculated using the following 

equation: 

𝑑𝑝 =
𝜆𝑜

2𝜋√2𝜀′
{√1 + (

𝜀"

𝜀′
)

2

}

−1/2

 

where λo is the free space wavelength and λo = c/f. Hence, c is the speed of light (3 x 

108 m/s) and f is the frequency of microwaves. Thus, penetration depth will decrease 

with an increase in frequency. 

 Calculation of the penetration depth of different food materials involved in 

extraction is useful in predicting the heating characteristics of respective food materials. 

Materials with high loss factor will dissipate energy very rapidly and restrict heating to 

the surface, whereas, on the other hand, in materials with lower loss factor, microwave 

energy will penetrate farther into the material (Datta and Anantheswaran, 2001). At a 

distance greater than the penetration depth, conversion of electrical energy into thermal 

energy is negligible.  

2.5.2 Factors affecting dielectric properties  

 The extent of heating by microwaves is determined by various factors including 

dielectric properties, thermophysical properties, and the electromagnetic field of the 

microwave. The dielectric properties of most materials depend on frequency of 

microwaves, temperature, composition of material, in particular salt and fat content, 

density, and physical structure of the material. On the other hand, bulk density also 

influences the dielectric properties of particulate materials (Kumar, 2006). 

  



 

20 
 

2.5.2.1 Frequency  

 Frequency of microwaves plays a major role in the change of dielectric properties 

of different food materials. Many studies prove the effect of frequency on dielectric 

properties of water and ionic solutions (Hasted, et al., 1948; Haggis, et al., 1952; 

Lyashchenko and Zasetsky, 1998), as well as in agricultural commodities (Nelson, 

2003). At a primary level, frequency determines which mechanism of microwave heating 

predominates: ionic conduction or dipolar rotation (Figure 2.10). At lower frequency 

levels (< 200 MHz), major role for heating of food materials is played by ionic 

conduction, while, at higher frequency levels (915 MHz and 2450 MHz), both ionic 

conduction and polarization heating mechanisms play a significant role (Tang, et al., 

2002). On the other hand, at very high frequencies, the ability of molecules to cope up 

and orient with rapidly changing field decreases resulting in a decrease of both ε’ and ε” 

(Koskiniemi, 2010).  

 Critical frequency (fc) is related to the relaxation time (Ꞇ) of a molecule by using 

the following equation: 

fc = 1/2πꞆ 

Therefore, loss factor of a given molecule peaks once the critical frequency is reached. 

Generally, longer relaxation times are seen for larger molecules because they are less 

mobile. Therefore, with an increase in molecular size, there is a decrease in critical 

frequency. The state of water has a significant effect on dielectric properties of food 

materials. Free water is very mobile with a relaxation time of 0.0071 ns. On the other 

hand, bound water is less mobile, therefore, resulting in an increase of relaxation time, 

and hence, lowering the critical frequency. This is a critical aspect when foods with low 
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water activities are processed; lower frequencies would be more beneficial in heating 

(Koskiniemi, 2010).  

2.5.2.2 Temperature  

Temperature plays a major role on the effect of dielectric properties of different 

food materials. Dielectric properties with respect to temperature are a function of 

relaxation process. With an increase in temperature there is a decrease in relaxation 

time which results in the change of crest of the dilectric loss factor to higher frequencies. 

Relaxation time is the time taken by polar molecules such as water to align themselves 

along the direction of electromagnetic field, hence, a decrease in relaxation time 

decreases the dipolar contribution to dielectric constant. Thus, dielectric constant 

increases with an increase in temperature in context to the relaxation frequency, 

whereas, on the other hand, dielectric loss factor may either increase or decrease 

depending on the frequency used (whether the frequency is higher or lower than the 

relaxation frequency) (Nelson and Datta, 2001). In case of dielectric polarization, 

dielectric loss factor decreases with temperature, on the other hand, it increases with 

temperature when considering the case of ionic conduction (Datta, et al., 2005).  

2.5.2.3 Composition  

 Composition of food materials play a significant role on the effect of dielectric 

properties. Carbohydrate, protein, fat, moisture, and salt content are some of the 

important components taking part in affecting the dielectric properties of biomaterials. 

Every food material consists of water either in free or bound form and depending on the 

percentage of free and bound water present, dielectric properties can significantly be 

affected in those respective food materials. Effect of bound water on the dielectric 
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properties is less significant as compared to the dielectric properties of free water in the 

operating microwave frequency range. With an increase in moisture content, there is an 

increase in dielectric constant (ε’) and dielectric loss factor (ε”). Carbohydrates can 

effect the dielectric properties by forming hydrogen bonds with water, but, it does not 

show dipolar polarization at microwave frequencies (915 MHz and 2450 MHz). For 

carbohydrates, free water has a significant effect on the dielectric properties because 

starch gelatinization results in binding less water and increases the amount of free 

water, thereby, increasing the dielectric properties (Kumar, 2006). As cited by  Datta 

and Anantheswaran (2001) there is no substantial interaction between microwaves and 

proteins but they are affected by protein denaturation. Fats and lipids have very low 

dielectric properties and the only way they can effect the dielectric properties of food 

and biomaterials is by dilution of water (Datta, et al., 2005; Kumar, 2006).  

 As the water content increases there is an increase in dielectric constant 

whereas the dielectric loss factor may increase or decrease with an increase in water 

content. Further, dielectric properties are not affected by the change in pH of different 

type of food materials. (Ryynanen, 1995; Kumar, 2006).  

2.5.2.4 Density  

 Dielectric properties are influenced by the amount of mass interacting with 

electromagnetic fields, therefore, mass per unit volume or density has a significant 

effect on dielectric properties. This is prominent in the case of particulate dielectric 

materials, such as pulverized or granular materials (Datta and Anantheswaran, 2001; 

Ryynanen, 1995). The permittivity of aqueous solutions or mixtures can be decreased 

by two mechanisms which includes replacement of water by a substance with lower 
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permitttivity and binding of water molecules. The effective permittivity depends only on 

the shape of particles and is independent of their size, when the size of particles in 

mixture or solution is much smaller than the wavelength of microwaves (Ryynanen, 

1995).  

2.5.2.5 Change of phase  

 Change of phase is accountable for a very significant change in the dielectric 

properties of different food and biomaterials. To determine the rate and uniformity of 

heating of frozen and partially frozen products during microwave thawing, it is important 

to accurately determine the dielectric properties of those food products. With melting of 

ice there is a significant increase in dielectric constant and dielectric loss factor. It is 

more common to see an undesirable phenomena of  runaway heating in frozen food 

products, where a portion of frozen products, that thaw first, can start to boil by 

absorbing more microwave energy and heating up at increasing rates while the other 

portion of the same product is still frozen. Runaway heating is the ability of a material to 

absorb increasing amount of microwave energy with an increase in temperature (Datta, 

et al., 2005).  

2.5.3 Measurement of dielectric properties 

 Dielectric properties determine the interaction of microwaves with materials, 

therefore, they help in determination of the degree of heating of food materials in 

microwave devices. Hence, there is a need to better understand the techniques used to 

measure dielectric properties. Various factors on which the measurement of dielectric 

properties depend include frequency on which microwaves are operating, accuracy and 
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precision required, and physical and electrical properties of the material to be measured 

(Nelson, 1999; Kumar, 2006).  

 Different steps are involved in the measurement of dielectric properties of a 

material-under-test (MUT) including generation of the microwave signal at operating 

frequencies, directing the signal through MUT, measurement of changes in the signal 

caused by MUT, and computation of permittivity (ε). Measurement of dielectric 

properties involves incident, reflected, and transmitted waves which travel along 

transmission lines. Explicitly, measurement of the ratio of reflected signal to incident 

signal or transmitted signal to incident signal is investigated. Network analyzers are 

used to measure the dielectric properties of different food products and biomaterials 

(Ballo, 1998; Kumar, 2006).  

2.5.3.1 Network analyzer  

 There are four key signal processing segments in a network analyzer – signal 

source, signal separation, receiver/detector, and processor/display (Figure 2.11). The 

sine wave needed for the test is supplied by the signal source. As the name suggests, 

signal separation device separates the signals. In other words, it measures a fraction of 

incident signal and separates the incident traveling waves from the reflected traveling 

waves at the surface of MUT. The other section is receiver/detector and there are two 

prominent ways of receiving these signals, which include diode detector and tuned 

receiver. The function of diode detector is to convert the signal to a proportional DC 

level. This diode detection is scalar as the phase information of the signal carrier is lost. 

The main advantages of diode detectors include broadband frequency coverage (< 10 

MHz to > 26.5 GHz) and low cost. While on the other hand, the function of tuned 
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receiver is to use a local oscillator (LO) to change the signal to lower intermediate 

frequency. Then this signal is bandpass filtered to narrow the receiver bandwidth. The 

magnitude and phase information of the signal can be extracted by an analog-to-digital 

converter (ADC) digital signal processing (DSP). The main advantages of tuned 

receivers include the best sensitivity and dynamic range. The tuned receivers can be 

used in both scalar and vector network analyzers. The processor displays the results 

obtained from reflection and transmission data. It has various features such as linear 

and logarithmic sweeps, linear and log formats, polar plots, and smith charts (Kumar, 

2006; Ballo, 1998). 

2.5.3.1.1 Overview of the HP 8753C network analyzer  

 The source produces a highly stable and precise output signal by phase locking a 

YIG (Yttrium-iron-garnet) oscillator to a harmonic of the synthesized voltage controlled 

oscillator (VCO). The output is a continuous wave (CW) (A source that produces a 

single sine wave is referred to as CW source) between 300 KHz and 3 GHz with a 

maximum power level of +20 dBm and minimum power of -5 dBm. The full frequency 

range of source is produced in 11 subsweeps, 2 in low band (300 KHz to 16 MHz) and 9 

in high band (16 MHz to 3 GHz). The high band frequencies are achieved by harmonic 

mixing with a different harmonic number for each subsweep. The low band frequencies 

are down-converted by fundamental mixing (Agilent Technologies, Santa Clara, CA). 

 The three most popular and significant methods to measure dielectric properties 

are open-ended coxial probe, transmission line, and resonance cavity methods 

(Engelder and Buffler, 1991).  
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Open-ended coaxial probe method  

 The tip of coaxial probe comes in contact with MUT and the source section 

sends a microwave signal down to the probe. The signal produced is then reflected from 

the interface formed by the probe-end and MUT. The receiver detects the change in 

magnitude of the reflected signal. Finally, the computer software calculates both 

dielectric constant (ε’) and dielectric loss factor (ε”) from the respective data. There are 

various advantages of this method including measurement over a wide range of 

frequencies, ease of use, a particular sample shape is not required, and it is suitable to 

food products as the probe is water tight, easy to clean, and can be used to measure 

dielectric properties of both liquids and solids. Despite of many advantages, this method 

has some disadvantages – limited accuracy of the probe when measuring dielectric 

properties of materials with low values of dielectric constant and loss factor (fats and 

oils). To have a direct contact with sample, flat surface of sample is mandatory (Kumar, 

2006). 

Transmission line  

 A transmission line is a material, medium or structure that forms all or part of the 

path from one place to another for directing transmission energy, such as 

electromagnetic waves. A transmission line comprises of two or more parallel 

conductors used to connect a source to load. Various components of transmission lines 

are wires, coaxial cables, dielectric slabs, optical fibers, electric power lines and 

waveguides. This method has the major disadvantage of being cumbersome because it 

is a mandatory requirement in this method that the slab is made an annular geometry. 

The advantages include that this technique is easy and inexpensive. At a household 
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frequency of 2450 MHz, sample size is particularly large, especially for fats and oils, 

whereas, for measurement at 915 MHz, coaxial line method is much more used and 

practical because of the requirement of large sized waveguide. The dielectric properties 

of viscous and liquid food products can easily be measured by this method by placing a 

sample holder at the end of transmission line (Venkatesh and Raghavan, 2005). 

Resonant cavity method  

 Cavities act as tuned chambers which can resonate like a bell at some specific 

microwave frequency. Standing waves can exist in the cavities at resonant frequencies. 

The principle behind this method is as follows: when a sample of MUT is placed inside 

this cavity, amount of microwave energy absorbed and frequency of resonance changed 

is accurately detected by network analyzer. From these changes a computer software 

calculates the dielectric constant (ε’) and dielectric loss factor (ε”). Major advantages of 

this method – it is accurate and sensitive to very low value of ε” and suitable for larger 

and heterogeneous samples. One of the main disadvantages of resonant cavity method 

is that it can measure dielectric properties at only one frequency (Venkatesh and 

Raghavan, 2005). 

2.5.4 Dielectric properties of food materials  

 Dielectric properties of foods play an important role in understanding their 

behavior in microwave processing and extraction, cooking, and heating. The basic 

principle behind this is that they absorb energy from high-frequency electromagnetic 

waves and convert them into heat for better extraction of desired components and for 

better processing of different types of food products (Nelson, 2015). 
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 Dielectric properties were measured using an open-ended, 3.6 mm diameter, 

semi-rigid, teflon-insulated coaxial line with copper conductors which was connected to 

a network analyzer (Model 8501B, Hewlett-Packard, Palo Alto, CA) and these 

measurements were taken on fresh-cut tissue samples of 23 different types of fruits and 

vegetables (Nelson et al.,1993). The MUT in contact with coaxial probe can effect the 

reflection coefficient and hence, this reflection coefficient is measured by network 

analyzer, thereby analyzing dielectric constant (ε’) and dielectric loss factor (ε”). 

Dielectric measurements were taken at different frequencies ranging from 200 MHz to 

20 GHz. Along with dielectric properties, other parameters were also measured 

including density, moisture content, and soluble solids content. The obtained 

measurement results indicated that dielctric constants (ε’) of fruits and vegetables with 

similar moisture contents were approximately similar. The relationship between 

dielectric constants and moisture contents is better observed at a frequency of 20 GHz 

as compared to that of 200 MHz. The explanation behind this result lies behind the 

mechanism of microwave heating as ionic conductivity disappears above 10 GHz. There 

is a decrease in dielectric loss factor (ε”) as the frequency increases from 200 MHz, with 

minimum in the frequency range of 1 to 3 GHz, whereas, an increase is witnessed in 

dielectric loss factor as the frequency approaches 20 GHz. The loss tangent decreases 

with an increase in frequency from 200 MHz and then there is an increase as the 

frequency approaches 20 GHz.  

Dielectric properties of different fruits and vegetables such as apple, chervil, 

strawberry, parsley, and mushroom were measured (Funebo and Ohlsson, 1999). At 

intermediate moisture levels a peak for dielectric loss factor was observed for all the 
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above menetioned fruits and vegetables. With a decrease in moisture content of these 

fruits and vegetables, there was a decrease in dielectric constant. With a decrease in 

moisture content, there is less of free water available and hence, this results in a 

decrease of relaxation frequency (fr), which is defined as: 

fr =2πꞆ, where,  Ꞇ is the relaxation time  

 Peak value of dielectric loss factor can be found at a point where the relaxation 

frequency and operating frequency are close to each other. The dielectric constant 

increases with an increase in temperature, whereas dielectric loss factor can increase or 

decrease depending on whether the operating frequency is lower or higher than the 

relaxation frequency in the region where dielectric loss factor is maximum. The moisture 

content has a significant effect on dielectric properties. At high moisture content, there is 

a decrease in dielectric constant with an increase in temperature, whereas, at 

intermediate moisture content, dielectric constant increases with an increase in 

temperature. Temperature does not play a significant role at low moisture levels ranging 

from 0.05 to 0.25 kg/kg on a dry basis due to binding of water and salts at low 

concentrations of water.  

 There is a decrease in dielectric constant with an increase in frequency of hard 

red winter wheat. On the other hand, dielectric loss factor showed very little dependence 

on operating frequency in the range of 1 to 5.5 GHz (Nelson, 1994). 

 Dielectric properties of garlic were measured using cavity perturbation method 

(Model 5410B, Santa Clara, Palo Alto, CA) at 2450 MHz with respect to temperature 

and moisture content. There was a linear increase in dielectric constant from 2.2 to 54.2 

at 35 °C with an increase in moisture content from 6% dry basis to 185% dry basis 
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whereas, a logarithm increase was observed in dielectric loss factor ranging from 0.82 

to 8.5 at 35 °C with an increase in moisture content from 6% to 185% dry basis. Further, 

there was a linear decrease in dielectric constant and loss factor with an increase in 

temperature at a moisture content greater than 33% (dry basis) whereas a linear 

increase was observed at low moisture content of 6% dry basis (Sharma and Prasad, 

2002).  

2.6 Sweet potatoes  

 Sweet potato is a staple crop of many countries, China is the leading producer of 

different varieties of sweet potatoes, cultivating approximately 80% of the world’s crop 

due to various uses of this crop including animal feed and various processed forms for 

human consumption, such as noodles, starch, and alcohol, while Uganda and Nigeria 

cultivate roughly 3% of the crop which puts them in the second and third position, 

respectively. United States considers sweet potatoes as speciality crops and it is ranked 

8th in terms of global production and crop value. It is estimated that over 106 hundred 

million metric tons of sweet potatoes are produced around the globe annually, valued 

approximately at 5.07 billion dollars (FAOSTAT, 2012). 

 Sweet potato is considered a superfood because of its long history as the life 

saver. The Japanese started consuming it when typhoons ruined their rice fields and it 

also kept millions from starvation in China in the early 1960s and then it came to 

Uganda in the 1990s, when one of the viruses destroyed cassava crops there (CIP, 

2010; El Sheikha and Ray, 2017). 
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2.6.1 Origin and production of sweet potatoes  

 Sweet potatoes (Ipomoea batatas) originated in Central America and have been 

brought to Western Europe by Columbus in 1492 (Srisuwan, et al., 2006). Sweet 

potatoes were introduced to China in 16th century and due to many positive factors such 

as their broad adaptability, hardiness, and ability to multiply planting material rapidly 

from few roots, sweetpotatoes easily spread throughout Asia, Africa, and Latin America 

in the 17th and 18th centuries. Sweet potatoes are considered the seventh most 

important crop after wheat, rice, maize, potato, barley, and cassava (CIP, 2010; Woolfe, 

1992). There are different types of sweet potatoes including orange-fleshed, purple-

fleshed, and oriental. As the name suggests orange-fleshed sweet potatoes are orange 

in color being rich in beta-carotene. Purple-fleshed sweet potatoes are purple in color, 

and a good source of anthocyanins.  

 The United States produces only 730 thousand metric tons and makes use of 

sweet potatoes in fewer ways in comparison to Asian production and use (FAO, 2005b). 

Per capita consumption has changed little since 2003 and was 4.5 lbs in 2005. Except 

for California, sweet potatoes are only grown in southern regions of the U.S. Among all 

the states, North Carolina is the number 1 state producing sweet potatoes accounting 

for 40% of the annual US sweet potato production (Steed, 2007).  

2.6.1.1 Life cycle of sweet potatoes  

 Life cycle of sweet potatoes consists of five different stages as shown in Figure 

2.12.  

Starting: Sweet potatoes are grown through vine cuttings called sprouts or slips. These 

sprouts can either be grown in greenhouses or by “bedding” the small sweet potatoes in 
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the month of March. Basically, the process of bedding involves putting whole sweet 

potatoes on top of the ground and then covering them with a thin layer of soil and plastic 

(Krueger, 2019).  

Transplanting: As the name suggests, the next stage is transplanting the sprouts from 

a green house or bedding field to another field in the months of May and June for 

suitable growth. 

Growing: The sweet potatoes are grown underground for 90-120 frost-free days.  

Harvesting: Harvesting is one of the important steps in the life cycle of sweet potatoes 

because if not done correctly it can ruin the whole plantation of sweet potatoes. The 

process of harvesting starts typically in August via tractors so as to flip them on top of 

the ground and then, they are harvested by hand because the skin of sweet potatoes is 

really thin. The final step of harvesting is sorting and grading according to their sizes 

(Krueger, 2019).  

Curing: Curing is a process which involves different functions including converting 

some starches into sugars to enhance their flavor, heal cuts and reduce decay and 

shrinkage by allowing to thicken and reform the periderm (North Carolina Sweet Potato 

Commission, 2019). This step takes place within 1-2 hours of harvesting and sweet 

potatoes are cured at 80-85 °F for 4-7 days. After that, sweet potatoes can easily be 

stored for up to 1 year at 55 °F with 85-90% humidity with adequate ventilation to avoid 

any diseases (Krueger, 2019).  

2.6.1.2  Health benefits of sweet potatoes  

 Sweet potatoes are considered as the energy source in many of the developing 

countries including African countries. Due to their non-specific growing conditions, 
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people depend on them in times of crisis and natural diasters. Additionally, they are rich 

in nutrients such as vitamins and minerals including vitamins (B1, B2, C, and E) and 

minerals (calcium, magnessium, potassium, and zinc), dietary fiber, and non-fibrous 

complex carbohyrates (Suda, et al., 2003). 

 Beta-carotene is one of the important dietary components found in orange-

fleshed sweet potatoes and this component is responsible for the characteristic orange 

color of sweet potatoes and approximately 86.4 to 89.0% of carotenoids in yellow and 

orange-fleshed sweet potatoes are represented by them (Woolfe, 1992). Beta-carotene 

is a precursor of Vitamin A which is an important component to maintain eye health in 

humans. Beta-carotene also boosts the immune system and suppresses the risk of 

cancer development. Carotenoids cannot be synthesized by the human body, therefore, 

there is a need to consume dietary supplements or foods to provide sufficient levels of 

beta-carotene (Kopsell and Kopsell, 2006). 1 to 190 µg/g dry weight of beta-carotene is 

supplied by the sweet potatoes produced in United States. This is significant because 6 

µg/g of beta-carotene is equivalent to 1 µg retinol equivalents. The dietary 

recommendations of retinol equivalents is 1000 µg making sweet potatoes an important 

source of retinol (Kays, et al., 1993). 

 Due to high nutritional value of sweet potatoes, they have become quite popular 

with consumers. Consumers are also interested in other varieties of sweet potatoes 

including white, deep yellow, and purple. They have the same nutritional benefits as 

orange sweet potatoes, but are also comprised of additional functional components 

such as flavones, beta-carotene, phenolic acids, and anthocyanins (Suda, et al., 2003). 
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2.7 Purple-fleshed sweet potatoes 

 Purple-fleshed sweet potatoes have an intense and rich purple color in the skin 

and flesh of the storage roots due to accumulation of anthocyanins (Philpott, et al., 

2003; Terahara, et al., 2004). The major reason for the development of these varieties 

of sweet potatoes in United States were for their use as natural colorants, but they are 

now gaining popularity as a dietary source of anthocyanins (Steed, 2007). These days 

purple-fleshed sweet potatoes are promoted as a health food in several Asian countries, 

especially Japan and the products derived from them are commercialized with good 

market potential. Their products include all natural purple food colorants, paste, and 

flour that can be incorporated in various foods and beverages including juices, alcoholic 

beverages, bread, bakery products, breakfast items, noodles, soup, jam, and 

confectionary (Suda, et al., 2003; Choong, 2005). During the past few years, various 

new purple fleshed sweet potato varieties have been developed in Japan to meet the 

increasing demand of consumers that have been inclined towards healthy eating. 

 Due to the increase in consumer demand for healthy and nutritious foods in the 

United States, there is a growing market and opportunity for purple-fleshed sweet 

potatoes. Prominent examples of Japanese cultivars of purple-fleshed sweet potatoes 

are Ayamurasaki, which is the second generation of Yamagawa-murasaki and contains 

four times the concentration of anthocyanins as in Yamagawa-murasaki which makes it 

significant for use as natural food colorant (Terahara, et al., 2004). The two important 

purple-fleshed sweet potato genotypes in the United States are Stokes (NC-415) and 

Okinawan.  
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2.7.1 Health benefits of purple-fleshed sweet potatoes  

 Different cultivars of purple fleshed sweet potatoes with different percentages of 

anthocyanins were hybridized and grown for their significant health benefits (Jianteng, 

et al., 2015). Among six common anthocyanidins, peonidin and cyanidin are commonly 

found in purple-fleshed sweet potatoes. Peonidin are in higher concentrations in 

comparison to cyanidin and have various physiological functions and primarily exist as 

acylated forms (Giusti and Wrolstad, 2003). Acylation of anthocyanins in purple-fleshed 

sweet potatoes make them exceptional and provides many advantages in pH and heat 

resistance, light sensitivity, and stability. Nutritionally, they have more antioxidant 

functionality and anti-mutagenicity activity (Suda, et al., 2002). The extracts from purple-

fleshed sweet potatoes were shown to hinder reverse mutation in Salmonella 

typhimurium TA 98 while other type of sweet potatoes rarely inhibited mutation 

(Yoshimoto, et al., 2001). Mutation inhibition is believed to be due to anthocyanins 

present in purple-fleshed sweet potatoes and absent from other varieties of sweet 

potatoes. This was confirmed by various tests of antimutagenicity of two deacylated 

anthocyanins isolated from Ayamurasaki and was found to have high instances of 

inhibition against four common mutagens (Yoshimoto, et al., 1999). Out of these two 

deacylated anthocyanin pigments, one has higher antimutagenicity due to a structural 

difference (Yoshimoto, et al., 2001).  

 A di-acylated peonidin-type anthocyanin extracted from Ayamurasaki has the 

ability to suppress glucose metabolism by α-glucosidase inhibitory action in rats. Due to 

this inhibitory effect a way to manage non-insulin dependent diabetes has been 

provided by delaying glucose absorption in the small intestine and hence, prevents an 
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excessive rise in blood glucose levels (BGL). Anthocyanins were fed to rats which led to 

the decrease in BGL by 16.5% at doses much lower than the therapeutic drug acarbose 

leading to a conclusion that anthocyanins present in purple-fleshed sweet potatoes can 

be beneficial in preventing hyperglycemia when consuming carbohydrates (Matsui, et 

al., 2002). 

 Purple-fleshed sweet potatoes are considered as “superfoods” with various 

health benefits including the help in treating oral infections and inflammatory diseases 

(Anbuselvi and Balamurugan, 2014). Along with these health benefits, they have other 

positive effects on the human body.  

Anti-cancer potential  

 The extracts obtained from purple-fleshed sweet potatoes hindered proliferation 

and induced apoptosis in prostate cancer cells in vivo and in vitro (Karna, et al., 2011) 

and this is due to high polyphenol content in purple-fleshed sweet potatoes. Recent 

study has found that purple-fleshed sweet potatoes have inhibitory effects on breast 

cancer cells and gastric cancer cells and this is due to high concentration of 

anthocyanins (Sugata, et al., 2015). 

Anti-ulcer potential  

 Shedding of inflamed tissue from the skin or mucous membrane is characterized 

as ulcer and purple-fleshed sweet potato extracts inhibit the formation of aspirin-induced 

ulcer in Wistar rats in a dose dependent manner (Panda and Sonkamble, 2012). On the 

other hand, sweet potato flour helps in preventing ethanol induced gastric ulcers by 

suppressing edema formation and preventing gastric mucosa wrinkles (Sathish, et al., 

2012). 
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Effect on cardiovascular system  

 The oxidation of low-density lipoprotein can lead to various complications 

resulting in atherosclerosis which can result in cardiovascular disease (Mazza, 2007). 

Suppression of low density lipoprotein oxidation is possible due to antioxidant activity of 

phenolic compounds present in sweet potatoes (Nagai, et al., 2011). Studies report that 

anthocyanins present in purple-fleshed sweet potatoes are able to reduce the risk of 

coronory heart disease (Mazza, 2007).  

Effect on immune system  

 Studies report that consumption of purple-fleshed sweet potatoes boost the 

immune system of human body by modulating the antioxidant defense systems (Kim, et 

al., 2015). Other studies prove that the leaves of sweet potatoes also show an 

immunomodulatory effect when consumed by basket ball players (Chang, et al., 2007).  

Haematological effects  

 Sweet potato leaves are very effective in treating anaemia due to haematological 

effects (Osime, et al., 2008). Studies report that sweet potato leaves increased the 

haemoglobin levels and red blood cells in mice (Montejo, et al., 2015). Osime, et al., 

(2008) reported that the diet of rabbits rich in sweet potato leaves increased the white 

blood cells and the platelets (Osime, et al., 2008). 

Anti-inflammatory benefits  

 Purple-fleshed sweet potato extracts were able to inhibit the production of pro-

inflammatory molecules in human body by inhibition of phosphorylated extracellular 

signal-regulated kinase (ERK), phosphorylated -Jun n-terminal kinase (JNK) expression 

and nuclear factor kappa B (NF-kB) activation (Kang, et al., 2014; Wang, et al., 2010). 
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Antimicrobial effects  

 Antimicrobial effects of sweet potato roots are limited whereas on the other hand, 

various studies are reported on the antimicrobial effects of sweet potato leaves. Sweet 

potato extracts obtained from ethanol and acetone show antimicrobial activity against 

Salmonella typhimurium and Pseudomonas aeruginosa, respectively. On the other 

hand, extracts obtained from n-hexane and ethyl acetate do not show any anti-microbial 

activity against the above mentioned strains (Adsul, et al., 2012). Dietary fibres obtained 

from the roots of sweet potatoes exhibited inhibitory effect against the growth of different 

food-borne bacteria while starch from sweet potato forms an antimicrobial films with 

varying levels of potassium sorbate or chitosan exhibited inhibitory effects on E.coli 

(Adsul, et al., 2012; Shen, et al., 2010). 

2.7.2 Antioxidants in purple-fleshed sweet potatoes  

 Apart from the nutrients (also called primary metabolites) present in purple-

fleshed sweet potatoes, they are also rich in different phytochemicals (called secondary 

metabolites), though they do not provide nutrients to the human body but play an 

important role in maintaining human health (Van Der Sluis, et al., 2002). Two major 

antioxidants present in purple-fleshed sweet potatoes are phenolic compounds that 

include anthocyanins.  

Phenolic compounds 

 Phenolic compounds, also known as secondary metabolites enter human diet via 

fruits, vegetables, leaves, nuts, seed, flowers, and bark (Shaihidi and Naczk, 1995). The 

antioxidant properties of these phenolic compounds are derived from the functional 

groups consisting of one or more hydroxyl groups attached to the benzene ring. Some 
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of the other common phenolic compounds include benzoic acids, flavonoids, tannins, 

lignins, and anthocyanins (Ribereau-Gayon, 1972). 

 The main principle of the antioxidant properties of these phenolic compounds is 

to either participate in hydrogen atom transfer or single electron transfer which result in 

quenching of free radicals leading to the production of an aromatic free radical in the 

antioxidant stabilized through aromatic ring stabilization (Wright, et al., 2001). 

 Chlorogenic acid was isolated from sweet potato in 1947 and since then, 

chlorogenic acid has has been used as the base for the analysis of total phenolic 

content. Since 1947, phenolic compounds present in the roots and leaves of this 

storage root have been given more importance. Earlier, researchers had a negative 

attribute of these phenolic compounds as their accumulation was found in roots 

attacked by black rot fungus and hence, they were believed to darken canned sweet 

potatoes and cause the formation of off-flavors (Walter and Purcell, 1979). But recently, 

positive attributes and functional properties (antioxidant potential) of sweet potatoes 

have been considered. Sweet potato varieties found in United States have total phenolic 

content ranging from 78.6 to 181.4 mg Chlorogenic Acid Equivalent (CAE) /100g fresh 

weight (Truong, et al., 2007). 

 The two main parts of sweet potatoes including storage roots and tops are 

considered as food in different parts of the world. In many countries, tops of sweet 

potatoes are consumed as leafy vegetables and are more resistant to diseases, pests, 

and can be harvested several times a year, thus, making the annual yield much higher 

than other green vegetables. Study conducted in 2002 was able to isolate six caffeic 

acid derivatives from sweet potato leaves, including chlorogenic acid and total phenolic 
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content was found to be in the range of 1.42 to 17.1 g/100 g dry weight in around a 

thousand varieties collected globally. The amount of total phenolic compounds present 

in leaves are greater than the amount present in stems and storage roots (Islam, et al., 

2002). 

 Due to high concentration of phenolic compounds in the leaves of sweet 

potatoes, their antioxidant capacity is significantly higher than other vegetables. Studies 

prove that phenolic compounds derived from sweet potato leaves show antimutagenicity 

in Salmonella typhimuium TA, they have antidiabetic effects and have shown 

antibacterial efficacy against E.coli O-157 (Islam, 2006). An important phenolic 

compound found in sweet potato leaves include 3,4,5-tri-O-caffeoylquinic acid which 

has anti-cancer potential. Caffeic acid was reported to have higher effect against 

leukemia as compared to other caffeoylquinic acids (Kurata, et al., 2007). 

Anthocyanins 

 Study conducted in the year 1966 identified major anthocyanins present in sweet 

potatoes as dicaffeyl 3-diglucoside-5-glucosides of cyanidin and peonidin (Imbert, et al., 

1966). Purple-fleshed sweet potatoes are rich in anthocyanins and impart colors to 

different food products.  

 The study conducted by Odake, et al., (1992) was able to isolate six major 

pigments from the variety “Yamagawa-murasaki” including 3-caffeylferulysophoroside-5-

glucosides of cyanidin and peonidin, 3-O-(6-O-trans-caffeyl-2-O-ꞵ-glycopyranosyl-ꞵ-

glucopyranoside)-5-O-ꞵ-glucoside of cyanidin and peonidin (Goda, et al., 1996). 

Terahara, et al. (1999) conducted a study and concluded that to date eight acylated 
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anthocyanins have been isolated from the variety of Yamagawa-murasaki and out of 

those eight, six are diacylated.  

 The interest switched from Yamagawa-murasaki to Ayamurasaki in the year 2000 

because it has higher anthocyanin content. Six anthocyanins have been isolated from 

this variety which are all cyanidin or peonidin 3-O-sophoroside-5-O-glucosides acylated 

with p-hydroxybenzoic, caffeic, or ferulic acids. Acylation is important in sweet potatoes 

because it gives heat and light stability to anthocyanin, and due to this it becomes 

important in food processing applications (Suda, et al., 2003; Odake, et al., 1992). 

 There is an increasing demand of purple-fleshed sweet potatoes because of 

various health benefits thereby, increasing market opportunities and are also an 

important source of natural colorants (Truong, et al., 2010). This is the reason that since 

1970, United States Department of Agriculture-Agricultural Research Service (USDA-

ARS) has established a collaborative effort with breeding programs of several 

universities to develop several new varieties of sweet potatoes with increased 

anthocyanin contents and antioxidant activity, better resistance to disease and pests 

(Jones and Bouwkamp, 1992; Steed, 2007). 

2.7.3 Quantification of sweet potato antioxidants 

Extraction of antioxidant compounds 

 To assess the antioxidant compounds in purple-fleshed sweet potatoes, they 

must be extracted properly from the sample. To extract these antioxidants, various 

solvents such as ethanol, methanol, hexane, and acetone along with some percentage 

of water have been successfully used. These solvents can extract antioxidants at any 

temperature whether ambient temperature, hot, or cold depending on the extraction 
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technique (Shaihidi and Naczk, 2004). However, the clean label trend has prompted the 

use of water as a solvent for extraction of these anthocyanins.  

 These solvents can proficiently extract anthocyanins by rupturing the cell 

membranes, therefore, easily dissolving the required pigments. In earlier studies, 

acidified solutions of the above mentioned solvents were used for the extraction of 

anthocyanins and out of all the solvents used methanol was the most efficient solvent 

for extraction. For the extraction technique, organic acids used are formic, acetic, or 

citric acid, or low concentrations of strong acids such as hydrochloric acid and 

trifluoroacetic acid. The basic principle behind the use of organic acids is to denature 

the cellular membranes to enable the solubilization of anthocyanin pigments, but excess 

addition of these acids can lead to hydrolysis of labile, acyl, and sugar residues and also 

may lead to the breakdown of complexes with metals and co-pigments (Shaihidi and 

Naczk, 2004). Since we can extract anthocyanins at ambient and cold temperatures 

also, but the most efficient extractions is possible at high temperature conditions. 

However, the disadvantage of using high temperature extraction is that it can result in 

degradation of anthocyanins present in food matrix. Conventional methods of extraction 

are conducted in the temperature range of 20-50 °C (Ju and Howard, 2003). 

 Conventional methods of extraction can take approximately 12-24 hours to 

extract the desired pigment but as mentioned above it can lead to the degradation of 

anthocyanins. Recently, some of the new extraction techniques became more popular 

as they are high temperature-short  time extraction techniques which minimizes the 

degradation of anthocyanins. One of these techniques is microwave assisted extraction 

(MAE), this being an efficient extraction method as it reduces the extraction time and 
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solvent consumption, thereby resulting in minimization of the degradation of important 

components present in food matrix (Llompart, et al., 2019). The other extraction 

technique that can minimize the degradation of anthocyanins is pressurized liquid 

extraction (PLE) or accelerated solvent extraction (ASE). The basic principle behind this 

method is to use a closed and inert environment under high pressures (3.3 to 20.3 MPa) 

and in the temperature range of 40 to 200 °C and solvents used will remain liquid above 

their boiling points and hence, will improve the solubility thereby increasing the 

extraction efficiency. PLE technique was used to extract anthocyanins from grape skins 

in the temperature range of 80-100 °C using two types of solvents, including acidified 

water and acidified 60% methanol. Methanol as a solvent was able to extract highest 

levels of acylated anthocyanins and total phenolics (Ju and Howard, 2003). 

Quantifying total phenolic compounds  

 Different assays to measure total phenolic content in a sample of food product 

include bonding to insoluble polymers (Rexyn and polyvinylpyrrolidone), Folin-

Ciocalteau reagent assay, computation from absorbance at 323 nm, coupling with 

diazotized p-phenylazoaniline and measurement by HPLC (Walter and Purcell, 1979). 

The study conducted by Walter and Purcell (1979) reported that bonding to the insoluble 

polymers especially Rexyn polymer is one of the most efficient procedures for 

measuring total phenolic compounds as it is a rapid, precise, and accurate method in 

comparison to that of HPLC technique. HPLC also gives specific and accurate results 

but the major disadvantages are that it requires expensive equipment and it is more 

time consuming than other assays (Steed, 2007).  
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 Folin-Ciocalteau (FC) reagent assay was developed in 1927 as a technique to 

analyze tyrosine in proteins (Folin and Ciocalteu, 1927; Prior, et al., 2005). Singleton 

and Rossi adapted this method for wine analysis in the year 1965. The method was 

improved to reduce variability and inconsistent results to create more predictable data 

(Prior, et al., 2005). The basic principle behind this method is that it is based on the 

chemical reduction of FC reagent, a mixture of tungsten and molybdenum oxides, by the 

hydroxyl groups of the phenolic compounds. The reduction results in a blue color with 

broad light absorption at 725 nm. The intensity of the absorption is proportional to the 

concentration of phenols. Concentration of phenolics present in the sample is 

determined based on a standard curve created by known concentrations of a phenolic 

compound (either gallic acid for wines, or chlorogenic acid for sweet potatoes) and their 

corresponding absorbance (Singleton, et al., 1999; Wrolstad and Guisti, 2001). 

 The main advantages of this method is that it is simple and only requires a 

spectrophotometer. But this method has a main disadvantage which includes the 

susceptibility to a number of interfering factors including sugars, aromatic amines, sulfur 

dioxide, ascorbic acid, iron and organic acid and all of these factors should be taken into 

account to get accurate and precise results. If the steps of the method are not followed 

correctly and consistently, it can lead to inaccurate values of total phenolic compounds 

in a food sample (Prior, et al., 2005). 

Quantifying anthocyanins  

 The measurement of total anthocyanin pigments provide a basis for assessing 

the quality of color for different types of foods. Quantification of anthocyanins is very 

important to assess the anthocyanin pigments of fresh and processed fruits and 
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vegetables and it is also a valuable tool in quantifying the color quality of different food 

products (Wrolstad and Guisti, 2001). Earlier studies preferred HPLC method to quantify 

anthocyanins due to easy sample preparation, small sample quantities required, and the 

ability to obtain relatively pure pigments from complex mixtures (Steed, 2007). HPLC 

technique was applied in different studies to identify and quantify individual and total 

anthocyanins in botanical raw materials utilized in herbal supplements, commercial 

black currant juices (Chandra, et al., 2001; Neilsen, et al., 2003). The major 

disadvantage of this technique is that it is a complicated method. Hence, a simple 

approach was used to quantify the anthocyanin pigments and this method is referred to 

as pH differential method. This concept was introduced by Sondheimer and Kertesz in 

1948 to analyze strawberry jams using pH values of 2.0 and 3.4. pH values of 1.0 and 

4.5 were suggested when working with cranberries and these values serve as the basis 

for the pH differential method (Wrolstad and Guisti, 2001). 

 The basic principle behind the pH differential method is the reversible 

transformations that occur in anthocyanins with a change in pH. At pH=1.0, flavylium 

cation is found in the colored oxonium form, while at a pH=4.5, colorless hemiketal form 

dominates and this transformation can be seen in Fig. 2.13 (Steed, 2007).  

 At absorbances in the visible range these two anthocyanin structures are 

identified by different absorbance spectra. Assays which utilize spectroscopy allow for 

rapid and easy quantification of monomeric anthocyanins, even in the presence of 

polymerized degrading pigments and interfering compounds (Wrolstad and Guisti, 

2001). 

  



 

46 
 

2.7.4 Antioxidant mechanisms and quantification methods 

 As the name suggests, oxidation is referred to as combination of elements with 

oxygen. It is a reaction of losing electrons and gaining positive charge and is a 

significant component in aerobic metabolism. The whole mechanism can lead to the 

creation of oxygen centered free radicals, also called reactive oxygen species (ROS). 

These molecules are very reactive and depending on the type of ROS, molecules can 

rapidly attack nearby cells to cause permanent damage These ROS can attack lipids in 

cell membranes, proteins in tissues and enzymes, carbohydrates and DNA which 

induce oxidations, membrane damage, protein modification, and DNA damage. These 

ROS play a significant role in causing degenerative diseases (Pietta, 2000). 

 Antioxidants play a major role in preventing cell damage by interrupting and 

reacting with free radicals much faster than the substrate. This takes place via two 

pathways which include H-atom transfer and electron transfer. In H-atom transfer, the 

reaction is interrupted by “chain breaking antioxidants” to quench free radicals by 

donating hydrogen atom. The reaction is as follows: 

X* + AH           XH + A* 

 The efficiency of antioxidants between oxygen and hydrogen atoms of the 

antioxidants is dependent on Bond Dissociation Enthalpy (BDE). Weaker the bond, 

faster the reaction between antioxidant and free radicals and donation of a hydrogen 

atom (Steed, 2007). 

 Second pathway of antioxidant mechanism is electron transfer which is as 

follows: 

X* + AH             X- + AH*+ 
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AH*            A* + H3O+ 

X- + H3O+           XH + H2O 

M(III) + AH           AH+ + M(II) 

In this reaction a radical cation is formed which is followed by a reversible 

deprotonation in solution. Since the net result is the same as that in H-atom transfer 

mechanism, radical cations can attack substrates if they are given enough time to react 

(Wright, et al., 2001). 

Quantification of antioxidant activity 

 There are several assays to determine the antioxidant activity in a particular food 

product. The basic principle behind these methods is the addition of a free radical and 

thereafter, measurement of the antioxidant’s ability to prevent free radical from causing 

any degenerative damage. Common free radicals that take part in the oxygen radical 

absorbance capacity (ORAC) and total radical-trapping antioxidant parameter (TRAP) 

are 2.2’-azinobis (2-ethyl-benzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-

picrylhydrazyl (DPPH), and 2,2’-azobis (2-amidinopropane) dihydrochloride (APPH) 

(Prior, et al., 2005; Cao, et al., 1993).  

Oxygen Radical Absorbance Capacity (ORAC) Assay  

 ORAC assay is a method that measures the antioxidant capacity of a particular 

food product by measuring the inhibition of peroxyl radicals induced by 2.2’-azobis (2-

amidinopropane) dihydrochloride (AAPH) at 37 °C (Ou, et al., 2001). This method 

enables the breakdown of free radical chain via H-atom transfer pathway and therefore, 

the antioxidant capacity is measured by a fluorescent probe by a loss in fluorescence 

intensity. The decreased rate of the amount of product formed over a period of time 
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creates a fluorescein curve (AUC), and this curve is compared with the curve created by 

a blank sample. In this case Trolox is used as a blank sample (it is a water-soluble 

Vitamin E which also acts as an antioxidant) hence, the defensive effect of an 

antioxidant is measured (Prior, et al., 2005; Ou, et al., 2001). The results are generally 

expressed as trolox equivalents (Cao, et al., 1993). 

             In earlier studies, B-phycoerythrin (B-PE) was used as the fluorescent probe but 

it had many disadvantages including its inconsistency, lack of photostability and hence, 

can be bleached after exposure to excitation light for a certain period of time, and its 

nonspecific protein binding with polyphenols. Due to these shortcomings, these days 

fluorescein (3’,6’-dihydroxyspiro[isobenzofuran-1[3H],9’[9H]-xanthen]-3-one) is used as 

a probe and this probe is much more beneficial than B-PE (Ou, et al., 2001). 

 ORAC assay is one of the successful techniques used to determine the 

antioxidant capacity of anthocyanins found in sweet potatoes (cyanidin and peonidin). 

The antioxidant capacity of cyanidin-3-glucoside and peonidin is 3.5 times and 1.5 times 

respectively, more effective than that of trolox (Wang, et al., 1997).  

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 

             DPPH is a stable free radical which is used to measure the antioxidant capacity 

of a food product by monitoring a decrease in the absorbance of DPPH at a certain 

wavelength. DPPH forms a deep purple solution and is absorbed readily at 515 nm, but 

the reduction by antioxidant, results in light yellow color and loss of the absorbance 

(Brand-Williams, et al., 1995). The major advantage of this assay is that it is simple and 

rapid as it only requires a UV-spectrophotometer, therefore, this method is widely used. 

Study reported that most phenolic compounds react slowly with DPPH hence, 
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antioxidant activity should be determined over time (Bondet, et al., 1997; Awika, et al., 

2003). DPPH is transformed from deep purple to light yellow color by two ways that 

includes reduction reaction and by an H-atom transfer phenomenon. This can lead to 

misinterpretation of results. Studies indicate that color interference of DPPH with 

samples that contain anthocyanins such as purple-fleshed sweet potatoes can lead to 

underestimation of antioxidant capacity (Awika, et al., 2003). DPPH assay was 

performed on purple-fleshed sweet potatoes from Japan which resulted in the 

antioxidant capacity ranging from 8.6 to 49.0 µmol Trolox equivalent/ g fresh weight 

(Oki, et al., 2003). 

2.8 Colorometric analysis 

Berns (2000) defined color as “the sensation that is experienced by an 

individual when radiant energy within the visible spectrum (380-770 nm) falls 

upon the retina of the eye”. On the other hand, colorant is referred to as a pigment 

which gives color to a product. To measure the color of different products, three most 

important factors to be considered are: a colored object, light in the visible region of 

spectrum, and an observer. The science of color measurement is referred to as 

colorimetry (Loughrey, 2005). The basic principle behind colorimeter method is that a 

subjective result such as different colors are converted into numerical results. There are 

various techniques to measure color which include munsell system, CIE tristimulus 

system, and tristimulus colorimeters and color spaces (Wrolstad and Smith, 2017). 

Munsell system  

 Munsell system is one of the widely used methods to measure color of different 

food products. This method was developed in 1905 by A.H. Munsell. Three different 
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parameters (hue, value, and chroma) combined together will give the color of a 

particular product. Hue is described by colors red, yellow, green, blue, and purple plus 

five adjacent pairs, green yellow, yellow red, red purple, purple blue, and blue green. 

The qualitative color described from white to grey to black or by lightness or darkness is 

referred to as value and the subjective result described in numerical value are as 

follows, 0 refers to absolute black, and 10 means absolute white. Chroma is defined as 

the quality that describes the extent a color differs from a gray of the same value as 

shown in Figure 2.14 and Figure 2.15 (Wrolstad and Smith, 2017). In the Munsell color 

system, color notation is done as follows: hue is listed first with a value from 1 to 100 

and then a letter combination taken from major hue names. Value is designated by a 

number from 1 to 10, followed by a slash mark, and then chroma is designated by a 

number (For example 10P 6/15) (Wrolstad and Guisti, 2001). 

The CIE tristimulus system  

             To measure the color of a particular product spectural transmission or 

reflectance curve is converted to three numerical values and these numerical values are 

referred to as CIE tristimulus values, X, Y, and Z. The objective behind these three 

numbers is to plot three coordinates in two dimensions and therefore, X, Y, and Z 

values are converted to x, y, and z coordinates by the following equations: 

𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
 

𝑦 =  
𝑌

𝑋 + 𝑌 + 𝑍
 

𝑧 =  
𝑍

𝑋 + 𝑌 + 𝑍
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Since x+y+z = 1, only two coordinates are required to plot the graph and z can be 

calculated as z = 1-(x+y) and the type of graph formed with this method is shown in 

Figure 2.15. The major disadvantage of this method is that it does not have equivalent 

visual spacing and due to this reason a sample differs from a standard or changes that 

occur during processing and storage (Wrolstad and Smith, 2017). 

Tristimulus colorimeters and color spaces 

 To overcome the disadvantages of CIE tristimulus system Richard S. Hunter, 

Deane B. Judd, and Henry A. Gardner developed a color measuring technique in the 

year 1940 and the method is referred to as Hunter L a b color space. (Berns, 2000; 

Hutchings, 1999; Hunter and Harold, 1987). In this method, three numerical values (L, 

a, b) in combination will determine the color of a particular food product. In this method 

L refers to lightness, a indicates the red (+) or green (-) coordinate, and b, the yellow (+) 

or blue (-) coordinate. It is widely being used in the food industry because it gives 

precise results and is very effective in measuring the color differences. In 1976, this 

method was again modified to give more uniform color spacing and is referred to as CIE 

LAB method. Parameters involved in this method are L* indicating lightness (0-100) with 

0 being black and 100 being white. a* refers to red (+) and green (-). b* indicates yellow 

(+) and blue (-) as shown in Figure 2.17 (Wrolstad and Smith, 2017). 
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      Figure 2.1: Different types of flavonoids (Adapted from Nishiumi, 2011) 
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Figure 2.2: Structure of flavone (Adapted from Alihosseini, 2016) 
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Figure 2.3: Structure of flavanols (Adapted from Teresa, et al., 2010)  
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Figure 2.4: Structure of different types of catechins (Adapted from Singh, et al., 2016) 
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Figure 2.5: Structure of flavanones (Adapted from 
https://lpi.oregonstate.edu/book/export/html/1091) 

  

https://lpi.oregonstate.edu/book/export/html/1091
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Figure 2.6: Structure of Isoflavone (Adapted from Chandrasekharan and Aglin, 2013) 
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Figure 2.7: Structure of different types of isoflavones and estradiol (Adapted from Usui, 
2014) 
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Figure 2.8: Structure of anthocyanidin and anthocyanins  
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Figure 2.9: Soxhlet apparatus (Adapted from Chen, et al., 2003) 
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Figure 2.10: Variation of dielectric loss factor with microwave frequency (Adapted from 
(Tang, et al., 2002) 

  



 

80 
 

 

Figure 2.11: Block diagram of network analyzer (Source: Padmanabhan, 2007) 
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Figure 2.12: Life cycle of sweet potato  
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Figure 2.13: Predominant anthocyanin form at different pH levels (Lee, et al., 2005) 
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Figure 2.14: Munsell color system (Adapted from munsell color) 
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Figure 2.15: Combined illustrations of the Munsell color system (Adapted from munsell 
color) 
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Figure 2.16: Chromaticity Diagram (Robinson and Ashdown, 2006) 
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Figure 2.17: The Hunter L, a, b color solid (Adapted from Hunter Lab, Reston, VA) 
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Table 2.1: Flavonols content in some common foods (Source: Heneman, 2008) 

Food Quercetin Content 
(mg/100g) 

Kaempferol 
(mg/100 g) 

Myricetin 
(mg/100 g) 

Apples 4.27 0.02 0.00 

Apricots 2.08 0.00 0.00 

Beans 0.00 31.32 0.00 

Broccoli 2.51 0.01 4.01 

Cherry Tomatoes 2.76 0.10 0.00 

Chives 4.77 10.00 0.00 

Cranberries 15.09 0.09 6.78 

Kale 7.71 26.74 0.00 

Leeks 0.10 2.95 0.00 

Pear 4.51 0.00 0.00 

Onions 21.42 0.62 0.02 

Red grapes 1.38 0.00 0.01 

Sweet cherries 2.64 0.00 0.00 

Tea 2.74 0.88 0.89 

White currant 2.68 0.17 0.18 
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Table 2.2: Content of flavanol monomers in selected vegetables and fruits (mg per 100 g 
fresh weight) (Source: Adapted from Murkovic, 2003) 

Food Total flavan-3-ols content 

Apricot 25 
Apple 8 

Strawberry 4 

Cherry, sweet 22 

Grapes (skin) 19 

Barley 3-4 

Tea 18-35a 

a Flavanols in g per 100 g of dry leaves   
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Table 2.3: Approximate content of isoflavones in different food products  

Sources Approximate Content (mg/100g) 

Soybeans, green, raw (includes 
edamame) 

48.951,2 

Soybeans, mature seeds, dry roasted 
(includes soy nuts) 

148.503,4 

Soymilk curd, dried 83.305 

Soy flour (textured) 172.556,7 

Tofu, dried-frozen (koyadofu) 83.208,9 

Miso 41.4510 

Tempeh 60.6111,12 

1. (Antonelli, et al., 2005) 

2. (Franke, et al., 2008) 

3. (Coward, et al., 1993) 

4. (Franke, et al., 1999) 

5. (Hutabarat, et al., 2001) 

6. (Coward, et al., 1998) 

7. (Genovese and Lajolo, 2002) 

8. (Nakamura, et al., 2000) 

9. (Wang, et al., 1990) 

10. (Chiou and Cheng, 2001) 

11. (Hutchins, et al., 1995) 

12. (Murphy, et al., 2002) 
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Table 2.4: Occurrence pattern of anthocyanins in common vegetables and fruits (Source: 
Riaz, et al., 2016) 

Food Source Major Anthocyanins Minor Anthocyanins 

Strawberry Pelargonidin-3-

glucoside 

Cyanidin-3-glucoside, Pelargonidin-3-

rutinoside 

Blackberry Cyanidin-3-glucoside Cyanidin-3-rutinoside, Malvidin-3-glucoside 

Raspberry Cyanidin-3-glucoside Pelargonidin-3-glucoside, Pelargonidin-3-

rutinoside 

Sweet 

cherries 

Cyanidin-3-rutinoside Cyanidin-3-glucoside, Peonidin-3-rutinoside 

Blackcurrant Cyanidin-3-rutinoside Cyanidin-3-glucoside, Delphinidin-3-

glucoside 

Bilberry Delphinidin-3-

galactoside 

Peonidin-3-glucoside, Peonidin-3-galactoside 

Red onions Cyanidin-3-glucoside Delphinidin-3-glucoside, Petunidinglucoside 

Blood orange Cyanidin-3-glucoside Delphinidin-3-glucoside, cyanidin-3,5-

diglucoside, cyanidin-3- sophoroside, 

delphinidin-3-(6”-malonylglucoside), 

peonidin-3-(6”-malonylglucoside), cyanidin -

3-(6”-dioxalylglucoside) 
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MANUSCRIPT 1 
 

Dielectric Properties of Purple-Fleshed Sweet Potato (PFSP) Genotypes at 915 
MHz and 2450 MHz 
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Abstract  

Dielectric properties of food materials, biomaterials, and products play a 

significant role in development of industrial processing systems, devices, and 

procedures for their preservation such as heating, drying, pasteurization, and 

sterilization using microwave energy. More recently, continuous microwave assisted 

extraction technologies have emerged as efficient methods to extract anthocyanins and 

other secondary metabolites from different fruits and vegetables. Dielectric properties of 

six genotypes of PFSPs were measured at 915 MHz and 2450 MHz in the temperature 

range of 22-135 °C. Dielectric constants (ε’) for these genotypes were in the range of 

50.78 to 38.96 at 915 MHz and 57.63 to 36.46 at 2450 MHz. On the other hand, 

dielectric loss factors (ε”) were in the range of 13.53 to 45.21 at 915 MHz and 12.25 to 

20.12 at 2450 MHz, respectively. Polynomial correlations were developed for dielectric 

properties (ε’ and ε”) as a function of temperature. 

Keywords:  Dielectric properties, continuous microwave extraction, purple-fleshed 

sweet potatoes (PFSP), anthocyanins 

  



 

93 
 

Introduction  

Microwave assisted extraction (MAE) is one of the emerging technologies to 

extract different types of polyphenolic compounds, including anthocyanins from 

biomaterials, fruits, and vegetables such as purple-fleshed sweet potatoes. The Federal 

Communications Commission has assigned two frequencies for microwave heating in 

the United States – 915 MHz and 2,450 MHz. Household microwave ovens operate at 

2,450 MHz whereas commercial microwave ovens operate at 915 MHz and 2450 MHz 

depending on applications and processing capacities. Microwaves at 915 MHz have a 

longer wavelength and greater penetration depth than those at 2450 MHz (Datta and 

Anantheswaran, 2001). 

 Dielectric properties determine the interaction of microwaves with materials in 

general and food materials, particularly. Therefore, knowledge of dielectric properties 

help in determining the extent of heating of food materials using microwaves. They play 

an important role in understanding microwave processing and extraction, cooking, and 

heating of foods. The basic principle behind this is that they absorb the energy from 

high-frequency electromagnetic waves and convert them into heat for better extraction 

of the desired component and for better processing of different types of food products 

(Nelson, 2015).  

Factors that affect the conversion of microwave energy into heat are related to 

the wavelength of microwaves and on the dielectric properties of the material being 

heated. The most important properties involved in microwave extraction are the complex 

relative permittivity (ε) and loss tangent (tan δ). 

   ɛ = ɛ’ – jɛ”                       (1) 
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   tan δ = ɛ”/ɛ’                    (2) 

where, 

     j = (-1)1/2                       (3) 

 The complex permittivity of a material can be associated with the ability of the 

material to interact with electromagnetic energy, with ɛ’ (dielectric constant) being the 

real part, and ɛ” (loss factor) being the imaginary part. Dielectric constant is a measure 

of the ability of a material to absorb electromagnetic energy (for vacuum, ɛ’= 1) and loss 

factor is the ability of the material to convert absorbed electromagnetic energy into heat. 

The loss tangent (tan δ) is the most important property in microwave processing. It is a 

measure of the ability of a material to absorb microwave energy and dissipate it into 

heat. As a result, a material with a high loss factor and tan δ combined with a moderate 

value of ɛ’ allows conversion of microwave energy into thermal energy (Acierno, et al., 

2004; Mandal, et al., 2007). If there is a scenario where ɛ’ is the same for two materials, 

then the material with a higher ɛ’’ will convert more microwave energy into heat. 

Nevertheless, the dielectric constant also plays an important role in affecting the 

intensity of the electric field inside a material (Nelson, 1991; Coronel, et al., 2008). 

 There is a need for better understanding of methods to measure dielectric 

properties. Some of the techniques include the open-ended coaxial probe method, 

transmission line method, and resonant cavity method. Among these, the open-ended 

coaxial probe method is generally the preferred method to measure dielectric properties 

of different food products (Boughriet, et al., 1999). The various parameters that affect 

dielectric properties include the frequency of microwaves, composition of the food 
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material, and temperature. Appropriate choice of these parameters can help in 

designing a continuous microwave extraction system (Datta and Anantheswaran, 2001). 

 Dielectric properties have gained lot of attention because of the increased use of 

microwave processing in the food industry. Purple fleshed sweet potatoes have been 

considered and researched as a potential source of anthocyanin extracts. One of the 

recently emerging PFSP genotypes, especially in North Carolina, has been the Stokes, 

also known as NC 415. Studies have been conducted to determine the dielectric 

properties of Stokes PFSP using two frequencies (915 MHz and 2450 MHz), but no data 

is available for newer cultivars of PFSPs. Therefore, the goal of the current study was to 

determine and compare the dielectric properties of new cultivars of PFSPs at 915 MHz 

and 2450 MHz for a range of temperature from 23 to 135 °C. 

Materials and Methods  

Sample selection and preparation 

 Six genotypes (NCP-13-0030, NCP-13-0005, NCP-06-0020, NCP-13-0285, NCP-

13-0315, and Stokes) of PFSP were chosen for this study. Samples were provided by 

the NCSU experimental fields of the Sweetpotato Breeding Program (Clinton, NC). 

 Samples were minced using a chopper food processor (Black and Decker 1.5 

cup one-touch chopper, Model No. HC150W, Towson, MD). 

Proximate analysis  

 Proximate analysis of different genotypes of PFSP were conducted according to 

AOAC method (AOAC, 2012). Oven drying at 100 °C for 24 hours was used to 

determine the moisture content (AOAC Official Method – 934.01), a direct ashing 

method of 600 °C for 6 hours was used to analyze the ash content (AOAC Official 
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Method – 942.05). A modified Dumas method was used to determine the protein 

content (Kim, et al., 2017). These analysis were done in triplicates  

Measurement of dielectric properties  

 Dielectric properties of the samples were measured using an open-ended coaxial 

probe (Model HP 85070B, Agilent Technologies, Palo Alto, CA) connected to a network 

analyzer (Model HP 8753C, Agilent Technologies, Palo Alto, CA) as shown in Fig. 1. 

This open-ended coaxial probe is a large diameter probe with an outer diameter (OD) of 

19 mm. Before taking any measurements, it is mandatory to calibrate the instrument by 

placing the probe in air, metal, and de-ionized water at 25 °C (Kumar, 2006). Once the 

calibration is completed, dielectric properties of samples were measured by placing the 

samples in a pressurized cell and heated in an oil bath (Model RTE111, Neslab 

Instruments Inc., Newington, NH) in the temperature range of 23 to 135 °C to determine 

the dielectric properties at a range of temperatures including heating, pasteurization, 

and sterilization level temperatures and at frequencies from 300 to 3000 MHz with an 

increment of 5 MHz.  

Results and Discussion  

Proximate analysis  

 As indicated in Table 1, moisture content and ash content of five genotypes 

ranged from 63.30% to 72.56% and from 0.96% to 4.67%, respectively. Significant 

differences (p < 0.05) were observed among the genotypes with respect to moisture 

content as per Tukey HSD test and the predictive model equation is shown in Eq. 1. 

Further, NCP-13-0285 was significantly different (p < 0.05) from other five genotypes of 

PFSPs and the predictive model equation is shown in Eq. 2. The results obtained were 
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within the range as reported previously for other sweet potato genotypes (Brinley, et al., 

2008). 

% MC = 70.67 – 7.07*C1 - 5.59*C2 – 5.17*C3 + 1.88*C4                                    (1) 

% Ash Content = 4.62 – 3.65*C1 + 4.91*10-2*C2 – 3.49*C3 – 1.66*C4    (2) 

Where, C1 = NCP-06-0020, C2 = NCP-13-0005, C3 = NCP-13-0030, C4 = NCP-13-0285 

 To calculate the % moisture content and % ash content from the equation for C1 

substiute C1 = 1, C2 and C3 = 0. In the similar fashion, we can calculate C2 and C3. 

 Protein content among the new PFSP genotypes were not significantly different 

(3.24 – 4.74%) but were significantly lower than that from Stokes (7.24%). The obtained 

values were in accordance with the previously published results of sweet potatoes (Ji, et 

al., 2015). 

Dielectric Properties  

 Once the dielectric properties of different genotypes of PFSP were measured at 

915 MHz and 2450 MHz, correlations of dielectric properties as a function of 

temperature were developed using polynomial correlations (Xlstat Addinsoft, Paris, 

France) and are presented in Table 2. A decrease in dielectric constant and an increase 

in dielectric loss factor with temperature were observed for all the genotypes. Similar 

trends were seen in previously published data at 915 MHz and 2450 MHz frequencies 

(Coronel, et al., 2008; Kent, 1987; Hasted, 1973). 

a. Dielectric Constants  

Dielectric constants of the six PFSP genotypes decreased with an increase in 

temperature from 22 °C to 135 °C (Tables 3 and 4). The dielectric constant of Stokes 

PFSP was within the range found in a previous study (Steed, et al., 2008). Dielectric 
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constants of the five new PFSPs also decreased with increasing temperature. 

Different trends of dielectric constant were seen in these five genotypes due to 

varying moisture content, with a higher moisture giving a higher dielectric constant 

value. This happens because water being a polar molecule increases the dielectric 

constant as reorientation takes place with the change in electromagnetic polarity 

(Brinley, et al., 2008). The dielectric constants at 915 MHz for PFSP genotypes, 

NCP-13-0030, NCP-13-0005, NCP-06-0020, NCP-13-0285, NCP-13-0315, and 

Stokes were 50.78, 44.94, 58.75, 54.20, 62.44, and 51.97, respectively at 22 °C and 

gradually decreased to 44.71, 42.61, 38.96, 46.21, 49.59, 45.48, respectively at 135 

°C. On the other hand, the dielectric constants at 2450 MHz for the same genotypes 

were 45.85, 40.35, 53.72, 49.98, 57.63, and 46.47, respectively at 22 °C and 

progressively decreased to 41.86, 40.06, 36.46, 43.54, 47.37, and 42.82, 

respectively at 135 °C. Although a decrease in dielectric constant was observed for 

all the six PFSP genotypes at 915 MHz, a significant decrease was observed for 

genotypes – NCP-06-0020 and NCP-13-0315, signifying that these genotypes have 

the ability to absorb and store more of the electromagnetic energy as compared to 

that of the others at the respective frequency. On the other hand, no significant 

decrease of dielectric constant was observed at 2450 MHz for the PFSPs except for 

NCP-06-0020 and NCP-13-0315, indicating high amount of absorbance and storage 

of electromagnetic energy by these two cultivars at 2450 MHz. The reason behind 

the significant decrease of dielectric constant for these two genotypes at two given 

frequencies may be the presence of high amount of simple carbohydrates than 

complex carbohydrates because hydroxyl groups of simple carbohydrates have 
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more availability for hydrogen bonding as compared to that of starches leading to 

significant decrease in dielectric constant. On the other hand, less hydroxyl groups 

are available for reaction with water in complex carbohydrates or starches thereby, 

forming fewer stable hydrogen bonds resulting in no significant decrease in dielectric 

constant (Roebuck et al., 1972). 

   Polynomial correlation equations and R2 describing dielectric constant at 915 

MHz and 2450 MHz as a function of temperature are shown in Table 2.  

b. Dielectric Loss Factors  

The dielectric loss factors of the PFSP genotypes increased with the increase in 

temperature in accordance with the previous literature published for PFSP and 

orange fleshed sweet potatoes (Brinley, et al., 2008; Steed, et al., 2008) and are 

presented in Tables 5 and 6. The increase in dielectric loss factor followed almost 

the same trend cited in previous studies with a sudden decrease in the dielectric loss 

factor around temperature 65-80 °C and then again starting to increase gradually for 

the moisture content range from 63.60% to 70.67% whereas, NCP-13-0285 with 

moisture content of 72.56% increased gradually from 22 °C to 135 °C without any 

decrease within the above mentioned temperature range.   

The dielectric loss factors at 915 MHz for different genotypes – NCP-13-0030, 

NCP-13-0005, NCP-06-0020, NCP-13-0285, NCP-13-0315, and Stokes were 17.84, 

13.53, 14.68, 19.58, 14.77, and 16.76 at 22 °C and gradually increased to 36.41, 

22.99, 30.89, 45.21, 34.34, and 33.67 at 135 °C, respectively. On the other hand, the 

dielectric loss factor was almost constant when measured at a frequency of 2450 

MHz with 14.55, 12.25, 14.29, 15.01, 14.62, and 14.60 at 22 °C and 17.11, 11.86, 
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14.75, 20.12, 15.75, and 15.96 at 135 °C, respectively. There are various principles 

behind dielectric losses including Maxwell-Wagner polarization, ionic conduction, 

dipole, electronic mechanisms. With samples of high moisture (> 25.4%) content 

dipole relaxation comes into picture as seen in this study when the % moisture 

content is greater than 60% (Metaxas and Meredith 1983; Zhu and Guo 2017). 

  After the comparison of dielectric loss factors at 915 MHz and 2450 MHz, it is 

evident that microwave processing may be more efficient at 915 MHz than 2450 

MHz as also cited in previous literature studies of microwave processing (Kumar, et 

al., 2007; Steed, et al., 2008). 

c. Loss Tangent 

There was an increase in loss tangent with increasing temperature from 22 °C to 

135 °C. The loss tangent provides an indication of how well an electrical field can 

penetrate into a material and how well it can dissipate the electrical energy into 

thermal energy.  Therefore, these PFSP genotypes can be efficiently heated by 

microwaves and the values are tabulated in Tables 7 and 8.  

The loss tangents at 915 MHz for different genotypes – NCP-13-0030, NCP-13-

0005, NCP-06-0020, NCP-13-0285, NCP-13-0315, and Stokes were 0.35, 0.30, 

0.25, 0.36, 0.24, 0.32 respectively at 22 °C and these values increased to 0.81, 0.54, 

0.79, 0.98, 0.98, 0.69, and 0.74 respectively at 135 °C. On the other hand, loss 

tangents at 2450 MHz were 0.32, 0.30, 0.27, 0.30, 0.25, and 0.31 at 22 °C and 

increased to 0.41, 0.29, 0.40, 0.46, 0.33, 0.37 at 135 °C, respectively. Furthermore, 

the polynomial equations are shown in Table 2.  
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Conclusions  

 Dielectric properties of different genotypes of PFSP were measured in this study 

at frequencies of 915 MHz and 2450 MHz and represent the first step towards 

developing a database of these properties for the PFSP genotypes which include NCP-

13-0030, NCP-13-0005, NCP-06-0020, NCP-13-0285, and NCP-13-0315. The results 

showed that the genotypes studied followed the trend of decreasing dielectric constants 

and increasing dielectric loss factors with increasing temperature, with differences in 

moisture content causing differences in the magnitude of dielectric properties. Based on 

the results of dielectric property measurements at 915 MHz and 2450 MHz, it is evident 

that microwave processing may be more efficient at 915 MHz as compared to 

processing at 2450 MHz. The results from this study will be very helpful in developing 

continuous microwave assisted heating, pasteurization, and sterilization processes, but 

particularly microwave assisted extraction processing to extract anthocyanins from 

different genotypes of PFSP being analyzed.  
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Table 1: Proximate analysis of purple fleshed sweet potato genotypes 

  Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations of sample as per Tukey HSD 
test (p > 0.05) 
  

Cultivars % Moisture Content % Ash Content % Protein Content  

NCP-13-0285 72.56 ± 0.03a 2.96 ± 0.03b 3.45 ± 0.26b 

NCP-13-0005 65.08 ± 0.14d 4.67 ± 0.28a 4.47 ± 0.24b 

NCP-13-0030 65.50 ± 0.05c 1.12 ± 0.31c 4.00 ± 0.26b 

NCP-06-0020 63.30 ± 0.10e 0.96 ± 0.014c 4.74 ± 0.14b 

Stokes 70.67 ± 0.015b 4.62 ± 0.12a 7.29 ± 1.22a 
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Table 2: Dielectric properties of PFSP as a function of temperature at 915 MHz and  
2450 MHz 

PFSP genotype Polynomial correlations with respect to 
temperature in °C 

R2 

 
NCP-13-0030 

ε’ (915 MHz) = -0.0002T2 - 0.053T + 53.467 0.61 

ε’ (2450 MHz) = -0.0003T2 - 0.0171T + 47.757 0.49 

ε" (915 MHz) = -0.0003T2 + 0.1835T + 14.385 0.68 

ε" (2450 MHz) = 0.0002T2 – 0.0258T + 15.368 0.101 

 
NCP-13-0005 

ε’ (915 MHz) =-3E-05T2 – 0.0201T +46.255 0.23 

ε’ (2450 MHz) = -4E-05T2 + 0.0027T + 40.852 0.0051 

ε" (915 MHz) = -8E-05T2 + 0.0823T + 11.47 0.76 

ε" (2450 MHz) = 0.0002T2 – 0.0352T + 12.729 0.39 

 
NCP-06-0020 

ε’ (915 MHz) = 0.0017T2 -0.4891T + 72.949 0.89 

ε’ (2450 MHz) = 0.0015T2 – 0.4403T + 66.963 0.87 

ε" (915 MHz) = -0.0001T2 + 0.1411T + 11.403 0.74 

ε" (2450 MHz) = 0.0005T2 – 0.0822T + 16.246 0.31 

 
NCP-13-0285 

ε’ (915 MHz) = 9E-05T2 – 0.0799T + 55.863 0.96 

ε’ (2450 MHz) = -1E-05T2 – 0.0479T + 50.803 0.91 

ε" (915 MHz) = 0.0007T2 + 0.1287T + 15.97 0.99 

ε" (2450 MHz) = 0.0006T2 – 0.052T + 15.788 0.98 

 
NCP-13-0315 

ε’ (915 MHz) = -8E-05T2 – 0.0866T + 63.693 0.96 

ε’ (2450 MHz) = -0.0003T2 – 0.0224T + 57.53 0.94 

ε" (915 MHz) = 0.0009T2 + 0.0444T + 12.823 0.99 

ε" (2450 MHz) = 0.0008T2 – 0.1151T + 16.55 0.95 

 
Stokes 

ε’ (915 MHz) = -0.0002T2 – 0.0255T + 52.035 0.93 

ε’ (2450 MHz) = -0.0004T2 + 0.0276T + 45.505 0.85 

ε" (915 MHz) = 5E-06T2 + 0.1267T + 13.646 0.86 

ε" (2450 MHz) = 0.0004T2 – 0.0537T + 15.509 0.33 
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Table 3: Dielectric constant of purple fleshed sweet potatoes at 915 MHz  

Temperature 
(°C) 

NCP-13-0030 NCP-13-
0005 

NCP-06-0020 NCP-13-0285 NCP-13-
0315 

Stokes 

22 50.78 44.94 58.75 54.20 62.44 51.97 
25 50.87 50.87 58.74 54.30 61.96 51.37 
30 51.06 44.60 58.57 53.99 61.63 51.12 
35 51.19 44.57 58.33 53.46 60.79 50.83 
40 51.36 44.50 58.01 52.98 59.92 50.49 
45 51.40 44.37 57.65 52.48 59.34 50.13 
50 51.39 44.26 56.94 51.39 58.41 49.75 
55 51.06 44.14 56.33 51.06 57.74 49.36 
60 50.67 43.88 55.76 50.71 56.93 49.20 
65 50.78 44.42 45.14 50.34 56.53 49.46 
70 50.96 44.94 45.17 50.25 56.64 49.9 
75 51.72 44.79 44.80 50.23 56.73 49.96 
80 51.42 43.87 43.43 50.17 56.49 49.01 
85 49.07 43.49 41.46 49.99 56.33 48.94 
90 41.98 44.77 40.01 49.98 56.50 49.75 
95 41.83 45.38 40.62 49.62 55.91 47.53 

100 43.14 45.65 37.98 49.45 55.14 47.10 
105 43.68 45.51 36.59 49.13 54.17 46.85 
110 45.01 45.02 39.43 48.56 53.56 46.54 
115 45.51 44.32 37.23 47.8 52.89 46.07 
120 45.67 44.07 37.87 47.62 52.21 45.77 
125 45.64 39.55 39.55 47.03 51.49 45.67 
130 44.81 43.05 39.77 46.68 50.69 45.78 
135 44.71 42.61 38.96 46.21 49.59 45.48 



 

107 
 

Table 4: Dielectric constant of purple fleshed sweet potatoes at 2450 MHz 

Temperature (°C) NCP-13-0030 NCP-13-0005 NCP-06-0020 NCP-13-0285 NCP-13-0315 Stokes 

22 45.84 40.35 53.72 49.98 57.63 46.47 

25 45.91 45.91 53.79 49.87 57.13 45.94 

30 46.24 39.67 53.87 49.74 56.98 45.93 

35 46.65 39.83 53.85 49.46 56.57 45.96 

40 47.06 39.94 53.76 49.21 56.01 45.91 

45 47.18 40.01 53.62 48.82 55.58 45.73 

50 47.28 40.03 53.15 47.28 54.92 45.56 

55 47.05 40.01 52.72 47.05 54.37 45.35 

60 46.82 39.97 52.33 47.35 53.68 45.28 

65 46.95 40.59 41.55 47.04 53.42 45.68 

70 47.19 41.14 41.66 46.97 53.64 46.25 

75 47.99 41.01 41.26 46.95 53.85 46.33 

80 47.64 40.12 40.14 46.95 53.73 45.35 

85 45.18 39.87 38.04 46.89 53.71 45.34 

90 38.68 41.30 37.05 47.07 53.99 46.39 

95 38.84 42.12 37.76 46.83 53.46 44.45 

100 40.23 42.47 35.51 46.69 52.78 44.20 

105 40.78 42.41 34.18 46.34 51.86 43.98 

110 42.10 42.04 36.94 45.82 51.21 43.73 

115 42.62 41.51 34.85 45.09 50.53 43.31 

120 42.75 41.28 35.47 44.93 49.89 43.03 

125 42.76 37.07 37.07 44.41 49.18 42.97 

130 41.95 40.44 37.25 44.05 48.45 43.13 

135 41.85 40.06 36.46 43.54 47.37 42.82 
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Table 5: Dielectric loss factor of purple fleshed sweet potatoes at 915 MHz 

Temperature (°C) NCP-13-0030 NCP-13-0005 NCP-06-0020 NCP-13-0285 NCP-13-0315 Stokes 

22 17.84 13.53 14.68 19.58 14.77 16.76 
25 17.93 13.08 14.78 19.37 14.73 16.55 
30 18.35 13.33 14.99 19.88 14.80 16.77 
35 19.51 13.66 15.31 20.77 15.24 17.29 
40 20.97 14.04 15.64 21.73 15.78 17.91 
45 21.84 14.55 16.03 22.79 16.22 18.69 
50 22.73 15.04 17.58 24.02 16.97 19.53 
55 23.99 15.54 18.02 25.17 17.62 20.51 
60 25.36 16.70 18.21 26.69 18.40 21.65 
65 26.69 18.14 24.10 28.02 19.29 23.38 
70 28.46 19.23 25.37 29.52 20.42 25.44 
75 31.24 19.77 26.28 30.84 21.35 26.82 
80 32.95 19.65 25.35 31.77 22.24 26.75 
85 32.83 18.45 22.52 30.90 22.84 25.77 
90 23.78 16.92 20.42 30.79 23.21 23.71 
95 22.28 16.42 20.93 32.74 24.76 22.58 

100 23.45 16.72 20.49 34.52 26.04 23.41 
105 25.33 17.28 20.85 36.21 27.46 24.66 
110 29.35 18.09 24.03 37.74 28.58 25.66 
115 30.79 19.02 23.57 39.40 29.64 27.14 
120 32.43 19.96 25.45 40.99 30.68 28.41 
125 33.88 20.85 28.05 42.89 31.76 29.76 
130 35.30 22.24 29.56 44.58 32.90 31.56 
135 36.41 22.99 30.89 45.21 34.34 33.67 
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Table 6: Dielectric loss factor of purple fleshed sweet potatoes at 2450 MHz 

Temperature (°C) NCP-13-0030 NCP-13-0005 NCP-06-0020 NCP-13-0285 NCP-13-0315 Stokes 

22 14.56 12.25 14.29 15.01 14.62 14.60 
25 14.53 11.87 14.26 14.97 14.44 14.37 
30 14.53 11.74 14.01 14.81 14.16 14.16 
35 14.46 11.57 13.76 14.64 13.54 13.90 
40 14.54 11.46 13.48 14.57 13.06 13.69 
45 14.60 11.34 13.26 14.55 12.78 13.55 
50 14.71 11.27 13.58 14.61 12.53 13.46 
55 14.82 11.24 13.49 14.76 12.40 13.48 
60 15.02 11.25 12.63 14.97 12.30 13.61 
65 15.32 11.57 13.94 15.26 12.34 13.97 
70 15.78 11.85 14.26 15.62 12.53 14.49 
75 16.64 11.93 14.37 15.97 12.68 14.83 
80 17.09 11.71 13.94 16.18 12.84 14.63 
85 16.76 11.26 12.54 15.77 12.87 14.25 
90 12.83 10.81 11.57 15.64 12.88 13.52 
95 12.27 10.59 11.74 16.19 13.21 12.75 

100 12.76 10.61 11.27 16.74 13.5 12.89 
105 13.36 10.66 11.16 17.22 13.84 13.21 
110 14.76 10.76 12.56 17.71 14.12 13.46 
115 15.30 10.91 12.11 18.20 14.38 13.84 
120 15.85 11.11 12.79 18.76 14.68 14.22 
125 16.34 11.34 13.88 19.38 14.99 14.67 
130 16.73 11.66 14.39 19.95 15.33 15.27 
135 17.11 11.86 14.75 20.12 15.75 15.96 
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Table 7: Loss tangent of purple fleshed sweet potatoes at 915 MHz 

Temperature (°C) NCP-13-0030 NCP-13-0005 NCP-06-0020 NCP-13-0285 NCP-13-0315 Stokes 

22 0.35 0.30 0.25 0.36 0.24 0.32 
25 0.35 0.26 0.25 0.36 0.24 0.32 
30 0.36 0.30 0.25 0.37 0.24 0.33 
35 0.38 0.31 0.26 0.38 0.25 0.34 
40 0.41 0.32 0.27 0.41 0.26 0.35 
45 0.42 0.33 0.28 0.43 0.27 0.37 
50 0.44 0.34 0.31 0.47 0.29 0.39 
55 0.47 0.35 0.32 0.49 0.31 0.42 
60 0.50 0.38 0.33 0.53 0.32 0.44 
65 0.53 0.41 0.53 0.56 0.34 0.47 
70 0.56 0.43 0.56 0.58 0.36 0.51 
75 0.60 0.44 0.58 0.61 0.37 0.54 
80 0.64 0.45 0.58 0.63 0.39 0.55 
85 0.67 0.42 0.54 0.62 0.41 0.53 
90 0.57 0.37 0.51 0.62 0.41 0.47 
95 0.53 0.36 0.52 0.66 0.44 0.47 

100 0.54 0.36 0.54 0.69 0.47 0.49 
105 0.58 0.38 0.57 0.74 0.51 0.53 
110 0.65 0.40 0.61 0.77 0.53 0.55 
115 0.67 0.43 0.63 0.82 0.56 0.59 
120 0.71 0.45 0.67 0.86 0.58 0.62 
125 0.74 0.53 0.71 0.91 0.62 0.65 
130 0.78 0.52 0.74 0.95 0.65 0.69 
135 0.81 0.54 0.79 0.98 0.69 0.74 
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Table 8: Loss tangent of purple fleshed sweet potatoes at 2450 MHz 

Temperature (°C) NCP-13-0030 NCP-13-0005 NCP-06-0020 NCP-13-0285 NCP-13-0315 Stokes 

22 0.32 0.30 0.26 0.30 0.25 0.31 
25 0.32 0.26 0.26 0.30 0.25 0.31 
30 0.31 0.29 0.26 0.29 0.25 0.31 
35 0.31 0.29 0.26 0.29 0.24 0.30 
40 0.31 0.28 0.25 0.29 0.23 0.30 
45 0.31 0.28 0.25 0.29 0.23 0.29 
50 0.31 0.28 0.26 0.31 0.23 0.29 
55 0.32 0.28 0.26 0.31 0.23 0.29 
60 0.32 0.28 0.24 0.32 0.23 0.30 
65 0.33 0.28 0.34 0.32 0.23 0.31 
70 0.33 0.28 0.34 0.33 0.23 0.31 
75 0.35 0.29 0.35 0.34 0.24 0.32 
80 0.36 0.29 0.35 0.35 0.24 0.32 
85 0.37 0.28 0.33 0.34 0.24 0.31 
90 0.33 0.26 0.31 0.33 0.24 0.29 
95 0.32 0.25 0.31 0.35 0.25 0.28 

100 0.32 0.25 0.32 0.36 0.26 0.29 
105 0.33 0.25 0.33 0.37 0.27 0.30 
110 0.35 0.26 0.34 0.38 0.27 0.31 
115 0.36 0.26 0.35 0.40 0.28 0.32 
120 0.37 0.27 0.36 0.42 0.29 0.33 
125 0.38 0.31 0.37 0.44 0.31 0.34 
130 0.40 0.28 0.38 0.45 0.32 0.35 
135 0.41 0.29 0.40 0.46 0.33 0.37 
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Figure 1: Schematic diagram of the network analyzer (Adapted from Kumar, 2006) 
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Blanching Affects Color Characteristics of Purple-Fleshed Sweet Potatoes (PFSP) 
Genotypes 
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Abstract 

Blanching is an important  pre-treatment step for processing different fruits and 

vegetables, including purple-fleshed sweet potatoes (PFSP), as it helps in reducing 

microbial load, softening tissues, removing air/oxygen, helping in efficient packaging, 

enhancing the color of green vegetables, and particularly in inactivating the polyphenol 

oxidase (PPO) enzyme which is responsible for browning. L*, a*, and b* values were 

measured using a colorimeter and for unblanched samples of PFSPs, the values were 

in the range of 26.32 to 44.16, 29.30 to 31.53, and -6.15 to 7.62, respectively. On the 

other hand, L*, a*, and b* values for blanched samples of PFSPs ranged from 24.87 to 

31.70, 9.54 to 28.79, and -3.33 to 5.74, respectively. Colorimetric analysis was 

performed after blanching as a pre-treatment because it played a significant role in 

developing a more desirable product by retaining the color and nutrients such as 

anthocyanins which typically undergo time dependent degradation in unblanched 

samples.  

Keywords: Blanching, colorimetric analysis, purple-fleshed sweet potatoes (PFSP), 

anthocyanins, total phenols, polyphenol oxidase (PPO), enzymatic degradation 
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Introduction 

Polyphenol oxidases (PPO) are also referred to as polyphenolases or 

phenolases (Toledo and Aguirre 2017; Knapp 1965). These are enzymes responsible 

for browning of various fruits and vegetables including sweet potatoes (such as orange-

fleshed sweet potatoes and purple-flesed sweet potatoes), potatoes, apples, avocados, 

and bananas. The basic principle behind enzymatic browning is depicted in Figure 1 

and is as follows – PPO enzyme in the presence of molecular oxygen catalyzes the 

oxidation of monophenols and polyphenols resulting in the formation of o-quinones 

(colored compounds) and are also referred to as melanin (Toledo and Aguirre 2017; 

Weemaes, et al. 1999).  

Enzymatic browning is a financial concern in the food industry as it causes 

degradation of polyphenolic compounds (Liu, et al. 2015). Similar degradation issues 

can be seen in purple-fleshed sweet potatoes when they are cut for further processing, 

resulting in rupture of cells and thereby, exposing them to oxygen, which causes 

enzymatic browning (Takenaka, et al. 2006; Liu, et al. 2015). Cutting, bruising or any 

other type of physical impact are also referred to as abiotic stress and this plays a major 

role in affecting the quality and nutritional attributes of PFSP (Peng, et al. 2008). 

Research studies have focused on PFSP because of the high amount of 

anthocyanins present in these storage roots. They have various health benefits 

including antioxidant potential, cancer preventing properties, support for cardiovascular 

system, boosting of the immune system, prevention against inflammation, and anti-

microbial properties (Anbuselvi and Balamurugan 2014). Additionally, they also serve as 

natural colorants in the food industry (Truong, et al. 2010). After cutting, anthocyanins 
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and polyphenol oxidase enzyme come in contact with oxygen, which results in 

enzymatic browning and degradation of anthocyanins and conversion of the intense 

purple color of PFSP into unpleasant brown color (Rawson, et al. 2011). The enzymatic 

browning is undesirable for the process of microwave-assisted extraction of 

anthocyanins as its occurrence will result in the production of brown colored extract of 

anthocyanins. Thus, the samples should be blanched soon after they are cut. 

Blanching is typically a mild thermal pretreatment (approximately 90 °C) to wilt 

vegetables to inactivate polyphenol oxidase enzyme, thereby, inhibiting enzymatic 

degradation of anthocyanins. The other functions of blanching include efficient 

packaging, enhancing drying and rehydration by relaxing the tissue walls so that the 

moisture can enter or escape the walls more rapidly and efficiently, and enhancing the 

color of green vegetables. Though there are different methods of blanching available, 

for this study, induction heated steam blanching was opted to minimize quality losses.  

During microwave-assisted extraction (MAE), unblanched PFSP can result in low 

quality extract of anthocyanins. Therefore, the objective of this study was to understand 

the effect of blanching on enzymatic browning and color preservation of different 

genotypes of PFSPs.  

Materials and Methods 

Purple-fleshed sweet potato genotypes and sample preparation       

Different genotypes of PFSP were obtained from the NCSU experimental fields of 

the Sweetpotato Breeding Program (Clinton, NC) that included NCP-13-0030, NCP-13-

0005, NCP-06-0020, NCP-13-0285, NCP-13-0315, and Stokes. These genotypes were 

stored in a dark environment at a temperature of 20 °C before further analyses. 
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Induction heated steam blanching  

PFSPs were cut into circular slices and then steam blanched at 90 °C for 3 

minutes to inactivate PPO enzyme (Steed and Truong 2008) using the setup shown in 

Figure 2. After blanching, the slices were set aside for 1 minute for cooling before 

colorimetric analysis was conducted.  

Colorimetric analysis  

To determine the effect of blanching on the color of different cultivars of PFSP, 

comparison of change in color of both blanched and unblanched samples was 

conducted. The color of blanched and unblanched slices of different genotypes of PFSP 

was measured using a colorimeter (Konica Minolta CR-300 chroma meter, Japan). The 

color was expressed as L*, a*, and b*, where L* represents lightness (L* = 0 represents 

black and L* = 100 represents white), a* represents red (+) or green (-), and b 

represents yellow (+) or blue (-). Before performing the analysis, the instrument was 

calibrated against a white calibration plate. Readings were taken in triplicates from each 

of the cultivars of PFSP for 20 minutes, with one reading taken per minute for every 

sample.  

Results and Discussion 

The L*, a*, and b* values for unblanched and blanched PFSP are presented in 

Tables 1-6. 

Unblanched L* values vs. blanched L* values 

The range of unblanched and blanched L* values for different genotypes of PFSP 

are shown in Tables 1 and 4. Measurement was conducted in triplicates and one-way 

ANOVA was used to test the interaction of L* value with time. These tests were 
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performed using XLSTAT (Addinsoft, Paris, France). According to the analysis, L* 

values of unblanched samples increased with time whereas, it remained constant for 

blanched samples as anticipated. Unblanched genotypes of PFSP were lightest with L* 

value of 42.32, 34.69, 26.32, 34.70, 35.77, and 33.31 for Stokes, NCP-13-0315, NCP-

06-0020, NCP-13-0005, NCP-13-0030, and NCP-13-0285, respectively and turned 

darker with steam blanching and remained almost constant with time with L* values in 

the range of 30.18, 24.87, 21.57, 22.66, 25.18, and 26.12 for Stokes, NCP-13-0315, 

NCP-06-0020, NCP-13-0005, NCP-13-0030, and NCP-13-0285, respectively. The 

results were in accordance with previous studies (Lin and Brewer 2005; Bhat, Saini, and 

Sharma, 2017). Time had a significant effect on L* values for unblanched samples (p < 

0.001) for NCP-13-0315, NCP-06-0020, and NCP-13-0005, whereas it did not have a 

significant effect (p > 0.001) on L* values for Stokes, NCP-13-0030, and NCP-13-0285 

genotypes. On the other hand, time had a significant effect (p < 0.001) on L* values of 

blanched samples for Stokes PFSP whereas, no significant effect (p > 0.001) was 

observed for other genotypes which included NCP-13-0315, NCP-06-0020, NCP-13-

0005, NCP-13-0030, and NCP-13-0285.  

Unblanched a* values vs. blanched a* values 

The unblanched and blanched a* values for different genotypes of PFSP are 

given in Tables 2 and 5. According to the colorimetric analysis, a* values decreased 

with time and this was in accordance with the studies conducted by Bhat, et al. 2017 

and Song, An, and Kim, 2003 whereas, they were not significantly different for blanched 

samples of different genotypes of PFSP. After cutting a slice of PFSP, the a* value 

(unblanched) for different genotypes Stokes, NCP-13-0315, NCP-06-0020, NCP-13-
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0005, NCP-13-0030, and NCP-13-0285 were 32.70, 29.30, 35.12, 35.53, 39.04, and 

35.36 whereas, those for blanched samples were 24.41, 24.45, 23.05, 9.54, 29.17, and 

21.43, respectively. a* values for unblanched samples were significantly affected (p < 

0.001) by time for all cultivars of PFSP. On the other hand, a* values of blanched 

samples were significantly affected with time (p < 0.001) for NCP-13-0315 and NCP-13-

0005 whereas, a* values were not affected significantly (p > 0.001) for Stokes, NCP-06-

0020, NCP-13-0030, and NCP-13-0285.  

Unblanched b* values vs. blanched b* values 

Tables 3 and 6 show b* values for unblanched and blanched samples of different 

genotypes of PFSP. b* values decreased for unblanched genotypes of PFSP as cited in 

previous literature (Lin and Brewer 2005), while b* values of the blanched genotypes 

remained constant. Once the enzymes were inactivated the b* value remained constant 

as a function of time for the duration of the colorimetric analysis. b* values for all the 

unblanched genotypes of PFSP were significantly dependent (p < 0.001) on time. On 

the other hand, for blanched samples, time did not have a significant effect (p > 0.001) 

on b* values for NCP-13-0315, NCP-06-0020, NCP-13-0005, NCP-13-0030, and NCP-

13-0285, while it had a significant effect on Stokes PFSP.  

Conclusions  

Blanching is a pre-treatment process which helps in the inactivation of polyphenol 

oxidase (PPO). For this study, blanching was performed at a temperature of 90 °C for 3 

minutes. Blanching if not done adequately and in a timely manner can result in high 

economic losses to the food industry. This study has shown that blanching can help 

minimize the degradation of color of PFSP by maintaining the L*, a*, and b* values of 



 

120 
 

PFSP via inhibition of enzymatic degradation and would result in more desirable product 

in terms of color and appearance.  
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           Table 1: L* values of unblanched slice of different cultivars of PFSP  

Time (min) Stokes    NCP-13-0315 NCP-06-0020 NCP-13-0005 NCP-13-0030 NCP-13-0285 

0 42.32 ± 0.43 34.69 ± 1.09 26.32 ± 0.82 34.70 ± 0.39 35.77 ± 1.37 33.31 ± 1.38 
1 42.28 ± 2.63 33.43 ± 0.23 26.35 ± 0.97 32.47 ± 1.11 36.45 ± 1.53 31.87 ± 1.43 
2 41.00 ± 1.69 33.61 ± 0.42 27.42 ± 0.99 32.57 ± 1.34 34.97 ± 2.57 32.10 ± 0.46 
3 40.99 ± 1.73 33.50 ± 1.20 27.36 ± 1.24 31.81 ± 0.84 35.94 ± 2.84 31.73 ± 2.61 
4 41.08 ± 1.73 35.09 ± 1.33 27.09 ± 0.65 32.97 ± 1.20 35.65 ± 2.57 32.20 ± 3.46 
5 42.23 ± 2.34 34.29 ± 1.44 28.08 ± 0.84 31.99 ± 2.21 35.89 ± 1.40 32.09 ± 3.77 
6 43.09 ± 0.99 35.52 ± 2.24 28.25 ± 0.69 33.51 ± 2.31 37.19 ± 0.91 32.75 ± 0.91 
7 41.63 ± 0.56 35.48 ± 2.06 28.49 ± 1.47 32.18 ± 1.06 36.08 ± 2.03 32.00 ± 0.95 
8 40.64 ± 0.68 34.95 ± 1.59 29.06 ± 1.03 33.08 ± 1.59 37.50 ± 2.52 32.86 ± 2.92 
9 41.77 ± 1.12 35.35 ± 0.62 28.97 ± 1.27 31.95 ± 0.73 36.42 ± 3.03 32.46 ± 2.76 
10 42.51 ± 1.56 36.77 ± 1.37 29.27 ± 0.62 33.64 ± 1.69 38.03 ± 3.49 33.44 ± 1.33 
11 40.68 ± 1.39 37.50 ± 0.48 29.32 ± 1.91 33.44 ± 1.24 37.05 ± 4.07 33.51 ± 2.25 
12 42.58 ± 2.87 36.54 ± 1.11 29.78 ± 2.05 34.87 ± 1.99 37.91 ± 3.29 32.82 ± 1.96 
13 44.48 ± 1.24 35.77 ± 1.45 30.39 ± 1.78 34.36 ± 1.10 37.21 ± 3.37 33.25 ± 1.54 
14 43.35 ± 0.19 36.15 ± 0.46 30.51 ± 1.96 34.50 ± 1.13 37.53 ± 2.19 34.59 ± 1.41 
15 44.31 ± 2.52 37.26 ± 0.81 30.79 ± 1.70 34.24 ± 1.43 36.82 ± 2.39 34.68 ± 1.55 
16 44.63 ± 2.44 36.84 ± 1.79 31.17 ± 2.04 35.71 ± 1.80 36.92 ± 1.75 34.16 ± 1.08 
17 42.18 ± 0.60 36.04 ± 2.42 31.37 ± 1.99 33.83 ± 0.98 36.75 ± 0.41 33.44 ± 1.55 
18 42.71 ± 1.91 35.91 ± 2.28 32.15 ± 0.82 34.33 ± 1.54 39.81 v 3.12 34.19 ± 1.15 
19 44.16 ± 0.94 36.81 ± 0.66 32.51 ± 2.02 35.28 ± 1.43 38.43 ± 4.19 34.33 ± 0.75 

        Data are expressed as mean ± SD* of triplicates.  
        *SD = Standard Deviation  
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          Table 2: a* values for unblanched slices of different cultivars of PFSP 

Time (min) Stokes NCP-13-0315 NCP-06-0020 NCP-13-0005 NCP-13-0030 NCP-13-0285 

0 32.70 ± 1.26 29.30 ± 1.62 35.12 ± 2.06 35.53 ± 1.26 39.04 ± 0.43 35.36 ± 0.62 

1 30.49 ± 0.46 27.60 ± 0.92 30.40 ± 0.35 28.41 ± 2.11 36.17 ± 0.96 33.02 ± 0.25 

2 29.98 ± 0.41 25.42 ± 2.08 28.13 ± 1.27 26.31 ± 1.16 35.14 ± 0.43 32.51 ± 0.15 

3 29.93 ± 0.53 25.97 ± 1.32 28.37 ± 0.97 24.15 ± 0.69 34.09 ± 1.12 31.21 ± 1.02 

4 29.13 ± 0.67 26.18 ± 0.72 27.21 ± 0.81 24.30 ± 1.45 34.08 ± 0.74 31.17 ± 1.65 

5 28.72 ± 0.55 26.20 ± 2.35 28.33 ± 1.37 22.69 ± 1.46 33.44 ± 1.16 30.11 ± 1.50 

6 28.51 ± 0.53 24.45 ± 1.95 27.09 ± 1.66 22.93 ± 1.87 32.76 ± 0.91 30.00 ± 0.61 

7 28.60 ± 0.43 26.72 ± 1.58 27.73 ± 1.47 21.23 ± 0.65 33.42 ± 0.33 28.64 ± 0.49 

8 28.49 ± 0.35 24.64 ± 0.66 25.64 ± 0.84 22.12 ± 1.36 32.71 ± 1.44 29.30 ± 1.61 

9 27.98 ± 0.48 26.55 ± 1.69 27.29 ± 1.41 21.00 ± 0.71 32.96 ± 0.48 28.22 ± 1.53 

10 28.06 ± 0.64 26.06 ± 0.85 25.60 ± 1.54 22.14 ± 1.69 32.03 ± 1.37 28.88 ± 1.37 

11 28.08 ± 0.67 25.40 ± 1.65 27.07 ± 1.50 20.87 ± 0.55 32.37 ± 0.10 28.24 ± 1.15 

12 27.46 ± 0.52 24.32 ± 1.70 25.88 ± 1.88 21.50 ± 1.09 32.18 ± 0.49 28.42 ± 1.08 

13 26.87 ± 0.66 25.68 ± 0.68 26.78 ± 1.45 20.53 ± 0.59 32.55 ± 0.11 27.64 ± 0.99 

14 27.58 ± 0.34 25.96 ± 0.04 26.06 ± 1.51 21.15 ± 0.88 32.19 ± 0.68 28.52 ± 1.32 

15 26.99 ± 0.41 25.89 ± 1.19 26.44 ± 1.27 20.10 ± 0.71 32.20 ± 0.40 28.41 ± 0.62 

16 26.99 ± 0.85 24.65 ± 2.16 25.23 ± 1.91 20.59 ± 1.08 31.80 ± 0.86 27.44 ± 1.20 

17 27.59 ± 0.48 23.19 ± 0.82 26.50 ± 1.46 19.65 ± 0.25 32.20 ± 0.40 26.65 ± 0.71 

18 26.82 ± 0.37 23.39 ± 1.91 24.45 ± 1.47 20.48 ± 1.26 31.53 ± 0.92 27.36 ± 0.99 

19 26.69 ± 0.59 24.95 ± 1.63 25.20 ± 1.24 19.72 ± 0.52 31.53 ± 0.59 27.04 ± 1.20 

        Data are expressed as mean ± SD* of triplicates.  
        *SD = Standard Deviation   
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        Table 3: b* values for unblanched slices of different cultivars of PFSP 

Time 
(min) 

Stokes NCP-13-0315 NCP-06-0020 NCP-13-0005 NCP-13-0030 NCP-13-0285 

0 -1.48 ± 1.18 5.06 ± 1.22 -3.54 ± 1.10 -2.51 ± 0.91 -9.01 ± 0.66 -6.15 ± 0.74 

1 0.10 ± 0.81 6.04 ± 1.65 0.16 ± 0.43 1.63 ± 0.35 -5.41 ± 1.27 -5.39 ± 0.29 

2 0.71 ± 0.25 6.05 ± 1.71 1.39 ± 0.28 2.81 ± 0.83 -5.01 ± 1.08 -5.42 ± 0.65 

3 1.12 ± 0.27 7.15 ± 0.65 1.94 ± 0.015 3.79 ± 0.46 -3.25 ± 1.50 -4.68 ± 0.80 

4 1.56 ± 0.37 6.54 ± 1.12 2.47 ± 0.23 4.28 ± 0.26 -3.05 ± 0.75 -4.95 ± 0.84 

5 1.59 ± 0.26 7.00 ± 1.43 2.34 ± 0.37 4.59 ± 0.89 -1.75 ± 0.47 -3.91 ± 0.76 

6 1.85 ± 0.19 7.38 ± 0.87 2.81 ± 0.56 4.44 ± 0.16 -0.88 ± 0.34 -3.92 ± 0.13 

7 2.23 ± 0.46 7.75 ± 0.47 2.82 ± 0.53 5.87 ± 0.16 -1.73 ± 0.83 -2.84 ± 0.06 

8 2.56 ± 0.18 7.21 ± 1.06 3.56 ± 0.35 5.60 ± 0.25 -1.38 ± 0.11 -3.51 ± 0.63 

9 2.59 ± 0.06 7.18 ± 0.80 3.08 ± 0.38 6.29 ± 0.60 -1.69 ± 0.56 -2.46 ± 0.44 

10 2.56 ± 0.13 7.76 ± 0.31 3.76 ± 0.69 6.07 ± 0.45 -0.85 ± 0.38 -3.01 ± 0.69 

11 2.83 ± 0.36 7.55 ± 0.25 3.45 ± 0.71 6.14 ± 0.66 -1.35 ± 0.57 -2.97 ± 0.18 

12 3.07 ± 0.19 6.82 ± 0.95 3.87 ± 0.61 5.49 ± 0.67 -0.99 ± 0.60 -3.43 ± 1.00 

13 3.11 ± 0.36 7.68 ± 0.37 3.40 ± 0.64 6.27 ± 0.63 -0.95 ± 0.37 -2.07 ± 0.25 

14 2.79 ± 0.17 7.58 ± 0.35 3.71 ± 0.56 6.30 ± 0.86 -1.09 ± 0.28 -3.09 ± 0.25 

15 2.97 ± 0.68 7.67 ± 0.36 3.60 ± 0.62 6.45 ± 1.01 -0.97 ± 0.62 -2.54 ± 0.16 

16 2.94 ± 0.61 8.25 ± 0.79 3.93 ± 0.67 6.22 ± 0.67 -0.72 ± 0.21 -1.72 ± 0.62 

17 3.33 ± 0.33 7.99 ± 0.72 3.61 ± 0.33 7.54 ± 0.79 -1.02 ± 0.66 -1.68 ± 0.06 

18 3.48 ± 0.31 8.87 ± 0.38 4.47 ± 0.68 7.46 ± 1.03 -0.46 ± 0.44 -2.15 ± 0.53 

19 3.42 ± 0.22 7.62 ± 0.89 4.00 ± 0.58 6.65 ± 0.69 -0.45 ± 0.39 -1.14 ± 0.37 

        Data are expressed as mean ± SD* of triplicates. 
        *SD = Standard Deviation 
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           Table 4: L* values of blanched slice of different cultivars of PFSP  

Time (min) Stokes NCP-13-0315 NCP-06-0020 NCP-13-0005 NCP-13-0030 NCP-13-0285 

0 30.18 ± 0.68  24.87 ± 0.73 21.57 ± 1.18 22.66 ± 0.76  25.18 ± 1.4 26.12 ± 2.46 
1 30.18 ± 0.63 26.21 ± 0.59 22.39 ± 1.34 23.04 ± 0.90 24.18 ± 0.96 28.90 ± 0.45 
2 30.41 ± 0.84 26.17 ± 1.15 22.01 ± 1.01 23.56 ± 0.92 26.26 ± 1.01 29.15 ± 1.27 
3 30.69 ± 0.52 27.71 ± 0.78 21.64 ± 1.36 23.91 ± 0.58 25.26 ± 0.97 29.65 ± 0.62 
4 30.96 ± 0.56 27.38 ± 0.98 22.14 ± 0.95 23.69 ± 0.80 26.24 ± 0.77 30.27 ± 1.14 
5 30.60 ± 0.34 27.20 ± 0.43 21.44 ± 0.94 23.82 ± 0.64 25.10 ± 0.67 30.45 ± 1.15 
6 31.29 ± 0.31 26.46 ± 1.33 21.66 ± 1.11 23.84 ± 1.03 25.73 ± 0.88 30.50 ± 0.91 
7 31.18 ± 0.48 27.39 ± 2.39 21.32 ± 0.92 23.70 ± 1.26 25.01 ± 1.61 29.89 ± 1.22 
8 31.38 ± 0.23 26.07 ± 1.55 22.22 ± 0.58 23.35 ± 1.26 25.97 ± 1.71 29.77 ± 1.49 
9 31.30 ± 0.43 26.64 ± 2.15 20.94 ± 0.64 24.00 ± 0.68 24.20 ± 0.92 30.07 ± 1.30 

10 31.15 ± 0.44 27.62 ± 1.12 21.96 ± 0.58 24.16 ± 0.58 25.76 ± 1.33 28.72 ± 1.34 
11 31.62 ± 0.57 27.16 ± 0.55 21.30 ± 0.58 23.62 ± 1.12 24.56 ± 1.55 29.12 ± 0.24 
12 31.24 ± 0.13 27.66 ± 0.68 21.40 ± 0.67 23.53 ± 1.05 25.98 ± 1.07 28.38 ± 1.47 
13 31.37 ± 0.31 26.47 ± 1.95 21.22 ± 1.04 24.01 ± 0.64 24.36 ± 1.38 29.00 ± 0.38 
14 31.26 ± 0.19 26.95 ± 1.99 21.94 ± 0.48 24.10 ± 0.51 26.23 ± 1.03 29.59 ± 1.09 
15 31.60 ± 0.44 26.54 ± 1.88 21.18 ± 0.47 24.01 ± 0.59 25.14 ± 2.19 29.77 ± 0.90 
16 31.42 ± 0.16 26.95 ± 1.87 21.44 ± 0.62 23.80 ± 0.31 26.49 ± 0.98 28.64 ± 2.35 
17 31.69 ± 0.28 26.37 ± 1.48 21.11 ± 0.84 23.72 ± 0.11 25.03 ± 2.88 29.58 ± 0.91 
18 31.66 ± 0.35 27.19 ± 2.06 21.69 ± 0.66 24.03 ± 0.21 26.16 ± 1.57 29.01 ± 1.63 
19 31.70 ± 0.27 27.00 ± 1.44 21.46 ± 0.53 23.80 ± 0.19 24.95 ± 1.24 29.61 ± 0.83 

           Data are expressed as mean ± SD* of triplicates.  
           *SD = Standard Deviation  
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           Table 5: a* values of blanched slice of different cultivars of PFSP  

           Data are expressed as mean ± SD* of triplicates 
           *SD = Standard Deviation 

Time (min) Stokes NCP-13-0315 NCP-06-0020 NCP-13-0005 NCP-13-0030 NCP-13-0285 

0 24.41 ± 1.27 24.45 ± 1.08 23.05 ± 1.96 9.54 ± 0.26 29.17 ± 1.54 21.43 ± 1.20 
1 24.90 ± 0.73 21.44 ± 1.51 25.63 ± 1.84 9.11 ± 0.92 29.11 ± 0.61 21.45 ± 0.99 
2 25.09 ± 0.28 21.11 ± 1.65 25.05 ± 2.01 10.10 ± 0.48 29.85 ± 1.38 21.34 ± 0.89 
3 24.70 ± 0.65 21.06 ± 1.84 25.36 ± 2.41 10.08 ± 1.44 29.71 ± 0.69 20.98 ± 0.38 
4 24.84 ± 0.40 20.53 ± 1.35 24.11 ± 1.25 10.94 ± 0.58 30.26 ± 0.09 21.69 ± 0.35 
5 24.69 ± 0.15 19.72 ± 1.05 24.75 ± 1.95 9.77 ± 0.73 29.30 ± 1.40 21.61 ± 1.06 
6 24.99 ± 0.34 19.72 ± 0.28 24.39 ± 1.24 10.82 ± 0.85 29.22 ± 1.63 21.51 ± 0.76 
7 24.62 ± 0.66 20.00 ± 0.86 23.89 ± 1.53 10.60 ± 0.71 30.04 ± 0.99 21.21 ± 0.56 
8 25.08 ± 0.46 20.43 ± 0.63 23.97 ± 1.31 11.05 ± 0.36 29.73 ± 0.86 21.33 ± 0.68 
9 25.01 ± 0.59 20.21 ± 1.03 23.19 ± 3.06 10.79 ± 0.89 29.16 ± 1.28 21.50 ± 0.76 

10 24.72 ± 0.62 19.84 ± 1.02 24.45 ± 2.24 11.96 ± 0.18 29.50 ± 1.43 20.93 ± 1.17 
11 25.28 ± 0.33 19.78 ± 0.81 24.56 ± 1.24 10.85 ± 0.90 29.21 ± 0.75 21.01 ± 0.64 
12 24.61 ± 0.23 19.44 ± 1.46 24.96 ± 1.37 11.02 ± 0.71 29.62 ± 0.48 20.66 ± 0.94 
13 24.63 ± 0.09 19.75 ± 0.69 24.91 ± 2.09 11.28 ± 0.86 28.71 ± 1.33 21.16 ± 0.82 
14 24.56 ± 0.24 19.68 ± 0.78 23.87 ± 0.65 11.96 ± 0.36 29.67 ± 1.73 21.17 ± 0.64 
15 24.70 ± 0.33 20.22 ± 0.83 23.87 ± 3.03 11.13 ± 1.02 29.44 ± 1.53 21.35 ± 0.81 
16 24.44 ± 0.19 20.22 ± 0.55 23.64 ± 1.88 10.92 ± 0.86 29.83 ± 1.14 20.99 ± 1.17 
17 24.51 ± 0.39 20.17 ± 0.85 23.29 ± 2.93 11.27 ± 1.02 28.28 ± 1.82 21.16 ± 0.49 
18 24.53 ± 0.44 19.71 ± 0.97 23.50 ± 1.24 11.90 ± 0.57 29.47 ± 1.57 20.99 ± 0.78 
19 24.61 ± 0.38 19.79 ± 0.68 24.51 ± 1.21 11.48 ± 0.28 28.79 ± 0.31 21.28 ± 0.42 
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           Table 6: b* values of blanched slice of different cultivars of PFSP  

Time (min) Stokes NCP-13-0315 NCP-06-0020 NCP-13-0005 NCP-13-0030 NCP-13-0285 

0 -2.38 ± 0.31 4.65 ± 1.02 -3.33 ± 0.82 -0.65 ± 0.07 -1.29 ± 0.47 0.55 ± 0.44 

1 -2.39 ± 0.17 5.43 ± 0.82 -3.62 ± 0.91 -0.72 ± 0.17 -1.63 ± 0.71 0.62 ± 0.58 

2 -2.54 ± 0.12 5.35 ± 1.02 -3.89 ± 0.66 -1.00 ± 0.14 -1.70 ± 0.72 0.83 ± 0.37 

3 -2.64 ± 0.06 5.45 ± 0.74 -3.87 ± 1.06 -0.97 ± 0.23 -1.70 ± 0.59 0.65 ± 0.12 

4 -2.66 ± 0.02 5.51 ± 0.90 -4.42 ± 0.71 -1.06 ± 0.18 -1.83 ± 0.48 0.73 ± 0.09 

5 -2.49 ± 0.34 5.75 ± 0.75 -4.09 ± 0.98 -0.62 ± 0.18 -2.12 ± 0.94 0.83 ± 0.46 

6 -2.85 ± 0.06 5.28 ± 1.60 -4.34 ± 0.79 -0.99 ± 0.57 -2.69 ± 0.48 0.69 ± 0.57 

7 -3.02 ± 0.11 5.32 ± 1.74 -4.25 ± 0.54 -0.80 ± 0.35 -2.77 ± 0.43 0.39 ± 0.17 

8 -3.05 ± 0.09 5.35 ± 1.39 -4.92 ± 0.30 -1.21 ± 0.61 -2.62 ± 0.37 0.53 ± 0.25 

9 -3.12 ± 0.16 5.61 ± 1.70 -4.33 ± 0.94 -0.83 ± 0.35 -3.08 ± 0.42 0.78 ± 0.34 

10 -3.29 ± 0.10 5.83 ± 1.56 -4.41 ± 0.65 -1.24 ± 0.20 -2.43 ± 1.00 0.61 ± 0.45 

11 -3.14 ± 0.07 5.44 ± 1.17 -4.57 ± 0.77 -0.86 ± 0.24 -2.00 ± 0.57 0.50 ± 0.04 

12 -3.22 ± 0.11 6.50 ± 0.93 -4.69 ± 0.62 -1.07 ± 0.48 -2.53 ± 0.76 0.47 ± 0.15 

13 -3.21 ± 0.10 5.77 ± 2.00 -4.36 ± 1.03 -0.87 ± 0.47 -2.32 ± 0.96 0.65 ± 0.08 

14 -3.35 ± 0.13 5.56 ± 1.73 -5.02 ± 0.44 -1.26 ± 0.28 -2.78 ± 0.72 0.44 ± 0.32 

15 -3.34 ± 0.07 5.58 ± 1.44 -4.42 ± 0.84 -1.21 ± 0.50 -2.11 ± 0.52 0.78 ± 0.21 

16 -3.43 ± 0.05 5.62 ± 1.43 -4.61 ± 0.54 -1.20 ± 0.74 -2.26 ± 0.67 0.51 ± 0.43 

17 -3.46 ± 0.15 5.20 ± 1.84 -4.09 ± 0.71 -0.78 ± 0.53 -2.11 ± 0.80 0.46 ± 0.21 

18 -3.45 ± 0.05 5.84 ± 2.35 -4.60 ± 0.47 -1.19 ± 0.27 -2.37 ± 0.77 0.51 ± 0.30 

19 -3.53 ± 0.16 5.74 ± 1.91 -4.77 ± 0.60 -0.95 ± 0.26 -2.44 ± 1.12 0.70 ± 0.27 

           Data are expressed as mean ± SD* of triplicates. 
           *SD = Standard Deviation  
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Figure 1: Enzymatic browning catalyzed by PPO enzyme (Adapted from Ding, et al. 

2002) 
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Figure 2: Induction heated steam blanching  
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MANUSCRIPT 3 

Microwave Assisted Extraction (MAE) and Concentration of Anthocyanins from 
Purple-Fleshed Sweet Potatoes (PFSP) 
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Abstract 

Purple-fleshed sweet potatoes (PFSP) have a high amount of anthocyanins and 

polyphenolic compounds in their storage roots. These anthocyanins have various health 

benefits and serve as natural colorants. Microwave-assisted extraction (MAE) of Stokes 

PFSP was followed with concentration by vacuum evaporation using induction heating. 

The extraction was an environment and consumer friendly process because water 

(instead of chemicals) was used as a solvent in the extraction process. The optimized 

time-temperature combination used for the extraction of anthocyanins and total phenols 

for a 1:1 material to solvent (water) ratio was 100 °C for 9 minutes with blanching as a 

pre-treatment step. The total phenols and anthocyanins extracted from PFSP at the 

optimized time-temperature combination of 100 °C for 9 minutes were 279.56 mg and 

20.87 mg per 100 grams fresh weight (fw) of sample, respectively with an extraction 

efficiency of 70.12 % of total phenols and 31.38 % of total anthocyanins. Increased 

concentration to 2X yielded 555.85 and 38.69 mg per 100 g fw and at 5X yielded 

1124.17 mg and 77.37 mg per 100 g fw of total phenolic and total anthocyanin content, 

respectively. These extracts offer a means of incorporation into foods and beverages as 

natural colorants and/or to promote health benefits. 

Keywords: Microwave-assisted extraction, induction heated evaporation process, 

anthocyanins, purple-fleshed sweet potatoes, superfoods 
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Introduction  

“Anthocyanins” are referred to as “secondary metabolites” and are derived from 

the Greek words anthos meaning “flower” and kyanous meaning “dark blue”. These are 

water-soluble pigments which can vary in their color – red, blue or purple depending on 

the pH. Under low pH conditions, anthocyanins appear as red in color, while under high 

pH conditions, they appear blue in color (Bridgers, et al., 2010; Montilla, et al., 2010; 

Valls, et al., 2009). 

Purple-fleshed sweet potatoes (PFSP) have an intense and rich purple color in 

their skin and flesh of the storage roots due to accumulation of anthocyanins (Philpott, 

et al., 2003; Terahara, et al., 2004). The main anthocyanins found in PFSPs include 

cyanidin and peonidin (He, et al., 2016). The major reason for the development of PFSP 

were for their use as natural colorants as they exhibit different colors at different pH 

levels – orange-red at pH 1 and mustard yellow at pH 13. They are now gaining 

popularity as a dietary source of anthocyanins as they are considered “superfoods” with 

various health benefits. These benefits include helping to treat oral infections and 

inflammatory diseases, having anti-cancer potential and anti-ulcer potential, boosting 

the immune system and protecting the cardiovascular system (Anbuselvi and 

Balamurugan, 2014; Steed, 2007).  

 Soxhlet extraction has been replaced by several faster extraction techniques 

more suitable for heat sensitive materials and with less extract degradation. Previously, 

we found that MAE could successfully extract total anthocyanins from purple fleshed 

sweet poatoes. In this study, water was used as a solvent with microwave-assisted 
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extraction (MAE) to eliminate the use of chemical solvents and decrease the extraction 

time (Liazid, et al., 2007). 

 Microwaves are nonionizing electromagnetic waves with frequency ranging 

between 300 MHz and 300 GHz. Microwave radiation has the ability to heat materials 

by penetrating into the material and dissipating heat in them (Kumar, 2006). 

There are several steps involved in extraction as follows: 1) penetration of the 

solvent into the solid matrix; 2) solubilization and/or breakdown of components; 3) 

transport of the solute out of the solid matrix; 4) migration of the extracted solute from 

the external surface of the solid into the bulk solution; 5) separation and discharge of the 

extract and solid (Aguilera, 2003). 

The objective of this study was to optimize the extraction of anthocyanins and 

phenols from the Stokes PFSP (with and without blanching) using an optimized material 

to solvent ratio and time-temperature combination, with water as the solvent. The 

second objective was to concentrate the extract using induction heating followed by 

vacuum evaporation.  

Materials and Methods  

Sample selection and preparation  

  Stokes PFSP was purchased from the Farmers market (Raleigh, NC) and 

stored in a dark room under ambient conditions before the extraction process. The pH, 

moisture content, and ash content were determined to be 6.25, 70.67% and 4.62%, 

respectively. PFSP were cut into cubes using a Hobart food processor (Model No. 

FP150, made for Hobart by Hallde, Sweden). To study the effect of blanching as a pre-

treament step samples were divided into two batches, consisting of blanched and 
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unblanched samples. Blanched material was held at 90 °C for 3 minutes (Steed and 

Truong, 2008) to inactivate polyphenol oxidase which would otherwise cause browning. 

Both samples were subjected to a similar extraction process to assess the importance 

of blanching.   

A batch microwave oven (Model No. SD767W, 2450 MHz, 1200 Watts, 

Panasonic USA, Newark, NJ) was used along with fiber optics microwave work station 

(Fiso Technologies, Quebec, Canada) and MARS 6 microwave digestion system (CEM, 

Matthew, NC)  to extract total phenols and anthocyanins from Stokes PFSP.  

Chemicals 

 Chlorogenic acid and Folin-Ciocalteau (FC) phenol reagents were purchased 

from Sigma-Aldrich (St. Louis, MO). All other chemicals (sodium carbonate, potassium 

chloride, and sodium acetate) used were of analytical grade (Fisher Scientific, 

Suwanee, GA). 

Microwave-assisted extraction process  

Material to solvent ratios of 1:1 and 1:10 were used for the extraction of 

anthocyanins and total phenolics (Figure 2). Hundred grams of blanched sample was 

weighed and placed in 300 ml pyrex bottle. Hundred mililiters of water was added to the 

bottle. The extraction process was then initiated at different time-temperature 

combinations based on data from literature (Lemmens, et al., 2010; Dutta, et al., 2006). 

Extraction was followed by filtration of the extract from the solid material using a 0.25 

inch fine mesh strainer (Winco DWL International, New Jersey, USA). Additionally, the 

extract was centrifuged at 5000 rpm for 10 minutes using a centrifuge (Thermo Fisher 

Scientific Sorvall legend XTR, Waltham, MA). Furthermore, the supernatant of the 
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extract was transferred to 50 ml amber colored disposable conical test tubes 

(Thermoscientific, New Jersey, USA) and stored at -20 °C before further analyses.  

Concentration of phenols and anthocyanins using induction heated vacuum evaporation 

(IHVE) 

The components involved in assembling an IHVE includes Rotavapor R-215, 

vacuum controller V-855, and vacuum pump V-700 (BUCHI Corporation, New Castle, 

DE). A high power commercial induction cooker (Puda Electrical Appliance, Model – 

HZD 5KW-PX, Guangdong, China) and modified pressure cooker were used for 

heating. Tap water was used as a cooling agent in the condensation tube (Figure 3).  

 Five hundred mililiters of the extract was used for the concentration process 

under 150 mbar vacuum and lowest power level (to reduce the chance of uncontrollable 

boiling of the extract) using the high power commercial induction heater and modified 

pressure cooker. Batches of concentrates (2X, 3X, 4X, and 5X) were prepared in 

triplicates and collected in 50 ml amber colored conical centrifuge tubes and stored at -

20 °C for further analyses.  

Quantification of total phenolic content 

 Total phenolic content was determined using the Folin-Ciocalteu method as 

modified by Singleton et al. (1999). Each sample or standard of chlorogenic acid (0.25 

ml) was diluted with 4 ml dionized water. A 0.25 ml aliquot of Folin-Ciocalteau reagent 

was added to the samples or standards and allowed to react for 3 minutes. Half a ml of 

1 N sodium carbonate solution was added and the mixture was incubated for an hour at 

room temperature. Absorbance was measured at 725 nm using spectrophotometer 

(Cary 300 UV-Vis, Agilent Technologies, Santa Clara, CA). A solution containing 4.25 
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ml distilled water, 0.25 ml of 0.25 N FC reagent, and 0.5 ml of 1N sodium carbonate was 

used as the blank solution. The total phenolic content was reported as mg chlorogenic 

acid equivalents per 100 gm sweet potatoes (mg CAE/100 g sweet potatoes). 

Quantification of total anthocyanin content 

Total anthocyanin content was measured by the pH-differential method as 

described by Giusti and Wrolstad (2001). Samples were diluted with two different 

solutions having different pH values – potassium chloride (0.025 M) at pH 1.0 and 

sodium acetate (0.4M) at pH 4.5. Samples were diluted to yield an absorbance at a 

wavelength of 530 nm within the linear range of spectrophotometer (<1.2) and a water 

blank was used. 

The absorbance was measured at two wavelengths – 530 nm and 700 nm. The 

difference in absorbance between pH 1.0 and 4.5 samples was calculated. 

A = (A530nm – A700nm)pH 1.0 – (A530nm – A700nm)pH 4.5 

The monomeric anthocyanin pigment concentration (mg/liter) was calculated as 

follows: 

Monomeric anthocyanin pigment (mg/liter) = (A x MW x DF x 1000)/(E x I)  

Here, MW is the molecular weight of cyanidin-3-glucoside (449.2 g/mol), DF is the 

dilution factor, I is the path length, and E is the extinction coefficient (26900). The total 

monomeric anthocyanin content was reported as mg/100 g of sweet potatoes. 

Statistical Analysis  

 The experiment was conducted with three replicates and a two-way ANOVA was 

used to test the interaction of material to solvent ratio with time-temperature 

combinations. Group differences were evaluated using Tukey HSD test with p < 0.05 
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considered to be statistically significant difference. These tests were performed using 

JMP Statistical Analysis System (SAS Institute Inc., Cary, NC). 

Results and Discussion  

Total phenolic content   

The initial total phenolic content of Stokes PFSP was 398.68 mg per 100 grams 

fw, similar to that reported by Truong et al. (2012).  Total phenolic content of 

unblanched and blanched samples were in the range of 251.93 mg to 394.18 mg CAE 

per 100 grams of  fw of sample, respectively (Table 2) and these values were much 

higher than those cited for orange-fleshed sweet potatoes (57.1-101.4 mg per 100 

grams of sample) (Truong, et al., 2007) and purple carrots (74.6 mg per 100 grams of 

sample) (Alasalvar, et al., 2001). Depending on the time-temperature combinations the 

extraction efficiency was in the range of 20.17% to 73.72% for unblanched samples and 

63.19% to 98.87% for blanched samples. Blanching significantly increased (p < 0.05) 

total phenolic content at each time-temperature combination. The maximum total 

phenolic content was obtained for the heat treatment at 90 °C for 30 with a blanching 

pre-treatment. The total phenolic content extracted from unblanched and blanched 

Stokes PFSP using MAE with a material to solvent ratio of 1:10 ranged from 78.19 mg 

to 285.78 mg CGE (cyanidin-3-glucoside equivalent) per 100 grams of fw of sample 

(Table 2). 

A comparison of total phenolic contents in the extract of blanched samples with 

material to solvent ratio of 1:10 and 1:1 are shown in Table 3 and were in the range of 

251.93 mg to 394.18 mg per 100 grams of fw sample and 182.43 mg to 286.98 mg per 

100 grams of fw of sample, respectively. From the results of the ANOVA test, it was 
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seen that the difference in the total phenolic content across levels of material to solvent 

ratio was significant (p < 0.05) at every combination of time and temperature. This effect 

was most pronounced for the heat treatment of 70° C for 30 minutes with an estimated 

difference of 166.5 mg per 100 grams of fw of sample and standard error of 13.6.  

Total anthocyanin content  

Total anthocyanins present in the Stokes PFSP were analyzed to be 66.5 mg per 

100 grams of fw sample and the value analyzed was in accordance to the previous 

study (Truong et al., 2012). Total anthocyanin content (TAC) of unblanched and 

blanched samples of PFSP with material to solvent ratio of 1:10 ranged from 0.45 mg to 

61.38 mg per 100 grams of fw of sample and 18.03 mg to 46.72 mg per 100 grams of fw 

sample, respectively and TAC in Stokes PFSP was much higher in comparison to that 

present in Okinawa variety, which ranged from 10.0 to 21.1 mg per 100 grams of 

sample (Rodriguez-Saona, et al., 1998). Depending on the time-temperature 

combinations the extraction efficiency was in the range of 0.67% to 92.30% for 

unblanched samples and 27.11% to 70.26% for blanched samples. Based on ANOVA 

tests, the effect of blanching was significant at each time and temperature combination, 

but the difference was positive for the heat treatment at 70°, 90° C and negative for the 

heat treatment at 110° and 120° C. For the intermediate heat treatment (100° C), the 

effect was positive for heat treatment duration of 3 and 9 minutes, but negative and less 

pronounced for the heat treatment duration of 18 minutes.  

 Comparison of TAC in the extract of blanched samples of material to solvent 

ratio of 1:10 vs 1:1 are shown in Table 5 and they were in the range of 18.03 mg to 

46.72 mg per 100 grams of fw of sample and 8.85 mg to 34.72 mg per 100 grams of fw 
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of sample, respectively. Material to solvent ratio affected anthocyanin content differently 

across levels of temperature and time. In particular, the observed difference is not 

significant for the heat treatment at 110° C for 9 and 12 minutes and was negative for 

heat treatment at 110° C for 3 minutes. The maximum content was achieved at a heat 

treatment of 70° C for 30 minutes and this is also the time-temperature combination 

where the observed difference across levels of material to solvent ratio is largest and 

significant (p < 0.05), explaining 30% of the variability in the response.  

Total phenolics and anthocyanins after concentration of extracts  

 The trend in total phenolic content and total anthocyanin content after 

concentration of extracts was similar to what was expected. There was an increase in 

both total phenolic and anthocyanin content with an increase in concentration level from 

1X to 5X, ranging from 289.31 mg to 1124.17 mg per 100 grams of fw of sample and 

20.87 mg to 77.37 mg per 100 grams of fw of sample, respectively showing a linear 

trend with an increase in concentration. As this was an induction heated vacuum 

evaporation, hence, less of the degradation of total phenolics and anthocyanins was 

expected, thereby providing higher quality of concentrate with an increase in 

concentration levels.  

The following equation (R2 = 0.996, p < 0.001) represents the total phenolic 

content for various samples after evaporation:  

Total Phenols = 1124.17- 834.87*(1X) – 568.32*(2X) – 448.48*(3X) – 305.70*(4X)     (1) 

For the calculation of total phenols at 1X concentration, 1X will be substituted by 

1 and other concentrates (2X, 3X, and 4X) as 0. The calculation of total phenols for 

other concentrations can be calculated in a similar way.   
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A similar equation (R2 = 0.99, p < 0.001) for total anthocyanin content is shown 

below: 

TAC = 77.37 – 56.49*(1X) – 38.67*(2X) – 29.12*(3X) – 24.44*(4X)                               (2) 

For the calculation of anthocyanins at 1X concentration, 1X will be substituted by 

1 and other concentrates (2X, 3X, and 4X) as 0. The calculation of anthocyanins for 

other concentrations can be calculated in a similar way.   

Optimization of the extraction process 

Optimization was implemented based on various factors such as cost, material to 

solvent ratio, blanching treatment, and efficiency of extraction. 

Cost: Cost is one of the major factors associated with optimization or commercialization 

of a process. If a process temperature above boiling point is chosen, then a back 

pressure valve (to avoid flashing) and pressure gauge need to be included in the 

system. Similarly, if a long processing time is chosen, longer holding tubes will be 

needed and these add to the cost. Thus, a process temperature between 70 °C to 100 

°C should be chosen and a process time between 3 and 9 minutes should be chosen.  

Material to solvent ratio: In comparison to 1:10 material to solvent ratio, 1:1 material to 

solvent ratio was chosen because it will require less downstream processing 

(concentration of the extract) which will require a high amount of energy and larger 

system installations. 

Blanching treatment: A pre-treatment blanching process was chosen as unblanched 

PFSP brown very quickly, thereby leading to enzymatic degradation of anthocyanins, 

which can affect the extraction efficiency of total phenols and anthocyanins.  
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Taking all these factors into consideration, a 1:1 material to solvent ratio of 

blanched product was chosen to be processed at 100 °C for 9 minutes so as to yield the 

best extraction efficiency under optimized processing conditions. 

Applications  

The extract obtained from Stokes PFSP can be incorporated in various foods and 

beverages such as breads, pastries, other bakery items, cereal bars, breakfast cereals, 

evening snacks, juices, and extruded products to enhance the health benefits of those 

food products (Truong, et al., 2010; Bridgers, et al., 2010; Dwiyanti and Febrianti, 2018). 

Additionally, anthocyanins exhibit different colors at different pH levels ranging from 

orange-red at pH 1 to mustard yellow at pH 13 as shown in Figure 4 and can therefore 

be used as natural colorants and can replace artificial colorants used in the food 

industry. Furthermore, the microwave-assisted extraction process using water as a 

solvent can help in being environmentally friendly. Anthocyanins can also be extracted 

from subgrade PFSP (visually unappealing PFSP that consumers are not willing to buy), 

thereby limiting food waste. The remnants from the extraction process contains some 

amount of bioactive compounds and hence, this can be converted into flour for human 

use or as animal feed. 

Conclusions 

Microwave-assisted extraction of phenols and anthocyanins from Stokes PFSP 

using water as a solvent was proven to be a viable technology to obtain extracts of 

bioactive compounds using a safer and more environmentally friendly process. 

Furthermore, concentrating the extracts using induction heating coupled with vacuum 

evaporation will increase the quantity and quality of total phenols and anthocyanins. 
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Additionally, these anthocyanins can be incorporated in various foods and beverages to 

promote human health and can also replace artificial colorants used in the food industry.  
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 Table 1: Time-temperature combinations used for optimizing the extraction process 
based on Lemmens et al., 2010; Dutta et al., 2006 

 

 

 

  

70 °C 90 °C 100 °C 110 °C 120 °C 

  Minutes at 
each 

temperature  

  

10   5 3  6  3  

30  15 9  9  6  

60  30  18  12  9  
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Table 2: Comparison of total phenolic content from unblanched and blanched treatment 
of Stokes purple fleshed sweet potatoes (PFSP) 

1:10 Material to Solvent Ratio 

Time-Temperature 
Combination  

Unblanched  Blanched 

70 °C for 10 minutes 78.19 ± 26.85d 251.93 ± 1.42b 

70 °C for 30 minutes 117.51 ± 11.68d 374.81 ± 1.98a 

70 °C for 60 minutes 116.29 ± 2.96d 345.88 ± 0.34a 

90 °C for 5 minutes 209.76 ± 32.82b, c 379.50 ± 0.78a 

90 °C for 15 minutes 281.29 ± 39.42a 339.02 ± 2.84a 

90 °C for 30 minutes 226.49 ± 1.07a, b, c 394.18 ± 2.28a 

100 °C for 3 minutes 186.55 ± 16.21c 321.93 ± 43.82a, b 

100 °C for 9 minutes 209.11 ± 2.34b, c 343.32 ± 9.66a 

100 °C for 18 minutes 258.90 ± 0.05a, b 357.63 ± 26.61a 

110 °C for 6 minutes 261.47 ± 2.34a, b 377.98 ± 8.99a 

110 °C for 9 minutes 240.24 ± 1.45 a, b, c 351.04 ± 45.49a 

110 °C for 12 minutes 252.65 ± 5.28a, b 388.64 ± 7.14a 

120 °C for 3 minutes 285.78 ± 1.78a 382.84 ± 1.58a 

120 °C for 6 minutes 255.31 ± 1.91a, b 393.32 ± 12.17a 

120 °C for 9 minutes 249.05 ± 1.80a, b, c 380.41 ± 3.44a 

Data are expressed as mean ± SD* of triplicates. Similar letters indicate there was no 
significant difference between concentrations of sample as per Tukey HSD test within 
each column (p > 0.05) 
* SD = Standard Deviation   
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Table 3: Comparison of total phenolic content with two different material to solvent ratio  
on blanched Stokes variety of PFSP 

Blanching treatment of Purple-Fleshed Sweet Potatoes 

Time-Temperature 
Combination  

Material to solvent ratio 
(1:10) 

Material to solvent ratio 
(1:1) 

70 °C for 10 minutes 251.93 ± 1.42b 182.43 ± 2.81f 

70 °C for 30 minutes 374.81 ± 1.98a 208.24 ± 5.32e 

70 °C for 60 minutes 345.88 ± 0.34a 218.73 ± 2.48e 

90 °C for 5 minutes 379.50 ± 0.78a 213.40 ± 0.027e 

90 °C for 15 minutes 339.02 ± 2.84a 265.71 ± 2.32 a, b, c, d 

90 °C for 30 minutes 394.18 ± 2.28a 259.52 ± 0.27 b, c, d 

100 °C for 3 minutes 321.93 ± 43.82a, b 258.34 ± 1.99b, c, d 

100 °C for 9 minutes 343.32 ± 9.66a 279.56 ± 0.46a, b 

100 °C for 18 minutes 357.63 ± 26.61a 259.81 ± 0.14b, c, d 

110 °C for 6 minutes 377.98 ± 8.99a 269.01 ± 0.44a, b, c 

110 °C for 9 minutes 351.04 ± 45.49a 263.22 ± 3.44b, c, d 

110 °C for 12 minutes 388.64 ± 7.14a 286.98 ± 4.31a 

120 °C for 3 minutes 382.84 ± 1.58a 244.65 ± 1.01d 

120 °C for 6 minutes 393.32 ± 12.17a 255.70 ±3.44c, d 

120 °C for 9 minutes 380.41 ± 3.44a 266.23 ± 18.76a, b, c, d 

Data are expressed as mean ± SD* of triplicates. Similar letters indicate there was no 
significant difference between concentrations of sample as per Tukey HSD test within 
columns (p > 0.05) 
* SD = Standard Deviation   
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Table 4: Comparison of total anthocyanin content of unblanched and blanched 
treatment of Stokes variety of purple fleshed sweet potatoes (PFSP) 

Material to solvent ratio (1:10) 

Time-temperature 
combination  

Unblanched  Blanched  

70 °C for 10 minutes 0.45 ± 0.58j 18.59 ± 0.012f 

70 °C for 30 minutes 2.69 ± 0.68i, j 44.84 ± 0.49a, b 

70 °C for 60 minutes 2.16 ±0.15i, j 30.81 ± 0.93d, e 

90 °C for 5 minutes 20.24 ± 0.51g 35.54 ± 0.14c 

90 °C for 15 minutes 3.04 ± 0.41i, j 29.82 ± 0.047d, e 

90 °C for 30 minutes 3.43 ± 0.23i 46.72 ± 0.22a 

100 °C for 3 minutes 4.95 ± 0.44i 28.98 ± 0.018d, e 

100 °C for 9 minutes 13.14 ± 2.03h 32.8 ± 0.42c, d 

100 °C for 18 minutes 46.43 ± 1.03c 41.78 ± 1.94b 

110 °C for 6 minutes 36.42 ± 0.34e 31.57 ± 1.31c, d, e 

110 °C for 9 minutes 33.19 ± 0.76f 18.03 ± 2.01f 

110 °C for 12 minutes 39.34 ± 0.67d 18.24 ± 2.42f 

120 °C for 3 minutes 55.16 ± 0.053b 22.54 ± 1.06f 

120 °C for 6 minutes 61.38 ± 0.083a 27.22 ± 1.30e 

120 °C for 9 minutes 31.95 ± 0.21f 29.68 ± 0.41d, e 

Data are expressed as mean ± SD* of triplicates. Similar letters indicate there was no 
significant difference between concentrations of sample as per Tukey HSD test within 
columns (p > 0.05) 
* SD = Standard Deviation   
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Table 5: Comparison of total anthocyanin content with two different material to solvent 
ratio on blanched Stokes variety of PFSP 

Blanching treatment of Purple-Fleshed Sweet Potatoes 

Time-Temperature 
Combination  

Material to solvent ratio 
(1:10) 

Material to solvent 
ratio (1:1) 

70 °C for 10 minutes 18.59 ± 0.012f 9.08 ± 0.14g 

70 °C for 30 minutes 44.84 ± 0.49a, b 13.66 ± 0.29f 

70 °C for 60 minutes 30.81 ± 0.93d, e 14.23 ± 0.42e, f 

90 °C for 5 minutes 35.54 ± 0.14c 12.43 ± 0.41f 

90 °C for 15 minutes 29.82 ± 0.047d, e 15.04 ± 0.16d, e, f 

90 °C for 30 minutes 46.72 ± 0.22a 15.45 ± 0.65d, e, f 

100 °C for 3 minutes 28.98 ± 0.018d, e 21.18 ± 0.99b 

100 °C for 9 minutes 32.8 ± 0.42c, d 17.33 ± 1.28c, d 

100 °C for 18 minutes 41.78 ± 1.94b 15.17 ± 1.46d, e, f 

110 °C for 6 minutes 31.57 ± 1.31c, d, e 8.85 ± 0.89g 

110 °C for 9 minutes 18.03 ± 2.01f 17.64 ± 0.028c, d 

110 °C for 12 minutes 18.24 ± 2.42f 17.07 ± 0.056c, d, e 

120 °C for 3 minutes 22.54 ± 1.06f 34.72 ± 1.28a 

120 °C for 6 minutes 27.22 ± 1.30e 20.3 ± 1.30b, c 

120 °C for 9 minutes 29.68 ± 0.41d, e 12.82 ± 0.049f 

Data are expressed as mean ± SD* of triplicates. Similar letters indicate there was no 
significant difference between concentrations of sample as per Tukey HSD test within 
columns (p > 0.05) 
* SD = Standard Deviation   
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Table 6: Total phenolic and anthocyanin content of different concentrate levels  

Concentrates  Total Phenols 
(mg/100g) 

Total Anthocyanins (mg/ 
100 g) 

1X 289.305 ± 32.03a 20.87 ± 0.79a 

2X 555.851 ± 32.61b 38.69 ± 1.96b 

3X 675.693 ± 10.11c 48.25 ± 2.94b 

4X 818.473 ± 2.33d 52.94 ± 0.49c 

5X 1124.176 ± 4.48e 77.37 ± 3.98d 

Data are expressed as mean ± standard deviation of triplicates. Different letters indicate 
a significant difference within columns as per Tukey HSD test (p < 0.05). 
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Figure 1: Flow diagram representing microwave-assisted extraction and concentration of anthocyanins 
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Figure 2: Batch microwave extraction units  
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Figure 3: Schematic diagram representing induction heated vacuum evaporation 
(Adapted from Xiangyu, 2019)  
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Figure 4: Effect of pH on the color of anthocyanins extracted from Stokes variety of 
PFSP 
  

pH 1 pH 13 
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MANUSCRIPT 4 
 

Identification and Quantification of Anthocyanins, Total Phenols, and Phenolic 
Acids in Purple-Fleshed Sweet Potato Genotypes by HPLC and LC-MS Analyses 
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Abstract 

 Purple-fleshed sweet potatoes (PFSP) have various health benefits and can also 

serve as natural colorants in the food industry. The goal of this study was to identify and 

quantify anthocyanin pigments and phenolic components present in the extract and 

concentrate of six PFSP genotypes. Fifteen anthocyanins were identified by LC-MS 

analysis from these PFSPs. Cyanidin and peonidin were the major anthocyanidins 

present among the six PFSPs. While number of peaks found for anthocyanins and 

phenolic acids in extracts and concentrates were similar among genotypes, significant 

differences were found between the peak areas. Similarly, significant differences in the 

number of peaks and peak areas were observed among PFSP genotypes. Five phenolic 

acids were identified which include chlorogenic acid, caffeic acid, 4,5 DCQA, 3,5 DCQA, 

and 3,4 DCQA. The amount of anthocyanins and total phenolic compounds for the six 

genotypes ranged from 16.12 mg to 43.30 mg per 100 grams of fw of sample and 

232.94 mg to 686.02 mg per 100 grams of fw of sample respectively, based on pH 

differential method and Folin-Ciocalteu reagent method.  

Keywords: Purple-fleshed sweet potatoes, anthocyanins, polyphenolics, cyanidin, 

peonidin 
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Introduction 

Purple-fleshed sweet potatoes (PFSP) have an intense purple color in the skin 

and flesh due to accumulation of anthocyanins (Philpott, et al., 2003; Terahara, et al., 

2004). The major reason for the development of PFSP in the United States was for their 

use as natural colorants. However, they are now gaining popularity as a dietary source 

of anthocyanins (Steed, 2007). PFSP are promoted as health foods in several Asian 

countries, especially Japan, and the products derived from them are successfully 

commercialized. These products include all natural purple food colorants, paste, and 

flour which can be incorporated in various foods and beverages including juices, 

alcoholic beverages, bread, bakery products, breakfast items, noodles, and 

confectionery (Sudo, et al., 2003; Choong, 2005; Truong, et al., 2010). 

 Due to the increase in consumer demand for healthy and nutritious foods, there 

is a growing market and opportunity for purple fleshed sweet potatoes as well. 

(Terahara, et al., 2004). North Carolina leads in producing sweet potatoes in the United 

States and it accounts for approximately 40% of the country’s sweet potato crop. Two 

important purple-fleshed sweet potato genotypes in the United States are Stokes (NC-

415) and Okinawan.  

 In the past few years, researchers have focused on efficient methods to extract 

and preserve anthocyanins. Hence, the goal of this study was to evaluate the 

effectiveness of microwave-assisted extraction as a potential alternative to the Soxhlet 

method, which involves the use of high temperature for a prolonged duration (resulting 

in extensive degradation of anthocyanins).Therefore, in this study, MAE was used to 

extract anthocyanins from PFSP with water as the solvent as anthocyanins are water 



 

160 
 

soluble pigments. Hence, this makes MAE a green technology, characterized by 

elimination of chemical solvents and reduction in extraction time (Uzel, 2018; Liazid, et 

al., 2007). 

Anthocyanins and phenolic acids have been identified and quantified using HPLC 

and mass spectroscopy. (Shi, et al., 1992; Tsukui, et al., 1983; Truong, et al., 2010). 

Pigments in the Japanese variety of purple sweet potato, Yamagawamurasaki, were 

studied using nuclear magnetic resonance (NMR) spectroscopy and it indicated the 

presence of two anthocyanin pigments cyanidin and peonidin linked to chemical 

structures such as glucopyranoside and sophoroside which are acylated with caffeic 

acid, p-hydroxy-benzoic acid and ferulic acid as shown in Figure 1 (Odake, et al., 1992; 

Goda, et al., 1997; Truong, et al., 2010).  

Thus, from literature, there appears to be a need to develop an efficient method 

of extracting functional compounds from PFSP. Thus, the objective of this study was to 

profile the anthocyanins and phenolic acids in different cultivars of PFSP using HPLC 

and MS, and to evaluate the efficiency of MAE and induction heated vacuum 

evaporation (IHVE) in extracting anthocyanin pigments and total phenolic acids.  

Materials and Methods  

Chemicals 

Chlorogenic acid, Folin-Ciocalteau (FC) reagent, and HPLC grade methanol were 

purchased from Sigma-Aldrich (St. Louis, MO). Standards of cyanidin, peonidin, and 

pelargonidin were purchased from Chromadex (Santa Ana, CA). All other chemicals 

(sodium carbonate, potassium chloride, and sodium acetate) used in this study were of 

analytical grade (Fisher Scientific, Suwanee, GA). 
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Sweetpotato genotypes and sample preparation 

Different genotypes of PFSP grown at the NCSU experimental fields of the 

Sweetpotato Breeding Program (Clinton, NC) include NCP-13-0030, NCP-13-0005, 

NCP-06-0020, NCP-13-0285, NCP-13-0315, and Stokes.  

Duplicate samples were taken from each of these six genotypes as biological 

replicates to determine the amount of polyphenolic compounds (anthocyanins and total 

phenols) present in them.  

Pigment Extraction 

A water extraction and an alcohol extraction were done to extract polyphenolic 

compounds. 

1. Extraction with water: One liter of solution was prepared by adding 5 ml of acetic 

acid to 1 liter of water. Two duplicate PFSP rhizomes were peeled from each 

variety and cut into approximately 0.5 inch cubes. Twenty five grams of each of 

the genotype of PFSP were ground in a blender with 30 ml of prepared solvent 

until the sample was homogenous. The blended material was a.)  transferred into 

a 50 ml centrifuge tube and centrifuged at 4000 rpm for 10 minutes, and b.) the 

supernatant was transferred to a 100 ml volumetric flask. There was still some 

solute left in the raffinate of PFSP and therefore, another 30 ml of the acidified 

water was added into PFSP raffinate, shaken well and sonicated for 5 minutes. 

Furthermore, the centrifugation at 4000 rpm for 10 minutes was done and the 

supernatent was again transferred to the 100 ml volumetric flask. In order to get 

all the solute out of the PFSP raffinate, the above mentioned steps (a. and b.) 

were repeated to collect the supernatants in a 100 ml volumetric flask and the 
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water was further added to make up the volume. The extract was filtered into 

HPLC vials (2 vials for each replicate) through a 0.2 PTFE 

(Polytetrafluoroethylene) filter for HPLC and LC-MS analysis and stored at -20 °C 

for further analyses.  

2. Extraction with alcohol: One liter of acidified alcohol solution was prepared by 

adding 797.5 ml of methanol, 197.5 ml of water and 5 ml of acetic acid. Two 

duplicate PFSP rhizomes were peeled from each variety and cut into 

approximately 0.5 inch cubes. Twenty five grams of each of the genotype of 

PFSP were ground in a blender with 30 ml of prepared solvent until the sample 

was homogenous. The blended material was a.) transferred into a 50 ml 

centrifuge tube and centrifuged at 4000 rpm for 10 minutes, b.) the supernatant 

was transferred to a 100 ml volumetric flask. There was still some solute left in 

the raffinate of PFSP and therefore, another 30 ml of the acidified water was 

added into PFSP raffinate, shaken well and sonicated for 5 minutes.  

Furthermore, the centrifugation at 4000 rpm for 10 minutes was done and the 

supernatent was again transferred to a 100 ml volumetric flask. In order to get all 

the solute out of the PFSP raffinate, the above mentioned steps (a. and b.) were 

repeated to collect the supernatants in a 100 ml volumetric flask and the water 

was further added to make up the volume. The extract was filtered into HPLC 

vials (2 vials for each replicate) through a 0.2 PTFE (Polytetrafluoroethylene) 

filter for HPLC and LC-MS analysis and stored at -20 °C for further analyses.  
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Microwave-assisted extraction (MAE) 

 Material to solvent ratio optimized based on preliminary tests for the extraction of 

polyphenolic compounds (anthocyanins and total phenols) was 1:1 material to solvent 

ratio. Hundered grams of blanched and cubed samples of different genotypes of PFSP 

were weighed and mixed with 100 grams of water (solvent). Extraction was carried out 

at 100 °C for 9 minutes followed by the filtration of extracts from the cubed PFSP 

samples using a 0.25 inch mesh strainer. The extract was centrifuged at 5000 rpm for 

10 minutes using a centrifuge (Thermo Fisher Scientific Sorvall legend XTR, Waltham, 

MA). The supernatant of the extract was transferred to 50 ml amber colored conical test 

tubes and stored at -20 °C for further analyses.  

Concentration using induction heated vacuum evaporation (IHVE) 

 Five hundred mililiters of PFSP extracts from different genotypes were used to 

concentrate the extract to 2X, 3X, 4X, and 5X using a high power commercial induction 

cooker (Puda Electrical Appliance, Model – HZD 5KW-PX, Guangdong, China) and 

modified pressure cooker under 150 mbar vacuum and minimum power level to avoid 

uncontrollable and rapid boiling of the samples. Batches of concentrates (2X, 3X, 4X, 

and 5X) were prepared in triplicate and the concentrates were collected in 50 ml amber 

colored conical centrifuge tubes and stored at -20 °C for further analyses.  

Quantification of total phenolic compounds 

Modified Folin-Ciocalteu (FC) method was used to measure total phenolic 

compounds (Singleton, et al., 1999). The samples or chlorogenic acid (0.25 ml) were 

diluted with 4 ml of distilled water. Further, 0.25 ml of 0.25 N FC reagent was added to 

the samples and standards and allowed to react for 3 minutes. Half a milliliter of 1 N 
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sodium carbonate solution was then added and the mixture incubated for 1 hour. The 

absorbance was measured at 725 nm using a spectrophotometer (Cary 300 UV-Vis, 

Agilent Technologies, Santa Clara, CA). Distilled water (4.25 ml), 0.25 ml of 0.25 N FC  

reagent, and 0.5 ml of 1 N sodium carbonate were mixed together and used as a blank 

solution. Total phenolic compound content was expressed as mg chlorogenic acid 

equivalents per 100 grams of sweet potatoes (mg CAE/ 100 g sweet potatoes). 

Quantification of total anthocyanins 

pH-differential method, as described by Giusti and Wrolstad (2001), was used to 

analyze total anthocyanin content. Accordingly, PFSP extracts were diluted with two 

different pH value solutions – 0.025 M potassium chloride (pH = 1) and 0.4 M sodium 

acetate solution (pH = 4.5). The equation used to calculate the total anthocyanin content 

is as follows: 

A = (A530 − A700)pH1.0 − (A530 − A700)pH4.5 

Where, A530 and A700 are the absorbances of the solutions measured at 530 nm and 700 

nm, respectively. Water was used as a blank to zero the spectrophotometer. This 

measured absorbance (A) was further used to determine total anthocyanin content as 

follows: 

Monomeric anthocyanin pigment (mg/liter) = (A x MW x DF x 1000)/(E x I)  

Where, MW is the molecular weight of anthocyanins (449.2 g/mol), DF is the dilution 

factor, I is the path length, and E is the extinction coefficient (26900). The total 

anthocyanin content was reported as mg/100 grams of sweet potatoes.  
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HPLC analysis 

           Agilent Technologies 1200 series HPLC (Santa Clara, CA, USA) was used to 

conduct HPLC analysis with a photodiode array detector and an auto sampler. To 

quantify the anthocyanins and phenolic acids, Chemstation software was used. The 

separation of compounds was done using a PhenomenexSynergi 4 μm Hydro-RP 80A 

column (250 mm × 4.6 mm × 5 µm, Torrance, CA, USA). During the HPLC analysis, the 

mobile phase used was 5% formic acid in distilled water (Solvent A) and 5% formic acid 

in acetonitrile (Solvent B). The flow rate was 1 ml/min, duration of 75 minutes, and 

pressure range was 0 – 400 bar. Sample was filtered through 0.2 mm PTFE 

(Polytetrafluoroethylene) filters and 5 μl was injected on the HPLC column (25 °C). Peak 

areas were recorded for anthocyanins at 520 nm and quantified using 8-point standard 

curve obtained with cyanidin glucoside as standard. For total phenolic acids, peak areas 

were recoreded at 280 nm and quantified using a standard curve obtained with 

chlorogenic acid as standard (Aloqbi, et al., 2016). 

LC-MS analysis 

Following HPLC analysis, samples were injected into a hybrid ion trap time of 

flight mass spectrometer (Shimadzu LC-MS-IT-TOF, Kyoto, Japan) equipped with two 

LC-20AD pumps, a SIL-20AC autosampler, CTO-20A column oven, SPDM20A PDA 

detector, and CBM-20A system controller coupled to an ITTOF-MS through an ESI 

interface. All data were processed using Shimadzu software, specifically, LCMS 

Solution Version 3.60, Formula Predictor Version 1.2 and Accurate Mass Calculator 

(Shimadzu, Japan). Chromatography was performed on a Shim-pack XR – ODS column 

with dimensions of 50 mm x 3.0 mm x 2.2 μm (Shimadzu, Japan). Temperature of the 
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column oven was maintained at 45 °C. The eluents were 0.5% formic acid (v/v) and 

water, (Solvent A), and 0.5% formic acid (v/v) and acetonitrile (Solvent B), with gradient 

of 0-5% of solvent B for 0 – 20 minutes, 5-10% of solvent B for 20 – 25 minutes, 10 – 

20% of solvent B for 25 – 34 minutes, 20 – 80% of solvent B for 34 – 37 minutes, and 

80 – 0% of solvent B for 37 – 39 minutes. Subsequently, the column was re-equilibrated 

for 1 minute at 0% for solvent B at a flow rate of 0.6 ml/min. The photo diode array 

detector was programmed to scan 190 – 700 nm with a slit width of 1.2 nm (Aloqbi, et 

al., 2016).  

Results and Discussion  

Total phenolic content and total anthocyanin content  

Total phenolic content (per 100 grams) of different genotypes of PFSPs was 

determined to be as follows: NCP-13-0030 – 548.55 mg, NCP-13-0315 – 816.22 mg, 

NCP-13-0285 – 727.16 mg, NCP-06-0020 – 906.36 mg, NCP-13-0005 – 722.84 mg, 

and Stokes – 398.68 mg. Phenols extracted using microwave assisted extraction of 

different genotypes of PFSPs ranged from 232.94 mg per 100 grams fw to 686.12 mg 

per 100 grams fw with an extraction efficiency ranging from 32.2% to 98.7%. These 

values were much higher than the phenolic content values for purple carrots (74.6 mg 

per 100 g) and orange-fleshed sweet potatoes (57.1 to 101.4 mg per 100g) (Truong, et 

al., 2010; Alasalvar, et al., 2001). One-way ANOVA and Tukey HSD test analyses were 

performed on the triplicate samples and the results showed that the total phenolic 

content (TPC) varied significantly (p < 0.05) among the six different genotypes of PFSPs 

as shown in Table 1.  
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Total anthocyanin content (per 100 grams) of different genotypes of PFSPs was 

as follows: NCP-13-0030 – 54.16 mg, NCP-13-0315 – 63.92 mg, NCP-13-0285 – 64.21 

mg, NCP-06-0020 – 63.75 mg, NCP-13-0005 – 34.22 mg, and Stokes – 66.50 mg. The 

anthocyanin after MAE extraction from different genotypes of PFSP ranged from 16.12 

mg per 100 grams of fw of sample to 43.30 mg per 100 grams of fw of sample as shown 

in Table 1. These values were comparatively higher than the total anthocyanin content 

in Okinawa sweet potato (10.0 to 21.1 mg per 100 grams) (Rodriguez-Saona, et al., 

1998) and lower than those present in blueberries (199 mg per 100 grams) (Routray 

and Orsat, 2011). The extraction efficiency ranged from 29.8% to 67.4% for different 

genotypes of PFSPs. Total anthocyanin content was not significantly different (p > 0.05) 

for NCP-13-0285 and NCP-06-0020 whereas, the anthocyanin content of all other 

genotypes were significantly different (p < 0.05) from each other.  

HPLC Analysis  

1.  Water and alcohol extraction 

 Water and methanol extracts of different genotypes of PFSPs were analyzed in 

an HPLC. HPLC chromatograms for both water and alcohol extract for different 

genotypes of PFSPs are shown in Figures 2 and 3, respectively. Alcohol extracted 

anthocyanins showed higher number of peaks as compared to those from water 

extraction. This is because methanol along with 0.5% acetic acid (v/v) has the ability 

to stabilize the anthocyanins, therefore, showed more peaks as compared to water 

extracted anthocyanins. Similarly, there was significantly higher amount of total 

phenolic acids extracted via methanol extraction as compared to that by water 

extraction. This may be due to the complex formation of phenolic acids that are more 
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soluble in methanol than in water. Also, these phenolic acids may have more phenol 

groups or higher molecular weight than the phenolic acids present in the water extract 

(Do, et al., 2014).  

2.  Microwave-Assisted Extraction (MAE) 

HPLC chromatograms of anthocyanins and total phenolic acids for the extracts 

and concentrates of different genotypes of PFSPs are shown in Figures 4, 5, and 6. 

Within the same genotype, the extracts and concentrates had similar anthocyanin 

and phenolic profiles, but the peak areas for the concentrates were much larger as 

compared to that of the extracts. However, there was a significant difference in 

anthocyanin and total phenolic profile among different genotypes of PFSPs, 

indicating the difference in anthocyanin composition and total phenolic acids’ 

concentration. This type of difference in anthocyanin and total phenolic acids’ 

composition has also been reported in PFSPs grown in Japan (Truong, et al., 2010; 

Oki, et al., 2002). At least 5 peaks were separated from the anthocyanin extracts and 

concentrates of the six genotypes studied. Chromatographic characteristics and 

peak areas of the compounds separated are shown in Table 2. Furthermore, 5 major 

peaks were identified on the basis of chlorogenic acid as standard for phenolic acids 

and are presented in Table 4.  

Anthocyanin compounds are not available commercially to serve as standards for 

the qualitative identification of different types of anthocyanins in the sample of PFSP, 

and therefore, UV spectra do not give a precise identification of individual pigments 

present in different genotypes of PFSPs (Truong, et al., 2010; Longo, et al., 2005). 
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Therefore, their identification was based on data from HPLC, LC-MS, and previous 

literature (Oki, et al., 2003; Harada, et al., 2004). 

LC-MS analysis  

            LC-MS analysis plays a significant role in characterization of different types of 

anthocyanins due to their highly sensitive ionization producing intact molecular ions and 

therefore, the corresponding anthocyanin fragments. The fragmentation patterns of 

these anthocyanin pigments help in determining the location of glycosidation and 

acylated groups in an anthocyanin compound (Truong, et al., 2010; Giusti, et al., 1999; 

Dugo, et al., 2001) and the peaks of 15 different types of anthocyanin compounds 

determined by mass spectroscopy are shown in Figure 7. The mass spectrometric 

analysis indicates that there are two major anthocyanin pigments present in these 

genotypes of PFSPs – cyanidin and peonidin (Table 3). 

Conclusions     

 HPLC and LC-MS analyses of different genotypes of PFSPs (NCP-13-0030, 

NCP-13-0005, NCP-06-0020, NCP-13-0285, NCP-13-0315, and Stokes) were 

performed to determine the different types of anthocyanin pigments and phenolic acids 

present. The obtained results indicated the presence of two major anthocyanin pigments 

– cyanidin and peonidin. Similarly, five different phenolic acids were identified – 

chlorogenic acid, caffeic acid, 4,5 di-o-caffeoylquinic acid, 3,5 di-o-caffeoylquinic acid, 

and 3,4 di-o-caffeoylquinic acid. The anthocyanin and total phenolic acid content were 

higher in the five new cultivars as compared to those present in Stokes PFSP, therefore 

signifying that the new genotypes of PFSPs will benefit the food industry by serving as 
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functional ingredients that can be incorporated in various food products and beverages 

to enhance their health benefits.  
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Table 1: Microwave assisted extraction (MAE) of total phenols and anthocyanins from 
different cultivars of PFSPs 

Genotype  Total Phenolic Content   
(mg/ 100 g) 

Total Anthocyanins Content 
(mg/100g) 

NCP-13-0030 541.24 ± 6.24c 16.12 ± 0.59c 

NCP-06-0020 686.12 ± 3.74a 30.50 ± 0.72a 

NCP-13-0315 669.05 ± 4.31b 22.13 ± 0.62b 

Stokes 289.31 ± 1.37f 20.87 ± 0.18d 

NCP-13-0285 261.72 ± 4.44d 43.30 ± 0.23a 

NCP-13-0005 232.95 ± 3.70e 20.20 ± 0.41e 

Data are expressed as mean ± standard deviation of duplicates. Similar letters within 
columns indicate there was no significant differences as per Tukey HSD test (p > 0.05) 
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            Table 2:  Anthocyanin compounds of different PFSP extracts and concentrates separated by HPLC  

            *Ex. = Extract; *Con. = Concentrate  

Peak  #  Time   NCP-13-0030 NCP-13-0005 Stokes NCP-06-0020 NCP-13-0285 NCP-13-
0315 

  *Ex. *Con. Ex. Con. Ex. Con. Ex. Con. Ex. Con. Ex. Con. 

1 11.2 1.24 10.86 7.95 18.04 3.22 14.76 12.92 49.68 25.37 64.80 3.94 8.19 

2 14.6 2.98 16.21 2.71 6.06 15.62 35.01 1.61 6.03 9.26 24.09 0.47 10.78 
3 16.8 1.10 7.01 8.96 19.86 2.09 4.05 7.96 32.03 3.54 9.14 14.95 33.42 
4 21.9 1.98 11.82 2.65 5.96 6.30 17.90 1.63 6.42 1.97 483.3 1.72 4.16 
5 24.4 4.5 32.60 3.38 9.03 2.31 5.13 2.41 9.32 4.56 1337.5 4.96 11.64 
6 30.2 5.29 3.08 0.95 1.96 4.24 8.98 - - 1.67 4.03 0.44 1.13 
7 32.8 1.58 1.78 0.91 2.59 - - 1.21 4.96 - 3.78 0.44 1.62 
8 34.0 1.76 21.09 7.06 22.31 4.27 14.07 29.46 12.20 21.03 49.67 18.93 32.97 
9 38.6 2.68 2.51 1.74 5.14 1.87 4.52 3.28 13.90 3.25 7.41 2.91 5.59 
10 41.1 0.078 5.01 - - 1.88 - - - - - 0.12 0.29 
11 42.3 4.92 29.45 2.78 6.22 21.69 57.22 - 8.73 10.57 23.51 0.64 1.27 
12 43.4 2.87 17.63 3.02 6.32 7.67 17.88 2.61 10.27 1.43 3.09 1.67 3.36 
13 46.0 0.34 1.92 - - - - - - - - - - 
14 48.9 0.73 - - - 6.25 18.49 - 5.03 1.48 3.02 - - 
15 52.4 0.64 5.56 - 2.26 1.79 3.82 - - - - - - 
16 53.2 0.21 1.47 - - - 1.52 - - - - - - 
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                      Table 3 : Mass spectrometric data and identification of anthocyanin compounds in different PFSP genotypes 

  

Peak 
No. 

RT Identification [M]+ 
(m/z) 

Fragments (m/z) UV (nm) 

1 2.314 cyanidin-3-sophoroside-5-glucoside 773.22 287, 449, 611 278, 511 

2 3.916 peonidin-3-sophoroside-5-glcucoside 787.23 301, 463, 625 278, 508 

3 7.061 cyanidin-3-p-hydroxybenzoylsoph-5-glucoside 893.24 287, 449, 731 216, 326, 
519 

4 8.04 cyanidin-3-(6''-caffeoylsophoroside)-5-glucoside (1) 935.25 287, 449, 773 281, 326, 
515 

5 9.671 peonidin-3-p-hydroxybenzoylsoph-5-glucoside 907.25 301, 463, 745 231, 279, 
516 

6 11.303 cyanidin-3-feruloyl sophoroside-5-glucoside (1) 949.26 287, 463, 787 281, 326, 
519 

7 11.54 cyanidin-3-(6''-caffeoylsophoroside)-5-glucoside (2) 935.25 287, 449, 773 326 

8 13.035 peonidin-3-(6''-caffeoylsophoroside)-5-glucoside (2) 949.26 301, 463, 787 329, 519 

9 13.409 cyanidin-3-(6''-caffeoylsophoroside)-5-glucoside (3) 935.25 287, 449, 773 282, 326, 
520 

10 13.973 cyanidin-3-(6'',6'''-dicaffeoylsophoroside)-5-
glucoside 

1097.28 287,449, 773, 935 281, 326, 
527 

11 14.032 cyanidin-3-(6''-caffeoyl-6'''-p-hydroxybenzoylsoph)-
5-glucoside 

1055.27 449, 893 282, 326, 
527 

12 14.418 peonidin-3-caffeoyl-sophoroside-5-glucoside (3)_ 949.26 301, 463, 787 286, 326, 
519 

13 14.863 cyanidin-3-(6''-caffeoyl-6'''-feruloylsoph)-5-glucoside 1111.29 449, 949 293, 326, 
523 

14 15.248 peonidin-3-(6''-caffeoyl-6''-p-hydroxybenzoylsoph)-5-
glucoside 

1069.29 463, 907 223, 298, 
511 

15 15.96 peonidin-3-(6''-caffeoyl-6'''-feruloylsoph)-5-glucoside 1125.31 463, 963 293, 326, 
516 
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                Table 4: Total phenolic acids in PFSP extracts and concentrates separated by HPLC (Peak area represented in %) 

Peak 
# 

 Time NCP-13-0030 NCP-13-
0005 

Stokes NCP-06-
0020 

NCP-13-0285 NCP-13-
0315 

   Ex. Conc. Ex. Conc. Ex. Conc. Ex. Conc
. 

Ex. Conc
. 

Ex. Conc
. 

1 Chl. 
acid 

12.2 12.9 30.6 45.5 115.6 32.4 69.5 19.5 86.0 28.0 64.7 37.9 91.2 

2 Caffeic 
acid 

13.7 6.4 23.3 5.2 14.2 16.7 37.5 4.9 25.9 8.5 19.8 3.9 9.6 

3 4, 5 
DCQA* 

18.0 8.4 20.9 22.6 57.2 15.9 31.7 7.8 37.7 12.7 26.1 14.6 31.5 

4 3, 5 
DCQA* 

19.2 6.1 13.5 15.9 42.7 12.2 23.1 7.1 35.9 8.9 17.8 10.1 24.6 

5 3, 4 
DCQA* 

25.7 4.6 11.7 15.2 38.3 13.1 24.6 7.4 30.4 10.1 18.8 11.0 23.4 

                (*DCQA = Di-O-Caffeoylquinic acid; Chl. acid = Chlorogenic acid); Ex. = Extract, Conc. = Concentrate  
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Figure 1: Structure of anthocyanins extracted from purple-fleshed sweet potatoes: 
cyanidin, R1 = OH; pelargonidin, R1 = H; Peonidin, R1 = OCH3, R2, R3 = H, caffeic acid, 
ferulic acid, p-hydroxybenzoic acid, and p-coumaric acid (Source: Adapted from Truong, 
et al., 2010) 
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Figure 2: HPLC chromatograms of water and alcohol extracted anthocyanins  
  

Alcohol 

extraction

mi

n 
0 1

0 
2
0 

3
0 

4
0 

5
0 

6
0 

7
0 

mA

U 

0 

5
0 

10
0 

15
0 

20
0 

25
0 

30
0 

Overlaid profiles of alcohol extracted 

samples

NCP-13-0005 

STOKES 
NCP-13-0315 
NCP-06-0020 

NCP-13-

0030 

NCP-13-0285 

min 0 10 20 30 40 50 60 70 

mAU 

0 

20 

40 

60 

80 

100 

120 

NCP-13-0005 

STOKES 
NCP-13-0315 
NCP-06-0020 
NCP-13-0285 

Overlaid profiles of water extracted samples 

NCP-13-0030 



   

180 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: HPLC chromatograms of water and alcohol extracted total phenolic acids  
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Figure 4: HPLC chromatograms of extracts of anthocyanins  
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Figure 4 (continued): HPLC chromatograms of extracts of anthocyanins  
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Figure 5: HPLC chromatograms of concentrates of anthocyanins  
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Figure 5 (continued): HPLC chromatograms of concentrates of anthocyanins  
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   Figure 7: LC-MS profile of individual anthocyanin compounds present in PFSPs 
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Figure 7 (continued): LC-MS profile of individual anthocyanin compounds present in   
PFSPs 
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MANUSCRIPT 5 
 

Storage Stability of Anthocyanins and Total Phenols for Different Concentrations 
of Purple-Fleshed Sweet Potatoes (PFSP) 
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Abstract 
 

Anthocyanins have various health benefits but are highly unstable and degrade 

rapidly. This study was conducted to determine the storage stability of anthocyanins and 

phenolic compounds of concentrates of purple-fleshed sweet potato extracts stored in 

transparent and amber colored bottles for 1 month at different storage conditions, 

including room temperature (22 °C), incubation temperature (37 °C), and refrigeration 

temperature (4 °C). Total phenolic content of these concentrates under different storage 

conditions for 1 month did not show any significant change (p > 0.05), thereby indicating 

that polyphenolic compounds are more stable in comparison to anthocyanins. There 

was no significant change (p > 0.05) in anthocyanin content for 1X concentrate for the 

three different storage temperatures, but a significant decrease (p < 0.05) was seen for 

2X, 3X, 4X, and 5X concentrates stored in transparent bottles at room temperature 

(46.03%, 50.67%, 49.92%, and 45.21%, respectively) and incubation temperature 

(94.99%, 24.10%, 85.72%, and 37.19%, respectively). A similar trend was seen for the 

samples stored in amber colored bottles at room and incubation temperature. There 

was no significant decrease (p > 0.05) in the anthocyanin content of the concentrates 

stored at refrigeration temperature, thereby indicating the stability of anthocyanins at 

refrigeration temperature. Additionally, stability can be increased by storing the 

concentrates in amber colored bottles and flushing with nitrogen, because oxygen plays 

a crucial role in the degradation of anthocyanins. Furthermore, an apparent increase in 

anthocyanin content was observed in 5X concentrate stored in transparent (26% 

increase) and amber colored (14.6% increase) bottles at refrigeration temperature after 

30 days and then decreased after 2 months of storage. 
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Introduction  
 

Sweet potato is a staple crop of many countries. China is the leading producer of 

different varieties of sweet potatoes, cultivating approximately 80% of the world’s crop 

for various purposes including animal feed and value added products such as noodles, 

starch, and alcohol for human consumption. Uganda and Nigeria each cultivate roughly 

3% of the crop, which puts them in the second and third position, respectively. In the 

United States sweet potatoes are considered a speciality crop and the U.S. is ranked 8th 

in terms of its global production and crop value. Over 106 hundred million metric tons of 

sweet potatoes are produced around the globe and it is valued at approximately 5.07 

billion dollars (FAOSTAT, 2012). 

Sweet potato is considered a superfood because of its long history as life saver. 

The Japanese started consuming it when typhoons ruined their rice fields. In the 1960s, 

it kept millions of Chinese from starvation. In the 1990s, came to Uganda when a virus 

destroyed cassava crops (CIP, 2010; El Sheikha and Ray, 2017). 

Purple-fleshed sweet potatoes (PFSP) have an intese purple color due to high 

anthocyanin content (Philpott, Gould, and Lewthwaite, 2003; Terahara, et al. 2004). 

These purple-fleshed sweet potatoes serve as natural colorants in the food industry as 

they exhibit different colors at different pH levels (Figure 1), but also have various health 

benefits, including anti-cancer potential, anti-ulcer potential, positive effect on 

cardiovascular system, boosting the immune system, anti-inflammatory benefits, 

haematological effects, and antimicrobial effects (Steed, 2007). 

Though anthocyanins have various health benefits, they are highly unstable and 

degrade rapidly. They can lead to further degradation during storage depending on 
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various factors including time, storage temperature, light, oxygen, and the presence of 

enzymes. Therefore, the stability of anthocyanins can be improved by minimizing the 

time and storage temperature, using amber colored bottles, removing oxygen, and 

inactivating enzymes (Rein, 2005).  

This study was to determine the storage stability of anthocyanins and total 

phenols for different concentrations of aqueous extracts of purple-fleshed sweet 

potatoes (PFSP) stored in transparent and amber colored bottles at different storage 

temperatures for 2 months. 

Materials and Methods  

Sample selection and prepartion  

Stokes PFSP was purchased from the Farmers market (Raleigh, NC). The 

samples were stored in a dark room under ambient conditions before extraction. The 

pH, moisture content, and ash content of PFSP were determined to be 6.25, 70.67%, 

and 4.62%, respectively. Samples were cut into 1.5 inch cubes using a Hobart food 

processor (Model No. FP150, made for Hobart by Hallde, Sweden). The cubes were 

further steam blanched at 90 °C for 3 minutes to inactivate polyphenol oxidase (PPO) 

enzymes and to inhibit the browning PFSPs (Steed and Truong, 2008).  

A batch microwave oven (Model No. SD767W, 1200 Watts, 2450 MHz, 

Panasonic Inc., Newark, NJ) was used to extract anthocyanins and phenols from Stokes 

PFSPs.  

Chemicals  

Chlorogenic acid and Folin-Ciocalteau (FC) phenol reagent were purchased from 

Sigma-Aldrich (St. Louis, MO). All other chemicals (sodium carbonate, potassium 
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chloride, and sodium acetate) used were of analytical grade (Fisher Scientific, 

Suwanee, GA). 

Microwave-assisted extraction (MAE) process  

Material to solvent ratio of 1:1 was used for the extraction of anthocyanins and 

other polyphenolic compounds. Hundred grams of blanched cubes of Stokes PFSP 

were weighed in 300 ml pyrex bottle. Further, 100 grams of water was added to initiate 

the extraction process at 100 °C for 9 minutes based on the optimized process 

developed after preliminary trials. After extraction, the extract was filtered using a 0.25 -

inch mesh strainer. The extract was then centrifuged at 5000 rpm for 10 minutes using a 

centrifuge (Thermo Fisher Scientific Sorvall legend XTR, Waltham, MA) to separate the 

supernatant of the extract. It was then transferred to 50 ml amber colored conical 

centrifuge test tubes and stored at -20 °C for further analyses.  

Induction heated vacuum evaporation (IHVE) 

Five hundred mililiters of the extract was used for concentration at a minimum 

power level and 150 mbar pressure using a high power commercial induction cooker 

(Puda Electrical Appliance, Model – HZD 5KW-PX, Guangdong, China) and a modified 

pressure cooker. Concentrates (2X, 3X, 4X, 5X) were made in triplicates and transferred 

to 50 ml amber colored test tubes and were stored at -20 °C for further analyses.  

Storage stability  

The extracts and concentrates were transferred to 30 ml transparent as well as 

amber colored bottles at ambient temperature (22 °C), incubation temperature (37 °C), 

and refrigeration temperature (4 °C) to compare the storage stability of anthocyanins 

with respect to light and storage temperature. The degradation of anthocyanins and total 
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phenols were assessed using pH differential method and modified Folin-Ciocalteu 

method after every 10 days for 1 month and then after 2 months.  

Quantification of total anthocyanin 

Total anthocyanin content was measured using pH differential method (Giusti 

and Wrolstad 2001). The extracts and concentrates were diluted with two different buffer 

solutions of different pH values – 0.025 M potassium chloride (pH = 1.0) and 0.4 M 

sodium acetate (Ph = 4.5). The absorbance of the diluted samples were measured at 

two different wavelengths 530 and 700 nm. Further, the difference in absorbance 

between two samples of different pH values was calculated as follows: 

 A = (A530nm – A700nm)pH 1.0 – (A530nm – A700nm)pH 4.5 

Additionally, the monomeric anthocyanin pigment concentration (mg/l) was 

calculated as follows: 

Monomeric anthocyanin pigment (mg/liter) = (A x MW x DF x 1000)/(E x I) where 

MW is the molecular weight of cyanidin-3-glucoside (449.2 g/mol), DF is the dilution 

factor, I is the path length, and E is the extinction coefficient (26900). Total monomeric 

anthocyanin content was reported as mg/100 g of sweet potatoes. 

Quantification of total phenolics  

Total phenolic compounds were measured using modified Folin-Ciocalteu 

method as described by Singleton, et al. (1999). The method involved dilution of 0.25 ml 

of sample or chlorogenic acid with 4 ml distilled water. Next, 0.25 ml of FC reagent was 

added to samples or standards and were allowed to react for 3 minutes. Furthermore, 

0.5 ml of 1 N sodium carbonate solution was then added and the mixture was incubated 

for 1 hour. The absorbance was then measured at 725 nm. A solution containing 4.25 
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ml of distilled water, 0.25 ml of 0.25 N FC reagent, and 0.5 ml of 1 N sodium carbonate 

solution was used as the blank. Results were reported as mg chlorogenic acid 

equivalents per 100 gm sweet potatoes (mg CAE/ 100 g sweet potatoes).  

Results and Discussion  

Total phenolic content 

Total phenolic content (TPC) of the extract (1X) and concentrates (2X, 3X, 4X, 

5X) initially was in the range of 289.31 mg to 1124.17 mg per 100 grams of fw of sample 

as shown in Table 1. These values are much higher than those in purple carrots (74.6 

mg per 100 grams of sample) (Alasalvar, et al. 2001) and are comparatively lower than 

those in blueberries (270.02- 929.62 mg per 100 grams of sample) (Sellappan, Akoh 

and Krewer 2002). One-way ANOVA test was performed on triplicate samples, 

indicating that TPC was significantly (p < 0.05) different at each concentration level. 

TPC values followed the same trend found in previous literature studies (Phulara, et al. 

2015) – it increased with an increase in concentration, with highest TPC seen in 5X 

concentration (1124.17 mg per 100 grams of fw of sample). TPC of the samples stored 

in transparent bottles after 10 days of the study for different temperatures was in the 

range of 276.08 mg to 1077.69 mg per 100 grams of fw of sample (Table 2). After 20 

days, it was in the range of 229.02 mg to 1034.79 mg per 100 grams of sample and is 

shown in Table 4, and after 30 days, it was in the range of 256.17 mg to 1319.95 mg per 

100 grams of sample and is tabulated in Table 6. The corresponding values for samples 

stored in amber colored bottles after 10 days ranged from 246.63 mg to 1004.23 mg per 

100 grams of sample (Table 3). After 20 days, the corresponding values ranged from 

237.22 mg to 1147. 76 mg per 100 grams of sample (Table 5), and after 30 days, they 

https://www.google.com/search?sxsrf=ACYBGNS4FIO77O3VmvzBzhmZBA6NIz2R0A:1567781673872&q=comparatively&spell=1&sa=X&ved=0ahUKEwiInIbuubzkAhVqx1kKHbsgCg8QkeECCC0oAA
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ranged from 248.78 mg to 1422.44 mg per 100 grams of sample (Table 7). Total 

phenolic content was also measured after 60 days of storage. These values ranged 

from 416.33 mg to 725.88 mg per 100 grams of sample in transparent bottles and 

241.75 mg to 1500.37 mg per 100 grams of sample in amber colored bottles at 

refrigeration temperature (Table 8). At room temperature, there was a significant 

increase in total phenolic content between the 1st and 10th day for 3X concentration and 

no further significant change was observed after that. Further, for 5X concentration, no 

significant decrease (p > 0.05) from initial values was observed till the 20th day, but there 

was a significant increase (p < 0.05) in total phenolic content between day 20 and 30. A 

similar trend was observed at both incubation and refrigeration temperature for the 

samples stored in transparent bottles as well as the samples stored in amber colored 

bottles. Between the 10th and 20th day, mold growth was seen in 5X concentrated 

sample and it was hence discarded without further analyses. Total phenolic content was 

measured only at refrigeration temperature after 60 days because the samples stored at 

room temperature and incubation temperature were discarded due to mold growth. Also, 

mold growth can be seen in the extract (1X) of PFSP stored at refrigeration 

temperature. Therefore, that sample was discarded as well. No significant decrease (p > 

0.05) was observed in the phenolic content for the 2X, 3X, and 4X concentrated 

samples. Also, no significant increase (p > 0.05) was observed in the 5X concentrate. 

The increase in TPC during storage can be due to number of factors – 1. microbial 

growth, 2. reactions between oxidized polyphenols leading to the formation of new 

compounds that possess antioxidant functionality during storage (Kallithraka, Salacha 

and Tzourou 2009; Martinez-Flores, et al. 2015), and 3. there is a possibility that during 
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storage, new compounds could have been formed and they reacted with FC reagent, 

thereby enhancing the total phenolic content. Overall, no significant decrease in TPC 

was observed, suggesting that the phenols present in PFSP were stable during storage 

and this was in accordance with the studies conducted by Lopez, et al. 2016; Kevers, et 

al. 2007. 

Total anthocyanin content  

Total anthocyanin content (TAC) of the extract and concentrates is tabulated in 

Table 1 and was in the range of 20.87 mg to 77.37 mg per 100 grams of fw of sample 

which was much higher than that reported for the PFSP Okinawa (10.0 - 21.1 mg per 

100 grams of sample) (Rodriguez-Saona, Giusti and Wrolstad,1998). However, TAC 

was much lower in the PFSP than in blueberries (199 mg per 100 grams of sample) 

(Routray and Orsat 2011). The PFSP concentrates (2X and 3X) were similar in TAC 

38.69 and 48.25 mg per 100 grams of fw of sample, respectively but differed from other 

concentrates. TAC of the samples stored in transparent bottles for different 

temperatures after 10 days of the study was in the range of 18.24 mg to 76.12 mg per 

100 grams of sample (Table 8). After 20 days, it was in the range of 16.09 mg to 76.61 

mg per 100 grams of sample (Table 10), and after 30 days, it was in the range of 13.96 

mg/ 100 g to 105. 09 mg per 100 grams of sample (Table 12). The corresponding 

values for samples stored in amber colored bottles under different temperatures after 10 

days were in the range of 14.17 mg to 76.98 mg per 100 grams of sample (Table 9). 

After 20 days, it was in the range of 8.72 mg to 76.98 mg per 100 grams of sample 

(Table 11), and after 30 days, it was in the range of 13.95 mg to 90.64 mg per 100 

grams of sample (Table 13). No significant decrease (p > 0.05) was observed for the 
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extract (1X) content stored in transparent bottles at room temperature between 10 and 

30 days, whereas, a significant decrease (p < 0.05) was observed for 2X, 3X, 4X, and 

5X concentrations. Results at incubation temperature indicated that there was no 

significant decrease (p > 0.05) in the anthocyanin content for 1X concentration over 1 

month, whereas, a significant decrease was observed for 2X concentration between the 

1st and 10th day and between the 20th and 30th day. A similar trend was seen for 

concentrations 4X and 5X. Results for the extracts and concentrates stored in 

transparent bottles at refrigeration temperature indicated that there was no significant 

decrease in anthocyanins, and hence, it was evident that the anthocyanin extracts are 

stable at refrigeration temperature and this was in accordance with a previous citations 

(Rakkimuthu, Palmurugan and Shanmugapriya 2016). On the other hand, there was an 

apparent increase in TAC between the 20th and 30th day from 76.61 mg to 105.09 mg 

per 100 gram of sample. This is similar to what was seen in previous studies (Oancea, 

Stoia and Coman 2012; Tiwari, O'Donnell and Patras 2009), but the reason behind this 

increase is still unclear. There are couple of possibilities behind this increase. First, after 

extraction, anthocyanins polymerize, and with time, they are converted back to 

monomers and hence, can be read via pH differential assay done to analyze total 

anthocyanin content. Second, some of the anthocyanins are stored in vacuoles (made 

of proteins and lipids) and were not extracted, but after prolonged storage, the vacuoles 

degraded and hence, anthocyanins were released, resulting in an increase in 

anthocyanin content. A similar trend was seen in the anthocyanin content for samples 

stored in amber colored bottles at different storage temperatures. Additionally, there 

was a significant decrease in anthocyanins at incubation temperature as compared to 
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that at room temperature or refrigeration temperature. Further, the extract (1X 

concentrate) stored at incubation temperature changed from purple to red color 

signifying a drop in pH value from 6.25 to 2.27 (Fig. 2). Fermentation could be the 

reason behind the change in color of the sample as a drop in pH signifies production of 

acid. Total anthocyanin content was only measured at refrigeration temperature after 60 

days of storage study because the samples stored at room and incubation temperature 

had mold growth and were hence discarded. TAC ranged from 20.29 mg to 52.6 mg per 

100 grams of sample for concentrates stored in transparent bottles and 19.8 mg to 

67.09 mg per 100 grams of sample for concentrates stored in amber colored bottles 

(Table 16). No significant decrease (p > 0.05) was observed in the anthocyanin content 

between day 30 and day 60 except for the 5X concentrated sample which significantly 

decreased from 105.09 mg to 52.6 mg per 100 grams of sample. On the other hand, a 

significant decrease (p < 0.05) was observed for samples stored in amber colored 

bottles between day 30 and day 60.  

Storage of samples using nitrogen flushing  

Various factors affect the storage stability of anthocyanins and total phenols. 

These include time, temperature, presence of oxygen and light, and enzymes (Tierno 

and Ruiz de Galarreta 2016). Since there was a significant decrease in anthocyanins 

without nitrogen flushing of the storage bottles, it was necessary to analyze if oxygen 

plays a significant role in the degradation of anthocyanins. Accordingly, the studies were 

conducted as follows – nitrogen flushing of the bottles (transparent and amber colored) 

and filling the samples upto the brim without any headspace (transparent and amber 

colored bottles). The storage stability study was done for only 10 days because the 
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most significant degradation of anthocyanins was observed between 1st and 10th day of 

storage and subsequent differences were not significant. The values of TPC and TAC 

ranged from 256.43 mg to 272.68 mg per 100 grams of sample and 14.89 mg to 24.91 

mg per 100 grams of sample, respectively for samples stored in transparent and amber 

colored bottles and are shown in Table 15. There was no significant degradation (p > 

0.05) of anthocyanins within 10 days of storage in comparison to the previous study 

(storage in transparent and amber colored bottles without nitrogen flushing) where 

significant degradation of anthocyanins can be seen within 10 days. Further, there was 

no significant decrease (p > 0.05) in TPC for nitrogen flushed samples (with no head 

space) stored in transparent bottles and amber colored. Therefore, it is evident that 

oxygen plays a crucial role in the degradation of anthocyanins.  

Conclusions 

The amount of anthocyanins in PFSP extracts and concentrates stored at 

refrigeration temperature for 2 months was not significantly different from what was 

originally present in them, thereby concluding that the anthocyanins are stable at 

refrigeration temperature in comparison to those stored at room as well as incubation 

temperatures. Additionally, this stability can be increased by storing the samples in 

amber-colored bottles and flushing with nitrogen. On the other hand, it was observed 

that total phenolic content was more stable during the storage stability study performed 

for 2 months at different storage conditions.  
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Table 1: Total phenolic content (TPC) and total anthocyanin content (TAC) prior to 
conducting storage studies 

Samples TPC (mg/100g) TAC (mg/ 100g) 

1X 289.305 ± 32.03a 20.87 ± 0.79a 

2X 555.851 ± 32.61b 38.69 ± 1.96b 

3X 675.693 ± 10.11c 48.25 ± 2.94b 

4X 818.473 ± 2.33d 52.94 ± 0.49c 

5X 1124.176 ± 4.48e 77.37 ± 3.98d 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 2: Total phenolic content (TPC) of samples stored in transparent bottles at three 
different storage temperatures after 10 days 

Samples  TPC (mg/ 100 g) 
 (22 °C) 

TPC (mg/ 100 g) 
 (37 °C) 

TPC (mg/ 100 g)  
(4 °C) 

1X 285.12 ± 6.72m, n 284.09 ± 6.38m, n 276.08 ± 11.46 m, n 

2X 590.38 ± 10.68 j, k 551.48 ± 25.13 j, k 538.17 ± 12.00k, l 

3X 831.44 ± 29.27e, f, g 757.06 ± 18.47g, h 734.17 ± 12.70g, h, i 

4X 826.93 ± 20.56e, f, g, h 785.72 ± 21.01f, g, h 786.45 ± 46.73f, g, h 

5X 976.04 ± 17.21c, d 929.96 ± 24.09d, e 1077.69 ± 38.94b, c 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 3: Total phenolic content (TPC) of samples stored in amber colored bottles at 
three different storage temperatures after 10 days 

Samples  TPC (mg/ 100 g) 
 (22 °C) 

TPC (mg/ 100 g)  
(37 °C) 

TPC (mg/ 100 g) 
 (4 °C) 

1X 246.63 ± 3.78n 259.85 ± 3.19m, n 397.96 ± 39.37l, m 

2X 592.19 ± 41.29j, k 599.17 ± 11.32i, j, k 584.86 ± 12.77j, k 

3X 798.23 ± 11.68e, f, g, h 787.02 ± 8.22f, g, h 687.92 ± 21.19h, I, j 

4X 824.57 ± 15.67e, f, g, h 914.59 ± 30.16d, e, f 815.88 ± 29.43e, f, g, h 

5X 1317.93 ± 18.34a 1201.32 ± 48.91a, b 1004.23 ± 25.92c, d 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 4: Total phenolic content (TPC) of samples stored in transparent bottles at three   
different   storage temperatures after 20 days 

Samples  TPC (mg/ 100 g)  
(22 °C) 

TPC (mg/ 100 g)  
(37 °C) 

TPC (mg/ 100 g) 
 (4 °C) 

1X 280.93 ± 28.95j 273.75 ± 7.70j 229.02 ± 0.23j 

2X     552.17 ± 19.49g, h, i 462.51 ± 6.99 h, i  492.11 ± 29.31i 

3X     818.94 ± 13.59b, c, d       782.56 ± 83.88b, c, d, e 619.69 ± 0f, g, h 

4X  771.62 ± 1.16c, d, e    757.63 ± 10.51c, d, e       685.61 ± 13.16d, e, f 

5X 902.64 ± 11.79b  - 1034.79 ± 7.76a 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p >    
0.05) 
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Table 5: Total phenolic content (TPC) of samples stored in amber colored bottles at 
three different storage temperatures after 20 days 

Samples  TPC (mg/ 100 g)  
(22 °C) 

TPC (mg/ 100 g)  
(37 °C) 

TPC (mg/ 100 g)  
(4 °C) 

1X 241.15 ± 4.16j 237.22 ± 5.03j 290.36 ± 22.37j 

2X 532.88 ± 3.35h, i 560.53 ± 12.46g, h, i 535.03 ± 25.13h, i 

3X 689.73 ± 4.72d, e, f 707.43 ± 0.81c, d, e, f 671.17 ± 3.17e, f, g 

4X 704.81 ± 9.02c, d, e, f 825.68 ± 5.38b, c 732.29 ± 2.89c, d, e, f 

5X 1078.15 ± 10.35a 1146.76 ± 14.79a 1125.78 ± 21.11d, e, f 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 6: Total phenolic content (TPC) of samples stored in transparent bottles at three 
different storage temperatures after 30 days 

Samples  TPC (mg/ 100 g) 
 (22 °C) 

TPC (mg/ 100 g)  
(37 °C) 

TPC (mg/ 100 g)  
(4 °C) 

1X 278.05 ± 7.34h, i 296.36 ± 3.33h, i 256.17 ± 15.10h, i 

2X 476.86 ± 2.32f, g 429.54 ± 18.67f, g, h 479.66 ± 34.87f, g 

3X 800.73 ± 29.93c 699.61 ± 10.19c, d, e 632.91 ± 23.16d, e, f 

4X 789.15 ± 4.27c, d 682.45 ± 21.85c, d, e 762.55 ± 2.76c, d 

5X 1296.31 ± 19.72a, b  - 1319.95 ± 6.89a, b 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 7: Total phenolic content (TPC) of samples stored in amber colored bottles at 
three different storage temperatures after 30 days 

Samples  TPC (mg/ 100 g)  
(22 °C) 

TPC (mg/ 100 g)  
(37 °C) 

TPC (mg/ 100 g)  
(4 °C) 

1X 248.78 ± 2.30i 272.85 ± 2.42h, i 288.17 ± 6.72h, i 

2X 699.19 ± 42.42 c, d, e 547.69 ± 24.23e, f, g 562.75 ± 37.77e, f, g 

3X 804.79 ± 11.62c 739.02 ± 42.47c, d 742.44 ± 25.51c, d 

4X 779.46 ± 33.16c, d 785.45 ± 3.42c, d 818.98 ± 41.14c 

5X 1422.44 ± 57.25a 1288.23 ± 19.24a, b 1256.88 ± 11.64b 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 8: Total phenolic content (TPC) of samples stored in transparent and amber   
colored bottles at refrigeration temperature after 2 months 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 

Samples  Transparent Bottles  Amber Colored Bottles  

1X -  241.75 ± 3.06e 

2X 416.33 ± 4.16d 429.65 ± 5.99d 

3X 554.49 ± 0.80c 541.45 ± 2.32c 

4X 680.35 ± 40.51b 552.65 ± 14.61c 

5X 725.88 ± 1.63b 1500.37 ± 61.18a 
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Table 9: Total anthocyanin content (TAC) of samples stored in transparent bottles at 
three different storage temperatures after 10 days 

Samples  TAC (mg/100 g) 
 (22 °C) 

TAC (mg/ 100 g) 
 (37 °C) 

TAC (mg/ 100 g)  
(4 °C) 

1X 18.82 ± 0.063e, f, g, h, i 18.24 ± 0.24e, f, g, h, i 19.17 ± 0.021j, k 

2X 30.42 ± 0.29h, i, j, k 17.77 ± 0.53a, b, c 37.47 ± 0.38j, k 

3X 35.61 ± 1.21b, c, d, e, f, g 15.15 ± 0.33b, c, d, e, f 47.25 ± 0.025h, I, j, k 

4X 40.11 ± 0.40b, c, d, e 18.42 ± 0.27a 51.19 ± 0.30d, e, f, g, h 

5X 50.06 ± 0.0041a, b, c 28.78 ± 0.25g, h, I, j, k 76.12 ± 0.71b, c, d, e, f 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 10: Total anthocyanin content (TAC) of samples stored in amber colored bottles 
at three different storage temperatures after 10 days 

Samples  TAC (mg/ 100 g)  
(22 °C) 

TAC (mg/ 100 g) 
 (37 °C) 

TAC (mg/ 100 g)  
(4 °C) 

1X 18.99 ± 0.20k 16.11 ± 0.08k 19.31 ± 0.39c, d, e, f, g 

2X 32.68 ± 0.042f, g, h, i 14.17 ± 0.44d, e, f, g, h, i 36.75 ± 0.47i, j, k 

3X 36.11 ± 0.05g, h, i, j 15.63 ± 0.18c, d, e, f, g 48.89 ± 1.26g, h, i, j, k 

4X 40.89 ± 0.43b, c, d 17.77 ± 0.45a, b 52.89 ± 0.017b, c, d, e, f, g 

5X 51.25 ± 1.29b, c, d, e 18.19 ± 0.27a 76.98 ± 2.08a, b, c 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 11: Total anthocyanin content (TAC) of samples stored in transparent bottles at 
three different storage temperatures after 20 days 

Samples  TAC (mg/100 g)  
(22 °C) 

TAC (mg/ 100 g)  
(37 °C) 

TAC (mg/ 100 g)  
(4 °C) 

1X 16.09 ± 0.11i, j, k, l, m 17.17 ± 0.34i, j, k, l, m 16.89 ± 1.66i, j, k, l, m 

2X 23.07 ± 1.26g, h, i, j, k, l, m 14.48 ± 1.78i, j, k, l, m 36.66 ± 0.76b, c, d, e, f, g, h 

3X 25.21 ± 3.39 f, g, h, i, j, k, l, m 10.02 ± 5.51l, m 46.72 ± 2.33b, c, d 

4X 31.23 ± 4.81d, e, f, g, h, i 14.83 ± 4.37i, j, k, l, m 50.29 ± 2.84b 

5X 30.66 ± 2.44e, f, g, h, i, j  - 76.61 ± 2.88a 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 12: Total anthocyanin content (TAC) of samples stored in amber colored bottles 
at three different storage temperatures after 20 days 

Samples  TAC (mg/100 g)  
(22 °C) 

TAC (mg/ 100 g)  
(37 °C) 

TAC (mg/ 100 g)  
(4 °C) 

1X 15.73 ± 0.32i, j, k, l, m 14.41 ± 1.34j, k, l, m 21.79 ± 1.28h, I, j, k, l, m 

2X 22.65 ± 1.53g, h, i, j, k, l, m 8.72 ± 0.72m 44.42 ± 0.73b, c, d, e 

3X 28.37 ± 1.52e, f, g, h, i, j, k 12.25 ± 0.77k, l, m 52.59 ± 3.97b 

4X 25.45 ± 0.94f, g, h, i, j, k, l 13.21 ± 0.75k, l, m 48.06 ± 1.10b, c 

5X 38.69 ± 0.08b, c, d, e, f, g 13.9 ± 1.28k, l, m 76.98 ± 0.002b, c, d, e, f 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 13: Total anthocyanin content (TAC) of samples stored in transparent bottles at 
three different storage temperatures after 30 days 

Samples  TAC (mg/100 g)  
(22 °C) 

TAC (mg/ 100 g)  
(37 °C) 

TAC (mg/ 100 g)  
(4 °C) 

1X 13.96 ± 2.05i, j, k, l, m 15.38 ± 1.02g, h, i, j, k, l, m 17.57 ± 0.88g, h, i, j, k, l 

2X 17.81 ± 0.008g, h, i, j, k 1.94 ± 2.07l, m, n 34.87 ± 0.64d, e, f 

3X 24.45 ± 0.65e, f, g, h, i, j 11.63 ± 1.23j, k, l, m, n 36.46 ± 1.62d, e, f 

4X 26.43 ± 2.35f, g 7.56 ± 3.04k, l, m, n 53.26 ± 1.08c 

5X 34.98 ± 2.21d, e, f  - 105.09 ± 1.36a 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 14: Total anthocyanin content (TAC) of samples stored in amber colored bottles 
at three different storage temperatures after 30 days 

Samples  TAC (mg/100 g)  
(22 °C) 

TAC (mg/ 100 g)  
(37 °C) 

TAC (mg/ 100 g)  
(4 °C) 

1X 13.95 ± 0.61i, j, k, l, m 14.89 ± 1.87h, i, j, k, l, m 21.22 ± 0.26g, h, I, j 

2X 21.11 ± 2.95g, h, i, j 5.63 ± 0.40m, n 38.78 ± 2.58d 

3X 25.88 ± 0.30f, g, h 9.29 ± 0.92k, l, m, n 53.63 ± 1.27c 

4X 23.09 ± 1.77g, h, i 12.71 ± 1.21i, j, k, l, m, n 54.02 ± 0.40c 

5X 38.59 ± 2.27d, e 12.52 ± 1.11i, j, k, l, m, n 90.64 ± 0.009b 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 15: Total phenolic content (TPC) and total anthocyanin (TAC) of 1X concentrate 

with nitrogen flushing and no head space 

Samples  TPC (mg/ 100g) TAC (mg/ 100g) 

1st day  275.72 ± 2.12 27.85 ± 1.01 

No Head Space (Transparent)  256.43 ± 4.85a 14.89 ± 1.40a 

No Head Space (Amber Colored)  256.43 ± 0.98b 16.92 ± 0.81a 

Nitrogen flushed (Transparent)  272.68 ± 4.17a 23.57 ± 4.23a 

Nitrogen flushed (Amber Colored)  268.48 ± 8.48a 24.91 ± 0.68a 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Table 16: Total anthocyanin content (TAC) of samples stored in transparent and amber 
colored bottles at refrigeration temperature for 2 months of study 

Samples Transparent Bottles Amber Colored Bottles 

1X - 19.80 ± 0.53e 

2X 20.29 ± 1.20e 28.81 ± 1.56d 

3X 30.67 ± 2.18c, d 34.92 ± 1.59c, d 

4X 33.46 ± 3.78c, d 37.56 ± 1.86c 

5X 52.6 ± 0.59b 67.09 ± 0.02a 

Data are expressed as mean ± standard deviation of duplicates. Similar letters indicate 
there was no significant difference between concentrations as per Tukey HSD test (p > 
0.05) 
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Figure 1: Effect of pH on the color of anthocyanins extracted from Stokes variety of 
PFSP 
  

pH 1  pH 13  
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Figure 2: Comparison of the color of concentrates on (a) start of study after 1 month 
under different temperature conditions: (b) room temperature (c) incubation temperature 
(d) refrigeration temperature (e) Nitrogen flushing and no head space. e1) No head 
space in transparent bottle e2) No head space in amber colored bottle e3) Nitrogen 
flushing in transparent bottle e4) Nitrogen flushing in amber colored bottle f) after 2 
months at refrigeration temperature 
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Chapter 6  

CONCLUSIONS 

Results from this study can benefit the food industry by providing a green and 

clean process for extraction of anthocyanins from purple fleshed sweet potatoes using 

microwave-assisted extraction with water as a solvent. The final step in this process 

was concentration of extracts using an induction heated vacuum evaporation system, 

another emerging technology. 

Microwave-assisted extraction (MAE), an emerging and novel technology, was 

chosen over conventional extraction methods such as Soxhlet extraction. This is 

because Soxhlet extraction uses heat treatment for a long duration, while MAE uses 

heat treatment for a short duration thereby, leading to better extraction efficiency due to 

lesser degradation of anthocyanins. 

Differences in results of dielectric properties at 915 MHz and 2450 MHz indicate 

that microwave heating is more efficient at a frequency of 915 MHz as compared to that 

at 2450 MHz. Therefore, it is suggested that a commercial microwave system operating 

at 915 MHz or at a combination of 915 MHz and 2450 MHz should be used to design 

and build continuous microwave extraction systems. Lower microwave frequencies are 

associated with longer wavelengths and therefore higher penetration depths, thereby 

resulting in more uniform heating of biomaterials and rupturing of cell membranes – all 

leading to better extraction efficiency.  

Variation in color characteristics was different for blanched versus unblanched 

slices of PFSPs. L*, a*, and b* values for blanched slices were similar over time unlike 

those that were not blanched. Thus, a rapid blanching pre-treatment (90 °C for 3 
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minutes) is recommended to inhibit enzymatic degradation of anthocyanins, thereby 

stabilizing the purple color.  

Another advantage of MAE is the ability to use water as a solvent. Anthocyanins 

are water soluble and hence, can be extracted using water. Additionally, dielectric 

constant of water is approximately 80.1 as compared to that of ethanol which is 24.5 

and methanol which is 32, indicating that microwaves interact better with water and can 

extract anthocyanins more efficiently. 

Results of the analyses of extracts obtained by MAE indicated two major types of 

anthocyanin pigments present in different percentages, depending on the cultivar – 

cyanidin and peonidin. On the other hand, five different types of phenolic acids were 

identified – chlorogenic acid, caffeic acid, 4,5 di-o-caffeoylquinic acid, 3,5 di-o-

caffeoylquinic acid, and 3,4 di-o-caffeoylquinic acid in different percentages depending 

on the cultivars of these PFSPs. Anthocyanins and phenolic acid contents were higher 

in the five new cultivars of PFSPs as compared to those present in Stokes variety of 

PFSP, indicating that the new cultivars of PFSPs could be helpful in developing 

functional ingredients for incorporation in various food products and beverages in order 

to enhance the health benefits of consumers.  

Anthocyanins degrade rapidly during storage at normal ambient temperatures for 

prolonged periods of time. No significant decrease was observed in anthocyanin content 

when stored at refrigeration temperatures in amber colored bottles. Results of the 

studies indicate that in order to extend the shelf life of anthocyanin extracts, they should 

be stored in nitrogen-flushed amber colored or opaque containers at refrigeration 

temperatures (4 °C).  
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It is recommended that the average daily intake of anthocyanins should be 120 

mg/day. However, their consumption is generally limited to 3 – 5 mg/day. Therefore, a 

concentrated extract of anthocyanins from PFSP incorporated in foods can be used as a 

vehicle to bridge the gap between the recommended and actual consumption. 

Furthermore, the average price per cup of sweet potatoes is approximately $0.57, which 

is significantly lower than that of blueberries ($1.48), which is another source of 

anthocyanins. Additionally, shelf life of sweet potatoes is 1 year or more if stored under 

proper conditions as compared to the shelf life of fresh blueberries which is 1-2 days. 

Also, commercializing this environmentally friendly technology of microwave-assisted 

extraction could help in delivering aqueous extracts of anthocyanins from PFSP around 

the globe (such as in Africa, where they are dealing with issues of malnutrition and 

hunger). These extracts can act as functional ingredients with various health benefits 

and can be incorporated in foods and beverages such as cakes, cookies, pastries, other 

bakery items, breakfast cereals, granola bars, evening snacks, and juices. Also, these 

extracts can be used in pharmaceutical products as dietary supplements. Furthermore, 

they can replace artificial dyes used in the food industry because they serve as natural 

colorants by exhibiting different colors at different pH levels. Additionally, microwave-

assisted extraction can help in the reduction of food waste by extraction of functional 

bioactive ingredients from sub-grade fruits and vegetables. The remnants from the 

extraction process contains some amount of bioactive compounds and hence, this can 

be converted into flour for human use or as animal feed.  

To summarize, there is a potential to integrate emerging tools and technologies 

such as new cultivars of PFSPs, microwave-assisted extraction, and induction heating 
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for blanching and vacuum evaporation to address issues such as malnutrition, cost, 

daily intake of secondary metabolites, availability of these compounds globally, and food 

waste. This study is the first step towards addressing these issues and making 

functional ingredients (anthocyanins and phenols) broadly and commercially available 

so that we can bridge the gap between daily requirements and daily intakes of these 

polyphenolic compounds.  
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Chapter 7 

RECOMMENDATIONS FOR FUTURE WORK 

 Results from this study show the feasibility of microwave assisted extraction 

of anthocyanins from different genotypes of purple-fleshed sweet potatoes. Some 

recommendations for future work are presented below: 

 Batch microwave extraction of anthocyanins from PFSP was conducted on 

lab scale, but there is a need to commercialize this technique by using continuous 

microwave extraction in order to make these anthocyanins available more broadly. This 

will potentially help to bridge the gap between daily intake and recommended daily 

requirements of these anthocyanins. Furthermore, there is a need to better understand 

the extraction efficiency of polyphenolic compounds from different fruits and vegetables 

such as blueberries, strawberries, purple carrots, purple corn, apples, and grapefruits 

using microwave assisted extraction. Since this study was limited to extracting 

anthocyanins from purple fleshed sweet potatoes, further studies need to be conducted 

to extract a variety of polyphenolic compounds using continuous microwave assisted 

extraction and studying the kinetics of degradation of these compounds to determine the 

influence of processing and extraction on critical quality parameters.  

 The current and future applications of MAE are not limited to extracting 

polyphenolic compounds from different fruits and vegetables but have various other 

possibilities. Some of the aromatic compounds such as terpenes can also be extracted 

using MAE which can then be incorporated in fruit flavored wines. These aromatic 

compounds are also heat sensitive and hence, microwave assisted extraction also holds 

the potential to achieve a higher extraction efficiency.  
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 MAE can also be used to extract essential oils and volatiles from different 

culinary herbs and plants such as rosemary, thyme, sage, mint, basil, lavender etc. 

which can be used in foods to replace artificial flavors and additionally have a variety of 

health benefits. Also, caffeine and other ingredients can be extracted from coffee using 

microwave assisted extraction which can then be added in various weight loss dietary 

supplements and in energy drinks. Caffeine also has an additional advantage of 

restoring mental alertness under fatigue or exhaustion.  

 Hence, commercializing this technology will broaden the potential range of 

materials and application areas of microwave-assisted extraction by converting it from a 

lab-scale technology to a commercial scale, industrial technology. The applications will 

be numerous as this will prove to be a potential step towards extracting different 

thermally sensitive components such as bioactive compounds, aromatic compounds, 

and essential oils which can further be used in food, pharmaceutical, and cosmetic 

industry to address a broad variety of consumer needs.  

 

  

   


