
ABSTRACT 

STALLINGS, KENDRA DARLENE. Effects of Thermal Processing and Storage on 

Bioactives in Muscadine Fruit Smoothies and Interactions Among Their Ingredients. (Under 

the direction of Dr. Gabriel Keith Harris). 

 

Muscadine grapes are becoming more popular as ingredients in value-added products 

in the market for the increasingly health-conscious population. Utilizing the entire fruit, 

including seeds and skins, adds significant nutritional value to fruit smoothies.  The 

objectives of this study were to determine the effects of processing and storage on bioactives 

in fruit smoothies while determining if components in muscadine puree (MP), often treated 

as waste products, protected labile compounds through processing and storage. Ingredient 

interactions were analyzed to determine if antioxidant capacities were enhanced 

synergistically or if antioxidant interferences were observed. Specifically, the effect MP had 

on antioxidant interactions when added to the smoothie mixture was studied. Smoothie 

formulations containing strawberries and blueberries were compared with and without MP. 

These formulations, as well as the individual smoothie ingredients, were pasteurized (71°C, 

10 s) and then either stored at 4°C for 2 months or -20°C for 4 months. Bioactive content was 

determined in smoothie formulations for total antioxidant capacity by H-ORAC, total 

phenolics by Folin-Ciocalteu, total anthocyanins using pH differential, and ascorbic acid by 

HPLC.  

Processing increased (p < 0.05) phenolics in the blueberry smoothie 7% without MP 

and decreased (p < 0.05) anthocyanins 15% in the strawberry smoothie without MP. Storage 

had significant effects (p < 0.05) on all compounds of interest although trends were not 

consistent across all smoothie formulations. MP significantly protected (p < 0.05) phenolics 

and anthocyanins during refrigerated storage and phenolics during frozen storage of 



strawberry smoothies. Strawberry smoothies with MP retained 16, 13, and 26% more 

antioxidants, phenolics, and anthocyanins, respectively, through refrigerated storage than 

their controls without MP. In frozen storage, phenolics and anthocyanins were both retained 

9% more with MP than without MP in the strawberry smoothie. Greater protection was seen 

from the natural preservative properties of MP on bioactives in the strawberry smoothie but 

not the blueberry smoothie during processing and storage. This information could be 

important to the smoothie industry when combining ingredients to maximize natural 

preservatives from whole fruits in smoothies before pasteurization and storage.  

Calculations were performed to determine if the smoothie blends contained higher 

antioxidant values than expected based on additive properties of the antioxidant values of the 

individual smoothie components. Actual antioxidant values (ORAC) were 23, 32, 31, and 9% 

higher than additive ORAC values in the fresh, processed, refrigerated, and frozen strawberry 

smoothies, respectively. In the blueberry smoothies, actual ORAC values were 26, 21, 21, 

and 18% higher than additive ORAC values in the fresh, processed, refrigerated, and frozen 

smoothies, respectively. The antioxidant synergy from a single ingredient, MP, was studied 

as well and MP had a greater effect on enhancing antioxidants in the strawberry smoothie 

than in the blueberry smoothie. ORAC values in the strawberry smoothie increased 7, 14, and 

15% when looking at the antioxidant interactions from MP added in the fresh, processed, and 

refrigerated samples, respectively. However, antioxidants decreased 5% in the frozen sample.  

The ORAC values in the blueberry smoothie exhibited no significant changes from 

antioxidant interaction when MP was added. This study suggests that whole foods, which 

incorporate traditional waste components like skin and seeds, may create value added 



products by enhancing antioxidant properties and that mixing some ingredients may actually 

result in interferences among antioxidant compounds.  
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1.1 Introduction 

 

Muscadine grapes (Vitis rotundifolia) are a unique fruit native to the southeastern 

United States and were first discovered in North Carolina around the early 1500’s. Giovanni 

de Verrazzano discovered the nation’s first grape while exploring the Cape Fear River Valley 

in 1524 (Department of Agriculture 2007). In 1760, the first variety was named 

‘Scuppernong’ in Tyrell County, NC. However, these grapes can be traced back another 400 

years to the ‘Mother Vine’, the oldest cultivated grapevine in the US, in Manteo, NC where 

Native Americans cultivated muscadine grapes (NC Cooperative Extension – It’s Time for 

Muscadines, 2012). 

Muscadines grow as either bronze or black types, having over 300 varieties (Figure 

1.1). They have a unique flavor and aroma that distinguishes them from other grape varietals. 

Muscadines are advantageous because they have an extra set of chromosomes containing a 

gene that allows them to produce more phytonutrients than bunch grapes (Patel and Olmo 

1955). Because of this, they have adapted to survive the harsh, warm and humid conditions 

of the southeastern United States and as a result have a tougher skin than other grapes. Refer 

to Figure 1.2 for the muscadine-growing region of the US. Due to the high level of phenolic 

compounds produced as a response to these stressors, muscadines are more resistant to 

droughts, pests and disease, including Pierce’s disease, compared to many other grape 

species grown in the same areas (Fry and Milholland, 1990).  
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Figure 1. 1: Bronze (Triumph) and Black (Supreme) Variety of Muscadine Grapes (NC 

Cooperative Extension – It’s Time for Muscadines 2012) 

 

 

 

 
Figure 1. 2: Muscadine Grape-Growing Region of US (USDA-Plants Database) 

 

 

 

The components of the muscadine grape include the skin, pulp, and seeds with about 

99% of the total antioxidant capacity and total polyphenols distributed in the skin and seeds 

(Pastrana-Bonilla, 2003).  When comparing the antioxidant capacities based on a frequently 
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used method, oxygen radical absorbance capacity (ORAC), muscadines contain around 6,800 

µmol TE/100 grams whereas red grapes contain 739 µmol TE/100 grams (Perkins 2003; 

McBride 1999). In comparison to blueberries, which are known to have the highest 

antioxidant capacity among many fruits, muscadine grape skins have 6-8 times more 

antioxidant capacity, based on ORAC values (Hartle et al., 2005).  Many fresh muscadine 

grapes get further processed into products like wine, jam, or juice. However, these products 

do not traditionally use the skin and seeds. An average of 900-1,000 pounds of waste is 

generated from each ton of muscadines processed as about 40-50% of the grape is skin and 

seeds (Rizley et al., 1977). Historically, these waste products have been used as livestock 

feed, fertilizer, or just disposed of. Because of their high phytochemical content, it is of 

interest to utilize these waste components in a value-added product.   

The typical fresh season and harvest of muscadine grapes lasts between August and 

October. With the production of these grapes steadily increasing in recent years, consumption 

of fresh muscadine grapes represents 93.8% of current muscadine market (Safely et al., 

2012). Due to the short fresh season, farmers need a further-processed application for their 

grapes to increase profitability throughout the year by having an alternative for their fresh 

crops. Utilizing the entire muscadine grape in a processed product would decrease waste 

disposal concerns, improve market value per ton of muscadine grapes harvested, and also 

take advantage of the increased phytonutrient value that all the components of this fruit can 

provide. For these reasons, there is potential in using muscadine grape puree in trending 

pasteurized products such as fruit smoothies. 
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Fruit smoothies are excellent sources of natural phytochemicals that have positive 

effects on human health. Compounds often found in fruit smoothies, such as flavonoids and 

vitamin C, have been shown to help prevent heart disease and cancers (Kaur and Kapoor 

2001; Bors et al., 1990; Djousse et al., 2004). One of the most widely studied health benefits 

of fruits and fruit smoothies are the antioxidant abilities of these phenolic compounds in 

preventing disease (Hanasaki et al., 1994). Smoothies are beneficial to both farmers and 

consumers by having a convenient, nutritious product sold longer than the fresh season, 

allowing the fruits to be used as ingredients to maximize farmers’ yield profits. The 

concentration and functionality of bioactive compounds found in fruits are determined by 

intrinsic factors such as variety and growing and harvesting conditions (Tiwari and Cummins 

2013). However, post-harvest conditions such as processing and storage of ready-to-drink 

(RTD) smoothies also greatly affect the concentration and functionality of compounds such 

as phenolics before the product reaches the consumer.  

The food matrix of processed products is another important factor in determining how 

bioactive compounds behave through processing and storage. Certain food matrices can 

either speed up degradation from processing or act as a barrier to protect compounds through 

these conditions (Irina and Mohamed, 2012). With an increase in interest regarding 

antioxidant benefits and healthy diets, it is becoming more and more relevant to understand 

how bioactive compounds in products such as smoothies behave during processing and 

storage in order to determine the health effects the product may have on the consumer. The 

content of bioactive compounds in muscadines grapes, muscadine juices, and wines has been 
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studied as well as how these phenolic compounds are affected by processing and storage. 

However, no published studies show the effect processing and storage have on the bioactives 

in muscadine fruit smoothies based on the interactions of different fruits when muscadine 

puree is added to a mixed-fruit smoothie. 

This review will focus on the bioactive quality of muscadine grapes, blueberries, and 

strawberries to be used in smoothie formulations and the reactions that occur to phenolic 

compounds and antioxidants in these fruits during thermal processing and refrigerated and 

frozen storage. Interactions among bioactive compounds in blended ingredients through 

thermal processing and storage will also be discussed. The influence that these ingredient 

interactions have in either enhancing antioxidant capacities synergistically or interfering with 

antioxidant capacity in smoothie formulations through processing and storage will also be 

investigated.  

 

1.2 Muscadine Grape Production/Consumption 

 

 Muscadine grapes (Vitis rotundifolia) are found in the southeastern United States and 

originally grew wild but have been greatly cultivated since the 16
th

 century. It takes around 

3-5 years to begin a new vine of muscadines for harvesting and they have a long ripening 

season of around 100 days to mature on the vine, beginning in August (Olien, 1990). 

However, the ripening season depends on its location, climate, and cultivar.  The typical 

fresh season and harvest of the grapes is rather short and lasts from late August to October. 
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With over 300 varieties, these black or bronze grapes have a unique flavor and aroma that 

distinguishes them from other grape varietals. Due to their adaption to native climates, 

muscadines are resistant to droughts, pests and disease, giving them an advantage to many 

other grape species growing in the same areas (Bouquet 1981).  

In the USA, 12 coastal states from North Carolina to Louisiana contain over 5,000 

acres of land devoted to muscadine vineyards used in commercial production (Cline and 

Fisk, 2006). Muscadine acreage is increasing in the US and in North Carolina alone, acreage 

for these grapes increased from 346 acres in 2002 to 1,300 acres in 2005 (Cline and Fisk, 

2006; North Carolina Agricultural Statistics and Consumer Services, 2002; North Carolina 

Muscadine Grape Growers Association, 2006). In 1976 the most popular cultivars in North 

Carolina were Carlos, Magnolia, and Scuppernong at 47, 20, 12% of the market, 

respectively, followed by Fry and Noble (Gohdes 1982). Commercialized fresh muscadine 

grapes now average 8 to 12 tons yield per acre used for production (USDA, 2006).  

Before prohibition, over 60% of muscadine production was for wine (Husmann and 

Dearing 1916). In 2001, approximately 80% of muscadines grown in the southeastern United 

States were processed into juice, jams, jellies, and wines (Ector, 2001). However, with the 

production of these grapes steadily increasing as well as consumers’ interest in healthy, fresh 

fruits in recent years, consumption of fresh muscadine grapes represents 93.8% of the current 

muscadine market (Fresh Muscadine Grape Report 2012). The remainder of commercial 

muscadines that are processed traditionally generate an average of 900-1,000 pounds of 

waste (Rizley et al. 1977) from each ton of muscadines processed as about 40-50% of the 

http://horttech.ashspublications.org/content/18/2/308.full#ref-8
http://horttech.ashspublications.org/content/18/2/308.full#ref-8
http://horttech.ashspublications.org/content/18/2/308.full#ref-8
http://horttech.ashspublications.org/content/18/2/308.full#ref-8
http://horttech.ashspublications.org/content/18/2/308.full#ref-15
http://horttech.ashspublications.org/content/18/2/308.full#ref-16
http://horttech.ashspublications.org/content/18/2/308.full#ref-16
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grape is skin and seeds (Ector, 2001). Because of their thick, tough skins, these grapes yield 

less than other grapes in processed products. Their skins and seeds are typically discarded as 

waste. Historically, these waste products have sometimes been used as livestock feed or 

fertilizer but the majority are just disposed of. Because of the high nutraceutical content 

discovered in the skins and seeds, recently these by-products of the grape have been used as 

supplements.  

 

1.3 Fruit Smoothie Consumption, Health Benefits, and Consumer Value 

 

 Fruit smoothies are a convenient option for consumers adding nutritional value to 

their diet. Smoothies can be made by blending different fruits and juices, based on the 

customer preference. In 2012, the US ready to drink (RTD) smoothie revenue was 

$632,500,000 (IBISWorld 2012). However, consumers are placing increasing value on foods 

that are convenient and nutritious as health awareness is increasing. Because of this trend, it 

is expected that the US smoothie market will grow 10-13% over the next 5 years (US 

Smoothies Market 2007).
 
Although the US leads the fruit smoothie market, emerging 

smoothie markets are seen in Canada, Europe and other parts of the world. In the Republic of 

Ireland the smoothie market increased 214% between 2002 and 2006 (Mintel Group 2008). 

The global smoothie market is expected to be $9.0 billion by 2015 (Global Industry 

Analysts).
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Fruit smoothies are increasing every year in the market share of chilled juices (IRI 

2007). A survey conducted by Freud Communications in 2008 showed that 37% of 

consumers drank smoothies compared to the 45% of consumers who drank fruit juices 

(YouGov 2008, Gregory et al. 2000). Smoothies contain at least one full serving of whole 

fruits and one full serving of juice (Ruxton, 2008). In 2008, it was reported that the 

consumption of fruit smoothies greatly contributed to the daily antioxidant and dietary fiber 

intake of consumers in the UK (Safefood, 2009). Smoothies contribute around 18% fiber, 

29% sugar, and 256% vitamin C in adults who consume them according to the Guidance 

Daily Amount (GDA) and Reference Nutrient Intake (RNI) for vitamin C (Ruxton, 2008). 

Although the sugar content is high, it is lower than that of juice on an equal volume basis, 

due to the use of whole fruit puree as an ingredient. Studies have shown that the natural sugar 

content in smoothies are not significantly higher than that of whole fruits such as a 

combination of bananas or cherries (Ruxton, 2008). Smoothies have been shown to be as 

healthy as consuming whole fruits and have higher nutritional values than fruit juices when 

considering total phenolics, antioxidants, and anthocyanins due to using all the fruit 

components (Striegler et al. 2005).  

Whole fruits add higher levels of nutrients, such as energy, carbohydrates, vitamin C 

and fiber to smoothies in comparison to juice. A study was performed to compare nutritional 

qualities of orange juice with smoothie values, with the smoothie values representing an 

average of eight smoothies that account for 74% of the US smoothie market share (IRI 2008, 

Ruxton, 2008). Vitamin C content in an average smoothie was 40 mg/100 g compared to 30 



10 
 

 

 

 

mg/100 g in orange juice (Ruxton, 2008). For a comparison of antioxidants, smoothies 

contained1,566 µmol trolox equivalence (TE) compared to 900 µmol TE in orange juice 

(Ruxton, 2008). Smoothies also contained 1.7 g fiber per 100 g compared to the 0.1 g per 100 

g found in orange juice (Ruxton, 2008). There is often a belief that liquid calories are not 

very satisfying and consumption of this type product would lead to overeating. However, 

over half of the fiber in many fruit smoothies is pectin which has been found to increase 

short-term satiety (Tiwary et al. 1997). Smoothies are a good choice for consumers that 

desire a satisfying, nutritious, and convenient snack. Smoothies have been proven healthier 

than fruit juices and their benefits match those of consuming whole fruits according to the 

studies mentioned above. 

 

1.4 Muscadine Compounds of Interest and Benefits of Whole Fruit 

 

Muscadine grapes are a very rich source of phytonutrients that help prevent and fight 

diseases (Ames et al., 1993; Hertog et al., 1992; Hertog et al., 1993; Hertog et al., 1993; 

Hertog, et al., 1995). Muscadines have many phenolic compounds with high antioxidant, 

anti-inflammatory, and anticarcinogenic abilities. (Lambert et al., 2005; Yang et al., 2001; 

Adebamowo et al., 2005). Studies show that muscadine grapes have higher resveratrol and 

antioxidants values than all other grape types (Ector et al., 1996; North Carolina Wine and 

Grape Council, 2007). Because free radicals have been studied as the most prevalent cause of 

degenerative diseases such as cancer, cardiovascular and neurological disease, these 

http://horttech.ashspublications.org/content/18/2/308.full#ref-9
http://horttech.ashspublications.org/content/18/2/308.full#ref-17
http://horttech.ashspublications.org/content/18/2/308.full#ref-17
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compounds with high antioxidant activity in muscadine grapes are of great focus to 

researchers and consumers (Prior et al., 1998; Ghiselli et al., 1998).  

The components of the muscadine grape include the skin, pulp, and seeds with the 

majority of these phytonutrients being found in the skin and seeds (Pastrana-Bonilla et al.,  

2003). Skin, seeds, and pulp of muscadines were separated and analyzed for total phenolics, 

anthocyanins, and antioxidants (Refer to Table 1.1). Skins contained 374.6 mg/g gallic acid 

equivalence total phenolics, 132.1 mg/100g FW (purple grapes) anthocyanins, and 12.8 µM 

TEAC/g FW antioxidants, respectively (Pastrana-Bonilla et al., 2003). Gallic acid and trolox 

equivalence antioxidant capacity (TEAC) were the standards used to quantify phenolics and 

antioxidants, respectively, in this study. Likewise, the seeds of muscadines were analyzed for 

total phenolics, anthocyanins, and antioxidants and were reported to contain 2,178.8 mg/g 

gallic acid equivalence, 4.3 mg/100g FW, and 281.3 µM TEAC/g FW, respectively 

(Pastrana-Bonilla et al., 2003). Much lower levels of these compounds were reported in the 

pulp of muscadine grapes with values of 23.8 mg/g gallic acid equivalence, 4.6 mg/100g FW, 

and 2.4 µM TEAC/g FW reported for total phenolics, anthocyanins, and antioxidants, 

respectively (Pastrana-Bonilla et al., 2003).  
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Table 1. 1: Major Compounds in Muscadine Grape Components 

Grape 

Component 

Total Antioxidants 

(µM TEAC/g FW) 

Total Phenolics 

(mg/g gallic acid) 

Total Anthocyanins 

(mg/100g FW) 

Skin 12.8 374.6 
Bronze: 2.1 

Purple:132.1 

Seed 281.3 2178.8 4.3 

Pulp 2.4 23.8 4.6 

(Pastrana-Bonilla et al., 2003) 
 

 

 

According to the same study epicatechin, catechin, and gallic acid were the major 

phenolic compounds found in the seeds and ellagic acid, myricetin, quercetin, kaempferol, 

and resveratrol were the major phenolics located in the skins (Pastrana-Bonilla et al., 2003). 

The concentrations of these individual compounds in the seeds were 1,299.4, 558.4, and 6.9 

mg/100g fresh weight, respectively. The concentrations of the phenolics in the skins were 

16.5, 8.4, 1.8, 0.6, and 0.1 mg/100g fresh weight, respectively. These bioactive compounds 

are secondary metabolites that muscadine grapes produce to protect themselves from 

stressors from the environment, pests and diseases.  They not only protect plants from disease 

during growing, but have also been shown to protect consumers from a wide variety of health 

related problems. These compounds like resveratrol, ellagic acid, and flavonols such as 

quercetin have been greatly studied for their anticancer effects (Yang et al., 2001; Birt et al., 

2001). Antioxidant capacity of these compounds is significant when studying their health 

effects.  

In addition to anticancer effects, the phenolics in muscadines have been reported to 

help prevent cardiovascular disease. Using the entire muscadine grape as a pureed product 

such as in a smoothie provides an excellent source of dietary fiber (Ruxton, 2008). Fiber 
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lowers blood pressure and cholesterol levels, which leads to protection against cardiovascular 

disease, gastrointestinal diseases, and colon cancer (Duke Medicine Health News 2012). 

Consumption of dry grape powder in women resulted in a 6-15% reduction of plasma 

triglyceride levels and a significant decrease in cholesterol (LDL) due to the high fiber and 

polyphenolics in the grapes (Zern et al., 2005). Compounds found in muscadine grapes such 

as epigallocatechin, gallic acid, epicatechin, and catechin have been shown to protect low 

density lipoproteins (LDL) from oxidation, which helps prevent cardiovascular disease 

(Rice-Evans 1997). 

 

1.4.1 Antioxidants 

 

Oxidation occurs in living things but can be detrimental to cells, tissues, and bioactive 

compounds. When electrons are unpaired during transfer, free radicals are generated. These 

free radicals are very reactive and attack nearby cells, causing damage.  Antioxidants prevent 

the initiation or propagation of these oxidizing chain reactions in order to prevent oxidation 

of other molecules (Aruoma 1994). If these oxidizing reactions are not prevented, diseases 

such as cancer may result from the activity of the free radicals (Halliwell and Gutteridge 

1990).  

In foods, antioxidants are defined as substances that inhibit or delay oxidation 

reactions, such as slowing lipid peroxidation (Halliwell and Gutteridge 1989; Sies 1993; 

Halliwell 1995). Natural antioxidants found in human diets include vitamin C, flavonoids, 

anthocyanins, and carotenoids to name a few (Gülçin İ. 2012). The intake of fruits has been 
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linked to a decrease in heart disease and cancer most likely due to the antioxidant capacity of 

these phenolic compounds found in fruits (Eberhardt et al. 2000; Ganesan et al., 2011; Kaur 

and Kapoor, 2001).  

The antioxidant capacity of phenolic compounds is dependent on the structure of the 

compounds such as the arrangement of hydroxyl groups, conjugation, and ring structures to 

include electron donating and accepting components. (Bors et al. 1990; Rice-Evans et al., 

1995). Phenolic compounds found in fruits prevent the generation of free radical oxidation by 

giving a hydrogen atom from their hydroxyl group, creating a stable free radical that will not 

further participate in oxidizing chain reactions (Kaur & Kapoor, 2001). A study was 

performed to determine the radical scavenging, or antioxidant, activities of the major 

phenolic compounds found in muscadine grapes. Resveratrol, confirmed in both bronze and 

black muscadines (Ector et al., 1996), was found to be the highest radical scavenger in these 

grapes, followed by catechin, epicatechin, gallocatechin, then gallic acid and ellagic acid 

(Yilmaz and Toledo, 2004). Another study reported that quercetin and ellagic acid reduced 

tumors significantly in animals (Khanduja et al., 1999).   

Natural antioxidants, like the phenolic compounds found in fruits, are advantageous 

to not only human health, but also for extending shelf life of products because of their ability 

to prevent oxidation (Fauré et al., 1990; Tsuda et al., 1994; Yen et al., 1993, Masuda et al., 

2003). This is important as the criticism of artificial preservatives used in the food industry is 

increasing (Bruhn, 2000). In the meat industry, antioxidants are used to control lipid 

oxidation which causes off-flavors and decreased product quality (Gray & Crackel l994; 

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S1466856408000350#bib38
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S1466856408000350#bib13
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Gray & Pearson 1994; Mielche & Bertelsen 1994). In these cases, antioxidants such as 

vitamin E quench free radicals, protecting cholesterol and phospholipids in meats from 

oxidation (Gray et al. 1996). A study also showed the use of natural antioxidants in a green 

tea extract extended the shelf-life of fresh-cut lettuce by preserving ascorbic acid and 

carotenoids (Martín-Diana 2008). Another study showed that high anthocyanin content in the 

skin of tomatoes extended shelf–life by showing delayed over-ripening, or softening, in 

tomatoes and also being less susceptible to pathogens when compared with tomatoes with 

lower levels of anthocyanins (Bassolino et al, 2013).  

As displayed in Table 1.2, fresh muscadine grapes have a total antioxidant capacity 

of 296.5 µM trolox equivalents (TE)/ g fresh weight muscadine (Pastrana-Bonilla et al., 

2003). Strawberries and blueberries (highbush) at harvest have reported total antioxidant 

values of 20.6 umol TE/ g FW and 60.1 umol TE/ g FW, respectively (Kalt et al., 1999). To 

determine the antioxidant capacities these compounds have in foods such as fruit smoothies, 

it is important to study how they behave during processing and storage. 

 

Table 1. 2: Total Antioxidant, Phenols, Anthocyanins, and Ascorbic Acids in Fruits 

Compounds Muscadine Grapes
 

Strawberries
 

Blueberries
 

Total Antioxidants  296.5
a
 20.6

b
 60.1

b
 

Total Phenolics 
247.7   

mg GA /100 g FW
a
 

5.08  

µmol GA /g FW
b
 

22.7  

µmol GA /g FW
b
 

Total Anthocyanins 
55.8 

mg/100 g of FW
a
 

0.155 µmol of 

mal-3-glu/g FW
b
 

2.67 µmol of mal-

3-glu/g FW
b
 

Ascorbic Acid -- 23.8-51
c 

12.4-13.1
c 

a
 (Pastrana-Bonilla et al., 2003) 
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Table 1.2 Continued 

 
b
 (Kalt, et al., 1999) 

c
 (Benvenuti, et al., 2004) 

1
Total antioxidants reported in µmol TE/g FW 

2
Total ascorbic acid reported in mg/100 g FW 

 

 

 

1.4.2 Phenolics 

 

Plants produce compounds in response to stress from the environment such as 

invasions from microorganism or insects, extreme climates, and poor nutrition. These 

compounds are called polyphenols and are secondary metabolites that are not directly 

required for plants’ growth, development, or reproduction. Instead these compounds provide 

a defense system for plants that allows them to become more resistant to disease from these 

stresses. Over 8,000 polyphenolics have been identified in plants, with more than 4,000 of 

them being flavonoids (Harborne et al. 1999). Phenolic acids and flavonoids are among the 

most frequently studied phenolics in plants and contribute to foods’ appearance, taste, and 

health effects due to biological activity (Irina and Mohamed, 2012). Phenolic content of 

fruits is often strongly correlated with their antioxidant capacities, and a previous study 

reported an R
2
 = 0.83 correlation between phenolics and antioxidant capacity (Kalt et al., 

1999). According to another study, flavonoids and ellagic acid showed correlations from R
2
 

= 0.55-0.90 with antioxidant capacity in muscadine juices and wines (Talcott and Lee, 2002). 

The phenolic content in berries is determined by environmental conditions such as 

weather, regions, species, variety, and ripeness. Disease prevention related to phenolics has 
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been studied in depth, particularly with regard to their antioxidant and anticarcinogenic 

effects. The antioxidant activity of phenolics results from free radical trapping mechanisms, 

inhibiting enzymes that favor oxygenated reactive species, and chelating metal ions (Irina 

and Mohamed, 2011). Muscadine grapes have a total phenolic value of 247.7 gallic acid 

equivalence (GAE) mg/100 g FW (Pastrana-Bonilla, 2003). The components of muscadine 

grapes that have the highest concentration of polyphenols in decreasing order are the seeds, 

skins, leaves, then pulp (Yilmaz and Toledo 2004). Strawberries and blueberries (highbush) 

at harvest have reported total phenolic values of 5.08 and 22.7 µmol GAE /g FW, 

respectively (Kalt et al., 1999). Refer to Table 1.2 for a comparison of bioactive compounds 

in the different fruits used to make the smoothies in this study and Table 1.3 for the specific 

major phenolics found in these fruits.  

 

Table 1. 3: Major Phenolics Found in Muscadine Grapes, Strawberries, and Blueberries 

Fruit Major Phenolics 

strawberry
1,2 

ellagic acid, pelargonidin quercetin, kaempferol, 

 gallo-catechin, hydroxybenxoic acid 

blueberry
1,2 

delphinidin, quercetin, kaempferol, myricetin, 

procyanidins, catechin, epicatechin, resveratrol, 

chlorogenic acid, vanillic acid 

muscadine grapes
3,4,5 

ellagic acid, gallic acid, catechin, epicatechin, 

 myricetin, quercetin, resveratrol, kaempferol 
1
 (Szajdek and Borowska, 2008) 

2
 (Huang et al., 2012) 

3
 (Yilmaz and Toledo 2004) 

4
 (Pastrana-Bonilla et al., 2003) 

5
 (Ector et al., 1996) 
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Flavonoids are among the most prevalent phenolics found in fruits and are recognized 

by their C3-C6-C3 backbone (Robards et al., 1999). Separate groups of compounds among 

flavonoids differ based on the position and degree of hydroxylation and their state of 

polymerization (Irina and Mohamed, 2012). Figure 1.3 shows the structures of common 

phenols in fruits. The ability a flavonoid has to trap free radicals depends on its redox 

potential. Polyphenols in plants exhibit antioxidant activity by either being a reducing agent, 

quenching singlet oxygen, or donating hydrogens in oxidative reactions (Robards et al., 

1999). The biological effects these compounds have in the body depend on location and 

existence of functional groups, especially the positions of hydroxyl groups and double bonds 

between carbons 2 and 3 in the rings (Limem 2008).  

 

 
Figure 1. 3: Structures of Different Common Phenolic Groups in Berries 
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Berries are rich in phenolics such as ellagitannins. The structure of ellagitannins and 

high molecular weight phenolics allow these compounds to elevate antioxidant capacities of 

fruits because of their many hydroxyl groups and polymerization (Hagerman et al., 1998). 

Ellagic acid, a phenolic acid responsible for the sour taste of many fruits, is often analyzed in 

berries because of its prevalence and antioxidant activity (Bakkalbas, et al., 2008). 

Muscadine grape (Noble) extracts had free ellagic acid content of 49.7 mg/kg and total 

ellagic acid glycosides of 86.9 mg/kg (Bakkalbas, et al., 2008). Ellagic acid accounts for 51% 

of all acid in strawberries (Szajdek, 2008). Strawberries and blackberries had free ellagic acid 

contents of 1.77 and 8.77 mg/100 g FW, respectively (Amakura et al., 2000). Ellagic acid 

increases in fruits during ripening and becomes more concentrated in the skins, where around 

85% of total ellagic acid is found. 

Catechin, a polyphenol found in muscadine grape seeds, has been reported to inhibit 

plasma lipid oxidation in humans because of its antioxidant activity (Lotito and Fraga 1997). 

Epicatechin and gallic acid, also found in muscadine grape seeds, both scavenge free radicals 

to prevent diseases such as cancer (Moini et al., 2002; Liu et al., 2000). Phenolic acid and 

anthocyanin extracts from muscadine grapes were analyzed in a study to determine the effect 

they had on cancer cell viability. The phenolic acid extracts inhibited colon cancer cells 50% 

at a concentration of 0.5-3.0 mg/mL (Yi et al., 2005). The anthocyanin extract showed the 

same inhibitory effect at a concentration of 200 µg/mL (Yi et al., 2005).  

Consuming flavonoids, such as quercetin, is inversely related to heart disease 

mortality rates (Hertog et al., 1993, Frankel et al., 1993, Kanner et al., 1994). Compounds 
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such as ellagic acid were studied by analyzing an in vitro model to detect the protection of 

oxidation of human LDL. Phenolic compounds inhibited LDL oxidation at a variety of 

concentrations (Meyer, 1998). The extent to which they exhibited antioxidant activity was 

based on their chemical structure such as location of hydroxyl groups, presence of double 

bonds, or potentially solubility in between phases in LDL.  

 

1.4.3 Anthocyanins 

 

 Anthocyanins are a group of water-soluble phenolic compounds often found in the 

skins of fruits, especially berries, which are responsible for the blue, purple, and red 

pigmentation of many fruits and vegetables. Because of this, they are very important to the 

sensory quality of foods containing them. The major anthocyanins found in fruits and 

vegetables are cyanidin-3-glucoside, pelargonidin-3-glucoside, delphinidin-3-glucoside, 

petunidin-3-glucoside and malvidin-3-glucoside (Patras et al., 2010). The deep color of 

blueberries comes from the high concentration of natural anthocyanins reported at 0.3-5.0 

g/kg fresh weight (Mazza and Miniati 1993). Different anthocyanins (Figure 1.4) vary by 

number of hydroxyl groups, number of sugar groups and aromatic acids attached, and degree 

of methylation (Mazza& Brouillard, 1987; Mazza & Miniati, 1993; McGhie & Walton, 

2007).  
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Figure 1. 4: Structure of Common Anthocyanins in Fruits 

 

 

 

Muscadine grapes (purple) have a total anthocyanin value of 55.8 mg/100 g of FW 

(Pastrana-Bonilla, 2003). Strawberries and blueberries (highbush) at harvest have reported 

total anthocyanin values of 0.155 and 2.67 µmol of malvidin-3-glucoside/g FW, respectively 

(Kalt et al., 1999). Refer to Table 1.4 for the major anthocyanins in these fruits. 

 

Table 1. 4: Major Anthocyanins in Muscadine Grapes, Strawberries, and Blueberries 

Fruit Major Anthocyanins % Total Anthocyanins 

strawberry
1,4 

pelargonidin-3-glucoside 77-90 

pelargonidin-3-rutinoside 6-11 

cyanidin-3-glucoside 3-10 

blueberry
2,5,6 

malvidin-3-glucoside 20 

malvidin-3-galactoside 20 

delphinidin-3-galactoside 13 

 malvidin-3-arabinoside 12 

 petunidin-3-glucoside 10 
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Table 1.4 Continued 

 

muscadine grapes
3 

delphinidin 3,5-diglucoside 

cyanidin 3,5-diglucoside 

petunidin 3,5-diglucoside 

55 

10 

22 
1
 (da Silva et al., 2007) 
2 

(Prior et al., 2001) 
3 

(Huang et al., 2009) 
4
 (Skupień and Oszmiański, 2004) 

5
 (Kader et al., 1996) 

6
 (Lohachoompol et al., 2008)  

 

 

 

The consumption of anthocyanins has been correlated with health benefits in many 

studies (Clifford, 2000; Duthie et al., 2000). Like other phenolic compounds, they exhibit 

free radical scavenging ability, a component of antioxidant activity that can help prevent or 

treat cancer and cardiovascular disease (Lule & Xia, 2005; Konczak & Zhang, 2004). 

Anthocyanins have also been shown to prevent the oxidation of human LDL cholesterol and 

liposomes. (Wang et al., 1997; Kähkönen and Heinonen 2003; Satué-Gracia et al., 1997).  

 The anticancer potential of anthocyanins has been extensively studied (Hou et al., 

2003; Hou et al., 2004). Analyzing bilberry extracts, anthocyanins had significant activity 

preventing leukemia and colon cancer cell proliferation (Katsube et al., 2003). Specific 

anthocyanins such as cyanidin and delphinidin, both found in muscadine grapes, inhibited 

tumor growth in vitro at very low concentrations showing high affectivity (Meiers et al., 

2001). Certain anthocyanins such as cyanidin, petunidin, and delphinidin have been shown to 

induce apoptosis in human leukemia cells (Hou et al., 2003).   
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1.4.4 Ascorbic Acid 

 

Vitamin C, or ascorbic acid, is an essential micronutrient that humans consume in 

their diet through fruits and vegetables. It is a water-soluble vitamin that is considered one of 

the most powerful natural antioxidants found in foods (Bendich et al. 1986; Weber et al. 

1996). Ascorbic acid has the ability to transfer a single electron and often quickly reacts with 

oxidants. Its antioxidant activity comes from reducing hydroxyl radicals or superoxide or by 

quenching single oxygens (Sarma et al., 1997). Fruits, especially citrus, are excellent dietary 

sources of vitamin C. Strawberries at harvest have an ascorbic acid value of 1.96 µmol/g FW 

and blueberries have an ascorbic acid reported value of 0.489 µmol/g FW (Kalt et al., 1999). 

Vitamin C has been studied in vivo as a cofactor for the synthesis of amino acid 

products, neurotransmitters, and regulation of gene transcription (Englard and Seifter 1968; 

Ozer and Bruick 2007; and Monfort and Wutz 2013). Adequate intake of vitamin C is 

important to prevent hypovitaminosis C and scurvy (Krebs 1953). Vitamin C gets absorbed 

from its source in the small intestine and is transported by SVCT1 and SVCT2, sodium-

dependent transporters, to tissues in the body (Carr and Vissers 2013). During one and two 

electron oxidations, ascorbic acid produces dehydroascorbic acid (Figure 1.5) (Carr and 

Vissers 2013).  
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Figure 1. 5: Conversion of Ascorbic Acid to Dehydroascorbic Acid 

 

 

 

In the early 1900’s vitamin C was chemically synthesized (Carr and Vissers 2013). 

When comparing naturally occurring vitamin C in foods with synthesized vitamin C, 

researchers began to study the interactions vitamin C has with other compounds by 

determining its bioavailability in natural products. These two are chemically identical, but 

vitamin C in foods interacts with other vitamins, minerals and nutrients, determining its 

function in the body. A study showed that vitamin C interacted with vitamin E to reduce the 

tocopheroxyl radical (Packer et al., 1979). Vitamin C is often found in fruits with other 

flavonoids and studies show that flavonoids actually increase the bioavailability of vitamin C 

(Beker et al., 2011; Clemetson and Anderson 1966; Harper et al., 1969; and Clegg and 

Morton 1968). In contrast, quercetin and myricetin can prevent vitamin C uptake in cells by 

inhibiting transporters of vitamin C (Park and Levine 2000).  

Studies show that phenolics such as anthocyanins protect ascorbic acid against 

oxidation. This is important as vitamin C has great health benefits but is labile to processing 

and oxygen. This protection of vitamin C by anthocyanins is possibly due to the 

hydroxylation of these pigments enhancing its chelating potential, protecting ascorbic acid 
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from metal-induced oxidation (Sarma et al., 1997). Another possible reason anthocyanins 

protect ascorbic acid from oxidation is because it acts as a co-pigment forming a stable 

metal-chelated structure with anthocyanins (Sarma et al., 1997). 

Vitamin C has been shown to decrease the risk of prostate cancer (Rossi et al., 2007). 

It has also been shown in studies to prevent other cancers (Patterson et al., 1997; Coulter et 

al., 2006). Vitamin C has other health benefits than its antioxidant properties such as 

synthesizing collagen, hormones neurotransmitters (Szajdek and Borowska 2008). 

 

1.5 Effect of Thermal Processing on Compounds 

 

Thermal processing methods are the most commonly used processing methods in the 

food industry and include pasteurization, drying, blanching, and frying to name a few. These 

methods involve heating a product to 50 - 150°C, depending on required shelf-life and pH of 

the product, to inactivate degradation enzymes such as polyphenol oxidase (PPO) and 

microorganisms in foods to produce a safe, high quality product (Tiwari et al., 2013). 

According to the Food and Drug Administration (FDA), a minimum 5-log kill of pathogens 

is required for microorganisms of concern based on product characteristics (Juice HACCP 

Hazards and Control Guidance, 2004; 21 CFR 120.24). In a previous study, a thermal process 

of 3 seconds at 71.1°C was adequate to achieve a 5-log reduction of pathogens of concern, E. 

coli O157:H7, Salmonella, and Listeria monocytogenes, in fruit juices of pH’s 3.6 - 4.0 

(Mazzotta 2001).  
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Thermal processing is often applied to foods that contain fruit ingredients known to 

be high in antioxidants, phenolic compounds, and vitamin C. The temperature, duration, and 

food matrix during processing determine how bioactive compounds in foods are affected.  

Pasteurization is the method typically used to treat liquid foods, such as fruit smoothies, and 

involves applying heat below 100°C. Due to the low pH (< 4.5) of fruits and fruit products, 

pasteurization is applied to extend product shelf-life, targeting the reduction of spoilage 

organisms such as yeasts, molds, or enzymes, rather than killing pathogens (Fellows 2010). 

This process is applied to have minimum effects on sensory attributes or nutrition of foods. 

Pasteurization involves applying sensible heat, meaning that the temperature in a system is 

changed by adding heat without altering other properties such as product phases. This same 

principle applies to cooling where sensible heat is taken away from a system where there is a 

decrease in temperature but no phase change in the product (Fellows 2010). The heating 

efficacy of pasteurization is determined by heat transfer rates calculated using coefficients 

and varies based on product characteristics. Factors such as product velocity or flow and 

equipment used determine how quickly a product is pasteurized. Validation studies are 

required to determine the minimum time and temperature combination needed for a specific 

food in order to achieve a safe, high quality product. Pasteurized foods such as fruit products 

are generally consumed for their health benefits, so determining how thermal processing 

affects compound concentrations is of interest. Studies have shown a logarithmic degradation 

of phenolic compounds with a steady increase in temperature (Drdak & Daucik 1990; 

Havlikova & Mikova 1985; Rhim, 2002). However, properties of foods such as pH, bioactive 
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concentration, the presence of light, oxygen and enzymes, and storage parameters should be 

taken into account rather than just processing parameters when studying bioactive 

degradation in foods (Rein, 2005).  

Bioactive compounds such as polyphenols, ascorbic acid, anthocyanins and other 

antioxidants are affected by thermal processing depending on the time and temperature of the 

process. However, these compounds do not always behave the same way through processing. 

For example, the possible changes that could occur to antioxidants in foods through 

processing can be summarized as no change, a loss in natural antioxidants, formation of new 

antioxidants, or interactions between compounds such as lipids and antioxidants through 

processing (Nicoli et al., 1999). These different changes occur due to enzymatic and 

chemical oxidation of phenolics (Nicoli et al., 1999). Enzymes appear to degrade 

antioxidants quickly according to Figure 1.6 below during processing. Antioxidants initially 

increase during heating but then degrade due to chemical oxidation, more significantly at a 

higher temperature (Nicoli et al., 1999) (Figure 1.6). 
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Figure 1. 6: Antioxidant Activity Affected by Enzymatic and Chemical Oxidation in Foods 

Containing Polyphenols 

 

 

 

Enzymatic oxidation in fruit smoothies through processing is often the result of the 

activity of polyphenol oxidase (PPO) and needs to be considered when determining the 

bioactive quality of a pasteurized product. PPO is a copper-containing oxidoreductase found 

in plants (Bai et al., 2013) and catalytic activity occurs when copper atoms are at the active 

sites of PPO. PPO either hydroxylates monophenols to o-diphenols or oxidizes o-diphenols 

to o-quinones when oxygen is present (Zawistowski et al., 1991; Mayer 1987; Nagai and 

Suzuki 2001). Refer to Figure 1.7 for the chemical reactions of PPO in plants.  
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Figure 1. 7: Examples of Reactions (a) Converting a Monophenol to Diphenol and (b) a 

Diphenol to a Quinone Both Catalyzed by Polyphenol Oxidase in Plants 

 

 

 

Phenolic compounds act as substrates for degradation enzymes such as PPO and are 

often responsible for enzymatic browning in fruits, which reduces quality (Rawson et al., 

2011; Keenan et al., 2011). PPO is found in fruit products like smoothies, as they are high in 

phenolic content, and acts as an internal degrader of antioxidants and polyphenols in products 

containing it (Rössle et al., 2010).  Blended products such as fruit smoothies inherently have 

oxygen unintentionally introduced to the food matrix during the mechanical blending. This 

process forces oxidative enzymes such as PPO that are located within cells to be exposed to 

the oxygen and phenolic compounds, which may speed up oxidative and enzymatic 

degradation of bioactive compounds in smoothies (Keenan et al., 2011). 

Phenolic degradation, such as anthocyanins, during thermal processing occurs when 

enzymes like polyphenol oxidase and peroxidase oxidizes these compounds generating 
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phenolic quinones that form brown pigments when reacted with anthocyanins (Skrede et al., 

2000). This degradation is also caused by the cleavage of covalent bonds in the anthocyanin 

structures during thermal processing (Rawson et al., 2011). This process results in 

polymerization that produces dark pigments. Due to its detrimental effects on food qualities, 

PPO is sometimes used as a target during thermal processing. In a study investigating 

kinetics of PPO in apples during processing, it was found that PPO in apples was inactivated 

4, 15, 30, and 40% during blanching for 1 min at 90, 100, 110, and 120°C, respectively. PPO 

was completely deactivated at 90°C after blanching for 7 minutes (Bai et al., 2013). Thermal 

processing of fruit smoothies at 70°C for 10 minutes resulted in complete inactivation of PPO 

(Keenan et al., 2012).  

Chemical oxidation also affects many phenolics as they are often unstable. The 

degradation mechanism of anthocyanins during heating can be explained by forming a 

chalcone, or an aromatic ketone, from the hydrolysis of a sugar by opening the flavylium ring 

located at the backbone of anthocyanins containing a cation responsible for the color of many 

plants (Tiwari and Cummings 2013; Palamidis & Markakis, 1978; Markakis et al., 1957). 

Although anthocyanin content appears to decrease, polymeric color sometime increases due 

to co-pigmentation with other polyphenol compounds during thermal processing (Patras et 

al., 2009). Because of this, antioxidant activity does not necessarily decrease due to the 

phenolic products formed which have antioxidant activity as well. The degradation in 

strawberries occurs as soon as processing begins and continues through storage as 

pelargonidin-3-glucoside is hydrolyzed by acid in products with low pH’s and then 
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transformed into hydroxybenzoic acid (Stintzing & Carle 2004). Vitamin C degradation 

occurs by an oxygen-dependent reaction where oxidation converts ascorbic acid to 

dehydroascorbic acid (Rawson et al., 2011). 

Studies have been conducted to determine how processing affects bioactive 

compounds in individual fruits and are summarized in Table 1.5 below. Often, pasteurization 

degraded phenolics and anthocyanin compounds. Phenols in strawberries decreased 40% 

during pasteurization of 85°C for 5 min (Hartman et al., 2008). Anthocyanin content in 

strawberry puree was greatly affected by pasteurization at 70°C for 2 minutes (Patras, et al., 

2009). After pasteurizing highland blackberries at 88-93°C for 40 s after they were blanched 

at 95.5°C for 10 minutes, a decrease from 6.00 to 4.96 mg GAE/g FW was seen in total 

phenolics in the puree (Gancel et al., 2011). In this same study, total antioxidant values 

(ORAC) decreased from 58.6 to 52.8 µmol TE/g FW after pasteurizing blackberry juice at 

88-93°C for 40 s.  

Sometimes when phenols are degraded during processing, antioxidant activity 

actually increases in foods (Buchner, et al., 2006; Murakami, et al., 2004). In blueberries 

anthocyanins decreased 6-44% during traditional canning methods at 95°C for 2 minutes. 

However, antioxidant activity and phenolics increased 53% and 11–50%, respectively (Giusti 

& Wrolstad, 2003). Maillard products can be the result of high temperature processing 

resulting in an increase of antioxidant activity (Chandrasekara & Shahidi, 2011; Hartman et 

al., 2008; Sharma & Gujral 2011, Nicoli et al., 1999). Other studies show this trend as total 
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antioxidant activity and folate levels increased in tomatoes after thermal processing at 98°C 

for 40 seconds while vitamin C and phenolics significantly decreased (Perez-Conesa, 2009). 

Roasting increased antioxidant activity in peanut paste at 160°C for various holding times 

(Win et al., 2011). After roasting peanuts for 20 min, there was a 21% increase in radical-

scavenging activity in the samples. Processing at 115°C for 25 min increased the antioxidant 

activity of sweet corn by 44% mostly likely due to the increase in ferulic acid and phenolics 

observed (Dewanto, 2002). In many foods vitamin C, which is often degraded during 

processing, only accounts for a small percentage of the antioxidant activity, such as less than 

0.4% in apples, with the majority of antioxidant activity coming from the blend of other 

phenolic compounds which increase during processing (Dewanto, 2002). Therefore, 

processed foods are not always nutritiously inferior to fresh foods as they may actually have 

a higher antioxidant activity. 

Anthocyanins in blueberry puree decreased 43% compared to fresh blueberries after 

blanching and pasteurization (Brownmiller et al., 2008). A 12-42% degradation of 

anthocyanins was reported in blueberries heating from 12-99°C for 60 min (Oliveira et al., 

2010). After heating elderberries at 95°C for 3 hours, 50% of anthocyanin concentration was 

lost (Sadilova et al., 2006). Anthocyanin and phenolics decreased significantly during the 

preparation of blueberry juice (Sablani et al., 2010). During the pasteurization of passion fruit 

juice, phenolic acids increased from 527 µg/L to 659 µg/L after pasteurization at 85°C for 30 

minutes (Talcott et al., 2003). As seen in many studies, anthocyanins are typically degraded 

during thermal processing. 
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Table 1. 5: Processing Effects on Bioactives in Various Fruits 

Fruit 
Processing 

conditions 
Compound(s) 

Change during 

processing 
Reference 

Strawberries 

85°C for 5 min 

70°C for 2 min 

70°C for 2 min 

phenols 

phenols 

anthocyanins 

 40% 

38 mg 

GAE/100 g 

 57 mg/100 g DW 

Hartman et al., 

2008 

Patras, et al., 2009 

Patras, et al., 2009 

Blackberries 
88-93°C for 

40s 

phenolics 

antioxidants 

1.04 GAE/g FW 

5.8 µmol TE/g 

FW 

Gancel et al., 2011 

Blueberries 95°C for 2 min 

anthocyanins 

antioxidants 

phenolics 

6-44% 

53% 

11-50% 

Giusti & Wrolstad, 

2003 

Blueberry 

Puree 

blanching + 

pasteurization 
anthocyanins 

43% 

 

Brownmiller et al., 

2008 

Blueberries 
12-99°C for 60 

min 
anthocyanins  12-42% 

Oliveira et al., 

2010 

Elderberries 95°C for 3 hrs anthocyanins  50% 
Sadilova et al., 

2006 

Passion fruit 

juice 

85°C for 30 

min 

phenolic acids 

ascorbic acid 

 132 µg/L 

 25% 

Talcott et al., 2003 

Banana 

peppers 

74°C for 10 

min 
ascorbic acid 

 63% 



Lee and Howard, 

1999 

apples 90°C for 7 min ascorbic acid  89% Bai et al., 2013 

 

 

 

The study of vitamin C degradation during processing of foods has been focused on 

because of its role in non-enzymatic browning of foods (Dhuique-Mayer, 2007). According 

to several studies, ascorbic acid degradation follows a first-order reaction during thermal 

processing (Johnson et al., 1995; Van den Broeck et al., 1998; Vikram et al., 2005). This 

means that the amount of ascorbic acid degraded depends linearly on its concentration. In 

addition to temperature, vitamin C degradation of food products is dependent on oxygen, 

moisture, pH, and metal (Uddin et al., 2002). Ascorbic acid is known as a heat labile 

compound and its degradation during thermal processing is expected. Since this is well 
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known, vitamin C loss is often used as an indicator of thermal processing intensity (Bai et al., 

2013). Often foods that contain ascorbic acid also contain the degradation enzyme 

polyphenol oxidase (PPO) and have been implicated in the degradation of vitamin C. In a 

study vitamin C was retained more in apples, > 11%, when PPO was completely inactivated 

90°C after blanching for 7 minutes (Bai et al., 2013).   

According to a previous study ascorbic acid content decreased 63% during the 

pasteurization of yellow banana peppers at 74°C for 10 minutes (Lee and Howard, 1999). In 

another study, ascorbic acid decreased 25% after pasteurizing yellow passion fruit, fortified 

with ascorbic, at 85°C for 30 minutes (Talcott et al., 2003). During blanching of apples, 

vitamin C degradation increased with an increase in blanching temperature. After blanching 

apples at 90°C for 7 min, vitamin C retention was 11.29% (Bai et al., 2013). However, as 

blanching temperatures increased to 100, 110, and 120°C, vitamin C retention decreased to 

10.79, 7.78, and 4.48%, respectively (Bai et al., 2013).  

It is frequently believed that thermal processing is detrimental to nutritious 

compounds in foods. However, as previously mentioned, many studies show that phenolic 

compounds often actually increase during thermal processing. A study was performed to 

analyze phenolics in juice and wine from muscadine grapes. It was found that phenolics in 

the Noble hot pressed juice (70°C, 15 min prior to pressing) were actually higher than 

phenolics in the Noble cold pressed juice (25°C) due to compounds being solubilized during 

heating. The values for total phenolics, total anthocyanins, ellagic acid and quercetin in hot 

pressed juice just after processing were 1,280, 1,270, and 102, and 24.3 mg/L, respectively 
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(Talcott and Lee 2002). Conversely, in the cold pressed juice just after processing, values for 

total phenolics, total anthocyanins, ellagic acid and quercetin were 337, 194, 4.4, and 1.8 

mg/L for, respectively (Talcott and Lee 2002). Also, blueberries that had been blanched prior 

to canning had less of a decrease in anthocyanins, phenolics, and antioxidants than those that 

were not blanched. Anthocyanins decreased 35% and 67% with and without blanching, 

respectively. Phenolics and antioxidants decreased 41% and 7% with blanching and 63% and 

52% without blanching, respectively (Syamaladevi et al., 2012). The higher retention of 

bioactive compounds with blanching could be due to reduced enzymatic degradation because 

more enzymes are inactivated during blanching. Another possible reason for the bioactive 

retention is the hot extraction that this process provides as it breaks down fruit tissues and 

allows the compounds to be released.  

Specific phenolic compounds in fruits followed this same increase when heat is 

applied as ellagic acid concentrations doubled in strawberry purees after heating at 37°C for 5 

minutes. The concentrations of free ellagic acid were higher in hot press muscadine juice 

than cold press with values of 10.14 and 3.85 mg/L, respectively. Also, ellagitannins 

followed this same trend with a hot press value of 22.66 mg/L compared to 0.64 mg/L cold 

press value showing that phenolics are released from grape skins during heating, acting like 

an extraction process (Lee and Talcott, 2004). Many procyanidins also increased during the 

pasteurization of grape juice (Fuleki and Ricardo-Da-Silva, 2003). The increase of flavonoids 

during processing leads to a product with high antioxidant capacity, which is more valuable 

to health conscious consumers (Kalt et al., 1999). Free ellagic acid in raspberry jam increased 
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during processing 2.5 times, most likely due to ellagitannins hydrolytically breaking down to 

ellagic acid (Zafrilla et al., 2001). Free ellagic acid content in pomegranate juice also 

increased 57% during processing and antioxidant activity increased 10% (Perez-Vicente et 

al., 2004).   

Fruit mixes have also been studied to determine the effects thermal processing has on 

extracting bioactive compounds. Generally, it has been found that antioxidants and phenolics 

increase during processing of fruit smoothies (Anese, 1999; Patras et al., 2009 a,b).        

Smoothies were heated at 70°C for 10 minutes and antioxidants increased about 15% through 

processing compared to the fresh unprocessed values (Keenan et al., 2010). Studies in this 

paper show that thermal processing may actually have a greater effect on antioxidant activity 

extractability than the newly popular high pressure processing (HPP) methods. Also, 

phytonutrient retention is often greater in products thermally processed than compared with 

HHP products because enzymes have not been fully inactivated (Talcott et al., 2003). 

However, another study reported that processing fruit smoothies at 70°C for 10 minutes 

resulted in antioxidants decreasing from 277 mg TE/100 g dry weight to about 170 mg 

TE/100 g dry weight fruit smoothies (Keenan et al., 2012). Total phenolics decreased from 

795 mg GAE/100 g dry weight to about 740 mg GAE/100 g dry weight and ascorbic acid 

decreased 81.13 mg/ mL to around 55 mg/ml after processing fruit smoothies at 70°C for 10 

minutes (Keenan et al., 2012).  
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1.5.1 Compound Interactions and Stabilities Affecting Bioactive Retention during 

Processing 

 

Food matrix plays a large role in compound retention during processing and storage. 

Certain phenolic compounds have the ability to protect bioactive compounds exposed to 

oxidative, enzymatic and thermal stresses, based on chemical structures and their relative 

stabilities. Relative stabilities of bioactive compounds in a system determine which 

compounds are likely to degrade first. When there are many stable compounds present, the 

least stabile will be quickly oxidized (Poei-Langston and Wrolstad 1981). Therefore, it is 

important to understand the food matrix influence and ingredient interactions affecting 

bioactives within smoothies during processing and storage.  

Studies investigating these properties often involve ascorbic acid because of its strong 

antioxidant power and low stability. Anthocyanins have reported decreasing antioxidant 

activities in the order of delphinidin, cyanidin, and pelargonidin (Noda et al., 2002) with 

pelargonidin being the easiest to oxidize and least stable during storage compared to cyanidin 

and delphinidin (Patras et al., 2010). Pelargonidin is known to be a very unstable 

anthocyanin, especially in the presence of ascorbic acid, as it only contains one hydroxyl 

group on the B-ring (Poei-Langston and Wrolstad 1981). Cyanidin-3-glucoside, and other 

anthocyanins with ortho-dihydroxy substituions in the B-ring, degraded faster when PPO was 

present in a system with phenolics than malvidin-3-glucoside, with three hydroxyl groups on 

the B-ring, because it reacted quicker with the o-quinone (Sarni et al., 1995). Vitamin C is 

often the least stable compound during oxidation reactions (Bai et al., 2013); however, the 

anthocyanin pelargonidin may be less stable and actually degrade first, allowing vitamin C to 
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remain in systems containing high concentrations of both of these phenolics. For example, a 

previous study showed that ascorbic acid was retained only 0.3% during storage of 130 days 

at 20°C in an oxygen-treated environment. However, when pelargonidin-3-glucoside, the 

major anthocyanin in strawberries was added, ascorbic acid was preserved 5.3%, 

significantly higher than when the anthocyanin was not present. Also, catechin was added to 

the mix making this system more like the smoothies in this study, and ascorbic acid retention 

increased to 12.5% (Poei-Langston and Wrolstad 1981). However, the opposite trend was 

seen when adding ascorbic acid to pelargonidin-3-glucoside using this same model system. 

As ascorbic acid was added to this anthocyanin, the degradation of pelargonidin-3-glucoside 

greatly increased. This model system shows that the anthocyanin pelargonidin-3-glucoside is 

less stable to oxidative stress than ascorbic acid and will degrade first in a system containing 

them both. On the other hand, cyanidin and delphinidin are more stable anthocyanins than 

pelargonidin so vitamin C degrades in the presence of these more stable compounds, 

allowing them to survive. This is the reason ascorbic acid is often added to fruits for 

preservation of compounds (Kader et al., 2006).  

Phenolic compounds with antioxidant activity often protect ascorbic acid during 

oxidation in fruit juices (Miller and Rice-Evans 1997). Anthocyanins from blackcurrant were 

shown to stabilize ascorbic acid during oxidative stress by inhibiting enzyme degradation 

(Hooper and Ayres 1950, Timberlake 1960). Other polyphenols in food matrices have been 

shown to protect ascorbic acid. Quercetin was found to exhibit the most protection to 

ascorbic acid (Clegg and Morton 1968). The other polyphenols that were seen to protect 
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ascorbic acid were kaempferol and chlorogenic acid. The antioxidant capacity of flavonoids 

is believed to be due to their ability to chelate metals. Flavonoids such as quercetin and 

catechin can stimulate the reduction of dehydroascorbic acid, increasing ascorbic acid 

content.  

Studies suggest that ascorbic acid may protect other bioactives during processing and 

storage. In one example, muscadine grape juice that had been pasteurized at 70°C and held 

for 60 min before extraction was fortified with ascorbic acid. Phenolics increased 22% 

compared to the non-fortified juice (Talcott et al., 2003). Anthocyanins are protected by 

ascorbic acid as it was seen in the fortification of muscadine juice. Ascorbic acid is believed 

to protect anthocyanins from oxidative degradation by having the ability to reduce o-

quinones to their diphenolic state (Kadar et al, 2006). Ascorbic acid was also shown to 

protect antioxidants in muscadine smoothies during processing. In this study, antioxidants 

decreased significantly without ascorbic acid, but when the muscadine juice was fortified 

with ascorbic acid there was no significant decrease in antioxidants after processing (Talcott 

et al., 2003). Ascorbic acid prevented anthocyanin degradation by allowing phenolic 

quinones to remain in a reduced state due to their lack of o-diphenolic substitutions in the B 

ring. However, when more phenolics were added, such as a rosemary extract, to the 

muscadine grape juice, ascorbic acid did not have the same protective effect on anthocyanins. 

This was reported to be a result of higher quinone concentrations present when the rosemary 

extract was added (Talcott et al., 2003). 
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However, in food systems where many phenols are present, ascorbic acid is often 

mutually destructive with other phenolics during processing and storage (Talcott et al., 

2003). Ascorbic acid and anthocyanin interactions may actually destruct each other and cause 

degradation during processing (Calvi and Francis 1978; Poei-Langston and Wrolstad 1981). 

Hydrogen peroxide is formed when ascorbic acid is oxidized and can contribute to the 

degradation of anthocyanins in a food matrix (Talcott, et al., 2003). A study used rosemary 

extract as a polyphenol fortification in muscadine grape juice and showed that as the 

concentration of rosemary extract increased, ascorbic acid content decreased (r = -0.93) 

(Talcott et al., 2003). This is because rosemary has many phenolic compounds such as 

cinnamic acid derivatives that act as substrates for PPO. Due to the nature of PPO activity, 

co-oxidation of these phenolics most likely is the reason for the increase in ascorbic acid 

degradation (Talcott et al., 2003).   

 

1.6 Effect of Storage on Compounds in Processed Products 

 

After processing, food products are often stored at refrigerated or frozen temperatures 

before reaching the consumer in order to preserve product quality or prevent the growth of 

microorganisms. Refrigeration or freezing temperatures are important for storage of products 

containing bioactives, especially when concerned with retaining maximum health benefits. 

For example, compounds such as anthocyanins were found to degrade quickly at 

temperatures of 37°C or higher (Kirca et al., 2003). Frozen storage involves storing a product 

below its freezing point in order to create ice crystals that minimize water activity. This 
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increases preservation in foods as pathogens, spoilage organisms, and enzyme activity are 

prevented to a greater extent. Conditions such as temperature, time duration, oxygen and 

light influence the survival and functionality of bioactive compounds in products such as 

fruit smoothies throughout storage. Storage parameters required to extend product shelf life 

differ based on product characteristics, storage duration, and packaging material. The typical 

shelf life of a pasteurized fruit smoothie is between 1-2 months at 4°C, based on physical and 

sensory properties (Walkling-Ribeiro et al., 2010). 

Processing is generally not the major contributor to bioactive degradation. Instead, 

the degradation often occurs during refrigerated storage. Many studies show little to no 

degradation of bioactive compounds after processing, and instead, degradation occurring 

during storage. Degradation to bioactives during storage may be from polymerization 

induced by heat stable enzymes during processing, as seen in a study analyzing anthocyanins 

in blueberries after processing and storage (Syamaladevi et al., 2012). The changes that occur 

to the bioactive compounds, such as phenolics and antioxidants, during storage are 

sometimes a result of the changes that occur to the fruits during processing. An example 

would be leaching of these compounds from fruit solids as processing disrupts fruit cell walls 

(Sapers 1984; Hagar 2008). However, studies show that increasing temperature to fruit 

products, such as pre-blanching before storage, actually preserves bioactive compounds due 

to the inactivation of degradation enzymes (Syamaladevi et al., 2001; Sablani et al., 2010). 

To determine the effect processing has on bioactive degradation during storage, a 

comparison between fresh and processed fruits need to be compared with regard to bioactive 
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degradation during storage. In a study analyzing storage of fresh blueberries at 5°C, 

measurement of antioxidants, phenolics, and anthocyanins were taken and found that these 

compounds typically increased. This could be due to the breakdown of tissues releasing 

bioactive compounds during storage (Syamaladevi et al., 2001). However, sometimes an 

increase in concentration can be due to water loss of fruits during refrigeration. In another 

study phenolics and anthocyanins were strongly correlated with antioxidants (r = 0.99 and 

0.91, respectively) after storage of blueberries for 7 weeks at 5°C. In several blueberry 

cultivars, antioxidants increased by around 29% during the first 3 weeks of storage and 

showed little change after 3-5 weeks storage (Connor et al., 2002). Phenolics increased about 

20% after storage for 3 weeks.  

The effect storage had on specific phenols such as ellagitannins was studied on fresh, 

frozen, refrigerated, and room temperature-kept raspberries. The concentration of the 

ellagitannin lambertianin C was 110, 116, 124, and 159 nM GA equivalents/g FW, 

respectively, in fresh, frozen (-30°C, within 3 hr of picking), refrigerated (4°C, 3 d), and 

room temperatures (18°C, 24 h), respectively (Mullen et al., 2002b). Ellagic acid content 

increased from fresh to frozen, refrigerated, and room temperature storages with values of 

3.5, 3.9, 6.4, and 18.5 nM GA equivalents/g FW in fresh, respectively (Mullen et al., 2002b). 

A slight increase in these compounds during freezing may be due to releasing more ellagic 

acid from the cell wall of fruits during the freezing process because ellagic acid connects 

well with cell walls (Maas et al., 1991; Rommel and Wrolstad, 1993).  
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However, this same trend is not seen with fruit products that have been previously 

processed (Table 1.6). During storage of processed products, anthocyanins have been shown 

to degrade, but slower degradation occurs at 20°C than 37°C (Jackman and Smith, 1996). 

During 6 months of storage of canned blueberries in syrup at 23°C, anthocyanins decreased 

71%, phenolics decrease 65%, and antioxidants decreased around 40% (Brownmiller, 

Howard, and Prior 2008).  This loss of anthocyanins could be due to the polymerization of 

anthocyanins from heat-stable peroxidase enzymes (Sapers et al., 1984; Hager et al., 2008). 

In blueberry juice, 50% anthocyanins were lost during storage for 60 days at 23°C 

(Srivastava et al. 2007). Anthocyanins in strawberry purees decreased about 39% after 

storage at 8°C for 11 weeks after processing (Hartmann et al., 2008). In a storage study with 

strawberry jam, anthocyanins were reported to decrease 36-43% during storage of 37 and 

20°C for 200 days (Garcia-Viguera et al 1999). Monomeric anthocyanins typically decrease 

while there is an increase observed in polymeric color during storage after processing (Patras 

et al., 2010). This could be because anthocyanins can form polymers with phenolic 

compounds to form colored pigments (Mongas et al., 2005). A relationship was also reported 

between the degradation of ascorbic acid and the anthocyanin pelargonidin-3-glucoside in 

strawberry juice after 10 days of storage at 4 and 20°C (Tiwari, O’Donnell, and Cullen 2009).  

Phenolics and antioxidants are more stable during storage than anthocyanins as seen 

in the summary in Table 1.6 below. A study analyzed blueberry juice (previously processed 

at 92°C, 2 min) and reported after 5 months storage at 23°C anthocyanins degraded about 

75% due to polymerization or reactions of anthocyanins with other phenolics (Syamaladevi 
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et al., 2001). However, total phenolics increased during this storage time by about 30% due 

to a great extraction of compounds because of cell wall disruption during storage 

(Syamaladevi et al., 2001). Antioxidants decreased around 25% in blueberry juice after 5 

months storage at 23°C (Syamaladevi et al., 2001). In another study, antioxidants degraded 

40% during storage of blueberry juice at 4°C for 10 days. The antioxidants were stable when 

refrigerated for 6 days, but after this time point degradation occurred (Reque et al., 2014). 

After six month frozen storage at -18°C, anthocyanins in blueberry juices degraded an 

average of 59%, with the majority of degradation expected to have occurred the last three 

months of storage (Reque et al., 2014). 

Antioxidant capacity increased during three month storage of processed blueberry 

juice, but then decreased after six months of storage (Reque et al., 2014). This increase was 

noted to be due to reactions that occur in the juice from the metabolism of phenolics as well 

as disrupting the cell walls, increasing the extraction of these compounds at analysis (Kalt et 

al., 1999; De Ancos et al., 2000). A 14-40% degradation of anthocyanins during frozen 

storage of raspberries at -20°C for 1 year was seen in a study and was thought to be due to 

cell damage of the fruits during freezing, releasing degradation enzymes like PPO (De Ancos 

et al., 2000). Polymerization of anthocyanins during storage results in degradation, however, 

when phenol oxidation leads to this degradation, antioxidant activity remains for a period of 

time (Reque et al., 2014). 

Muscadine products such as juice and wine have been studied to determine how 

bioactive compounds behave through storage. Anthocyanins in muscadines such as 3,5-

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0889157513001889#bib0035
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diglucosides are known to be unstable and often degrade during storage due to heat and 

oxidation (Markakis 1982; Darias-Martin et al., 2000). Anthocyanins such as delphinidin 3,5-

diglucoside often affect the color of processed muscadine products because of their poor 

stability during storage (Flora 1978; Goldy et al., 1986).  The different stabilities of these 

anthocyanins in muscadines depend on the complex chemical structures and food matrix 

through processing and storage (Talcott and Lee 2002). A study was conducted on muscadine 

grape juice (previously pasteurized at 90°C for 1 min) and phenolics were reported to 

decrease 31 and 36% during storage of 20 and 37°C for 60 days, respectively. Specifically, 

ellagic acid decreased 38% during this storage, possibly due to precipitation (Talcott and 

Lee, 2002). Antioxidants in muscadine juice decreased 71% during storage at 20°C for 60 

days. Flavonols had low concentrations after storage of the muscadine juice as these 

compounds rapidly oxidized (Talcott and Lee, 2002). Anthocyanins in muscadine grape juice 

decreased 47 and 64% after storage for 60 days at 20 and 37°C, respectively (Talcott and 

Lee, 2002).  
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Table 1. 6: Storage Effects on Bioactives in Various Processed Fruits 

Fruit Compound 
Storage 

conditions 

Change during 

storage 
Source 

canned 

blueberry 

syrup 

anthocyanins 

phenolics 

antioxidants 
6 mo, 23°C 

71 % 

65 % 

40 % 

Brownmiller et al., 

2008 Syamaladevi 

et al., 2012 

blueberry 

juice 

anthocyanins 
60 d, 23°C 50 % 

Srivastava et al., 

2007 

processed 

strawberries 

anthocyanins 
11 wk, 8°C 39 % 

Hartmann et al., 

2008 

strawberry 

jam 

anthocyanins 
200 d, 20°C 36-43 % 

Garcia-Viguera et 

al 1999 

strawberry 

smoothie 

ellagic acid 
22°C, 16 wk 

200% (0.8 to 1.7 

mg GAE/100 g FW) 
Aaby et al., 2007 

blueberry 

juice 

anthocyanins 

antioxidants 

phenolics 

5 mo, 23°C 

75%

25%

30%

Syamaladevi et al., 

2001 

Muscadine 

juice 

anthocyanins 

phenolics 

antioxidants 

ellagic acid 

60 d, 20°C 

47%

31%

71% 

38%

Talcott and Lee 

2002 

Muscadine 

juice 

anthocyanins 

phenolics 

ellagic acid 
60 d, 37°C 

64%

36%

38%

Talcott and Lee 

2002 

 

 

 

A study was conducted to determine how bioactive compounds in smoothies were 

affected by processing and storage. Smoothies were pasteurized at 85°C for 15 seconds and 

then placed into storage either at 2°C. After eight days of storage, smoothies that contained a 

high level of phenols, 750 mg, had no detectable vitamin C content. However, in smoothies 

with a lower concentration of phenols, 250 and 500 mg, about 33% of vitamin C remained 

after eight days of storage (Sun-Waterhouse et al., 2010). After 14 days of storage the 
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vitamin C content of the 500 mg phenolic-content smoothie had completely degraded and 

only remained in the smoothies with 250 mg phenols. This relationship between vitamin C 

degradation and phenolic content during storage can be explained by vitamin C actually 

slowing phenolic degradation while regenerating polyphenols because ascorbic acid is known 

to be a more effective antioxidant (Liao and Seib, 1988). In another study, ascorbic acid 

decreased 25% after pasteurizing yellow passion fruit, fortified with ascorbic acid, at 85°C 

for 30 minutes and then ascorbic acid was completely destroyed after 14 days storage at 37°C 

(Talcott et al., 2003).    

Refrigerated and frozen storage has been shown to be a very good preservation 

method for foods. Although degradation of bioactives does occur during storage due to 

enzyme oxidation or other chemical reactions, sometimes bioactive concentrations actually 

increase. Frozen storage is a good way to preserve bioactive compounds in foods and studies 

show that some bioactive compounds may actually increase during frozen storage due to the 

breakdown of tissues for extractions of these compounds as mentioned earlier. However, a 

decrease in phenolic compounds during frozen storage is thought to be from cellular 

disruption from oxidoreductasic ionic enzymes linked to the cell wall like polyphenol 

oxidase (De Ancos et al., 2000).  
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1.7 Synergistic Effect of Bioactive Compounds and Antioxidant Activity 

 

The antioxidant activity that bioactive components in food have on the human body is 

complex because, unlike the ingredients in pharmaceutical drugs, they have many other 

compounds that they are interacting with within a food matrix when ingested (Lila and 

Raskin, 2005). It has been shown that phenolic compounds often have synergistic or 

antagonistic interactions with each other, affecting the net activity of a group of compounds. 

A difference often exists between the additive antioxidant activity of a single compounds and 

the antioxidant capacity of a group of compounds in a food matrix. (Zheng and Wang 2003). 

Fruit smoothies are a likely candidate for this as they are a blend of several ingredients 

containing high levels of phenolic compounds. Synergistic interactions are defined by Lila 

and Raskin, 2005 as bioactive compounds having a greater combined effect compared to the 

additive effect of individual components. These are positive interactions where bioactive 

properties of compounds are intensified or increased in a mixture. On the other hand, 

compounds can sometimes negatively affect the biological activity of bioactives, creating 

interferences. This is often the case with exointeractions, where compounds within plant 

material interact with extraneous material such as other foods, drugs or supplements (Lila 

and Raskin, 2005). An example of a negative indointeractions is the effect flavonoids have 

on lowering caffeine stimulants from tea (Eder and Mehert, 1998).  

When a strong antioxidant is combined with a weaker antioxidant, there is often a net 

loss in radical quenching activity. In this case, the stronger antioxidant regenerates the 

weaker antioxidant. Furthermore, a synergistic effect often is seen when a weak antioxidant 
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actually regenerates a stronger one, increasing the overall radical quenching ability of the 

stronger antioxidant (Maillard 2003). Other hypotheses about antioxidant interactions relate 

to reaction rates, concentrations found in food matrices at the site of oxidation, and polarity 

of the phenolic compounds (Frankel et al., 1994; Koga and Terao 1995, Cuvelier et al., 

2000). Possible contributors to synergistic or antagonistic antioxidant capacity of phenolics 

are functional groups, and reduction potentials of the compounds (Freeman et al., 2010).  

Antioxidant activity of flavonoids is very dependent on the B-ring structure and 

position of hydroxyl groups (Cao, Sofic, & Prior 1997). Compounds with only one hydroxyl 

group on the B-ring have lower antioxidant activity, like pelargonidin-3-glucoside and 

kaempferol, than compounds with multiple hydroxyl groups at the 3’-, 4’-, and 5’- positions 

of ring B, such as quercetin and epicatechin (Balasundram et al., 2005, Rice-Evans et al., 

1996). Antioxidant activity of flavonoids also depends on double bonds between carbons 2 

and 3 in the C-ring along with or without the addition of a 3-OH group, and substitutions of 

hydroxyl groups by methoxyl groups in B ring (Balasundram et al., 2005).  

Total antioxidant capacities of fruits are contingent on the relative concentrations of 

phenolic content exhibiting antioxidant activity. Ellagic acid represents at least 50% of the 

antioxidant activity from phenolics in strawberries (Häkkinen et al., 2000). Other major 

flavonoids that strawberries contain contributing greatly to their antioxidant activity are 

catechin, quercetin, and the anthocyanin pelargonidin (da Silva et al., 2008). The majority of 

the antioxidant activity of blueberries comes from the anthocyanins delphinidin, malvidin, 

cyanidin, and petunidin derivatives (Borges et al., 2010). Other phenolics that contribute 
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significantly to the antioxidant activity of blueberries are derivatives of quercetin, myricetin, 

catechin and o-hydroxybenzoic and vanillic acid (Borges et al., 2010; Huang et al., 2012). 

Antioxidant activity from muscadine grapes comes from phenolics such as catechin, 

epicatechin, ellagic acid, gallic acid, quercetin, kaempferol, and myricetin (Pastrana-Bonilla 

et al., 2003), as well as the anthocyanins found in these grapes such as delphinidin, cyanidin, 

petunidin, and peonidin (Wang et al., 2010). Figure 1.8 below contains structures of phenolic 

compounds in fruits that contribute greatly to the antioxidant activity of these selected fruits. 
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Figure 1. 8: Phenolic Compounds Found in Strawberries, Blueberries, and Muscadine Grapes 

that Contribute Significantly to Antioxidant Activity 

 

 

 

Based on chemical structure, there are often interactions among phenolic compounds 

resulting in enhanced or reduced antioxidant capacities within a food matrix (Wang et al., 

2011; Freeman et al., 2010; Hidalgo et al., 2010). A study was performed to determine 
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antioxidant values of individual flavonoids and then mixtures of flavonoids. A high 

synergistic effect was found between epicatechin and quercetin-3-ß-glucoside with an 

increase of 22.4 µM TE from the theoretical value. An antagonist effect was seen in a 

mixture of myricetin and quercetin, as a decrease of 4.9 µM TE from theoretical value was 

seen (Hidalgo et al., 2010). The highest synergism in this study was seen between 

epicatechin and quercetin-3-glucoside, which have 2-3 hydroxyl groups in B-rings (Hidalgo 

et al., 2010). Synergistic and antagonistic interactions are displayed in Table 1.7. The B-ring 

structure has been associated with the antioxidant activity of flavonoids (Cao, Sofic, & Prior 

1997). Because of this, compounds in this study with only one hydroxyl group on the B-ring 

had low antioxidant activity like pelargonidin-3-glucoside and kaempferol (Hidalgo et al., 

2010). However, when mixtures of these low antioxidant activity compounds are analyzed 

with higher antioxidant value compounds, there are synergistic effects seen, as in the mixture 

of kaempferol and myricetin increasing actioxidant values by 20% compared to expected 

(Hidalgo et al., 2010). Five anthocyanins, when measured with quercetin-3-glucoside, 

showed decreased antioxidant activity than expected (antagonistic effects) (Hidalgo et al., 

2010). This could be due to hydrogen-bonding between the flavonoids preventing the 

hydroxyl groups from being available (Hidalgo et al., 2010). Epicatechin and quercetin-3-

glucoside were compared at different ratios and high synergistic interactions were observed 

(Hidalgo et al., 2010).   
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Table 1. 7: Synergistic or Antagonistic Effects of Polyphenolic Compounds When 

Comparing the Combined Antioxidant Value to the Calculated Additive Value of Individual 

Compounds 

phenolic mixture Interaction (%)* Reference 

synergistic 

kaempferol + myricetin +21.7
a
 Hidalgo et al. (2012) 

kaempferol + quercetin +19.9
a
 Hidalgo et al. (2012) 

cyanidin-3-glucoside + myricetin +19.6
 a
 Hidalgo et al. (2012) 

epicatechin + quercetin-3-glucoside +22.4
b 

Hidalgo et al. (2012) 

cyanidin-3-glucoside + quercetin-3-

glucoside 

+13.1
b 

Hidalgo et al. (2012) 

hesperidin + chlorogenic acid +350 TE/L
c 

Freeman et al. (2010) 

hesperidin + naringenin +510 TE/L
c
 Freeman et al. (2010) 

antagonistic 

epicatechin+quercetin-3-glucoside -7.3
a 

Hidalgo et al. (2012) 

myricetin+quercetin -17.9
a 

Hidalgo et al. (2012) 

Peonidin-3-glucoside + malvidin-3-O-

glucoside 

-19.0
a 

Hidalgo et al. (2012) 

Peonidin-3-glucoside + catechin -37.2
a
 Hidalgo et al. (2012) 

cyanidin-3-glucoside + catechin -41
a
 Hidalgo et al. (2012) 

myricetin + naringenin -400 TE/L
c
 Freeman et al. (2010) 

*micromolar trolox equivalents 
a
DPPH method (µM)

 

b
FRAP method (µM Trolox Equivalence) 

c
ORAC values (TE/L) 

 

 

 

Mixtures of phenolic compounds are found in fruits which contribute greatly to 

human health. The antioxidant capacity of fruits and vegetables are hard to predict because 

the theoretical calculated antioxidant value and the actual values are different due to 

interactions from compounds such as flavonoids, as seen above (Hidalgo et al., 2010). 

Phenolic compounds found in fruits often contain higher antioxidant activity than many pure 

phenolic compounds or vitamins and this could be attributed to the synergistic effect of 

antioxidants (Vinson et al., 2001; Szajdek 2008). Antioxidant activity in a high phenolic 
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content fruit such as cranberries was found to be most attributed to the phytochemical 

combination of the fruit rather than the vitamin C content (Sun et al., 2002). Co-occuring 

phenolics such as anthocyanins and flavonol glycosides showed synergistic effects in 

inhibiting tumor cell growth (Seeram et al., 2004). Phenolic interactions within plant material 

and also interactions between these internal phenolics with other external material such as 

synthetic drugs may dictate either additive or synergistic properties of these compounds (Lila 

and Raskin, 2005).  

In a study analyzing synergistic and antagonistic interactions among phenolic 

compounds in navel oranges, combinations of two compounds showed significant synergy. 

These included the interactions between hesperidin/chlorogenic acid, hesperidin/myricetin, 

and hesperidin/naringenin having a significant increase in antioxidant value compared to 

expected values of around 350, 250 and 510 TE/L based on ORAC measurements, 

respectively (Freeman et al., 2010). Combinations of three phenolics had synergistic results 

also such as hesperidin/naringenin/luteolin having an increase of 1,300 TE/L. However, their 

results showed that adding a fourth compound actually decreased ORAC values as seen with 

the addition of a compound to the mixture of hesperidin and naringenin (Freeman et al., 

2010). In this same study, antagonistic interactions were seen between a combination of 

myricetin and naringenin where there was a decrease of about 400 TE/L (Freeman et al., 

2010). These interactions were thought to be from the relative reduction potentials of each of 

these compounds, where for example myricetin would always donate an electron to 

quercetin, creating a synergy by increasing efficiency of scavenging radicals (Freeman et al., 
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2010). A phenolic mixture from cranberries showed synergistic effects as it had greater 

activity preventing tumor growth in human cells than the individual phenolics from 

cranberries (Lila and Raskin, 2005).  

In a published study, the synergistic effect of polyphenols such as ellagic acid and 

quercetin interacting with resveratrol was investigated (Talcott et al. 2005). This study 

showed that ellagic acid and quercetin synergistically reduced cell proliferation and also 

reacted synergistically in the induction of apoptosis in leukemia cells. Although the 

anticarcinogenic effects of polyphenol compounds have been greatly studied, this study 

presents evidence that when several are added together, their beneficial effect may be more 

than additive. The anti-cancer properties of phenolic extracts from muscadine grape juice 

have been previously analyzed. Researchers reported that fractions of ellagic acid, 

resveratrol, and quercetin inhibited 50% of Caco-2 cells (IC50) at concentrations of 200-350 

µg/mL by the synergistic interactions of these polyphenols (Yi et al., 2005). Ellagic acid, 

quercetin, and resveratrol have a greater than additive effect when reducing the proliferation 

and viability of human leukemia MOLT-4 cells as well as slowing apoptosis at 

concentrations of only 5 and 10 µM, respectively (Mertens-Talcott et al., 2003). The phenolic 

extract of red wine had greater inhibitory effect on human oral squamous carcinoma cells 

than the individual compounds even though their concentration in the wine extract was lower 

with respect to individual standards of resveratrol and quercetin (Elattar and Virji 1999). In 

this case they showed that the red wine that contained 1.6 µmol of both resveratrol and 
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quercetin had more inhibitory effects on cell growth than did each compound separately or 

combined at higher concentrations than found in the wine. 

 

1.8 Conclusions 

 

 Muscadine grape puree has the potential to be a value added ingredient in 

applications such as fruit smoothies. By utilizing the entire fruit, including skin and seeds, 

the nutritional value increases, while there is a concomitant decrease in waste generation. 

Freezing and pasteurizing muscadines allows them to be marketed for an extended period 

versus the traditional fresh season. The bioactive compounds in fruit smoothie matrices are 

either retained or degraded, depending on relative stabilities and chemical structure, through 

processing and storage. The health benefits from the antioxidants, phenolics, anthocyanins, 

and vitamin C have been proven in muscadine grapes, and when added to a fruit smoothie, 

these grapes have potential to protect compounds through processing and storage as well as 

enhance antioxidants synergistically. 

 

 

 

 



57 
 

 

 

 

REFERENCES 

 

(1) NC Department of Agriculture: NC Muscadine Grape Brochure. 2007. 

 

(2) NC Cooperative Extension – It’s Time for Muscadines, 2012. 

 

(3) Patel, G. I.; Olmo, H. P. Cytogenetics of Vitis: I. The hybrid V. vinifera× V. 

rotundifolia. American Journal of Botany, 1955, 141-159. 

 

(4) Fry, S.M.; Milholland, R.D. Response of resistant, tolerant, and susceptible grape vine 

tissues to invasion by the Pierce’s Disease bacterium Xylella fastidiosa. Proc. Am. 

Phytopathol. Soc. 1990, 80 (1), 66-69. 

 

(5) USDA-Plants Database. Texas Agrilife Extension. 2007. 

https://winegrapes.tamu.edu/grow/muscadine.html. 

 

(6) Pastrana-Bonilla, E.; Akoh, C.C.; Sellappan, S.; Krewer, G. Phenolic content and 

antioxidant capacity of muscadine grapes. J. Ag. Food Chem. 2003, 51, 5497-5503. 

 

(7) Perkins, V. Storage regimes and ORAC in Muscadine grapes. Hortscience, April 2003. 

 

(8) McBride, J. High ORAC foods may slow aging. USDA Human Nutrition Research 

Center on Aging at Tufts, Boston, Mass., 1999. 

 

(9) Hartle D.K.; Greenspan, P.; Hargrove J.L. University of Georgia, Athens School of 

Pharmacy and Nutraceutical Research Laboratory, Muscadine Medicine 2005, 30. 

 

(10) Rizley, N.F.; Sistrunk, W.A.; and Morris, J.R. Preserves from whole muscadine grapes. 

Ark. Farm Res. 1977, 26(5):2. 

 

(11) Safley, C.D.; Wohlgenant, M.K.; Carpio, C. Williams, R.; Dautlick, T. Why consumers  

buy fresh muscadine grapes. http://www.ncmuscadine.org/FreshMuscadineGrapeReport.pdf. 

2012. 

 

(12) Kaur, C.; Kapoor, H. C. Antioxidants in fruits and vegetables: The millenium health Int. 

J. Food Sci. Technol,. 2001, 36, 703– 725. 

 

(13) Bors, W.; Werner, H.; Michel, C.; Saran, M. Flavonoids as antioxidants: Determination 

of radical scavenging efficiencies Methods Enzymol. 1990, 186, 343– 355. 

 

http://www.ncmuscadine.org/FreshMuscadineGrapeReport.pdf


58 
 

 

 

 

(14) Djousse, L.; Arnett, D. K.; Coon, H.; Province, M. A.; Moore, L. L.; Ellison, R. C. Fruit 

and vegetable consumption and LDL cholesterol: The National Heart, Lung, and Blood 

Institute Family Heart Study Am. J. Clin. Nutr. 2004, 79, 213– 217. 

 

(15) Hanasaki, Y.; Ogawa, S.; Fukui, S. The correlation between active oxygen scavenging 

and antioxidative effects of flavonoids Free Radical Biol. Med. 1994, 16, 845– 850. 

 

(16) Tiwari, U.; Cummins, E. Factors influencing levels of phytochemicals in selected fruit 

and vegetables during pre- and post-harvest food processing operations. Food Res. Int. 2013, 

50:497–506. 

 

(17) Irina, I.; Mohamed, G. Biological Activities and Effects of Food Processing on 

Flavonoids as Antioxidants. Advances in Applied Biotechnology. 2012. 

 

(18) Olien, W.C. The muscadine grape: Botany, viticulture, history, and current industry. J. 

Hortic. Sci. 1990, 25(7), 732-739. 

 

(19) Bouquet, A. Resistance to grape Fanleaf virus in muscadine grape inoculated with 

Xiphinema index. Plant Dis. 1981, 65(10), 791-792. 

 

(20) Cline, B. and Fisk, C. Overview of muscadine grape acreage, cultivars and production 

areas in the southeastern U.S. Muscadine Grape Workshop for Cooperative Extension 

Agents, 2006.  

 

(21)  North Carolina Agricultural Statistics and Consumer Services, 2002.  

 

(22) North Carolina Muscadine Grapes Growers Association, 2006. 

 

(23) Gohdes, C. Scuppernong, North Carolina’s grape and its wine. Duke University Press, 

1982. 

 

(24) Grapes! Our Never-Ending Crush. Agriculture Research Magazine. Agriculture 

Research Service, USDA, 2006.  

 

(25) Husmann, G.; Dearing, C. Muscadine Grapes. U.S. Dept. Agr. Farmers’ Bul.709, 1916. 

 

(26) Ector, B.J. Compositional and Nutritional Characteristics of Muscadinc Grapes. ASI-IS 

Press, 2001. p. 341-367. 

 

(27) Fresh Muscadine Grape Report. http://www.ncmuscadine.org. (3/5/2012). 
 

http://horttech.ashspublications.org/content/18/2/308.full#ref-15
http://horttech.ashspublications.org/content/18/2/308.full#ref-16


59 
 

 

 

 

(28) The Smoothie Supply Chain. IBISWorld: Special Report August 2012. 

http://www.ibisworld.com/Common/MediaCenter/The%20smoothie%20supply%20chain.pdf 

 

(29) US Smoothies Market: Trends and Opportunities. Research and Markets, October 2007. 

http://web.ebscohost.com.prox.lib.ncsu.edu/ehost/pdfviewer/pdfviewer?sid=a6836d83-b0d0-

45fa-8e57-a64597ddd437%40sessionmgr4&vid=4&hid=23 

 

(30) Mintel Group. Smoothies – Market Intelligence Report; London, U.K., Oct 2008. 

 

(31) New Report by Global Industry Analysts, Inc, 2010. 

http://www.prweb.com/releases/smoothies_market/frozen_mix_smoothie/prweb3808804.htm 

 

(32) IRI (Information Resources Inc), Value sales 52, week ending to 29 December 07 versus 

last year for total smoothie sales (market research). 2007. 

 

(33) Survey of smoothie consumption. YouGov, 2008.  

 

(34) Gregory, J.; Lowe, S.; Bates, C.J. National Diet and Nutrition Survey: Young People 

Aged 4–18 Years. Report of the diet and nutrition survey. 2000. Vol. 1. 

 

(35) Ruxton, C. News and Views : Industry. Smoothies : one portion or two ? British 

Nutrition Foundation. 2008. (33) 129–132. 

 

(36) Smoothies: Consumer knowledge, attitudes and beliefs around the nutritional content of 

smoothies. Safefood. 2009.  

http://www.safefood.eu/Global/Publications/Research%20reports/9354%20Smoothies%20A

W_web%20FINAL%20030309.pdf?epslanguage=en Accessed 01.12.10. 

 

(37) Striegler, R.K.; Carter, P.M.; Morris, J.R.; Clark, J.R.  Threlfall, R.T.; Howard, L.R. 

Yield, quality and nutraceutical potential of selected muscadine cultivars grown in 

southwestern Arkansas. HortTechnology, 2005, 15:276–284. 

 

(38) IRI (Information Resources Inc), January 2008 for total smoothie sales (market 

research). 2008. 

 

(39) Tiwary, C.M.; Ward, J.A.; Jackson, B.A. Effect of Pectin on satiety in healthy US Army 

adults. Journal of the American College of Nutrition, 1997, 16: 423–48. 

 

(40) Ames, B. M.; Shigena, M. K.; Hagen, T. M. Oxidants, antioxidants and the degenerative 

diseases of aging. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 7915−7922. 

 

http://www.ibisworld.com/Common/MediaCenter/The%20smoothie%20supply%20chain.pdf
http://www.ibisworld.com/Common/MediaCenter/The%20smoothie%20supply%20chain.pdf
http://web.ebscohost.com.prox.lib.ncsu.edu/ehost/pdfviewer/pdfviewer?sid=a6836d83-b0d0-45fa-8e57-a64597ddd437%40sessionmgr4&vid=4&hid=23
http://web.ebscohost.com.prox.lib.ncsu.edu/ehost/pdfviewer/pdfviewer?sid=a6836d83-b0d0-45fa-8e57-a64597ddd437%40sessionmgr4&vid=4&hid=23
http://www.prweb.com/releases/smoothies_market/frozen_mix_smoothie/prweb3808804.htm
http://www.prweb.com/releases/smoothies_market/frozen_mix_smoothie/prweb3808804.htm
http://www.sciencedirect.com.prox.lib.ncsu.edu/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=272383&_issn=00236438&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.safefood.eu%252FGlobal%252FPublications%252FResearch%25252520reports%252F9354%25252520Smoothies%25252520AW_web%25252520FINAL%25252520030309.pdf%25253Fepslanguage%253Den
http://www.sciencedirect.com.prox.lib.ncsu.edu/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=272383&_issn=00236438&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.safefood.eu%252FGlobal%252FPublications%252FResearch%25252520reports%252F9354%25252520Smoothies%25252520AW_web%25252520FINAL%25252520030309.pdf%25253Fepslanguage%253Den


60 
 

 

 

 

(41) Hertog, M. G. L.; Hollman, P. C. H.; Katan, M. B. Content of potentially 

anticarcinogenic flavonoids of 28 vegetables and 9 fruits commonly consumed in The 

Netherlands. J. Agric. Food Chem. 1992, 40, 2379−2383. 

 

(42) Hertog, M. G. L.; Hollman, P. C. H.; Putte, B. Content of potentially anticarcinogenic 

flavonoids of tea infusions, wines, and fruit juices. J. Agric. Food Chem. 1993, 41, 

1242−1246. 

 

(43) Hertog, M. G. L.; Feskens, E. J. M.; Hollman, P. C. H. Dietary antioxidant flavonoids 

and risk of coronary heart disease:  the Zutphen eldery study. Lancet 1993, 342, 1007−1011. 

 

(44) Hertog, M. G. L.; Kromhout, D.; Aravanis, C. Flavonoid intake and long-term risk of 

coronary-heart-disease and cancer in the 7 countries study. Arch. Intern. Med. 1995, 155, 

381−386. 

 

(45) Lambert, J. D.; Hong, J.; Yang, G. Y.; Liao, J.; Yang, C. S. Inhibition of carcinogenesis 

by polyphenols:  Evidence from laboratory investigations. Am. J. Clin. Nutr. 2005, 81, 

284S−291S.  

 

(46) Yang, C. S.; Landau, J. M.; Huang, M. T.; Newmark, H. L. Inhibition of carcinogenesis 

by dietary polyphenolic compounds. Annu. Rev. Nutr. 2001, 21, 381−406. 

 

(47) Adebamowo, C. A.; Cho, E.; Sampson, L.; Katan, M. B.; Spiegelman, D.; Willett, W. 

C.; Holmes, M. D. Dietary flavonols and flavonol-rich foods intake and the risk of breast 

cancer. Int. J. Cancer, 2005, 114, 628−633.  

 

(48) Ector, B.J., Magee, J.B., Hegwood, C.P., Coign, M.J. Resveratrol concentration in 

muscadine berries, juice, pomace, purees, seeds and wines. Amer. J. Enol. Viticult, 1996, 

47:57–62. 

 

(49) North Carolina Wine and Grape Council. Muscadine grapes, wine and 

health.<http://www.ncwine.org/muscadine/muscadineHealth.html>. 25 July 2007. 

 

(50) Prior, R. L.; Cao, G.; Martin, A.; Lischner, N.; Ehlenfeldt, M.; Kalt, W.; Krewer, G.; 

Mainland, C. M. Antioxidant capacity as influenced by total phenolics and anthocyanin 

content, maturity, and variety of Vaccinum species. J. Agric. Food Chem. 1998, 46, 

2686−2693. 

 

(51) Ghiselli, A.; Nardini, M.; Baldi, A.; Scaccini, C. Antioxidant activity of different 

phenolic fractions separated from an Italian red wine. J. Agric. Food Chem. 1998, 45, 

361−367. 

 

http://www.ncwine.org/muscadine/muscadineHealth.html


61 
 

 

 

 

(52) Yang, C. S.; Landau, J. M.; Huang, M. T.; Newmark, H. L. Inhibition of carcinogenesis 

by dietary polyphenolic compounds. Annu. Rev. Nutr. 2001, 21, 381−406. 

 

(53) Birt, D. F.; Hendrich, S.; Wang, W. Q. Dietary agents in cancer prevention:  Flavonoids 

and isoflavonoids. Pharmacol. Ther. 2001, 90, 157−177. 

 

(54) The considerable health benefits of fiber. Fiber helps prevent weight gain and disease, 

and enhances cardiovascular and gastrointestinal function. DukeMedicine healthnews, 2012, 

16 (6), p. 6.  

 

(55) Zern, T.L.; Wood, R.J.; Greene, C.; West, K.L.; Liu, Y.; Aggarwal, D.; Shachter, N.S. &  

Fernandez, M.L. Grape polyphenols exert a cardioprotective effect in pre-  

and postmenopausal women by lowering plasma lipids and reducing oxidative  

stress. Journal of Nutrition, 2005, 135(8), 1911-1917. 

 

(56) Rice-Evans, C.; Miller, N.; and Paganga, G. Review of Antioxidant Properties of 

Flavonoids. Trends in Plant Science: Reviews, 1997, 2(4).  

 

(57) Aruoma, O.I. Nutrition and health aspects of free radicals and antioxidants. Food Chem 

Toxicol, 1994, 62:671–683. 

 

(58) Halliwell, B.; Gutteridge, .JM.C. Role of free radicals and catalytic metal ions in human 

disease: an overview. Meth Enzymol, 1990, 186:1–85. 

 

(59) Halliwell, B.; Gutteridge, J.M.C. Free radicals in biology and medicine, 1989, Vol. 2. 

 

(60) Sies, H. Strategies of antioxidant defence. Eur J Biochem, 1993, 215:213–219. 

 

(61) Halliwell, B. Antioxidant characterization; methodology and mechanism. Biochem 

Pharmacol, 1995, 49:1341–1348. 

 

(62) Gülçin, İ. Antioxidant activity of food constituents: an overview. Arch. Toxicol. 2012, 

86:345–91.  

 

(63) Eberhardt, M.V.; Lee C.Y.; Liu, R.H. Antioxidant activity of fresh apples. Nature, 2012, 

405:903–904. 

 

(64) Ganesan, K.; Kumar, K.S.; Rao, P.V.S. Comparative assessment of antioxidant activity 

in three edible species of green seaweed, Enteromorpha from Okha, Northwest coast of India. 

Innov Food Sci Emerg, 2011, 12:73–78. 

 



62 
 

 

 

 

(65) Bors, W.; Heller, W.; Michel, C.; Saran, M. Flavo- noids as antioxidants: determination 

of radical scavenging etiiciencies. Methods in Enzymology, 1990, 186, 343-355. 

 

(66) Rice-Evans, C.A.; Miller, N.J.; Bolwell, P.G.; Bramley, P.M.; Pridham, J.B. The relative 

antioxidant activities of plant-derived polyphenolic flavonoids. Free Rad. Res., 1995, 22, pp. 

375–383. 

 

(67) Yilmaz, Y; Toledo, R.T. Major flavonoids in grape seeds and skins: antioxidant capacity 

of catechin, epicatechin, and gallic acid. J. Agric. Food Chem, 2004, 52:255–60. 

 

(68) Deshpande, S. S.; Cheryan, M.; Salunkhe, D. K. Tannin analysis of food-products. CRC 

Crit. Rev. Food Sci. Nutr. 1986, 24, 401−449. 

 

(69) Khanduja, K. L.; Gandhi, R. K.; Pathania, V.; Syal, N. Prevention of N-

nitrosodiethylamine-induced lung tumorigenesis by ellagic acid and quercetin in mice. Food 

Chem. Toxicol. 1999, 37, 313−318.  

 

(70) Faure´, M.; Lissi, E.; Torres, R.; Videla, L. A. Antioxidant activities of lignans and 

flavonoids. Phytochemistry, 1990, 29, 3773-3775. 

 

(71) Tsuda, T., Watanabe, M., Ohshima, K., Norinobu, S., Choi, S. W., Kawakishi, S. 

Antioxidative activity of the anthocyanin pigments cyanidin 3-O-beta- D-glucoside and 

cyanidin. Journal of Agricultural and Food Chemistry, 1994, 42(11), 2407–2410. 

 

(72) Yen, G. C.; Duh, P. D.; Tsai C. L. Relationship between antioxidant activity and 

maturity of peanut hulls. J. Agric. Food Chem. 1993, 41, 67-70. 

 

(73) Masuda, T. Simple detection method of powerful antiradical compounds in the raw 

extract of plants and its application for the identification of antiradical plant constituents. 

Journal of Agricultural and Food Chemistry, 2003, 51, pp. 1831–1838. 

 

(74) Bruhn, C. Food labelling: Consumer needs. Food labeling. 2000. 

 

(75) Gray, J.I.; Crackel, R.L.; Johnston, D.E.; Knight, M.K.; Ledward D.A. The Chemistry of 

Muscle-Based Foods, Royal Society of Chemistry, 1994, p. 145. 

 

(76) Gray, J.I.; Pearson, A.M. Flavor of Meat and Meat Products, Blackie Academic and 

Professional, 1994, p. 116. 

 

(77) Mielche, M.M.; Bertelsen, G. Oxidative Quality and Shelf Life of Meats, Trends Food 

Sci. Technol, 1994, 5, p. 322. 

 



63 
 

 

 

 

(78) Gray,J.I.; Gomaaa, E.A.; Buckleyb, D.J. Oxidative Quality and Shelf Life of Meats. 

Meat Science, 1996, Vol. 43. 

 

(79) Martín-Diana, A.B.; Rico, D.; Barry-Ryan, C. Green tea extract as a natural antioxidant 

to extend the shelf-life of fresh-cut lettuce. Innov. Food Sci. Emerg. Technol, 2008, 9:593–

603. 

 

(80) Bassolino, L.; Martin, C.; Zhang, Y.; Schoonbeek, H.; Kiferle, C., Perata, P. 

Accumulation of anthocyanins in tomato skin extends shelf life, Rapid report, 2013, 650–

655. 

 

(81) Kalt, W.; Forney, C.F.; Martin, A.; Prior, R.L. Antioxidant capacity, vitamin C, 

phenolics, and anthocyanins after fresh storage of small fruits. J. Agric. Food Chem. 1999, 

47:4638–44. 

 

(82) Benvenuti, S.; Pellati, F.; Melegari, M.; Bertelli, D. Polyphenols, anthocyanins, ascorbic 

acid, and radical scavenging activity of Rubus, Ribes, and Aronia. J Food Sci, 2004, 69:164-

169. 

 

(83) Harborne, J.B.; Baxter, H.; Moss, G.P. Phytochemical dictionary, Handbook of bioactive 

compounds from plants, 1999, 2nd Ed.  

 

(84) Talcott, T.; Lee, J.-H. Ellagic acid and flavonoid antioxidant content of muscadine wine 

and juice. J. Agric. Food Chem. 2002, 50, 3186-3192. 
 

(85) Szajdek, A.; Borowska, E.J. Bioactive compounds and health-promoting properties of 

berry fruits: a review. Plant Foods Hum. Nutr. 2008, 63:147–56. 

 

(86) Huang, W.; Zhang, H.; Liu, W.; Li, C. Survey of antioxidant capacity and phenolic 

composition of blueberry, blackberry, and strawberry in Nanjing. J. Zhejiang Univ. Sci. 2012, 

13:94–102. 

 

(87) Robards, K.; Prenzler, P.D.; Tucker, G.; Swatsitang, P.; Glover, W. Phenolic 

compounds and their role in oxidative processes in fruits. Food Chem. 1999, 66:401–436. 

 

(88) Limem, I. Production of phenylpropanoid compounds by recombinant microorganisms 

expressing plant-specific biosynthesis genes. Process Biochemistry, 2008, Vol.43, pp.463–

479. 

 

(89) Hagerman, A.E.; Riedl, K.M.; Jones, G.A.; Sovik, K.N.; Ritchard, N.T.; Hartzfeld, 

P.W.; Riechel, T.L. High Molecular Weight Plant Polyphenolics ( Tannins ) as Biological 

Antioxidants. J. Agric. Food Chem, 1998, 46, 1887−1892. 



64 
 

 

 

 

(90) Bakkalbasi, E.; Mentes, O.; Artik, N. Food Ellagitannins–Occurrence, Effects of 

Processing and Storage. Critical Reviews in Food Science and Nutrtion. 2008, 49:3. 283-298. 

 

(91) Amakura, Y., Okada, M., Tsuji, S. and Yasuhide, T. High-performance liquid 

chromatographic determination with photodiode array detection of ellagic acid in fresh and 

processed fruits. Journal of Chromatography A, 2000, 896: 87–93. 

 

(92) Lotito, S. B.; Fraga, C. G. (+)-Catechin prevents human plasma oxidation. Free Radical 

Biol. Med. 1997, 24 (3), 435−441. 

 

(93) Moini, H.; Guo, Q.; Packer, L. Xanthine oxidase and xanthine dehydrogenase inhibition 

by the procyanidin-rich French maritime pine bark extract, Pycnogenol:  a protein binding 

effect. Adv. Exp. Med. Biol. 2002, 505, 141−149. 

 

(94) Liu, Z. Q.; Ma, L. P.; Zhou, B.; Yang, L.; Liu, Z. L. Antioxidative effects of green tea 

polyphenols on free radical initiated and photosensitized peroxidation of human low-density 

lipoprotein. Chem. Phys. Lipids 2000, 106, 53−63. 

 

(95) Yi, W.; Fischer, J.; Akoh, C,C. Study of anticancer activities of muscadine grape 

phenolics in vitro. J. Agric. Food Chem. 2005, 53:8804–12. 

 

(96) Frankel, E.N.; German, J.B.; Kinsella, J.E.; Parks, E.; Kanner, J. Inhibition of oxidation 

of human low-density lipoprotein by phenolic substances in red wine. Lancet, 1993, 341. 

Pp.454-457 

 

(97) Kanner, J.; Frankel, E.; Granit, R.; German, B.; Kinsella, J.E. Natural antioxidants in 

grapes and wines. Journal Agric Food Chem, 1994, 42 pp. 64–69. 

(98) Meyer, A. Antioxidant interactions of catechin, cyaniding, caffeic acid, quercetin, and 

ellagic acid on human LDL oxidation. Food Chemistry, 1998, 61:1-2. 71-75. 

 

(99) Patras, A.; Brunton, N.; O’Donnell, C.; and Tiwart, B.K. Effect of thermal processing on 

anthocyanin stability in foods, mechanisms and kinetics of degradation. Trends in Food 

Science & Technology, 2010, 21:3-11. 

 

(100) Mazza, G; Miniati, E. Anthocyanins in fruits, vegetables and grains. CRC Press, 1993, 

p. 362. 

 

(101) Mazza, G; Brouillard, R. Recent developments in the stabilization of anthocyanins in 

food products. Food Chemistry, 1987, 25 (3), pp. 207–222. 

 

http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.sciencedirect.com/science/article/pii/S0924224409002271#bib75


65 
 

 

 

 

(102) Mcghie, T.K.; Walton, T.K. The bioavailabity and absorption of anthocyanins: towards 

a better understanding. Molecular Nutrition Food Research, 2007, 51, pp. 702–713. 

 

(103) da Silva, F.L.; Escribano-Bailón MT, Pérez Alonso JJ, Rivas-Gonzalo JC, Santos-

Buelga C.  Anthocyanin pigments in strawberry. Food Sci. Technol, 2007, 40:374–382. 

 

(104) Prior, R.L.; Lazarus, S.A.; Cao, G.; Muccitelli, H.; Hammerstone, J. Identification of 

Procyanidins and Anthocyanins in Blueberries and Cranberries (Vaccinium Spp.) Using 

High-Performance Liquid Chromatography/Mass Spectrometry. Journal of Agriculture and 

Food Chemistry, 2001, 49:3. 1270-1276. 

 

(105) Huang, Z.; Wang, B.; Williams, P.; Pace, R. Identification of anthocyanins in 

muscadine grapes with HPLC-ESI-MS. Food Science and Technology, 2009, 42:4. 819-824. 

 

(106) Skupień, K.; Oszmiański, J. Comparison of six cultivars of strawberries (Fragaria x 

ananassa Duch.) grown in northwest Poland. Eur Food Res Technol. 2004, 219:66–70. 

 

(107) Kader, F; Rovel, B.; Girardin, M.; Metche, M. Fractionation and identification of the 

phenolic compounds of highbush blueberries (Vaccinium corymbosum L.). Food Chem, 

1996, 55:35–40. 

 

(108) Lohachoompol, V.; Mulholland, M.; Srzednicki, G.; Craske, J. Determination of 

anthocyanins in various cultivars of highbush and rabbiteye blueberries. Food Chem, 2008, 

111:249–254. 

 

(109) Clifford, M. Anthocyanins nature, occurrence and dietary burden. Journal of the 

Science of Food and Agriculture, 2000, 80. 1063-1072. 

 

(110) Duthie, G.G., Duthie, S.J., and Kyle, J.A.M. Plant polyphenols in cancer and heart  

disease: implications as nutritional antioxidants. Nutrition Research Reviews, 2000, 13, pp. 

79–106. 

 

(111) Lule, S.U.; Xia, W.  Food phenolics, pros and cons: a review. Food Reviews 

International, 2005, 21 (4) pp. 367–388. 

 

(112) Konczak, I.; Zhang, W.  Anthocyanins-more than nature' s colours. Journal of 

Biomedicine and Biotechnology, 2004, (5) pp. 239–240. 

 

(113) Wang, H.; Cao, G.; Prior, R.L. Oxygen radical absorbing capacity of anthocyanins. J 

Agric Food Chem, 1997, 45:304–309. 

 



66 
 

 

 

 

(114) Kähkönen, M.P.; Heinonen, M. Antioxidant activity of anthocyanins and their 

aglycons. J Agric Food Chem, 2003, 51:628–633. 

 

(115) Satué-Gracia, M.T.; Heinonen, M.; Frankel, E.N. Anthocyanins as antioxidants on 

human low-density lipoprotein and lecithin-liposome systems. J Agric Food Chem, 1997, 

45:3362–3367. 

 

(116) Hou, D. X.; Ose, T.; Lin, S. G.; Harazoro, K.; Imamura, I.; Kubo, M.; Uto, T.; 

Terahara, N.; Yoshimoto, M.; Fujii, M. Anthocyanidins induce apoptosis in human 

promyelocytic leukemia cells:  Structure−activity relationship and mechanisms involved. Int. 

J. Oncol. 2003, 23, 705−712. 

 

(117) Hou, D. X.; Fujii, M.; Terahara, N.; Yoshimoto, M. Molecular mechanisms behind the 

chemopreventive effects of anthocyanidins. J. Biomed. Biotechnol. 2004, 321−325. 

 

(118) Katsube, N.; Iwashita, K.; Tsushida, T.; Yamaki, K.; Kobori, M. Induction of apoptosis 

in cancer cells by bilberry (Vaccinium myrtillus) and the anthocyanins. J. Agric. Food 

Chem.2003, 51, 68−75. 

 

(119) Meiers, S.; Kemeny, M.; Weyand, U.; Gastpar, R.; von Angerer, E.; Marko, D. The 

anthocyanidins cyanidin and delphinidin are potent inhibitors of the epidermal growth-factor 

receptor. J. Agric. Food Chem. 2001, 49, 958−962. 

 

(120) Bendich, A.; Machlin, L.J.; Scandurra, O.; Burton, G.W.; Wayner, D. The antioxidant 

role of vitamin C. Free Radical Bio Med, 1986, 2:419–444. 

 

(121) Weber, P.; Bendich, A.; Schalch, W. Vitamin C and human health-a review of recent 

data relevant to human requirements. Int J Vit Nut Res, 1996, 66:19–30. 

 

(122) Sarma, A,D.; Sreelakshmi, Y.; Sharma, R. Antioxidant ability of anthocyanins against 

ascorbic acid oxidation. Phytochemistry, 1997, 45:671–674. 

 

(123) Englard, S., Seifter, S. The biochemical functions of ascorbic acid. Annu. Rev. 

Nutr.1986, 6:365–406.  

 

(124) Ozer, A., Bruick, R.K. Non-heme dioxygenases: Cellular sensors and regulators jelly 

rolled into one? Nat. Chem. Biol. 2007, 3:144–153.  

 

(125) Monfort, A., Wutz, A. Breathing-in epigenetic change with vitamin C. EMBO Rep. 

2013, 14:337–346.  

 



67 
 

 

 

 

(126) Krebs, H.A. The Sheffield Experiment on the vitamin C requirement of human adults. 

Proc. Nutr. Soc. 1953, 12:237–246. 

 

(127) Carr, A.; Vissers, M. Synthetic or Food-Derived Vitamin C – Are They Equally 

Bioavailable? Nutrients. 2013, 5(11): 4284–4304. 

 

(128) Packer, J.E.; Slater, T.F.; Willson, R.L. Direct observation of a free radical interaction 

between vitamin E and vitamin C. Nature. 1979, 278:737–738. 

 

(129) Beker, B.Y.; Sonmezoglu, I.; Imer, F.; Apak, R. Protection of ascorbic acid from 

copper(II)-catalyzed oxidative degradation in the presence of flavonoids: Quercetin, catechin 

and morin.Int. J. Food Sci. Nutr. 2011, 62:504–512.  

 

(130) Clemetson, C.A.; Andersel, L. Plant polyphenols as antioxidants for ascorbic acid. 

Ann. N. Y. Acad Sci. 1966, 136:341–376.  

 

(131) Harper, K.A.; Morton, A.D.; Rolfe, E.J. The phenolic compounds of blackcurrant juice 

and their protective effect on ascorbic acid III. The mechansim of ascorbic acid oxidation and 

its inhibition by flavonoids. Int. J. Food Sci. Technol. 1969, 4:255–267. 

 

(132) Clegg, K.M.; Morton, A.D. The phenolic compounds of blackcurrant juice and their 

protective effect on ascorbic acid II. The stability of ascorbic acid in model systems 

containing some of the phenolic compounds associated with blackcurrant juice. Int. J. Food 

Sci. Technol. 1968, 3:277–284. 

 

(133) Park, J.B.; Levine, M. Intracellular accumulation of ascorbic acid is inhibited by 

flavonoids via blocking of dehydroascorbic acid and ascorbic acid uptakes in HL-60, U937 

and Jurkat cells. J. Nutr. 2000, 130:1297–1302. 

 

(134) Patterson, R.E.; White, E.; Kristal, A.R.; Neuhouser, M.L.; Potter, J.D. Vitamin 

supplements and cancer risk: the epidemiologic evidence. Cancer Causes Control, 1997, 

8:786–802. 

 

(135) Coulter, I.D.; Hardy, M.L.; Morton, S.C.; Hilton, L.G.; Tu, W.; Valentine, D.; 

Shekelle, P.G. Antioxidants vitamin C and vitamin E for the prevention and treatment of 

cancer. J Gen Intern Med, 2006, 21:735–744. 

 

(136) Szajdek, A.; Borowska, E.J. Bioactive compounds and health-promoting properties of 

berry fruits: a review. Plant Foods Hum. Nutr. 2008, 63:147–56. 

 

(137) Guidance for Industry: Juice HACCP Hazards and Controls Guidance First Edition. 

U.S. Department of Health and Human Services, FDA, CFSAN. Feb 2004. 



68 
 

 

 

 

(138) 21 CFR 120.24. Food and Drug Administration.  

 

(139) Mazzotta, A. Thermal Inactivation of Stationary-Phase and Acid-Adapted Escherichia 

coli 0157:H7, Salmonella, and Listeria moncytogenes in Fruit Juices. Journal of Food 

Protection, 2001, 64(3), 315-320.  

 

(140) Fellows, P.J. Pasteurisation. Food Processing Technology - Principles and Practice, 

2010, pp. 381 – 395. 

 

(141) Drdak, M.; Daucik, P. Changes of elderberry (Sambucus nigra) pigments during the 

production of pigment concentrates. Acta Aliment, 1990, 19, pp. 3–7. 

 

(142) Havlikova, L.; Mikova, K. Heat stability of anthocyanins. Z Lebensm Unters Forsch, 

1985, 181, pp. 427–432. 

 

(143) Rhim, J.W. Kinetics of thermal degradation of anthocyanin pigment solutions driven 

from red flower cabbage. Food Science and Biotechnology, 2002, 11, pp. 361–364. 

 

(144) Rein, M. Copigmentation reactions and color stability of berry anthocyanins. 

University of Helsinki, Helsinki, 2005, pp. 10–14. 

 

(145) Nicoli, M.C.; Anese, M.; & Parpinel, M.; Influence of processing on the antioxidant 

properties of fruit and vegetables, Trends in Food Science & Technology, 1999, 10, 94–100. 

 

(146) Rawson, A.; Patras, A.; Tiwari, B.K.; Noci, F.; Koutchma, T.; Brunton, N. Effect of 

thermal and non-thermal processing technologies on the bioactive content of exotic fruits and 

their products: Review of recent advances. Food Res. Int, 2011, 44:1875–1887. 

 

(147) Keenan, D.F.; Brunton, N.; Gormley, R.; Butler, F. Effects of thermal and high 

hydrostatic pressure processing and storage on the content of polyphenols and some quality 

attributes of fruit smoothies. J. Agric. Food Chem. 2011, 59:601–7. 

 

(148) Rössle, C.; Wijngaard, H.H.; Gormley, R.T.; Butler, F.; Brunton, N. Effect of storage 

on the content of polyphenols of minimally processed skin-on apple wedges from ten 

cultivars and two growing seasons. Journal of Agricultural and Food Chemistry, 2010, 58, 

pp. 1609–1614. 

 

(149) Bai, J.; Gao, Z.; Xiao, H.; Wang, X.; Zhang, Q. Polyphenol oxidase inactivation and 

vitamin C degradation kinetics of Fuji apple quarters by high humidity air impingement 

blanching, Int J. Food Science and Technology, 2013, 48, 1135–1141. 

 

http://ncsu.summon.serialssolutions.com/search?s.dym=false&s.q=Author%3A%22Fellows%2C+P.+J%22


69 
 

 

 

 

(150) Zawistowski, J.; Biliaderis, C.G.; Eskin, N.A.M. Polyphenol oxidase. Oxidative 

enzyme in foods, 1991, pp. 217–273.  

 

(151) Mayer, A.M. Polyphenoloxidases in plants-recent progress. Phytochemistry, 1987, 26, 

11–20. 

 

(152) Nagai, T.; Suzuki N. Partial purification ofpolyphenol oxidase from Chinese cabbage 

(Brassica rapa L.). Journal of Agricultural and Food Chemistry, 2001, 49, 3922–3926. 

 

(153) Skrede, G.; Wrolstad, R.E.; Durst, R.W. Changes in anthocyanins and polyphenolics 

during juice processing of highbush blueberries (Vaccinium corymbosum L.). Journal of 

Food Science, 2000, 65, pp. 357–364. 

 

(154) Queiroz, C.; Mendes Lopes, M.L.; Fialho, E.; Valente-Mesquita, V.L. Polyphenol 

Oxidase: Characteristics and Mechanisms of Browning Control. Food Rev. Int., 2008, 

24:361–375 

 

(155) Keenan, D.F.; Rößle, C.; Gormley, R.; Butler, F.; Brunton, N.P. Effect of high 

hydrostatic pressure and thermal processing on the nutritional quality and enzyme activity of 

fruit smoothies. LWT - Food Sci. Technol. 2012, 45:50–57. 

 

(156) Palamidis, N.; Markakis, P. Stability of grape anthocyanin in a carbonated beverage. 

Industrie delle Bevande, 1978, 7, pp. 106–109. 

 

(157) Markakis, P.; Livingstone, G.E.; Fillers, G.R. Quantitative aspects of strawberry 

pigment degradation. Food Research, 1957, 22, pp. 117–130. 

 

(158) Patras, A.; Brunton, N.; Da Pieve, S.; Butler, F.; Downey, G.  Effect of thermal and 

high pressure processing on antioxidant activity and instrumental colour of tomato and carrot 

purées. Innovative Food Science & Emerging Technologies, 2009, 10 (1) pp. 16–22. 

 

(159) Stintzing, F.C.; Carle, R. Functional properties of anthocyanins and betalains in plants, 

food, and in human nutrition. Trends in Food Science and Technology, 2004, 15 (1), pp. 19–

38. 

 

(160) Hartmann, A.; Patz, C.-D.; Andlauer, W.; Dietrich, H. & Ludwig, M. Influence of  

processing on quality parameters of strawberries. Journal of Agricultural and Food  

chemistry, 2008, 56(20), pp.9484-9489. 

 

(161) Gancel, A.-L.; Feneuil, A.; Acosta, O.; Pérez, A. M.; and Vaillant, F. Impact of 

industrial processing and storage on major polyphenols and the antioxidant capacity of 



70 
 

 

 

 

tropical highland blackberry (Rubus adenotrichus). Food Research International, 2011, 

44(7), 2243–2251. 

 

(162) Giusti, M.M.; Wrolstad, R.E. Acylated anthocyanins from edible sources and their 

applications in food systems. Biochemical Engineering Journal, 2003, 14 (3), pp. 217–225. 

 

(163) Buchner, N.; Krumbein, A.; Rhon, S. & Kroh, L. W. Effect of thermal processing on 

the flavonols rutin and quercetin. Rapid Communications in Mass Spectrometry, 2006, 

Vol.20, pp. 3229-3235. 

  

(164) Murakami, M.; Yamaguchi, T.; Takamura, H. & Matoba, T. Effects of Thermal  

Treatment on Radical-scavenging Activity of Single and Mixed Polyphenolic  Compounds. 

Food Chemistry and Toxicology, 2004, Vol.69, pp.FCT7-FCT10. 

 

(165) Chandrasekara, N.; Shahidi, F. Effect of Roasting on Phenolic Content and Antioxidant 

Activities of Whole Cashew Nuts, Kernels, and Testa. Journal of Agricultural and Food 

Chemistry, 2011, Vol.59, pp.5006-5014. 

 

(166) Sharma, P.; Gujral, H.S. Effect of sand roasting and microwave cooking on  

antioxidant activity of barley. Food Research International, 2011, Vol.44, pp.235-240. 

 

(167) Pérez-Conesa, D.; García-Alonso, J.; García-Valverde, V.; Iniesta, M-D.; Jacob, K.; 

Sánchez-Siles, L.M.; Ros, G.; Periago, M.J. Changes in bioactive compounds and antioxidant 

activity during homogenization and thermal processing of tomato puree. Innov. Food Sci. 

Emerg. Technol., 2009, 10:179–188. 

 

(168) Win, M.M.; Abdul-Hamid, A.; Baharin, B.S.; Anwar, F.; Saari, N. Effects of roasting 

on phenolics composition and antioxidant activity of peanut (Arachis hypogaea L.) kernel 

flour. Eur. Food Res. Technol., 2011, 233:599–608. 

 

(169) Dewanto, V.; Wu, X.; Liu, R.H. Processed sweet corn has higher antioxidant activity. 

J. Agric. Food Chem., 2002, 50:4959–64. 

 

(170) Brownmiller, C.; Howard, L.R.; Prior, R.L. Processing and storage effects on 

monomeric anthocyanins, percent polymeric colour, and antioxidant capacity of processed 

blueberry products. Journal of Food Science, 2008, 5 (73), pp. H72–H79. 

 

(171) Oliveira, C.; Amaro, L.F.; Pinho, O. Cooked blueberries: anthocyanin and 

anthocyanidin degradation and their radical-scavenging activity. Journal of Agricultural and 

Food Chemistry, 2010, 58 (16), pp. 9006–9012. 

 



71 
 

 

 

 

(172) Sadilova, E.; Stintzing, F.C.; Carle. R. Thermal degradation of acylated and 

nonacylated anthocyanins. Journal of Food Science, 2006, 71, pp. C504–C512. 

 

(173) Sablani, S.S.; Andrews, P.K.; Davies, N.M.; Walters, T.; Saez, H.; Syamaladevi, 

R.M. Effect of thermal treatments on phytochemicals in conventionally and organically 

grown berries. J Sci Food Agric, 2010, 90, pp.769–778. 

 

(174) Talcott. T.; Percival, S.; Pittet-Moore, J.; and Celoria, C. Phytochemical Composition 

and Antioxidant Stability of Fortified Yellow Passion Fruit (Passiflora edulis). Journal 

Agriculture and Food Chemistry, 2003, (51)4, pp. 935-941.  

 

(175) Dhuique-Mayer, C.; Tbatou, M.; Carail, M.; Caris-Veyrat, C.; Dornier, M.; Amiot, M. 

Thermal degradation of antioxidant micronutrients in citrus juice: kinetics and newly formed 

compounds. J. Agric. Food Chem., 2007, 55:4209–16. 

 

(176) Johnson, J. R.; Braddock, R. J.; Chen, C. S. Kinetics of ascorbic acid loss and 

nonenzymatic browning in orange juice serum: Experimental rate constants. J. Food Sci., 

1995, 60, 502-505. 

 

(177) Van den Broeck, I.; Ludikhuyze, L.; Weemaes, C.; Van Loey, A.; Hendrickx, M. 

Kinetics for isobaric-isothermal degradation of L-ascorbic acid. J. Agric. Food Chem. 1998, 

46, 2001-2006. 

 

(178) Vikram, V. B.; Ramesh, M. N.; Prapulla, S. G. Thermal degradation kinetics of 

nutrients in orange juice heated by electromagnetic and conventional methods. J. Food Eng. 

2005 ,69, 31-40. 

 

(179) Uddin, M. S.; Hawlader, M. N. A.; Ding, L., & Mujumdar, A. S. Degradation of 

ascorbic acid in dried guava during storage. Journal of Food Engineering, 2002, 51,21−26. 

 

(180) Lee, Y.; Howard, L. Firmness and Phytochemical Losses in Pasteurized Yellow 

Banana Peppers (Capsicum a nnuum) As Affected by Calcium Chloride and Storage. Journal 

of agricultural and food Chemistry, 1999, 47(2), 700–703. 

 

(181) Lee, J. H.; Talcott, S. T. Fruit maturity and juice extraction influences ellagic acid 

dervivatives and other antioxidant polyphenolics in muscadine grapes. Journal of 

Agricultural and Food Chemistry, 2004, 52: 361–366. 

 

(182) Syamaladevi, R.M.; Andrews, P.K.; Davies, N.M.; Walters, T.; Sablani, S.S. Storage 

effects on anthocyanins, phenolics and antioxidant activity of thermally processed 

conventional and organic blueberries. J. Sci. Food Agric., 2012, 92:916–24. 

 

http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()


72 
 

 

 

 

(183) Fuleki, T.; Ricardo-Da-Silva, J.M. Effects of Cultivar and Processing Method on the 

Contents of Catechins and Procyanidins in Grape Juice. Journal of Agricultural and  

Food Chemistry, 2003, 51, pp.640-646. 

 

(184) Zafrilla, P.; Ferreres, F.; Barberán-Tomás, F. A. Effect of processing and storage on the 

antioxidant ellagic acid derivatives and flavonoids of red raspberry (Rubus idaeus) 

jams. Journal of Agricultural and Food Chemistry, 2001, 49: 3651–3655. 

 

(185) Perez-Vicente, A.; Serrano, P.; Abellán, P.; Garcia-Viguera, C. Influence of packaging 

material on pomegranate juice colour and bioactive compounds, during storage. Journal of 

The Science of Food and Agriculture, 2004, 84: 639–644. 

 

(186) Keenan, D.F.; Brunton, N.P.; Gormley, T.R.; Butler, F.; Tiwari, B.K.; Patras A. Effect 

of thermal and high hydrostatic pressure processing on antioxidant activity and colour of fruit 

smoothies. Innov. Food Sci. Emerg. Technol., 2010, 11:551–556. 

 

(187) Keenan, D. F.; Rößle, C.; Gormley, R.; Butler, F.; and Brunton, N. P. Effect of high 

hydrostatic pressure and thermal processing on the nutritional quality and enzyme activity of 

fruit smoothies. Food Science and Technology, 2012, 45(1), 50–57. 

 

(188) Poei-Langston, M. S.; Wrolstad, R. E. Color degradation of ascorbic-anthocyanin-

flavanol model system. J. Food Sci.1981, 46, 1218-1222. 

 

(189) Noda, Y.; Kaneyuki, T.; Mori, A.; Packer, L. Antioxidant Activities of Pomegranate 

Fruit Extract and Its Anthocyanidins:  Delphinidin, Cyanidin, and Pelargonidin. J. Agric. 

Food Chem., 2002, 50 (1), pp 166–171. 

 

(190) Kader, F.; Irmouli, M.; Nicolas, J.; Metche, M. Involvement of Blueberry Peroxidase 

in the Mechanisms of Anthocyanin. Journal of Food Science, 2006, 67(3). 

 

(191) Miller, N.J.; Rice-Evans, C. The relative contributions of ascorbic acid and phenolic 

antioxidants to the total antioxidant activity of orange and apple fruit juices and blackcurrant 

drink. Food Chemistry, 1997, 60:331–337. 

 

(192) Hooper, F. C.; Ayres, A. D. The enzymatic degradation of ascorbic acid. Part I - the 

inhibition of the enzymatic oxidation of ascorbic acid by substances occurring in black 

currants. J. Sci. Food Agric., 1950, 1, 5-8. 

 

(193) Timberlake, C. F. Metallic components of fruit juices. IV. Oxidation and stability of 

ascorbic acid in blackcurrant juice. J. Sci. Food Agric., 1960, 11, 268-273.  

 

http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()


73 
 

 

 

 

(194) Clegg, K. M.; Morton, A. D. The phenolic compounds of blackcurrant juice and their 

protective effect on ascorbic acid. II. The stability of ascorbic acid in model systems 

containing some of the phenolic compounds associated with blackcurrant juice. J. Fd 

Technol., 1968, 3, 277-284.  

 

(195) Calvi, J. P.; Francis, F. J. Stability of Concord grape (V. labrusca) anthocyanins in 

model systems. J. Food Sci. 1978, 43, 1448-1456. 

 

(196) Kirca, A.; Özkan, M.; Cemeroglu, B. Thermal stability of black carrot anthocyanins in 

blond orange juice. Journal of Food Quality, 2003, 26 (5), pp. 361–366. 

 

(197) Walkling-Ribeiro, M.; Noci, F.; Cronin, D.; Lyng, J.G.; Morgan, D.J. Shelf life and 

sensory attributes of a fruit smoothie-type beverage processed with moderate heat and pulsed 

electric fields. Food Sci. Technol., 2010, 43:1067–1073. 

 

(198) Syamaladevi, R.M.; Andrews, P.K.; Davies, N.M.; Walters, T.; Sablani, S.S. Storage 

effects on anthocyanins, phenolics and antioxidant activity of thermally processed 

conventional and organic blueberries. J. Sci. Food Agric., 2012, 92:916–24. 

 

(199) Sapers, G.M.; Burgher, A.M.;, Phillips, J.G.; Jones, S.B.; Effects of freezing, thawing, 

and cooking on the appearance of highbush blueberries. J Am Soc Hort Sci, 1984, 109: 112–

117. 

 

(200) Hager, T.J.; Howard, L.R.; Prior, R.L. Processing and storage effects on monomeric 

anthocyanins, percent polymeric color, and antioxidant capacity of processed blackberry 

products. J Agric Food Chem, 2008, 56: 689–695. 

 

(201) Connor, A.M.; Luby, J.J.; Hancock, J.F.; Berkheimer, S.; Hanson, E.J. Changes in fruit 

antioxidant activity among blueberry cultivars during cold-temperature storage. J. Agric. 

Food Chem., 2002, 50:893–8. 

 

(202) Mullen, W., Stewart, A. J., Lean, M. E. J., Gardner, P., Duthie, G. G. and Crozier, 

A. 2002b. Effect of freezing and storage on the phenolics, ellagitannins, flavonoids and 

antioxidant capacity of red raspberries. Journal of Agricultural and Food Chemistry, 50: 

5197–5201. 

 

(203) Maas, J. L.; Wang, S. Y.; Galletta, G. J. Evaluation of strawberry cultivars for ellagic 

acid content.HortScience, 1991, 26: 66–68. 

 

(204) Rommel, A.; Wrolstad, R. E. Ellagic acid content of red raspberry juice as influenced 

by cultivar, processing and environmental factors. Journal of Agricultural and Food 

Chemistry, 1993, 41: 1951–1960. 

http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()


74 
 

 

 

 

(205) Jackman, R.L.; Smith, J.L. Anthocyanin and betalains. Natural food colorants, 1996, 

pp. 249–309. 

 

(206) Srivastava, A.; Akoh, C.C.; Yi, W.; Fischer, J.; Krewer, G. Effect of storage conditions 

on the biological activity of phenolic compounds of blueberry extract packed in glass bottles. 

Journal of Agriculture and Food Chemistry, 2007, 55, pp. 2705–2713. 

 

 

(207) García-Viguera, C.; Zafrilla, P.; Romero, F.; Abellán, P.; Artés, F.; Tomás-Barberán, 

F.A. Color stability of strawberry jam as affected by cultivar and storage temperature. 

Journal of Food Science, 1999, 64 (2), pp. 243–247. 

  

(208) Mongas, M.; Bartolome, B.; Gomez-Cordoves, C. Updated Knowledge About the 

Presence of Phenolic Compounds in Wine. Critical Reviews in Food Science and Nutrition. 

2005. 45(2). 

 

(209) Tiwari, B.K.; O'Donnell, C.P.; Cullen, P.J. Effect of non-thermal processing 

technologies on the anthocyanin content of fruit juices. Trends in Food Science & 

Technology, 2009, 20 (3–4), pp. 137–145. 

 

(210) Reque, P.M.; Steffens, R.S.; Jablonski, A.; Flôres, S.H.; Rios, A.D.; de Jong, E V. Cold 

storage of blueberry (Vaccinium spp.) fruits and juice: Anthocyanin stability and antioxidant 

activity. J. Food Compos. Anal., 2014, 33:111–116. 

 

(211) De Ancos, B.; González, E. M.; Cano, M. P.  Ellagic acid, vitamin C and total phenolic 

contents and radical scavenging capacity affected by freezing and frozen storage in raspberry 

fruit. Journal of Agricultural and Food Chemistry, 2000, 48: 4565–4570. 

 

(212) Markakis, P. Stability of anthocyanins in foods. Anthocyanins as Food Colors, 1982; 

pp 163-180. 

 

(213) Darias-Martin, J. J.; Rodriguez, O.; Diaz, E.; Lamuela-Ravento, R. M. Effect of skin 

contact on the antioxidant phenolics in white wine. Food Chem., 2000, 71, 483-487. 

 

(214) Flora, L. F. Influence of heat, cultivar and maturity on the anthocyanin-3,5-

diglucosides of muscadine grapes. J. Food Sci., 1978, 43, 1819-1821. 

 

(215) Goldy, R. G.; Ballinger, W. E.; Maness, E. P. Fruit anthocyanin content of some 

EuVitis X Vitis rotundifolia hybrids. J. Am. Soc. Hortic. Sci., 1986, 111, 955-960. 

 

http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()
http://www.tandfonline.com.prox.lib.ncsu.edu/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A()


75 
 

 

 

 

(216) Aaby, K.; Wrolstad, R.E.; Ekeberg, D.; Skrede, G. Polyphenol composition and 

antioxidant activity in strawberry purees; Impact of achene level and storage. Journal of 

Agricultural and Food Chemistry, 2007, 55 (13), pp. 5156–5166. 

 

(217) Sun-Waterhouse, D.; Nair, S.; Wibisono, R.; Wadhwa, S.S.; Massarotto, C.; 

Hedderley, D.I.; Zhou, J.; Jaeger, S.R.; Corrigan, V. Insights into Smoothies with High 

Levels of Fibre and Polyphenols : Factors Influencing Chemical , Rheological and Sensory 

Properties. World Academy of Science, Engineering and Technology, 2010, 41, pp.323-332. 

 

(218) Liao, M. L.; Seib. P. A. Chemistry of L-ascorbic acid related to foods, Food Chem., 

1988, 30, pp. 293–312. 

 

(219) Lila MA, Raskin I. Health-related interactions of phytochemicals. J Food Sci, 2005, 

70, pp.R20–7. 

 

(220) Zheng, W.; Wang, S.Y.  Oxygen radical absorbing capacity of phenolics in blueberries, 

cranberries, chokeberries, and lingonberries. J Agric Food Chem, 2003, 51, pp.502–9. 

 

(221) Eder, M.; Mehert, W. Bedeutung pfanzlicher Begleitstoffe in extrackten. Pharmazie, 

1998, 53, pp. 285-93. 

 

(222) Peyrat-Maillard, M.; Cuvelier, M.; Berset, C.. Antioxidant activity of phenolic 

compounds in 2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH)-induced oxidation: 

Synergistic and antagonistic effects. Journal of the American Oil Chemists' Society. 2003. 

80(10), pp 1007-1012. 

 

(223) Frankel, E.N.; Huang, S.W.; Kanner, J; German, J.B.  Interfacial phenomena in the 

evaluation of antioxidants: bulk oil vs. emulsions. J Agric Food Chem, 1994, 42:1054–9. 

 

(224) Koga, T.; Terao, J.  Phospholipids increase radical-scavenging activity of vitamin E in 

a bulk oil model system. J Agric Food Chem, 1995, 43:1450–4. 

 

(225) Cuvelier, C.; Bondet, V.; Berset, C.  Behavior of phenolic antioxidants in a partitioned 

medium: structure–activity relationship. J Am Oil Chem Soc, 2000, 77:819–23. 

 

(226) Freeman, B.L.; Eggett, D.L.; Parker, T.L. Synergistic and antagonistic interactions of 

phenolic compounds found in navel oranges. Journal of Food Science, 2010, 75:C570–6. 

 

(227) Cao, G.; Sofic, E.; Prior, R.L. Antioxidant and prooxidant behavior of flavonoids: 

Structure–activity relationships. Free Radical Biology and Medicine, 1997, 22, pp. 749–760. 

 



76 
 

 

 

 

(228) Balasundram, N.; Sundram, K.; Samman, S. Phenolic compounds in plants and agri-

industrial by-products: Antioxidant activity, occurrence, and potential uses. Food Chemistry, 

2006, 99, 191–203. 

 

(229) Rice-Evans, C.A.; Miller, N.J.; Bolwell, P.G.; Bramley, P.M.; Pridham, J.B. The 

relative antioxidant activities of plant-derived polyphenolic flavonoids. Free Rad. Res., 1995, 

22, pp. 375–383. 

 

(230) Häkkinen, S.H.; Kärenlampi, S.O.; Mykkänen, H.M.; Heinonen, M.I.; Törrönen, A.R. 

Ellagic acid content in berries: Influence of domestic processing and storage. European Food 

Research and Technology, 2000, 212, pp. 75–80. 

 

(231) da Silva, M.; Lajolo, F.M.; Genovese, M.I. Bioactive compounds and quantification of 

total ellagic acid in strawberries (Fragaria x ananassa Duch.). Food Chem., 2008, 107:1629–

1635. 

 

(232) Wang, S.; Meckling, K.A.; Marcone, M.F.; Kakuda, Y & Tsao, R. Synergistic, 

Additive, and Antagonistic Effects of Food Mixtures on Total antioxidant Capacities. 

Journal of Agricultural and Food Chemistry, 2011, 59, pp.960-968 . 

 

(233) Hidalgo, M.; Sánchez-Moreno, C.; Pascual-Teresa S. Flavonoid–flavonoid interaction 

and its effect on their antioxidant activity. Food Chemistry, 2010, 121:3, 691–696. 

 

(234) Vinson, J.A.; Su, X.; Zubik, L.; Bose, P. Phenol antioxidant quantity and quality in 

foods: fruits. J Agric Food Chem, 2001, 49:5315–5321. 

 

(235) Sun, J.; Chu, Y.; Wu, X.; Liu, Rui H. Antioxidant and antioproliferative activities of 

common fruits. J Agric Food Chem., 2002, 50:7449-54. 

 

(236) Seeram, N.P.; Adams, L.S.; Hardy, M.L.; Heber, D. Total cranberry extract versus 

its phytochemical constituents: Antiproliferative and synergistic effects against 

human tumor cell lines. J Agric Food Chem., 2004, 52:2512–7. 

 

(237) Talcott, P. Ellagic acid and quercetin interact synergistically with resveratrol in the 

induction of apoptosis and cause transient cell cycle arrest in human leukemia cells. Cancer 

Letters, 2005, 218:2. 141-151. 

 

(238) Yi, W.; Fischer, J.; Akoh, C.C. Study of anticancer activities of muscadine grape 

phenolics in vitro. J. Agric. Food Chem., 2005, 53:8804–12. 

 

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0308814610000464
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0308814610000464
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/journal/03088146
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/journal/03088146/121/3


77 
 

 

 

 

(239) Mertens-Talcott, S. U.; Talcott, S. T.; Percival, S. S. Low concentrations of quercetin 

and ellagic acid synergistically influence proliferation, cytotoxicity and apoptosis in MOLT-

4 human leukemia cells. J. Nutr., 2003, 133, 2669-2674. 

 

(240) Elattar, T. M.; Virji, A. S. The effect of red wine and its components on 

growth and proliferation of human oral squamous carcinomacells. Anticancer Res., 1999, 

19:5407-5414. 

 

  



78 
 

 

 

 

CHAPTER 2 – Effects of Thermal Processing, Refrigerated and Frozen Storage on the 

Bioactives and Ingredient Interactions of Muscadine Fruit Smoothies 
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2.1 Abstract 

 

Muscadine grapes are becoming more popular as ingredients in value-added products 

in the market for the increasing health-conscious population. Utilizing the entire fruit, 

including seeds and skins, has a potential to add significant health benefits to fruit smoothies. 

The objectives of this study were to determine the effects processing and storage have on 

bioactives in fruit smoothies while determining if components in muscadine puree (MP), 

often treated as waste products, protect labile compounds through processing and storage. 

Smoothie formulations (strawberry and blueberry) were compared with and without MP. 

These samples were pasteurized (71°C, 10 s) and then refrigerated (4°C, 2 months) or frozen 

(-20°C, 4 months). Total antioxidant capacity (H-ORAC), total phenolics (Folin-Ciocalteu), 

total anthocyanins (pH differential), and ascorbic acid (HPLC) were determined. Processing 

increased (p < 0.05) phenolics in the blueberry smoothie without MP and decreased (p < 

0.05) anthocyanins in the strawberry smoothie without MP. Storage had significant effects (p 

< 0.05) on all compounds of interest although the trends were not consistent across all 

smoothie formulations. MP significantly protected (p < 0.05) phenolics and anthocyanins 

during refrigerated storage and phenolics during frozen storage of strawberry smoothies. 

Strawberry smoothies with MP retained 16, 13, and 26% more antioxidants, phenolics, and 

anthocyanins, respectively, through refrigerated storage than their controls without MP. In 

frozen storage, phenolics and anthocyanins were both retained 9% more with MP than 

without MP in the strawberry smoothie. Greater protection was seen from the natural 

preservative properties of MP on bioactives in the strawberry smoothie but not the blueberry 
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smoothie during processing and storage. This information is important to the smoothie 

industry when combining ingredients to maximize natural preservatives from whole fruits in 

smoothies before pasteurization and storage.   

KEYWORDS: Fruit smoothies, muscadine grapes, pasteurization, phenolic content 
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2.2 Introduction 

 

 Fruit smoothies are beneficial to both the producer and consumer by having a 

nutritious product available for longer than the fresh season of fruits. These products contain 

high concentration of phenolic compounds that provide antioxidant activity which have been 

reported to help prevent heart disease and cancers. Berries and grapes, often used in 

smoothies, are great sources of phenolics and vitamin C. The objective of the current study 

was to determine the effect pasteurization and storage had on total antioxidant capacity, total 

phenolics, total anthocyanins, and vitamin C concentration in muscadine grape smoothie 

blends containing blueberries and strawberries. Also, the effect muscadine puree had on 

protecting these compounds through processing and storage was investigated. 

 The relative bioactive concentration of ingredients of processed products is an 

important factor in determining how specific compounds behave through processing and 

storage. Blended products such as fruit smoothies inherently have oxygen introduced to the 

food matrix during the mechanical blending. This process forces degradation enzymes such 

as polyphenol oxidase (PPO) that are located within cells to be exposed to the oxygen and 

phenolic compounds, which may speed up oxidative and enzymatic degradation of bioactive 

compounds in smoothies (Keenan, 2011). Relative stabilities of bioactive compounds in a 

system determine which compounds are likely to degrade first. When there are many stable 

compounds present, the least stable will be quickly oxidized (Poei-Langston and Wrolstad 

1981). Therefore, it is important to understand the food matrix influence and ingredient 

interactions affecting bioactives within smoothies during processing and storage. 
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2.3 Materials and Methods 

 

 

2.3.1 Sample Preparation 

 

Strawberries, blueberries, and muscadine grapes (Nesbitt-black and Triumph-bronze) 

from the 2012 harvest were obtained from Cottle Farms (Faison, NC). The fruit was received 

frozen and then stored at -20°C (Kelvinator Series 100, Manitowac, WI). 100% apple juice 

(Motts juice from concentrate – Kroger brand
TM

 with added vitamin C), 100% apple juice 

concentrate (frozen concentrated with vitamin C) and fresh lemons were purchased from 

local grocery stores. Sodium acetate, sodium phosphate, and sodium carbonate were obtained 

from Fisher Scientific (Waltham, MA). All other analytical grade chemicals and solvents 

were purchased from Sigma Aldrich (St. Louis, MO).  

Two smoothie formulations were analyzed in this study: muscadine grape- strawberry 

smoothie and muscadine grape-blueberry-strawberry smoothie. Their respective controls 

were the same formulations with water replacing muscadine grapes. Formulations and 

compositions are in Table 2.1 and Table 2.2 below. Smoothies were prepared by blending 

ingredients (3.5 quart robot coupe® Blixer® 3 Series D, Jackson, MS) for 60 seconds. Batch 

preparation of the formulations was performed in triplicate, on separate days. Fresh samples 

were aliquoted (3 g) for analyses of unprocessed material and placed in an -80°C freezer 

(Kelvinator, Series 100, Manitowoc, WI) until analysis. 50 mL of each formulation was filled 

into 4 oz foil pouches (Wright Foods, Troy, NC), removing as much air as possible from the 

pouch before capping to minimize oxidation. There were 3 pouches (processed, refrigerated, 
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and frozen) for each of 4 formulations (muscadine-strawberry smoothie, muscadine-

blueberry smoothie, and both of their controls). 

 

 

 

Table 2. 1: Formulations Used in Experiment 

Sample # Sample pH 

1 Muscadine Puree 3.52 

2 Blueberry Puree 3.09 

3 Strawberry Puree 3.76 

4 Apple Juice Concentrate 3.82 

5 Apple Juice 3.55 

6 Strawberry Smoothie 3.63 

7 Blueberry Smoothie 3.56 

8 Strawberry Smoothie Control 3.74 

9 Blueberry Smoothie Control 3.60 

 

 

 

Table 2. 2: Formulation Compositions 

Ingredient (%) Strawberry 

Smoothie 

Blueberry 

Smoothie 

Strawberry 

Control 

Blueberry 

Control 

Muscadine puree 42 32 0 0 

Strawberry puree 15 9 15 9 

Blueberry puree 0 14 0 14 

Apple juice 28 26 28 26 

Apple juice 

concentrate 
14 18 14 18 

Lemon juice 1 1 1 1 

Water 0 0 42 32 
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2.3.2 Experimental Design 

 

This experiment is a block design meaning it involves three replications of the entire 

experiment on three different days. This included three separate sample batches, three 

different processing batches, and three separate aliquoted samples batches for chemical 

analysis. Refer to the Figure 2.1 below for an example of the process to obtain one 

experimental replication. Figure 2.2 depicts the experimental procedure of preparation, 

processing, storage and chemical analysis of the smoothie formulations in this experiment. 

 

 

 

 
Figure 2. 1: Schematic Illustrating the Experimental Process Flow for Each Sample 
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Figure 2. 2: Processing, Storage, and Chemical Analyses Experimental Process of Smoothies 

 

 

 

2.3.3 Thermal Process Validation 

 

Before processing samples in the water bath, the thermal process was validated based 

on the heat-up time of the most insulating ingredient used in the smoothie formulations in 

this experiment. Strawberry puree was the most insulating ingredient after testing with the 

KD2 PRO (Decagon Devices, Pullman, WA) measuring thermal properties such as 

conductivity and diffusivity. This ingredient was used to ensure that all other samples would 

be up to the correct temperature using the time established by the validation (refer to Figure 

2.3 below for the thermal process validation method). A total of 44 pouches (4 oz, foil-lined, 

Wright Foods, Troy, NC) were filled with 50 mL of strawberry puree each and processed in 

the water bath, four at a time, to determine the slowest heat-up time (Table 2.3).  
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Figure 2. 3: Thermal Processing Validation Method in Water Bath 

 

 

 

A type T thermo-couple was inserted into each pouch in order to track the 

temperature of the center of the product over time (example of four thermographs in Figure 

2.4, using Ch 15-18 thermo-couples). The thermocouples were connected to a 32 channel 

temperature data acquisitions system (Omega TempScan 1100, Stamford, CT) and a laptop 

that displayed temperature every 2 seconds and allowed the come-up time for product to 

reach 71°C to be tracked in the water bath that was set at 75°C. Based on come-up times of 

n=44 pouches (Table 2.3), the fastest come-up time was 1.3 min with an average come-up 

time of 3.2 min and standard deviation of 0.93 min. However, it was determined that the 

slowest come-up time was 5 minutes and was the established come-up time to be used for the 

experiment. Since the thermal process required a holding time at 71°C for 10 sec, each 
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sample pouch in the experiment was inserted into the water bath for 5 min and 10 sec. Also 

cool down time was minimized by placing pouches in a salted ice bath directly from the 

water bath after processing with the thermo-couple remaining inside the pouch. It took less 

than 1 min for pouches to reach 4°C. During the experimental processing, a thermo-couple 

remained in one of the four pouches processed at a time to be sure that the real samples were 

coming up to temperature in time. 

 

 

 

 
Figure 2. 4: Come-up Times (a), Hold Times (b), and Cool-down Periods (c) of Strawberry 

Puree During Validation 
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Table 2. 3: Time to Reach Desired Temperature During Thermal Processing Validation 

Heat up time to 70°C (n=44) 

2.57 2.17 2.33 2.70 2.00 

2.70 3.83 3.57 4.13 3.23 

2.90 4.80 1.67 4.00 3.87 

2.40 2.73 3.20 2.37 3.73 

3.47 1.77 2.87 4.47   

2.90 3.67 3.27 4.83   

2.03 4.10 2.80 3.77   

3.43 4.07 3.93 1.30   

3.70 2.03 3.87 4.93   

3.23 2.87 2.17 5.00   

 

 

 

2.3.4 Pasteurization Conditions 

 

The foil pouches (12 total) were labeled either ‘processed’ for samples to be aliquoted 

immediately after processing or ‘refrigerated’ or ‘frozen’ depending on the storage 

conditions for the pouches immediately after processing. The pouches containing the samples 

for each of the 4 smoothie formulations were processed in a randomized order at 71°C for 5 

minutes plus 10 seconds. The time-temperature combination was established to replicate an 

industry processing protocol to achieve a 5-log reduction for Salmonella species, E. coli 

O157:H7, and Listeria monocytogenes in juices pH range 3.6 – 4.0, creating a safe product 

(Mazzotta 1998). Four samples where processed simultaneously with continuous agitation by 

a shaker tray in a water bath (Model 2874, Thermo Scientific, Marietta, OH). Type T 

thermocouples were inserted into the pouches, where temperature was monitored every 2 

seconds displayed on a connected laptop. The come-up time was 5 minutes (reaching the 

desired temperature) and after the appropriate holding time, samples were immediately 
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placed in an ice/salt bath, taking 1-2 min to cool to 20°C. Each formulation (3 g) was 

collected from the respective cooled foil pouches labeled processing, transferred into 15 mL 

conical centrifuge tubes, and placed in -80°C freezer until analysis. Processing was 

performed in triplicate, on separate days, on the separate smoothie formulation batches. 

 

2.3.5 Storage Conditions 

 

Following processing, samples in the foil pouches labeled ‘refrigeration’ or ‘frozen’ 

were immediately placed into storage. Refrigerated samples remained unopened and were 

stored at 4°C for 2 months (GE) and frozen samples remained unopened and were stored at -

20°C for 4 months (Fridgidaire, Model LFUH21F7LMO, Charlotte, NC). Once the storage 

time was complete, samples (3g) were transferred into 15-mL conical centrifuge tubes and 

stored in a -80°C freezer until analysis. Formulations were stored in triplicate from the 

separate smoothie formulations on separate days. 

 

2.3.6 Extraction Methods 

 

Phenolic, anthocyanin, and antioxidant extracts were prepared by adding 10 mL of 

0.5% acetic acid in HPLC grade methanol to the thawed 3-g sample aliquots in 15-mL 

conical centrifuge tube. Samples were vortexed (Thermo Scientific - Maxi Mix II) then 

centrifuged at 3,000 rpm for 10 minutes (Thermo Scientific Sorvall Legend RT Plus). The 

supernatant was poured off and this process was repeated two more times, combining the 

supernatants, for an approximate volume of 30 mL extraction solvent per 3-g sample. 
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Vitamin C was extracted using the same method except the extraction solvent was 3% 

metaphosphoric acid/8% acetic acid in water. Chemical analyses were performed on the 4 

formulations at their fresh, processed, refrigerated, and frozen time points for each of the 

three replicated experiments. 

 

 

2.3.7 Chemical Analyses 

 

The following chemical analyses were performed on all formulations at their fresh, 

processed, refrigerated, and frozen time points for each of the three replicated experiments. 

 

2.3.7.1 Total Antioxidants 

 

Hydrophilic- oxygen radical absorbance capacity (H-ORAC) was used to analyze the 

total antioxidant capacity of the smoothie formulations. Trolox, a vitamin E analogue, was 

used to generate a standard curve ranging from 3.175 – 50 µM Trolox. Samples and 

standards were diluted using 0.075 M phosphate buffer at pH 7.4 and added to a black 96-

well plate in triplicate. Fluorescein (70 nM) was added to each well and allowed to incubate 

in the Tecan Safire plate reader (Tecan Group Ltd., Männedorf, Switzerland) at 37°C for 15 

min. Then, 153 mM 2,2'- azobis (2-amidinopropane) dihydrochloride (AAPH) was added to 

each well as the peroxyl radical generator. An excitation wavelength of 483 nm and an 

emission wavelength of 525 nm were used to monitor oxygen radical absorbance capacity 
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over 90 minutes at 37°C. Samples were analyzed in triplicate and reported as µmol trolox 

equivalents/100 g fresh weight of sample (µmol trolox equivalence (TE)/ 100 g FW). 

 

2.3.7.2 Total Phenolics 

 

Folin-Ciocalteu assay was used to measure total polyphenol content. A 20% sodium 

carbonate solution was prepared by adding 200 g anhydrous sodium carbonate to 800 mL of 

deionized water. This solution was stirred and heated up to a boil until dissolved. The 

solution was allowed to cool to room temperature for 24 hours and then filtered before use. A 

gallic acid standard curve was generated, ranging from 0-750 mg gallic acid/L. Standards and 

samples were diluted using deionized water and added (100 µL of each) to 10 mL test tubes. 

A 7.9-mL aliquot of deionized water was added to each tube, and vortexed. An aliquot of 0.5 

mL of 2 N Folin-Ciocalteu reagent was then added to each tube, vortexed, and allowed to 

react for at least 30 seconds, but no more than 8 minutes. Then, 1.5 mL of the 20% sodium 

carbonate solution was added to each tube, and vortexed. The samples were incubated at 

37°C for 30 minutes and then transferred into a 96-well plate. Samples were read in a plate 

reader (EnSpire 2300 Multilabel Reader, Perkin Waltham, MA) at 765 nm, including 

deionized water as a blank. Total polyphenol content was reported as mg gallic acid 

equivalents/L of sample (mg GAE/L). 
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2.3.7.3 Total Anthocyanins 

 

To determine total anthocyanins, the pH differential method previously described was 

applied (Giusti and Wrolstad 2001). Samples were treated with buffers at pH 4.5 and 1.0. A 

0.4-M sodium acetate buffer was prepared and adjusted to pH 4.5 with HCl. A 0.025-M 

potassium chloride solution was prepared and adjusted to pH 1.0 with HCl.  This assay was 

performed in test tubes and the samples were undiluted. The assay was assembled first by 

adding 0.5 mL of samples followed by adding 4.5 mL of either pH 1.0 or 4.5 solutions to 

each test tube. The reaction was allowed to sit for 15 minutes at room temperature. Then, all 

samples, including both pH buffers, were read in a spectrophotometer (Perkin Elmer, Enspire 

2300 Multilabel Reader, Waltham, MA) at 520 nm and 700 nm. Absorbance (A) was 

calculated based on Equation 1. Total monomeric anthocyanins were reported as mg/100 g 

fresh weight of samples expressed as cyaniding-3-glucoside equivalents calculated based on 

Equation 2. 

 

Equation 1: A = (A520nm – A700nm)pH 1.0 – (A520nm – A700nm)pH 4.5 

Equation 2: Monomeric anthocyanin content (mg/100 g FW) = (A x MW x DF x 

1000)/(ε x ӏ) 

Where MW = molecular weight (449.2 g), DF = dilution factor 

ε = molar absorptivity (26,900) and ӏ = cuvette length (1 cm) 
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2.3.7.4 Total Ascorbic Acid 

 

Ascorbic acid (vitamin C) content was analyzed using reversed-phase HPLC. The 

analysis was performed on a liquid chromatographic system (Prominence, Shimadzu, Japan) 

using a C18, 2.6 µm pore size, column (150 x 4.60 mm) (Phenomenex, Cupertino, CA). The 

mobile phase consisted of 20 mM potassium phosphate (monobasic), pH 3. The flow rate 

was set to 0.6 mL/min and the detector was set to monitor absorbance at 244 nm. The 

injection volume was 10 µL for each sample and standard. A standard curve was generated 

using ascorbic acid ranging from 0.003 mg/mL to 0.2 mg/mL. Samples and standards were 

diluted with the potassium phosphate mobile phase. Vitamin C content was reported as 

mg/mL sample. The reducing agent Tris (2-carboxyethyl) phosphine (TCEP) was added to 

all samples before loading into HPLC to reduce dehydroascorbic acid to ascorbic acid 

(Chebrolu et al., 2012). A 300-µL of 10 mM TCEP stock solution was added to 300 µL of 

sample in amber HPLC vials, vortexed, and allowed to react for 30 minutes before running 

on HPLC (Chebrolu et al., 2012). Data was collected and analyzed by LC Solutions 

(Shimadzu, Japan). 

 

 

2.3.8 Statistical Analysis 

 

The following statistical design was used: 4 formulations (2 smoothies, 2 smoothie 

controls) at four conditions (fresh, processed, refrigerated, frozen) in triplicate (individual 

day blocks). Statistical analyses were performed using SAS software (Cary, NC) using mixed 

procedure to generate type 3 analysis of variance (ANOVA) tables to determine whether 
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there were significant differences (p < 0.05)  in compounds from fresh to processed or stored 

samples and compound stability between smoothies with or without MP. Interactions 

between smoothie type (strawberry vs. blueberry), addition of MP, and time point (processed, 

refrigerated, frozen) were analyzed. All values are reported as mean ± standard error of the 

mean. All samples were prepared, processed or stored, extracted, and analyzed in triplicate 

using a block design. Using least squares means estimates, significance (p < 0.05) was 

analyzed among phenolics, antioxidants, anthocyanins, and vitamin C in muscadine-

blueberry and muscadine-strawberry smoothies with and without MP through processing and 

storage relative to their fresh values.   

The two different smoothie formulations, referred to as ‘strawberry’ and ‘blueberry’ 

smoothie, were chosen based on industry applications and allowed two different fruit 

combinations to be studied. The effect MP had on nutrient retention in these samples was 

studied as the variable of interest. A relative difference was calculated for each smoothie, 

strawberry and blueberry with and without MP, to determine the change in bioactive values 

from fresh to processed and stored samples.   

 

 

2.4 Results and Discussion 

 

Overall, when muscadine puree was included in the smoothie formulations, total 

phenolics, antioxidants, and anthocyanins were better protected or even enhanced through 

processing and storage compared to the smoothies without muscadine puree. This trend was 

more apparent in the strawberry smoothies than the blueberry smoothies. An inverse 
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relationship was observed for vitamin C stability compared to the retention of the other 

compounds analyzed. There was an obvious difference between the effect muscadine puree 

had on bioactive retention in the strawberry smoothies versus the blueberry smoothies 

through processing and storage. Specifically, vitamin C degradation was significantly less in 

the strawberry smoothie without muscadine puree than the other formulations. This suggests 

that the relative bioactive content of the individual fruits in the smoothies determine which 

compounds are the least stable in the system and most likely to degrade first. The largest 

difference in bioactive levels measured in the strawberry versus the blueberry smoothies or 

controls observed was anthocyanins, with total phenolics, antioxidants, and vitamin C levels 

relatively consistent in both strawberry and blueberry smoothies. For this reason, much of the 

discussion will focus on the major anthocyanins found in the fruits used (Table 2.4) and their 

relative stabilities in the smoothies during processing and storage. 

 

 

 

Table 2. 4: Major Anthocyanins Constituents in Strawberries, Blueberries, and Muscadines 

Fruit Anthocyanin Source 

strawberry pelargonidin (~90%) 
da Silva et al., 2007; Skupień and 

Oszmiański 2004 

blueberry 
malvidin (~50%) and 

delphinidin (~13) 

Prior et al., 2001, Kader et al., 

1996 

muscadine grapes 
delphinidin (50%), petunidin 

(22%), and cyanidin (~10%) 
Huang et al., 2009 
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2.4.1 Effect of Processing on Bioactives 

 

 The effect of pasteurization (71°C, 10 s) on total phenolics, total antioxidant capacity, 

total anthocyanins, and vitamin C content was measured in the two smoothie formulations 

and their controls without muscadine puree (Table 2.5, 2.6, 2.7, 2.8). Processing increased (p 

< 0.05) phenolics in the blueberry control smoothie 7%. Phenolic content in all other 

formulations remained almost unchanged (Figure 2.4). Antioxidants increased 16% and 7% 

in the strawberry smoothie and its control, respectively, and increased 6% and 20% in the 

blueberry smoothie and its control, respectively, during processing (Figure 2.6). This 

increase in total phenolics and antioxidants is consistent with other studies as processing acts 

as a hot extraction making these compounds more available as they are released from the 

fruit skins and tissue (Lee and Talcott, 2004). For example, in a previous study a 15% 

increase of phenolics and antioxidants was reported in smoothies after processing at 70°C for 

10 minutes compared to the fresh values (Keenan et al., 2010).   

 In the current study, processing decreased (p < 0.05) anthocyanin values in the 

strawberry smoothie without MP by 15% compared to their fresh values (Figure 2.5). 

Anthocyanins decreased, though not significantly, about 6% in the strawberry, blueberry, and 

blueberry control smoothies. Similar anthocyanin degradation trends during processing were 

seen in other studies like anthocyanins in blueberry puree decreasing 43% compared to fresh 

blueberries after blanching and pasteurization at 95°C for 3 min (Brownmiller et al., 2008). 

Anthocyanin degradation during thermal processing occurs when enzymes such as 

polyphenol oxidase and peroxidase generate phenolic quinones that oxidize anthocyanins 
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(Skrede and Wrolstad, 2000). This degradation can also be caused by the cleavage of 

covalent bonds in the anthocyanin structures during thermal processing (Skrede and 

Wrolstad, 2000). Anthocyanidins have been reported to decrease antioxidant activities in the 

order of delphinidin, cyanidin, and pelargonidin (Noda et al., 2002) with pelargonidin being 

the easiest oxidized and least stable during storage compared to cyanidin and delphinidin 

(Patras et al., 2010). Pelargonidin is known to be a very unstable anthocyanin, especially in 

the presence of ascorbic acid (Poei-Langston and Wrolstad 1981) which could explain why 

anthocyanins in the formulation containing only strawberries degraded to a greater extent 

than the anthocyanins in the smoothies that contained blueberries, muscadine grapes, or both.   

 Vitamin C levels were approximately the same in all the fresh formulations. There 

was no significant change in vitamin C through processing in either smoothie types both with 

and without MP compared to their fresh values (Figure 2.7). Phenolic compounds have been 

reported to protect vitamin C during processing due to their antioxidant ability to chelate 

metals (Clegg and Morton 1968) which may explain these results in the present study. 

 

2.4.2 Effect of Storage on Bioactives 

 

 Refrigerated Storage. The effect refrigerated storage (4°C, 2 months) after thermal 

processing had on total phenolics, total anthocyanins, total antioxidant capacity, and vitamin 

C content was measured in the same formulations (Table 2.5, 2.6, 2.7, 2.8). Refrigerated 

storage had the greatest impact on bioactive levels in both of the smoothie formulations, 

strawberry and blueberry, compared to the other conditions. Phenolics decreased (p < 0.05) 



98 
 

 

 

 

during refrigerated storage in the strawberry smoothie without MP, blueberry smoothie with 

MP and blueberry smoothie without MP 17, 7, and 7%, respectively relative to their fresh 

values (Figure 2.4). Degradation of compounds such as phenolics during refrigeration can be 

due to polymerization induced by heat stable enzymes during processing (Syamaladevi et al., 

2012). In a previous study, phenolics in strawberries and raspberries decreased by 22 and 

29%, respectively, after storage of 3 months at -20°C (Häkkinen et al., 2000). In the present 

study, there was a 10 fold greater decrease in phenolics in the strawberry smoothie without 

MP compared to other formulations potentially due to relative concentrations of bioactives, 

specifically anthocyanins, where the least stable molecules degrade first during oxidation 

reactions during storage.  

 Anthocyanins decreased (p < 0.05) in the strawberry smoothie with MP, strawberry 

smoothie without MP, and blueberry smoothie without MP 28, 54, and 16%, respectively, 

through refrigerated storage relative to their fresh values (Figure 2.5). Anthocyanin 

degradation has been reported in other studies through storage after processing of fruit 

products. For example, a decrease of 71% of anthocyanins during 6 months of storage at 

25°C in canned blueberries in syrup (Brownmiller et al., 2008) and a decrease of 

anthocyanins in strawberry purees of 39% after storage at 8°C for 11 weeks after processing 

was reported (Hartmann et al., 2008). The loss of anthocyanins during storage could be due 

to the polymerization of anthocyanins from heat-stable peroxidase enzymes through 

processing (Sapers et al., 1984; Hager et al., 2008). Anthocyanins in the blueberry smoothie 

with MP were the least affected by refrigerated storage. As previously mentioned, cyanidin 

http://www.sciencedirect.com/science/article/pii/S0963996911005370#bb0165
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and delphinidin are more stable than pelargonidin during storage, due to their antioxidant 

activity potencies, as seen in this study when looking at anthocyanin degradation in the 

strawberry versus blueberry smoothies (Noda et al., 2002). Cyanidin-3-glucoside, and other 

anthocyanins with ortho-dihydroxy substituions in the B-ring, degraded faster when PPO was 

present in a system with phenolics than malvidin-3-glucoside because it reacted quicker with 

the o-quinone (Sarni et al., 1995). This is likely the reason why the blueberry smoothies 

showed the least anthocyanin degradation in this study.  

 In the current study, refrigeration had no significant effect on total antioxidants in 

either smoothie types both with and without MP, possibly due to the high variability of total 

antioxidants (Table 2.6). However, there was an increasing trend in antioxidants in 

smoothies with MP, 11 and 2% for strawberry and blueberry, and a decreasing trend in both 

smoothies without MP,-5 and -7%, respectively, through refrigeration relative to the fresh 

values (Figure 2.6). Similarly, in another study antioxidants were reported to increase during 

3 month storage of processed blueberry juice (Reque et al., 2014). Matrix effect is the 

potential reason antioxidants increased with MP and decreased without MP as these 

formulations had more phenolics to extract from fruit tissues; whereas in the smoothies with 

lower bioactive content, PPO could have been extracted from fruit tissues (De Ancos et al., 

2000).  

 Vitamin C decreased (p < 0.05) through refrigerated storage in both smoothie types 

regardless of the addition of MP in this study (Figure 2.7). Vitamin C loss was 59, 58, and 

56% in the strawberry smoothie with MP, blueberry smoothies with MP, and blueberry 
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smoothie without MP (Table 2.8). Vitamin C degradation occurs by an oxygen-dependent 

reaction where oxidation converts ascorbic acid to dehydroascorbic acid (Rawson et al., 

2011). However, the most striking results were noting vitamin C loss only half as much in the 

strawberry smoothie without MP than in the other formulations. Ascorbic acid and 

anthocyanin interactions may actually destroy each other and cause degradation as previously 

reported (Calvi and Francis 1978; Poei-Langston and Wrolstad 1981). In this case, it is likely 

that the least stable compounds are degrading first while in the presence of more stable 

compounds. Vitamin C is often the least stable compound during oxidation reactions (Bai et 

al., 2013); however, the anthocyanin pelargonidin may be less stable and actually degrade 

first, allowing vitamin C to remain. For example, a previous study showed that ascorbic acid 

was retained 0.3% during storage of 130 days at 20°C in an oxygen-treated environment. 

However, when pelargonidin-3-glucoside, the major anthocyanin in strawberries was added, 

ascorbic acid was preserved 5.3%. Also, catechin was added to the mix making this system 

more like the smoothies in this study, and ascorbic acid retention increased to 12.5% (Poei-

Langston and Wrolstad 1981). However, the opposite trend was seen when adding ascorbic 

acid to pelargonidin-3-glucoside using this same model system. As ascorbic acid was added 

to this anthocyanin, the degradation of pelargonidin-3-glucoside greatly increased. This 

model system shows that the anthocyanin pelargonidin-3-glucoside is less stable to oxidative 

stress than ascorbic acid and will degrade first in a system containing them both. Cyanidin 

and delphinidin are more stable anthocyanins than pelargonidin so vitamin C degrades in the 

presence of blueberry and muscadine anthocyanins but when pelargonidin is the only 
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anthocyanin present with vitamin C, it degrades allowing vitamin C to remain. These results 

are consistent with another study where greatest vitamin C degradation during refrigeration 

occurred in the smoothies with higher phenolic and anthocyanin contents. Sun-Waterhouse et 

al., 2010 reported an association between phenolic content and vitamin C degradation in 

smoothies pasteurized at 85°C for 15 seconds and stored at 2°C for eight days. Smoothies 

with high phenolic content (750 mg) had no detectable vitamin C after storage but smoothies 

with lower phenolic content (250 and 500 mg) retained 33% vitamin C after eight days.  

 Frozen Storage. Frozen storage (-20°C, 4 months) had a significant effect on 

phenolics in the blueberry smoothies. Phenolics increased (p < .05) in the blueberry smoothie 

both with and without MP 10 and 8%, respectively after frozen storage compared to their 

fresh values (Table 2.5). Bioactive compounds can increase during storage as they are 

released from fruit tissues that break down during freezing (Syamaladevi et al., 2012).  

Previous studies have also shown an increase in phenolic values during storage to be due to 

water loss with values reported on a fresh weight basis (Connor et al., 2002).   

 Anthocyanins in the strawberry smoothie with and without MP decreased (p < 0.05) 

16 and 25%, respectively, in frozen storage (Table 2.6). There was no significant decrease in 

anthocyanins in frozen storage in blueberry smoothies, consistent with refrigerated samples 

(Figure 2.5). Vitamin C in the strawberry smoothie with MP, blueberry smoothie with and 

without MP decreased (p < 0.05) 12, 18 and 14%, respectively, in frozen storage (Table 3). 

There was no significant change in vitamin C in the strawberry smoothie without MP during 

frozen storage (Figure 2.7) potentially due to the low level of phenolics in this formulation 
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(Sun-Waterhouse et al., 2010). Frozen storage preserved vitamin C when compared to 

refrigerated storage but showed the same trends in degradation as previously mentioned. 

Cellular disruption often occurs during freezing so a decrease in bioactive compounds during 

frozen storage may be from degradation enzymes such as polyphenol oxidase being released 

from the cell walls of fruits (De Ancos et al., 2000). Frozen storage had no significant effect 

on antioxidants in either smoothie types both with and without MP, possibly due to high 

variability (Figure 2.6). However, the trend between the higher degradation in strawberry 

smoothies versus blueberry smoothies was seen in antioxidants during frozen storage, as 

observed consistently throughout the study. 

 

2.4.3 Effect of Muscadine Puree on Bioactives Through Processing and Storage 

 

 A significant (p < 0.05) two factor interaction based on smoothie type (strawberry vs. 

blueberry) and the inclusion of MP was found in this study after analyzing the levels of 

bioactives through processing and storage. The addition of MP to the strawberry smoothie 

had a significant effect (p < 0.05) on protecting phenolics through both refrigerated and 

frozen storage and phenolics were retained 13 and 9% more, respectively, when compared to 

the strawberry smoothies without MP (Table 2.5). MP also had a protecting effect (p < 0.05) 

on anthocyanins in the strawberry smoothie which retained 26% more anthocyanins through 

refrigeration than the control without MP (Table 2.6). However, a significant protective 

effect from MP was not seen in the blueberry smoothie, demonstrating the impact berry type 

had on ingredient interaction and bioactive retention in the smoothies. This is likely 
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explained by the addition of MP increasing the level of stable bioactives in the strawberry 

smoothie to a greater degree than in the blueberry smoothie, which already likely contained 

more stable bioactives (Rice-Evans et al., 1995). No significant difference was found in a 

protective effect from MP in either smoothie when comparing antioxidant values throughout 

processing, refrigeration, and frozen storage (Table 2.7). The addition of MP to the 

formulations did not contribute significantly to overall vitamin C content. Vitamin C actually 

decreased 35% more in the strawberry smoothie with MP than without MP (Table 2.8). This 

was seen previously as ascorbic acid decreased in muscadine grape juice when fortified with 

rosemary, adding a high concentration of phenolics (Talcott et al., 2003). The relationship 

between addition of rosemary (high in phenolic content) and ascorbic acid concentration was 

negatively correlated r = -0.93 (Talcott et al., 2003).  Samples that have higher phenolic 

content also most likely have higher polyphenoloxidase degrading vitamin C using phenolics 

as substrates (Bai et al., 2013). Therefore, when muscadine puree was included in the 

smoothies containing many stable phenolics, the unstable vitamin C was degraded more than 

in the control smoothies. A probable reason this same trend was not seen in the blueberry 

smoothie is due to the high content of more stable anthocyanins as anthocyanins have been 

shown to stabilize vitamin C by inhibiting enzyme degradation (Hooper and Ayres 1950, 

Timberlake 1960). Also, because vitamin C is likely the most reactive antioxidant in the 

smoothies, this decrease in vitamin C may have allowed the other antioxidants to survive as it 

degrades because it quenches the oxygen radicals first (Pavlovic et al., 2005). 
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2.5 Conclusions 

 

In conclusion, pasteurization is often thought to degrade bioactive compounds before 

products reach consumers. However, the present study, similar to other studies, suggests that 

phenolics and antioxidants actually increase in fruit smoothies during processing by heat 

extractions of the bioactive compounds and that storage is where the degradation occurs. Due 

to these findings, it is important to optimize storage parameters when focusing on bioactive 

retention. Also, the food matrix plays an instrumental role in the degradation of bioactive 

compounds, depending on the relative concentrations of stable versus less stable compounds. 

The strawberry smoothies showed greater loss in phenolics and anthocyanins but less vitamin 

C degradation than in the blueberry smoothies through processing and storage. There are 

ingredients with potential as natural preservatives in food matrices, depending on the relative 

stability of the compounds that they contribute to the system, that aid in retaining labile 

compounds through processing and storage. In this study, muscadine puree was shown to 

protect phenolics and anthocyanins in the strawberry smoothies through storage. When 

comparing different smoothie formulations, muscadine puree protected compounds in 

strawberry smoothies through storage to a greater extent than it did in blueberry smoothies. 

This may be because the blueberry smoothies initially contained more stable bioactive 

compounds compared with the strawberry smoothies before muscadine puree was added. 

Muscadine puree can function as a potential preservative to equalize shelf life and expiration 

dates based on data in this study. 
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Figure 2. 5: Total Phenols in Fruit Smoothies after Processing (71°C, 10 s) and Storage (4°C, 

2 months or -20°C, 4 months) in Fresh (    ), Processed (    ), Refrigerated (    ), and  

Frozen (    ) Smoothies. * Denotes statistical differences (p < 0.05) in values relative to fresh 

values. 

 

 

 

Table 2. 5: Change in Total Phenolics
a
 in Fruit Smoothies after Processing (71°C, 10 s) 

and Storage (4°C, 2 months or -20°C, 4 months) Relative to Fresh Values 

smoothie 
relative fresh mean 

(n=3) 
condition 

mean value 

(n=3) 

% 

change 

strawberry with MP 1678.0 ± 48.9  

Processed 

1679.8 ± 40.8 +0.11 

strawberry without MP 709.1 ± 24.5 694.3 ± 11.0 -2.09 

blueberry with MP 1813.1 ± 40.1 1852.0 ± 69.6 +2.15 

blueberry without MP 1013.0 ± 46.0 1085.9 ± 43.8 +7.19a 

strawberry with MP 1678.0 ± 48.9  

Processed + 

Refrigerated 

1602.8 ± 55.6 -4.48* 

strawberry without MP 709.1 ± 24.5 588.6 ± 70.8 -17.00a* 

blueberry with MP 1813.1 ± 40.1 1686.1 ± 54.8 -7.01a 

blueberry without MP 1013.0 ± 46.0 940.6 ± 58.1 -7.15a 

strawberry with MP 1678.0 ± 48.9  

Processed + 

Frozen 

1775.9 ± 31.4 +5.84* 

strawberry without MP 709.1 ± 24.5 686.8 ± 5.3 -3.15* 

blueberry with MP 1813.1 ± 40.1 1994.4 ± 32.0 +10.00a 

blueberry without MP 1013.0 ± 46.0 1093.1 ± 28.0 +7.91a 
a   

Phenolic values reported as mg gallic acid/L of sample 

* Significant difference between samples with and without MP (P < 0.05) 

a Significant change in value relative to fresh value (P < 0.05) 
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Figure 2. 6: Total Anthocyanins in Fruit Smoothies after Processing (71°C, 10 s) and Storage 

(4°C, 2 months or -20°C, 4 months) in Fresh (    ), Processed (    ), Refrigerated (    ), and 

Frozen (    ) smoothies. * Denotes statistical differences (p < 0.05) in values relative to fresh 

values. 

 

 

 

Table 2. 6: Change in Total Anthocyanins
a
 in Fruit Smoothies after Processing (71°C, 10 s) 

and Storage (4°C, 2 months or -20°C, 4 months) Relative to Fresh Values 

smoothie 
relative fresh 

mean (n=3) 
condition 

mean value 

(n=3) 

% 

change 

strawberry with MP 15.36 ± .88  

Processed 

14.42 ± 1.22 -6.16 

strawberry without MP 4.36 ± .57 3.71 ± .10 -14.89a 

blueberry with MP 30.73 ± 1.42 29.9 ± 2.04 -5.62 

blueberry without MP 23.74 ± 1.00 22.24 ± 1.58 -6.33 

strawberry with MP 15.36 ± .88  

Processed + 

Refrigerated 

11.08 ± .11 -27.90a* 

strawberry without MP 4.36 ± .57 2.00 ± .39 -54.03a* 

blueberry with MP 30.73 ± 1.42 27.11 ± 1.16 -11.78 

blueberry without MP 23.74 ± 1.00 20.05 ± 1.28 -15.55a 

strawberry with MP 15.36 ± .88  

Processed + 

Frozen 

12.86±1.11 -16.30a 

strawberry without MP 4.36 ± .57 3.27±.037 -25.09a 

blueberry with MP 30.73 ± 1.42 28.72±1.26 -6.52 

blueberry without MP 23.74 ± 1.00 22.20±1.63 -6.47 
a   

Anthocyanin values reported as mg/100g fresh weight sample 

* Significant difference between samples with and without MP (P < 0.05) 

a Significant change in value relative to fresh value (P < 0.05) 
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Figure 2. 7: Total Antioxidants in Fruit Smoothies after Processing (71°C, 10 s) and Storage 

(4°C, 2 months or -20°C, 4 months) in Fresh (    ), Processed (    ), Refrigerated (    ), and 

Frozen (    ) Fruit Smoothies. 

 

 

 

Table 2. 7: Change in Total Antioxidants
a
 in Fruit Smoothies after Processing (71°C, 10 s) 

and Storage (4°C, 2 months or -20°C, 4 months) Relative to Fresh Values 

smoothie 
relative fresh 

mean (n=3) 
condition 

mean value 

(n=3) 

% 

change 

strawberry with MP 2958.0 ± 343.4  

Processed 

3430.3 ± 566.1 +15.97 

strawberry without MP 1119.2 ± 101.7 1192.6 ± 173.6 +6.56 

blueberry with MP 3069.5 ± 406.7 3249.5 ± 528.7 +5.86 

blueberry without MP 1771.6 ± 171.5 2123.9 ± 216.8 +19.89 

strawberry with MP 2958.0 ± 343.4  

Processed + 

Refrigerated 

3278.0 ± 161.9 +10.82 

strawberry without MP 1119.2 ± 101.7 1063.0 ± 62.9 -5.02 

blueberry with MP 3069.5 ± 406.7 3122.5 ± 203.9 +1.73 

blueberry without MP 1771.6 ± 171.5 1654.8 ± 46.5 -6.59 

strawberry with MP 2958.0 ± 343.4  

Processed + 

Frozen 

2722.7 ± 191.2 -7.95 

strawberry without MP 1119.2 ± 101.7 1071.8 ± 31.2 -4.24 

blueberry with MP 3069.5 ± 406.7 3039.7 ± 171.2 -0.97 

blueberry without MP 1771.6 ± 171.5 1668.8 ± 62.3 -5.80 
a
Antioxidants values reported as µmol trolox equiv/100g sample 
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Figure 2. 8: Total Vitamin C in Fruit Smoothies after Processing (71°C, 10 s) and Storage 

(4°C, 2 months or -20°C, 4 months) in Fresh (    ), Processed (    ), Refrigerated (    ), and 

Frozen (    ) Fruit Smoothies. * Denotes statistical differences (p < 0.05) in values relative to 

fresh values. 

 

 

 

Table 2. 8: Change in Vitamin C
a
 in Fruit Smoothies after Processing (71°C, 10 s) 

and Storage (4°C, 2 months or -20°C, 4 months) Relative to Fresh Values 

smoothie 
relative fresh 

mean (n=3) 
condition 

mean value 

(n=3) 
% change 

strawberry with MP 0.425 ± 0.018  

Processed 

0.425 ± 0.022 +0.107 

strawberry without MP 0.431 ± 0.024 0.430 ± 0.021 -0.098 

blueberry with MP 0.432 ± 0.018 0.422 ± 0.029 -2.360 

blueberry without MP 0.425 ± 0.024 0.418 ± 0.021 -1.660 

strawberry with MP 0.425 ± 0.018  

Processed + 

Refrigerated 

0.174 ± 0.017 -59.048a* 

strawberry without MP 0.431 ± 0.024 0.328 ± 0.014 -23.772a* 

blueberry with MP 0.432 ± 0.018 0.182 ± 0.023 -57.884a 

blueberry without MP 0.425 ± 0.024 0.188 ± 0.029 -55.830a 

strawberry with MP 0.425 ± 0.018  

Processed + 

Frozen 

0.376 ± 0.021 -11.519a 

strawberry without MP 0.431 ± 0.024 0.427 ± 0.009 -0.946 

blueberry with MP 0.432 ± 0.018 0.353 ± 0.009 -18.155a 

blueberry without MP 0.425 ± 0.024 0.367 ± 0.006 -13.632a 
a
Vitamin C values reported as mg/mL 

*Significant difference between samples with and without MP (P < 0.05) 

a Significant change in value relative to fresh value (P < 0.05) 
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CHAPTER 3 – Potential Synergies and Interferences Observed in Antioxidant 

Properties Among Fruit Smoothie Ingredients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

 

 

 

3.1 Abstract 

 

Antioxidants have been extensively studied for their health benefits; however, it is 

often difficult to quantify antioxidant benefits in foods because of interactions among 

antioxidant compounds. The objective of this study was to determine if whole fruit purees, 

rich in bioactive compounds, enhance antioxidant effects in fruit smoothies. Specifically, 

thermal processing and storage were investigated and the addition of muscadine puree (MP), 

including skin and seeds often treated as waste products, was used as the model. Two 

smoothie formulations were analyzed and included blueberries, strawberries, apple juice, 

apple juice concentrate, and MP. The two smoothie blends, with and without the addition of 

MP, and their individual ingredients were pasteurized (71°C, 10 s) and immediately placed 

into either refrigerated (4°C, 2 months) or frozen (-20°C, 4 months) storage. Total 

antioxidant capacity was determined using the H-ORAC method. Calculations were 

performed to determine if the smoothie blends contained higher antioxidant values than 

expected based on additive properties of the antioxidant values of the individual smoothie 

components.  

Actual ORAC values were 23, 32, 31, and 9% higher than additive expected ORAC 

values, based on calculations, in the fresh, processed, refrigerated, and frozen strawberry 

smoothies, respectively. In the blueberry smoothie, actual ORAC values were 26, 21, 21, and 

18 % higher than additive ORAC values in the fresh, processed, refrigerated, and frozen 

samples, respectively. The antioxidant synergy from a single ingredient, MP, was studied as 

well. MP had a greater effect on enhancing antioxidants in the strawberry smoothie than in 
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the blueberry smoothie with higher initial antioxidant values. This study suggests that whole 

foods, which incorporate traditional waste components like skin and seeds, may create value 

added products by enhancing antioxidant properties through the release of bioactives during 

processing and storage.   

KEYWORDS: Fruit smoothies, antioxidants, synergistic interactions 
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3.2 Introduction 

 

Total antioxidant activity of bioactives in foods is hard to quantify because of the 

interactions that are taking place among them when ingested (Lila and Raskin 2005).  

Phenolic compounds have been shown to often have synergistic or antagonistic interactions 

with each other, affecting the net activity of a group of compounds. Therefore, differences 

often exist between antioxidant activity of a single compound and the antioxidant capacity of 

a group of compounds in a food matrix (Zheng and Wang 2003). Fruit smoothies are a likely 

candidate for these interactions as they are a blend of several ingredients containing high 

levels of phenolic compounds. Synergistic interactions are defined by Lila and Raskin, 2005 

(Lila and Raskin 2005) as bioactive compounds having a greater effect when combined than 

the additive effect of each individual compound. These are positive interactions where 

bioactive properties of compounds are intensified or increased in a mixture. On the other 

hand, compounds can sometimes negatively affect the activity of bioactives, creating 

interferences where compounds within plant material interact with each other, or extraneous 

material such as other foods, drugs or supplements (Lila and Raskin, 2005). 

Often weaker antioxidants are recharged by stronger antioxidants, resulting in a net 

loss in radical quenching activity as the stronger antioxidant regenerates the weaker one. 

However, a synergistic effect is sometimes seen when a weak antioxidant regenerates a 

stronger one, increasing the overall radical quenching ability of the stronger antioxidant 

(Maillard 2003). Other hypotheses about antioxidant interactions relate to reaction rates in 

oxidation reaction, concentrations found in food matrices at the site of oxidation, and polarity 
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of the phenolic compounds (Frankel et al., 1994; Koga and Terao 1995, Cuvelier et al., 

2000). Possible contributors to synergistic or antagonistic antioxidant capacity of phenolics 

are functional groups, relative concentrations of phenolic compounds present in a food 

matrix, and reduction potentials of the compounds (Freeman et al., 2010). Positive 

interactions are thought to be from the relative reduction potentials of compounds, where for 

example myricetin would always donate an electron to quercetin, in a system creating a 

synergy by increasing efficiency of scavenging radicals (Freeman et al., 2010). Also, 

antioxidant interactions from a phenolic mixture from cranberries showed synergistic effects 

as it had greater activity preventing tumor growth in human cells than the individual 

phenolics from cranberries (Lila and Raskin, 2005). Also, co-occuring phenolics such as 

anthocyanins and flavonol glycosides found in fruits showed synergistic effects in inhibiting 

tumor cell growth (Seeram et al., 2004). 

The B-ring structure and position of hydroxyl groups have great influence on the 

antioxidant activity of flavonoids (Cao, Sofic, & Prior 1997). Compounds with only one 

hydroxyl group on the B-ring have lower antioxidant activity, like pelargonidin-3-glucoside 

and kaempferol, than compounds with multiple hydroxyl groups at the 3’-, 4’-, or 5’- 

positions of ring B, such as quercetin and epicatechin (Balasundram et al., 2006, Rice-Evans 

et al., 1996). Antioxidant activity of flavonoids also depends on double bonds between 

carbons 2 and 3 in the C-ring along with or without the addition of a 3-OH group, and 

substitutions of hydroxyl groups by methoxyl groups in B ring (Balasundram et al., 2006). 

This highest antioxidant efficiency is found in phenolic compounds with 2 or 3 hydroxly 
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groups (ortho orientation if two –OH groups) attached to the B-ring at the 2,3 double bond 

connected to the C-ring beside the carbonyl group on the fourth carbon on the C-ring (Rice-

Evans et al., 1996). Also, the antioxidant activity of anthocyanins is highest when there are 

three hydroxyl groups on the B-ring, or two hydroxyl groups in the ortho orientation on the 

B-ring (Rice-Evans et al., 1996). Refer to Figure 3.1 for an example of phenolic structures 

exhibiting high antioxidant efficiency. 

 

 

 

 
Figure 3. 1: Example of High-Efficiency Antioxidants Based on Chemical Structures 

 

 

 

Total antioxidant capacities of fruits depend on the relative concentrations of phenolic 

content exhibiting antioxidant activity. Ellagic acid represents at least 50% of the antioxidant 

activity from phenolics in strawberries (Häkkinen et al., 2000). Other major flavonoids that 

strawberries contain contributing greatly to their antioxidant activity are catechin, quercetin, 

and the anthocyanin pelargonidin (da Silva et al., 2008). The majority of the antioxidant 
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activity of blueberries comes from the anthocyanins delphinidin, malvidin, cyanidin, and 

petunidin derivatives (Borges et al., 2010). Other phenolics that contribute significantly to 

the antioxidant activity of blueberries are derivatives of quercetin, myricetin, catechin and o-

hydroxybenzoic and vanillic acid (Borges et al., 2010; Huang et al., 2012). Antioxidant 

activity from muscadine grapes comes from phenolics such as catechin, epicatechin, ellagic 

acid, gallic acid, quercetin, kaempferol, and myricetin (Pastrana-Bonilla et al., 2003), as well 

as the anthocyanins found in these grapes such as delphinidin, cyanidin, petunidin, and 

peonidin (Wang et al., 2010).  

 

The objective of this study was to determine the effect of pasteurization (71°C, 10 s) 

and storage (4°C for 2 months and -20°C for 4 months) on antioxidant capacity found in fruit 

smoothies containing a blend of antioxidants from muscadine grapes, blueberries, and 

strawberries. Antioxidant synergism was studied where muscadine puree was used as a 

model additive to two different fruit systems.  

 

3.3 Materials and Methods 
 

 Smoothies and smoothie control formulations were prepared, processed, and stored 

using the exact same experimental design as in Chapter 2. The only chemical analysis 

performed in this chapter was H-ORAC for antioxidants.  
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3.3.1 Total Antioxidants 

 

Hydrophilic-oxygen radical absorbance capacity (H-ORAC) was used to analyze the 

total antioxidant capacity of the smoothie formulations. Antioxidant extracts were prepared 

by adding 10 mL of 0.5% acetic acid in HPLC grade methanol to the thawed 3-g sample 

aliquots in 15-mL conical centrifuge tube. Samples were vortexed (Thermo Scientific - Maxi 

Mix II) then centrifuged at 3,000 rpm for 10 minutes (Thermo Scientific Sorvall Legend RT 

Plus). The supernatant was poured off and this process was repeated two more times, 

combining the supernatants, for an approximate volume of 30 mL extraction solvent per 3 g 

of sample previously aliquoted. Trolox, a vitamin E analogue, was used to generate a 

standard curve ranging from 3.175 – 50 uM Trolox. Samples and standards were diluted 

using 0.075 M phosphate buffer at pH 7.4 and added to a black 96-well plate in triplicate. 

Fluorescein (70 nM) was added to each well and allowed to incubate in the Tecan Safire 

plate reader (Tecan Group Ltd., Männedorf, Switzerland) at 37°C for 15 min. Then, 153 mM 

2,2'- azobis (2-amidinopropane) dihydrochloride (AAPH) was added to each well as the 

peroxyl radical generator. Fluorescence detection (Ex 483 nm and Em525 nm) was used to 

monitor oxygen radical absorbance capacity over 90 minutes at 37°C. Samples were 

analyzed in triplicate and reported as µmol trolox equivalents/100 g fresh weight of sample 

(µmol trolox equiv (TE)/ 100 g FW). 
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3.4 Statistical Analysis 

 

The following experimental design was used: 9 samples (2 smoothies, 2 smoothie 

controls, 5 individual ingredients) at four conditions (fresh, processed, refrigerated, frozen) in 

triplicate (individual day blocks). All values are reported as mean ± standard error of the 

mean. All samples were prepared, processed, extracted, and analyzed in triplicate using a 

block design, meaning that it involved three replications of the entire experiment on three 

different days. This included three separate sample batches, three different processing 

batches, three different processing batches, and three separate aliquoted samples batches for 

chemical analysis. Statistical analyses was performed with SAS software (Cary, NC, USA)  

using mixed procedure models, type 3. Estimates were used to generate ANOVA tables at the 

95% confidence interval (p < 0.05) to determine whether there were any significant 

differences between actual smoothie ORAC values and additive ORAC values of the 

individual components, including interactions between smoothie type, conditions, and 

replicates. The following formulas were used to calculate the amount of antioxidant synergy 

observed (based on actual ORAC – additive ORAC) found: 1) among all ingredients in 

smoothie and 2) when MP is added to the control:  

 

1) Total Difference*= (combination ingredients 1, 2, 3, 4, 5 ORAC value or ‘smoothie 

formulation ORAC’) – (ingredient 1
a
 + ingredient 2

 a
 + ingredient 3

 a
 + ingredient 4

 a
 

+ ingredient 5
 a
) 

 

2) Difference from MP*= (combination ingredients 1, 2, 3, 4, 5) – control – MP
b
 

 

*ORAC values 
a 
ORAC value of ingredients multiplied by the appropriate percentages in the smoothies 

b 
ORAC value of MP multiplied by the percent found in smoothie 
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The calculations were performed for both strawberry and blueberry smoothie 

formulations and estimates were calculated in SAS software (Cary, NC, USA). Least square 

means were used to determine significance (p<0.05) between additive and actual values.  

 

3.5 Results and Discussion 

 

The effect of pasteurization and storage on total antioxidant capacity was analyzed in 

two smoothie formulations with and without muscadine puree, as well as each of the 

individual smoothie components (Table 3.1). Blueberry puree had the highest ORAC values 

for total antioxidants among the ingredients (Figure 3.3) and the smoothies had similar total 

antioxidant levels (Figure 3.4). The two smoothie formulations were strawberry-muscadine 

grape and blueberry-strawberry-muscadine grape (referred to as ‘strawberry’ and ‘blueberry’ 

smoothie, respectively). These formulations were chosen based on industry applications of 

commercialized products and allowed two different fruit combinations to be studied. 

Synergistic effects were studied among antioxidant compounds in both fruit smoothies. Data 

suggest that the antioxidant capacity is greater in the entire smoothie than in the sum of the 

ORAC values of each individual component.  

The ‘additive’ antioxidant value of both the strawberry and blueberry smoothie was 

calculated based on the sum of the ORAC values of each individual ingredient multiplied by 

the respective percentage of each ingredient in the specific smoothie formulation (Figure 

3.2). This value was compared to the ‘actual’ antioxidant value of the smoothies when 

analyzed as whole food systems. The ORAC value for lemon juice is 1,225 μmol TE/100g 

(Phytochemicals – ORAC values,  US Department of Agriculture 2007) and is found at 1% 
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in all smoothie formulations (12.25 μ mol TE/100g) in order to lessen browning. This value 

has been omitted from the additive calculations because it is found in all formulations at an 

insignificant amount.   

 

 

 

 
Figure 3. 2: Model Used for Calculations of ‘Additive’ Antioxidant Interactions from a) All 

Ingredients in Smoothies and b) Muscadine Puree Added to Smoothies 

 

 

 

According to the estimate statements generated using the formulas above (SAS 

Software, Cary, NC, USA), the ‘actual’ ORAC value was significantly (p < 0.05) higher than 

the ‘additive’ ORAC value in the strawberry smoothies at the fresh, processed, and 

refrigerated conditions (Figure 3.5). A 23, 32, and 31% increase was observed in the actual 

antioxidant value compared to the expected in the strawberry smoothie fresh, processed, and 

refrigerated, respectively. The only exception was the strawberry smoothie at stored frozen 

where a slight increase of 9% was observed. This data is consistent with another published 

study where a high synergistic effect was found between the phenolics found in high 
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concentrations in strawberries and muscadine grapes including epicatechin and quercetin-3-

ß-glucoside having an increase of 22.4 µM antioxidant activity from the theoretical value 

(Hidalgo et al., 2010).  

When considering the blueberry smoothies, there was a 26, 21, 21, and 17% increase 

in the actual antioxidant value compared to the expected in the fresh, processed, refrigerated, 

and frozen smoothies, respectively (Figure 3.6). This suggests that a synergy is found among 

the phenolic compounds in the ingredients in both the strawberry and the blueberry 

smoothies. Again, this is consistent with published literature where the synergistic effects 

were observed with mixtures of kaempferol and myricetin, commonly found in blueberries 

and muscadines (Hidalgo et al., 2010).  

The current study also examined whether a single ingredient, muscadine puree, 

contributed to the antioxidant synergism observed in the smoothies. This was analyzed by 

measuring ORAC values for the control sample (smoothie formulation with water replacing 

muscadine puree), muscadine puree by itself, and the entire smoothie formulation (including 

muscadine puree). In this case, the ‘additive’ ORAC value came from the control ORAC 

value plus the muscadine puree ORAC value multiplied by the percent found in the smoothie 

(Figure 3.2 shows a schematic of additive models for both smoothies). 

 When considering the effect MP had on antioxidant interactions, the ‘actual’ ORAC 

value of the strawberry smoothie was slightly higher than the additive ORAC value for the 

strawberry control plus MP (Figure 3.7). An increase of 7, 13, and 15% was observed in 

antioxidant activity after adding MP to the strawberry smoothie in the fresh, processed, and 
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refrigerated smoothies, respectively (Table 3.4). The only exception was in the frozen 

smoothie where a decrease of 5% was observed in antioxidant activity after MP was added. 

The muscadine puree was observed to increase the average ‘additive’ ORAC values by 190, 

411, and 434 µmol trolox equiv/100g sample at the fresh, processed, and refrigerated times 

points, respectively (Table 3.4). The total increase in antioxidants from the additive value to 

the actual value from all ingredients averages 568 µmol trolox equiv/100g sample. This 

suggests that the bioactives in muscadine puree exhibit synergistic effects with the remaining 

ingredients in the strawberry smoothie. In previous studies, synergistic effects of polyphenols 

in fruits have been studied. For example, ellagic acid, found in strawberries had synergistic 

antioxidant activities reducing cancer cell proliferation when combined with quercetin, found 

in muscadine grapes, showing an example of the synergy observed in this study. Also, 

fractions of ellagic acid, resveratrol, and quercetin extracts from muscadine grape juice 

inhibited 50% of Caco-2 cells (IC50) at concentrations of 200-350 µg/mL by the synergistic 

antioxidant interactions of these polyphenols (Yi et al., 2005).  These studies suggest that 

weaker antioxidants such as pelargonidin, found in high concentrations in strawberries are 

enhanced by the more stable antioxidants that muscadine grapes contribute to the smoothies. 

However, when the muscadine puree was added to the blueberry smoothie, no 

significant change was observed and some values actually decreased slightly from the 

expected values (Table 3.5, Figure 3.8). Antagonist effects have been reported in literature 

between the phenolic compounds found in blueberries and muscadine grapes. For example, a 

net loss of antioxidant activity was observed in a mixture of myricetin and quercetin, as a 
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decrease of 4.9 M TE from theoretical value was seen (Hidalgo et al., 2010). Blueberries 

already contained more stable antioxidants when compared to strawberries, and when 

muscadines were added to this smoothie no enhancement was observed from the antioxidants 

in the muscadines to those in the blueberries.  

 

 

 

Table 3. 1: Total Antioxidant Values
a
 in all Formulations through Processing (71°C, 10 s) 

and Storage (4°C, 2 months or -20°C, 4 months) 

 mean value over processing and storage (n=3) 

formulation fresh processed refrigerated frozen 

Muscadine Puree 3924.8 ± 525.3 4348.5 ± 398.4 4239.3 ± 78.2 4289.0 ± 55.8 

Blueberry Puree 4610.5 ± 503.7 5434.7 ± 288.0 4883.6 ± 205.1 5183.9 ± 237.1 

Strawberry Puree 4003.1 ± 266.7 4072.7 ± 390.7 3793.6 ± 148.5 3648.3 ± 196.6 

AJC 700.8 ±  23.8 659.6 ± 91.6 761.1 ± 40.2 614.0 ± 55.2 

Apple Juice 197.1 ±  12.2 219.2 ± 4.8 198.0 ± 14.0 191.6 ± 15.8 

Strawberry Smoothie 2958.0 ±  343.4 3430.3 ± 566.1 3278.0 ± 161.9 2722.7 ± 191.2 

Blueberry Smoothie 3069.5 ±  406.7 3249.5 ± 528.7 3122.5 ± 203.9 3039.7 ± 171.2 

Strawberry Control 1119.2 ± 101.6 1192.6 ± 173.6 1063.0 ± 62.9 1071.8 ± 31.2 

Blueberry Control 1771.6 ± 171.5 2123.9 ± 216.8 1654.8 ± 46.5 1668.8 ± 62.3 
a
ORAC values for total antioxidants reported in µmol trolox equiv/100g sample 

AJC – apple juice concentrate 
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Figure 3. 3: Total Antioxidants in Smoothie Ingredients through Processing (71°C, 10 s) and 

Storage (4°C, 2 months or -20°C, 4 months) in fresh (    ), processed (    ), refrigerated (    ), 

and frozen (    ) smoothies.  

 

 

 

 
Figure 3. 4: Total Antioxidants in Smoothies through Processing (71°C, 10 s) and Storage 

(4°C, 2 months or -20°C, 4 months) in fresh (    ), processed (    ), refrigerated (    ), and 

frozen (    ) smoothies. 
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Table 3. 2: Total Antioxidant Values
a
 (Actual vs. Additive) in Strawberry Smoothies through 

Processing (71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months)   

condition smoothie measurement mean value (n=3) difference % change 

Fresh 
additive 2402.2 ± 263.9 555.8 +23.1* 

actual 2958.0 ± 343.4   

Processed 
additive 2591.0 ± 214.8 839.3 +32.4* 

actual 3430.3 ± 566.1   

Refrigerated 
additive 2511.6 ± 37.8 766.4 +30.5* 

actual 3278.0 ± 161.9   

Frozen 
additive 2488.2 ± 50.9 234.5 +9.4 

actual 2722.7 ± 191.2   
a
ORAC values for total antioxidants reported in µmol trolox equiv/100g sample 

*Denotes statistical difference (p < 0.05) between additive and actual values 

 

 
 

 
Figure 3. 5: Additive (    ) vs. Actual (    ) Total Antioxidants in Strawberry Smoothies 

through Processing (71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months) 
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Table 3. 3: Total Antioxidant Values
a
 (Actual vs. Additive) in Blueberry Smoothies through 

Processing (71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months 

condition smoothie measurement mean value (n=3) difference % change 

Fresh 
additive 2439.1 ± 265.3 630.4 +25.8* 

actual 3069.5 ± 406.7   

Processed 
additive 2694.6 ± 195.3 554.8 +20.6* 

actual 3249.5 ± 528.7   

Refrigerated 
additive 2570.2 ± 51.9 552.3 +21.5* 

actual 3122.5 ± 203.9   

Frozen 
additive 2586.9 ± 69.0 452.8 +17.5* 

actual 3039.7 ± 171.2   
a
ORAC values for total antioxidants reported in µmol trolox equiv/100g sample 

*Denotes statistical difference (p < 0.05) between additive and actual values 

 

 

 

 
Figure 3. 6: Additive (    ) vs. Actual (    ) Total Antioxidants in Blueberry Smoothies through 

Processing (71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months) 
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Table 3. 4: Muscadine Puree Effect on Antioxidant
a
 Synergism in Strawberry Smoothies 

through Processing (71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months) 

condition smoothie measurement mean value (n=3) difference % change 

Fresh 
additive

 
2767.6 ± 319.4 190.4 +6.9 

actual 2958.0 ± 343.4   

Processed 
additive 3019.0 ± 322.7 411.4 +13.6 

actual 3430.3 ± 566.1   

Refrigerated 
additive 2843.5 ± 72.2 434.5 +15.3 

actual 3278.0 ± 161.9   

Frozen 
additive 2873.1 ± 54.1 -150.4 -5.2 

actual 2722.7 ± 191.2   
a
ORAC values for total antioxidants reported in µmol trolox equiv/100g sample 

 

 

 

 
Figure 3. 7: Muscadine Puree (MP) Effects on Antioxidant Synergism in Strawberry 

Smoothies Comparing Additive Control + MP (    ) and Actual (    ) through Processing 

(71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months) 
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Table 3. 5: Muscadine Puree Effect on Antioxidant
a
 Synergism in Blueberry Smoothies 

through Processing (71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months) 

condition smoothie measurement mean value (n=3) difference % change 

Fresh 
additive

 
3027.5 ± 329.6 42.0 +1.4 

actual 3069.5 ± 406.7   

Processed 
additive 3515.4 ± 248.3 -266.0 -7.6 

actual 3249.5 ± 528.7   

Refrigerated 
additive 3011.4 ± 54.2 111.2 +3.7 

actual 3122.5 ± 203.9   

Frozen 
additive 3041.2 ± 74.9 -1.6 -0.1 

actual 3039.7 ± 171.2   
a
ORAC values for total antioxidants reported in µmol trolox equiv/100g sample 

 

 

 

 
Figure 3. 8: Muscadine Puree (MP) Effects on Antioxidant Synergism in Blueberry 

Smoothies Comparing Additive Control + MP (    ) and Actual (    ) through Processing 

(71°C, 10 s) and Storage (4°C, 2 months or -20°C, 4 months) 
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3.6 Conclusions 

 

Fruit smoothies are beneficial to both the producer and consumer by having a 

nutritious product available for longer than the fresh season of fruits. These products contain 

high concentrations of phenolic compounds that provide antioxidant activity that could help 

prevent heart disease and cancers. Berries and grapes, often used in smoothies, are great 

sources of phenolics and vitamin C and processing and storage are not necessarily 

detrimental to these compounds.  Antioxidants in products such as fruit smoothies are often 

enhanced through processing and storage through interactions of the phenolic compounds. 

Optimization of ingredients in healthy snacks may improve antioxidant functionality 

available to consumers. 

It appears that the strawberry smoothie, which is lower in antioxidants without 

muscadine puree and contains weaker antioxidants, utilized the muscadine addition for a 

greater increase in antioxidants synergistically when compared to the blueberry smoothie 

which had higher antioxidant values and contained stronger antioxidants before the 

muscadine puree was added (Rice-Evans et al., 1996; Balasundram 2006). Although the 

strawberry smoothie initially had lower antioxidants than the blueberry smoothie at the fresh 

time points, after processing and refrigeration the antioxidant value of the strawberry 

smoothie was higher than the blueberry smoothie, possibly due to the synergism with 

muscadine puree. The antioxidant compounds found in muscadines are structurally more 

similar to those in blueberries than strawberries. Therefore, as muscadines were added to the 

strawberry smoothies, regeneration likely occurred between the more efficient antioxidants in 
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muscadines added to strawberries, creating a synergistic effect. However, when muscadines 

were added to the blueberry smoothie, there was less of a regenerated or ‘synergistic’ effect. 
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Appendix A – Muscadine Smoothie Product Development with Local Growers 
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A.1 Muscadine Smoothie Formulations 

 

  Recipe 

      

Up-scaled for 50 person taste 

panel (3.5 liters) 

Sample 

# Ingredient 

Amount 

(c ) 

Amount 

(oz) 

weight 

Amount 

(g) 

 

Amount 

per 12 

oz (g) 

Percents 

of total 

 

Scale Up 

Totals 

Needed 

1 Black Muscadine 2 14 400 Divide 

by 

3.833 

to get 

serving 

size 

208.70 30% 

X 4 = 120 

fl oz 1,600 g 3,236 g 

  Bronze Muscadine 2 14 400 

 

30% 

 

1,600 g 3,236 g 

  Apple Juice 2 12 350 91.31 26% 

 

48 oz 134 oz 

  Lemon Juice (Real Lemons) 1 TBS 

      

10 TBS 

  Apple Juice Concentrate 0.75 6 175 45.65 13% 

 

24 oz 75 oz 

  Strawberries 0 

       

427 g 

  Blueberries 0 

       

219 g 

  TOTAL 

 

46 1325 

 

3.8333 100% 

 

120 oz 15 cups 

                      

2 Black Muscadine 2 14 400 Divide 

by 

5.55 to 

get 

serving 

size 

144.14 21% 

X 2.14 = 

120 fl oz 856 g 

   Bronze Muscadine 2 14 400 

 

21.16% 

 

856 g 

   Apple Juice 2.5 19 533 96.04 28% 

 

40.66 oz 

   Lemon Juice (Real Lemons) 1 TBS 

         Apple Juice Concentrate 1.25 9.6 272 49.01 14% 

 

20.54 oz 

   Strawberries (new) 2 10 285 

 

51.35 15% 

 

610 g, 21.4 oz 

  Blueberries 0 

          TOTAL 

 

66.6 1890 

 

5.55 100% 

 

120 oz 15 cups 
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3 Black Muscadine 1.5 9 260 Divide 

by 

4.642 

to get 

serving 

size 

112.02 16% 

X 3 = 120 

fl oz 780 g 

   Bronze Muscadine 1.5 9 260 

 

16% 

 

780 g 

   Apple Juice 2.25 15 424 91.34 27% 

 

45 oz 

   Lemon Juice 1 TBS 

         Apple Juice Concentrate 1.5 10 281 60.53 18% 

 

30 oz 

   Strawberries (new) 1 5 142 

 

30.59 9% 

 

426 g 

   Blueberries 1.5 7.7 219 

 

47.18 14% 

 

657 g 

   TOTAL   55.7 1586   4.642 100%   120 oz 15 cups 

 

 

 

Smoothie 1 Smoothie 2 Smoothie 3 

  Brix (%) pH   Brix pH   Brix pH 

Rep 1 17.90 3.44 Rep 1 17.20 3.43 Rep 1 18.40 3.43 

Rep 2 18.10 3.44 Rep 2 17.20 3.46 Rep 2 18.50 3.44 

Rep 3 18.00 3.45 Rep 3 17.10 3.44 Rep 3 18.50 3.43 

AVE 18.00 3.443 AVE 17.17 3.44 AVE 18.47 3.43 
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A.2 Pictures of Preliminary Taste Test for Muscadine Smoothies 
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A.3 Ballot used for Smoothie Taste Test in the Sensory Service Department 

 
Please indicate your gender.   
  
  Male    
  Female     
 
To which age group do you belong? 
   
  18 years old and younger    
  19-29 years old   
  30-39 years old 
  40-49 years old 
  50-59 years old 
  60-69 years old 
  70 years old and over   
 
 
How often do you consume smoothies? 
 
  1-2 times a week    
  4-5 times a week 
  4-6 times a month 
  1-2 times a month 
  Occasionally (a few times a year) 
  Never 
 
 
What brand of smoothie do you typically purchase (check all that apply)? 
 
  Naked    
  Odwalla 
  Bolt House Farms 
  Other (Please specify _________) 
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Today you will be evaluating 3 smoothie 
samples.  First you will read a concept 

statement and answer questions 
regarding the concept statement.  Then 

you will evaluate the appearance and the 
taste of each sample.  You will receive 

each sample one at a time.  Please keep 
in mind that you will be asked a 
preference question at the end. 

 
Subject Consent to Sensory Evaluation  

 
Date: 10/11/2012 

 
I agree to participate in the sensory evaluation of smoothie 
beverages at North Carolina State University. I am aware of 

that this product contains dairy and I have no pre-existing 
allergies or intolerances that would prohibit me from 

participating in this test. I understand that participation is 
voluntary and that I may withdraw my participation at any 
time. I also understand that the information I provide is 

confidential and that results will not be associated with my 
name. 

 

 

 

________________________________________________________________________ 

Please print and sign your name 
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Please read the product concept statement 

below: 
This product is a muscadine-based mixed fruit smoothie 

designed to deliver the benefits of locally sourced fruit in a 

great tasting beverage.  Since everything is included in the 

mix, small seed particles may be present. 
 

After reading the concept, please describe how much you LIKE the concept? 
  
 

Dislike 
extremely 

 Dislike 
very much 

 Dislike 
moderatel

y 

 Dislike 
slightly 

 Neither 
like nor 
dislike 

 Like 
slightly 

 Like 
moderatel

y 

 Like very 
much 

 Like 
extremely 

                                  

1  2  3  4  5  6  7  8  9 

 

 

 

 

Please take a look at sample ___ and 
answer the following question regarding 

appearance 
  

 
Which statement best describes your impression of the APPEARANCE of this 
product? 

  
 

Dislike 
extremely 

 Dislike 
very much 

 Dislike 
moderately 

 Dislike 
slightly 

 Neither 
like nor 
dislike 

 Like 
slightly 

 Like 
moderately 

 Like very 
much 

 Like 
extremely 
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Which statement best describes your impression of the COLOR of this product? 

  
Dislike 

extremely 
 Dislike 

very much 
 Dislike 

moderately 
 Dislike 

slightly 
 Neither like 

nor dislike 
 Like 

slightly 
 Like 

moderately 
 Like very 

much 
 Like 

extremely 

                                  

                          

                 
                 

 
Which statement best describes your impression of the COLOR of this product? 

  
 

     Much                    Too                 Just         Too         Much  
   too light         light            about right       dark     too dark 

              

 
 

 
Please taste a portion of sample ___ and 

answer the following questions 
  

 
All things considered, which statement best describes your impression of the 
OVERALL LIKING of this product? 

  
 

Dislike 
extremely 

 Dislike 
very much 

 Dislike 
moderately 

 Dislike 
slightly 

 Neither like 
nor dislike 

 Like 
slightly 

 Like 
moderately 

 Like very 
much 

 Like 
extremely 

                                  

                          

 
 

What do you LIKE about this sample? 
  
________________________________________________________________________________
____ 
 
________________________________________________________________________________
____ 
 
________________________________________________________________________________
____ 
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What do you DISLIKE about this sample? 
  
________________________________________________________________________________
____ 
 
________________________________________________________________________________
____ 
 

 
 

How much does this sample meet your expectation based on the concept that you 
read at the beginning of the test?  
 

Does not meet 
my expectations 

at all 

 

 Somewhat does 
not meet my 
expectations 

 Meets my  
expectations 

 Slightly exceeds 
expectations 

 Exceeds my 
expectations to  
a large degree 

             

1  2  3  4  5 

 

Which statement best describes your impression of the Overall Flavor Liking? 

  
 

Dislike 
extremely 

 Dislike 
very much 

 Dislike 
moderately 

 Dislike 
slightly 

 Neither 
like nor 
dislike 

 Like 
slightly 

 Like 
moderately 

 Like very 
much 

 Like 
extremely 

                                  

                          

 
 
How would you describe the Overall Flavor of this product? 
  
 

Much too 
weak 

 Too weak  Just about 
right 

 Too strong  Much too 
strong 

                  

              

 
 
Which statement best describes your impression of the Sourness of this product? 

 
Dislike 

extremely 
 Dislike 

very much 
 Dislike 

moderately 
 Dislike 

slightly 
 Neither like 

nor dislike 
 Like 

slightly 
 Like 

moderately 
 Like very 

much 
 Like 

extremely 
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Which statement best describes your impression of the Sourness of this product? 

  
Not nearly 

sour enough 

  
Not sour 
enough 

  
Just about 

right 

  
Too sour 

 
 

 
Way too 

sour 
                  

              

 

 
 
Which statement best describes your impression of the Sweetness of this product? 

 
Dislike 

extremely 
 Dislike 

very much 
 Dislike 

moderately 
 Dislike 

slightly 
 Neither like 

nor dislike 
 Like 

slightly 
 Like 

moderately 
 Like very 

much 
 Like 

extremely 
                                  

                          

 
 

 
Which statement best describes your impression of the Sweetness of this product? 

  
Not nearly 

sweet 
enough 

  
Not sweet 

enough 

  
Just about 

right 

  
Too sweet 

 
 

 
Way too 
sweet 

                  

              

 
 
 

Which statement best describes the impression of the Texture of this product? 
 

Dislike 

extreme

ly 

 Dislike 

very 

much 

 Dislike 

moderat

ely  

 Dislike 

slightly 

 Neither 

like nor 

dislike 

 Like 

slightly 

 Like  

moderat

ely 

 Like  

very 

much 

 Like 

extreme

ly 

                                  

1  2  3  4  5  6  7  8  9 

 
 
Which statement best describes your impression of the amount of Fruit bits present 
in this product?   
 

Much too 
little 

 Too little  Neither little 
nor too 
much 

 Too much  Much too 
much 

                  

1  2  3  4  5 
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Which statement best describes the impression of the Thickness of this product? 

 
Dislike 

extremel

y 

 Dislike 

very 

much 

 Dislike 

moderate

ly  

 Dislike 

slightly 

 Neither 

like nor 

dislike 

 Like 

slightly 

 Like  

moderate

ly 

 Like  

very 

much 

 Like 

extremel

y 

                                  

1  2  3  4  5  6  7  8  9 

Considering the Thickness, which statement best describes your impression of this 
product? 
 

Much 

 too Thin 

 Slightly 

 too Thin 

 Just  

About Right 

 Slightly 

too Thick 

 Much too  

Thick 

                  

1  2  3  4  5 

  

 
 
Which sample do you prefer? 

   
Sample_______ 
 
Sample_______   
 
Sample_______                
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A.4 Topline Report Results from NCSU Sensory Test of Smoothie Blends 

 

 

 

 
CONSUMER ACCEPTANCE TESTING OF 

MUSCADINE GRAPE SMOOTHIES 
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Keith Harris Lab 
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M A R Y A N N E  D R A K E  

S E N S O R Y  S E R V I C E  C E N T E R  

N O R T H  C A R O L I N A  S T A T E  U N I V E R S I T Y  

T E L  9 1 9 - 5 1 3 - 4 5 9 8  
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Objectives 

 To evaluate consumer acceptability of three Muscadine grape smoothie beverages.  

 
Methods 

 
Consumers 

Consumers were recruited through flyers and signs posted throughout Schaub Hall.  

Food treats were provided as an incentive.  

Products 

Three smoothie beverages were evaluated.  All products were provided by Dr. Keith 

Harris.  Each product was removed from the freezer, thawed and stored in the refrigerator at 

4
 o
C one day prior to testing.  

 

Test Procedures 

Consumer Testing: 

Consumers were presented with three samples of smoothies monodically in a 

randomized order.  All products were removed from the refrigerator and shaken to ensure 

that the product was homogeneous.  Each consumer was served 60 milliliters of each 

smoothie and samples were served as needed.  Samples were presented in six ounce clear 

tumbler cups with 3-digit codes.  Consumers first signed a consent form and answered 

demographic questions prior to starting the test.  Prior to evaluating samples, consumers were 

asked to read a concept statement and answer a question regarding the statement.  

Consumers evaluated the appearance and answered questions regarding the 

appearance: appearance liking, color liking and color Just about Right (JAR).  Consumers 

then consumed a portion of the smoothie and answered questions after tasting.  Questions 

evaluated were overall liking, overall flavor (liking and JAR), impression of overall flavor 

liking, sourness (liking and JAR), sweetness (liking and JAR), texture liking, fruit bits JAR 

and thickness (liking and JAR). Consumers were also asked how well the concept met their 

expectations after tasting.  Consumers were asked to comment on their likes and dislikes of 

each product.  All liking scales were 9-point hedonic scales where dislike extremely=1 and 

like extremely=9.  All JAR scales were scored on a 5-point scale where too little= 1 or 2, just 

about right=3 and too much= 4 or 5.  After tasting all 3 samples, consumers ranked the 

samples in order of preference.    

 

Statistical Analysis  

Analysis of variance (ANOVA) was performed on the liking data using XLSTAT 

(Addinsoft, New York, NY) with means separation performed using Fishers.  Just About 

Right scores were evaluated using penalty analysis and chi-square in XLSTAT. Kruskal-

Wallis was performed on questions with a 5-point scale that were not JAR-scaled.  Overall 

preference was evaluated using Friedman’s rank sum.  Other results presented in percentages 

(except for JAR) were analyzed using a chi-square test.  All statistical analyses were 

performed at 95% confidence (p<0.05). 
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Products 

 

a. Muscadine Grape Smoothie Beverages 

 Muscadine Smoothie 

 Muscadine/Strawberry Smoothie 

 Muscadine/Strawberry/Blueberry Smoothie 

 

Results 

 

i.  Demographics 
Consumer demographics are presented in Table 1.  A total of 62 consumers 

participated in the test.  Consumers who reported ‘other’ for which brand of smoothie 

typically purchased wrote in the following: “I make my own” (n=5), “Freshens” (n=4), 

“Smoothie King” (n=2), “Do not remember” (n=2), “Trader Joe’s” (n=1), “Port Java” (n=1).  

 

 

ii. Consumer Acceptance Test 

 

Concept 

 

Consumers evaluated the concept and answered questions regarding the concept 

statement (Table 2).  The concept was successful since on average consumers probably 

would buy the product and liked the concept moderately to very much.  

 

Appearance 

 

Consumer acceptance scores are shown in Table 3. Consumers evaluated the 

appearance of the product prior to tasting.  Muscadine/Strawberry/Blueberry Smoothie 

received the highest score followed by Muscadine/Strawberry Smoothie.  All three products 

were at parity in appearance (p>0.05).  Consumers were asked to evaluate the color of the 

product prior to tasting. Muscadine/Strawberry Smoothie received a higher color liking score 

than Muscadine Smoothie and Muscadine/Strawberry/Blueberry Smoothie (p<0.05). All 

products were at parity in color liking (p>0.05).  A high percentage of consumers perceived 

all products to be JAR in color (p>0.05).      
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Flavor/taste 

 

After appearance evaluation, consumers were instructed to taste the products and 

answer questions (Table 2).  Muscadine/Strawberry Smoothie received the highest score, 

followed by Muscadine/Strawberry/Blueberry Smoothie in overall liking and overall flavor 

liking, however, the difference was not significant (p>0.05).  

Muscadine/Strawberry/Blueberry Smoothie was at parity with Muscadine Smoothie and 

Muscadine/Strawberry Smoothie in overall liking and overall flavor liking (p>0.05).  A high 

percentage of consumers perceived the overall flavor of all products to be JAR (p<0.05). 

Muscadine/Strawberry/Blueberry Smoothie was penalized in overall flavor for being too 

mild. 

Consumers were also asked to comment on their dislikes and likes.  Consumers liked 

Muscadine Smoothie for its “flavor” (n=22), “texture” (n=13), “sweetness” (n=11), “color” 

(n=11), “nothing” (n=6), “sourness” (n=4) and “thickness” (n=2). Muscadine Smoothie was 

disliked for its “seeds” (n=24), “thickness” (n=10), “sweetness” (n=8), “color” (n=7), 

“flavor” (n=6), “nothing” (n=6), “texture” (n=6) and “sourness” (n=5). Consumers liked 

Muscadine/Strawberry Smoothie for its “flavor” (n=29), “texture” (n=16), “color” (n=10), 

“sweetness” (n=9), “sourness” (n=9), “thickness” (n=5) and “nothing” (n=3). 

Muscadine/Strawberry Smoothie was disliked for its “seeds” (n=16), “nothing” (n=13), 

“color” (n=6), “sourness” (n=6), “thickness” (n=6), “flavor” (n=4) and “sweetness” (n=3). 

Consumers liked Muscadine/Strawberry/Blueberry Smoothie for its “flavor” (n=19), “color” 

(n=13), “thickness” (n=11), “sweetness” (n=8), “sourness” (n=6), “texture” (n=5) and 

“nothing” (n=3). Muscadine/Strawberry/Blueberry Smoothie was disliked for its “seeds” 

(n=26), “nothing” (n=13), “thickness” (n=8), “color” (n=7), “flavor” (n=7), “sourness” (n=6), 

“texture” (n=4) and “sweetness” (n=3).  

Consumers evaluated a concept statement and were asked if each sample met their 

expectation of the concept statement. Muscadine/Strawberry/Blueberry and 

Muscadine/Strawberry Smoothie received the highest scores and were at parity for concept 

expectations (p>0.05). Muscadine/Strawberry Smoothie was at parity with Muscadine 

Smoothie and Muscadine/Strawberry/Blueberry Smoothie in concept expectations (p>0.05).  

Muscadine/Strawberry Smoothie received the highest score for texture liking 

(p<0.05). Muscadine/Strawberry/Blueberry Smoothie was at parity with Muscadine 

Smoothie for texture liking (p>0.05). A high percentage of consumers considered 

Muscadine/Strawberry Smoothie to be JAR in fruit bits (p<0.05). Muscadine Smoothie and 

Muscadine/Strawberry/Blueberry Smoothie were at parity for JAR (p>0.05). 

Muscadine/Strawberry/Blueberry Smoothie was penalized for having too many fruit bits 

present within the product.  

Muscadine/Strawberry Smoothie and Muscadine/Strawberry/Blueberry Smoothie 

were at parity for sourness liking (p>0.05).  Muscadine Smoothie received a significantly 

lower score in sourness liking than other products (p<0.05). All products were perceived JAR 

for sourness (p>0.05). Muscadine/Strawberry Smoothie was penalized in sourness for being 

too sour. 



152 
 

 

 

 

Muscadine/Strawberry Smoothie and Muscadine/Strawberry/Blueberry Smoothie 

were at parity for thickness liking (p>0.05). Muscadine Smoothie was significantly lower in 

thickness liking than Muscadine/Strawberry Smoothie and Muscadine/Strawberry/Blueberry 

Smoothie (p<0.05). Muscadine/Strawberry Smoothie and Muscadine/Strawberry/Blueberry 

Smoothie received the highest scores and were at parity for thickness JAR (p>0.05). 

Muscadine/Strawberry/Blueberry Smoothie was penalized in thickness for being too thin.  

Muscadine/Strawberry Smoothie and Muscadine/Strawberry/Blueberry were at parity 

for sweetness liking (p>0.05). Muscadine smoothie received a significantly lower score than 

Muscadine/Strawberry Smoothie in sweetness (p<0.05). Muscadine/Strawberry/Blueberry 

Smoothie was at parity with both Muscadine/Strawberry Smoothie and Muscadine Smoothie 

in sweetness liking (p>0.05). A higher percentage of consumers perceived 

Muscadine/Strawberry and Muscadine/Strawberry/Blueberry to be JAR in sweetness than 

Muscadine (p<0.05).  Muscadine Smoothie was penalized in sweetness for not being sweet 

enough.  

Muscadine/Strawberry Smoothie received the highest score for preference ranking 

and the highest percentage of consumers that ranked this product as most preferred.   

Muscadine/Strawberry/Blueberry Smoothie was not different from Muscadine/Strawberry 

Smoothie in preference ranking (p>0.05) but a lower percentage of consumer ranked this 

product as most preferred (p<0.05). Muscadine/Strawberry/Blueberry Smoothie was at parity 

with Muscadine/Strawberry Smoothie and Muscadine Smoothie (p>0.05).  A high percentage 

of consumers ranked Muscadine/Strawberry Smoothie as their preferred choice.  

 

 

Tables 

 
Table 1.  Demographic information and consumer consumption characteristics (n=62) 

 

Question  Criteria % 

Gender
 Male 32.3 

Female 67.7 

Age 

18 years or younger 1.6 

19-29 years old 51.6 

30-39 years old 21.0 

40-49 years old 6.5 

50-59 years old 12.9 

60-69 years old 6.4 

70 years old and over 0.0 

How often do you consume 

smoothies? 

1-2 times a week 17.7 

4-5 times a week 4.8 

4-6 times a month 19.4 

Occasionally (a few times a year) 58.1 
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Never 0.0 

What brand of smoothie do 

you typically purchase 

(check all that apply)? 

Naked 48.4 

Odwalla 9.7 

Bold House Farms 12.9 

Other 29.0 

Each category totals 100% 

 
 
Table 2. Concept liking scores for Muscadine smoothie beverages 

Concept Responses 

Concept Liking 6.8 
Data represents 62 consumers                
 Liking attributes were scored on a 9-point hedonic scale where dislike extremely=1 and like extremely=9                  
 
 
 
 
Table 3. Consumer acceptance scores for Muscadine smoothie beverages 

Appearance 

  Muscadine 

Muscadine/ 

Strawberry 

Muscadine/ 

Strawberry/ 

Blueberry 

Appearance liking 6.5a 6.7a 6.8a 

Color liking 6.8a 7.0a 6.8a 

Color 

Too light 21.0%a 17.7%a 0.0%b 

JAR 74.2%a 77.4%a 62.9%a 

Too dark 4.8%b 4.8%b 37.1%a 

Taste 

Overall liking 6.0b 6.9a 6.4ab 

Overall flavor liking 6.4b 7.0a 6.7ab 

Overall flavor 

Too mild 17.7%a 11.3%a 24.2%a 

JAR 66.1%a 74.2%a 66.1%a 

Too 
strong 

16.1%a 14.5%a 9.7%a 

*Concept expectations 2.7b 3.0ab 3.2a 

Texture Liking 4.7b 6.2a 5.0b 

Fruit Bits Too little 9.7%a 8.1%a 4.8%a 
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JAR 43.5%b 71.0%a 35.5%b 

Too many 46.8%a 21.0%b 59.7%a 

Sourness liking 5.8b 6.4a 6.4a 

Sourness 

Too little 11.3%a 6.5%a 9.7%a 

JAR 64.5%a 69.4%a 72.6%a 

Too sour 24.2%a 24.2%a 17.7%a 

Thickness liking 5.0b 6.0a 6.0a 

 
 
 
Thickness 

Too thin 64.5%a 48.4%ab 35.5%b 

JAR 33.9%b 51.6%a 51.6%a 

Too thick 1.6%b 0.0%b 12.9%a 

Sweetness liking 6.2b 6.9a 6.6ab 

Sweetness 

Too little 24.2%a 14.5%a 16.1%a 

JAR 54.8%b 79.0%a 74.2%a 

Too sweet 21.0%a 6.5%b 9.7%ab 

Preference Ranking 2.4b 1.6a 2.0ab 

1
1
 16.1%b 56.5%a 27.4%b 

2 32.3%ab 24.2%b 43.5%a 

3 51.6%a 19.3%b 29.1%b 
Data represents 62 consumers                
 Liking attributes were scored on a 9-point hedonic scale where dislike extremely=1 and like extremely=9                 
 JAR scales were scored on a 5-point scale where too little= 1 or 2, just about right=3 and too much= 4 or 5 percentage 
of consumers that selected these options is presented.                                                                                                                                   
Preference ranking reported using means of rank (1= most preferred, 3=least preferred); statistical lettering is from 
Friedman’s rank sum test. 
1% of participants who ranked the sample as most preferred (1) or least preferred (3)  
*5-point scale, statistical letterings were obtained from Kruskal-Wallis non-parametric test  
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Table 4. Penalty Analysis on Muscadine smoothie beverages 

 

Muscadine Smoothie 

Variable Level % 

Mean(overall 

liking) 

Mean 

drops 

Standardized 

difference 

p-

value 

Signifi

cant 

  Too little 

20.97

% 5.538 0.722 1.313 0.194 No 

color 

lightness JAR 

74.19

% 6.261     

 

Too 

much 

4.84

% 4.667 1.594    

  Too little 

37.10

% 5.000 1.438 3.429 0.001 Yes 

expectations JAR 

51.61

% 6.438     

 

Too 

much 

11.29

% 7.571 -1.134    

  Too little 

17.74

% 4.545 2.089       

overall flavor JAR 

66.13

% 6.634     

 

Too 

much 

16.13

% 5.200 1.434    

  Too little 

11.29

% 4.857 1.593       

sourness 

strength JAR 

64.52

% 6.450     

 

Too 

much 

24.19

% 5.467 0.983 1.918 0.060 No 

  Too little 

24.19

% 4.933 1.449 2.964 0.004 Yes 

sweetness 

strength JAR 

54.84

% 6.382     

 

Too 

much 

20.97

% 6.385 -0.002 -0.005 0.996 No 

  Too little 

9.68

% 6.167 -0.315       

fruit bits JAR 

43.55

% 5.852     

 

Too 

much 

46.77

% 6.172 -0.321 -0.673 0.503 No 

  Too little 

64.52

% 5.875 0.458 0.943 0.350 No 

Thickness 

JAR JAR 

33.87

% 6.333     

  

Too 

much 

1.61

% 6.000 0.333       
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Muscadine/Strawberry Smoothie 

Variable Level % 

Mean(overall 

liking) 

Mean 

drops 

Standardized 

difference 

p-

value 

Signif

icant 

  

Too 

little 

17.74

% 6.636 0.343       

color lightness JAR 

77.42

% 6.979     

 

Too 

much 

4.84

% 6.667 0.313    

  

Too 

little 

19.35

% 5.583 1.494       

expectations JAR 

41.94

% 7.077     

 

Too 

much 

38.71

% 7.375 -0.298 -1.136 0.260 No 

  

Too 

little 

11.29

% 6.286 0.997       

overall flavor JAR 

74.19

% 7.283     

 

Too 

much 

14.52

% 5.444 1.838    

  

Too 

little 

6.45

% 5.750 1.552       

sourness 

strength JAR 

69.35

% 7.302     

 

Too 

much 

24.19

% 6.067 1.236 3.488 0.001 Yes 

  

Too 

little 

14.52

% 5.778 1.488       

sweetness 

strength JAR 

79.03

% 7.265     

 

Too 

much 

6.45

% 5.000 2.265    

  

Too 

little 

8.06

% 6.200 0.914       

fruit bits JAR 

70.97

% 7.114     

 

Too 

much 

20.97

% 6.462 0.652 1.740 0.087 No 

  

Too 

little 

48.39

% 6.900 0.006 0.018 0.985 No 

Thickness JAR JAR 

51.61

% 6.906     

  

Too 

much 

0.00

%           
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Muscadine/Strawberry/Blueberry Smoothie 

Variable Level % 

Mean(overall 

liking) 

Mean 

drops 

Standardized 

difference 

p-

value 

Signif

icant 

  

Too 

little 

0.00

%           

color lightness JAR 

62.90

% 6.667     

 

Too 

much 

37.10

% 5.870 0.797 1.902 0.062 No 

  

Too 

little 

25.81

% 5.000 1.700 4.289 

< 

0.0001 Yes 

expectations JAR 

48.39

% 6.700     

 

Too 

much 

25.81

% 7.125 -0.425 -1.184 0.241 No 

  

Too 

little 

24.19

% 4.933 1.993 5.068 

< 

0.0001 Yes 

overall flavor JAR 

66.13

% 6.927     

 

Too 

much 

9.68

% 6.167 0.760    

  

Too 

little 

9.68

% 6.000 0.733       

sourness 

strength JAR 

72.58

% 6.733     

 

Too 

much 

17.74

% 5.091 1.642    

  

Too 

little 

16.13

% 5.400 1.252       

sweetness 

strength JAR 

74.19

% 6.652     

 

Too 

much 

9.68

% 5.833 0.819    

  

Too 

little 

4.84

% 8.000 -1.045       

fruit bits JAR 

35.48

% 6.955     

 

Too 

much 

59.68

% 5.892 1.063 2.614 0.011 Yes 

  

Too 

little 

35.48

% 5.591 1.440 3.728 0.000 Yes 

Thickness JAR JAR 

51.61

% 7.031     

  

Too 

much 

12.90

% 5.875 1.156       
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A.5 Conjoint Analysis for Muscadine Smoothies 

 

Top Line Report  
Muscadine Smoothies: NC Database 

December 10
th

, 2012 
 
 
Table 1: Attributes and Levels for Conjoint Analysis 
 

Attributes Levels 

Health Claims 
  
  
  
  
  

100% Fruits 

Good Source of Antioxidants 

Fortified with Vitamins and/or Minerals 

No Artificial Colors or Flavors 

No Sugar Added 

Gluten-Free 

Calories per Container 
  
  

< 200 Calories 

200 Calories 

> 200 Calories 

Fruit Servings per Container 
  

  

3 Servings 

> 3 Servings 

< 3 Servings 

Flavor 
  
  

Muscadine Grape and Strawberry 

Muscadine Grape and Blueberry 

Muscadine Grape 

Natural vs. Organic 
  
  
  
  

Locally Sourced in NC 

All Natural 

Organic 

No Claim 

None 
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Table 2: Utility Results within Health Claims 
 
 

Health Claims Utility Score 

100% Fruits 1.749a 

Good Source of Antioxidants 0.501b 

Fortified with Vitamins and/or Minerals -0.051b 

No Artificial Colors or Flavors -0.105b 

No Sugar Added -0.193c 

Gluten-Free -1.902d 

Data represents 442 Participants 
Levels can only be compared within attributes  

Different letters in rows following means signify significant differences (p < 0.05)  

___________________________________________________________________
_______ 
 
 
Table 3: Utility Results within Calories per Serving 

Calories per Serving Utility Score 

< 200 Calories 0.829a 

200 Calories 0.525b 

> 200 Calories -1.354c 

Data represents 442 Participants 
Levels can only be compared within attributes  

Different letters in rows following means signify significant differences (p < 0.05)  

___________________________________________________________________
_______ 
 
 
Table 3: Utility Results within Fruit Servings per Container 

Fruit Servings per Container Utility Score 

3 Servings 0.342a 

> 3 Servings 0.142b 

< 3 Servings -0.483c 

Data represents 442 Participants 
Levels can only be compared within attributes  

Different letters in rows following means signify significant differences (p < 0.05)  

___________________________________________________________________
_______ 
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Table 4: Utility Results within Flavor 

Flavor Utility Score 

Muscadine Grape and Strawberry 0.989a 

Muscadine Grape and Blueberry 0.238b 

Muscadine Grape -1.226c 

Data represents 442 Participants 
Levels can only be compared within attributes  

Different letters in rows following means signify significant differences (p < 0.05)  

___________________________________________________________________
_______ 
 
Table 5: Utility Results within Natural vs. Organic 
 

Natural vs. Organic Utility Score 

Locally Sourced in NC 0.635a 

All Natural 0.471a 

Organic -0.339b 

No Claim -0.766c 

None -1.039d 

Data represents 442 Participants 
Levels can only be compared within attributes  

Different letters in rows following means signify significant differences (p < 0.05)  

___________________________________________________________________
_______ 
 
Table 6: Utility Results within all Attributes 
 

Attributes Utility Score 

Health Claims 29.612a 

Flavor 24.990b 

Calories Per Serving 18.998c 

Natural vs. Organic 16.563d 

Fruit Servings per Container 9.838e 

Data represents 442 Participants 
Levels can only be compared within attributes  

Different letters in rows following means signify significant differences (p < 0.05)  
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FIG 1: Attribute and Utility Results  
 

 
 
FIG 1. ZERO CENTERED UTILITY VALUES FOR ATTRIBUTES AND LEVELS. LETTERS INDICATE SIGNIFICANT DIFFERENCES (P < 0.05) 
WITHIN EACH ATTRIBUTE FOR TOTAL POPULATION (N=442) 

___________________________________________________________________
_______ 
 
 

NC State University in no way guarantees the work performed as described herein and makes no warranties, express or implied, 
regarding the quality of the results of this work. In accepting this work order bid, Client agrees to indemnify and hold harmless NC 
State University against any claims and costs (Including counsel fees) arising out of Client’s commercial sale or distribution of 
products or processes developed hereunder, or its reliance upon the reports or results arising from this work. Client may not use the 
name of NC State University, the Sensory Service Center or the name of any of the principals involved in the conduct of this work for 
any publicity, advertising, or news release whatsoever. 
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A.6 - Smoothie Labels Used by Company Based on Sensory Analysis 

 

 

Figure X: Muscadine-Strawberry                                      Figure X: Muscadine-Blueberry 

   Smoothie Nutritional Label                                                Smoothie Nutritional Label

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Ingredients: Muscadine Grapes, Apple Juice,                                    Ingredients: Muscadine Grapes, Apple Juice,   
Strawberries, Apple Juice Concentrate, Lemon Juice                        Apple Juice Concentrate, Blueberries,  
                                                                                                            Strawberries, Lemon Juice. 
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A.7 - Commercialized Muscadine Smoothies 
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