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Anthocyanins are polyphenolic compounds that are responsible for the bright blue 

and red colors of many foods and act as phytochemical antioxidants with potential health-

related benefits. Recent shifts in consumer preference for natural pigments have focused 

on applications of anthocyanins as suitable replacements for certified colorants. However 

their relative high cost and poor stability are factors that limit their commercial 

application. Due to these limitations, the food industry is constantly looking for novel, 

inexpensive and stable sources of these natural colorants. Therefore, this study first 

determined the phytochemical composition and stability of açai anthocyanins as a new 

source of anthocyanins.  

Of identical need for the food industry is the exploration of strategies and/or 

technologies that can serve to alleviate the limitations of anthocyanins. High hydrostatic 

pressure processing (HHP) and dense phase-carbon dioxide pasteurization (DP-CO2) are 

non-thermal processing technologies that may lessen detrimental effects to anthocyanins 
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and other phytochemicals. However, a downside of these technologies is the presence 

and/or activation of enzymes following processing that may be responsible for oxidative 

degradation. This study investigated the role of polyphenol oxidase (PPO) in 

phytochemical degradation during HHP processing of muscadine grape juice and 

established a potential remediation strategy using polyphenolic cofactors from two plant 

sources: rosemary and thyme. Cofactor addition not only increased juice color and 

antioxidant activity but also reduced anthocyanin, polyphenolic, and ascorbic acid losses.  

DP-CO2 was also evaluated as a potential non-thermal pasteurization technology 

with results concluding that this process served to protect anthocyanins and antioxidant 

levels without comprising juice sensory attributes. However, microbial stability of DP-

CO2 juices was only comparable to heat-pasteurized counterparts for >5 weeks at 4 ˚C.  

Due to the preceding evidence, the addition of thyme polyphenolic cofactors along 

with the DP-CO2 process was evaluated as a combined strategy to decrease 

phytochemical and antioxidant losses that occur in anthocyanin-containing beverages. 

Results concluded that DP-CO2 and addition of thyme cofactors served to increase 

phytochemical stability of muscadine juice without affecting juice sensory attributes. 

Cofactor addition also masked the detrimental color fading that occurred during storage.  

This study also showed that partial inactivation of PPO can be obtained by DP-

CO2 and that processing CO2 levels was the main processing variable influencing PPO 

activity as well as polyphenolic and antioxidant retention in muscadine juice.  
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CHAPTER 1 
INTRODUCTION 

Justification 

Anthocyanins are polyphenolic compounds that are responsible for the bright blue 

to red colors of foods and act as phytochemical antioxidants imparting important health-

related benefits and nutraceutical properties. Due to current trends in consumer 

preferences for natural pigments, these compounds are considered as potential 

replacements for certain certified and banned dyes. However, many limitations exist for 

their commercial application due to high raw material costs and their poor stability during 

processing and storage. Developing strategies and technologies that serve to alleviate 

these limitations is thus vital for economic growth of the U.S. food industry, not only 

improving quality attributes and phytonutrient stability of anthocyanin-containing 

products, but also possibly contributing to improve public health through increasing 

phytonutrient and health promoting agents intake in food products.  

High hydrostatic pressure processing (HHP) and dense phase carbon dioxide 

pasteurization (DP-CO2) are promising alternatives to traditional thermal pasteurization 

technologies and may lessen detrimental effects to anthocyanins and other thermolabile 

phytonutrients during processing and storage (Gomez and Ledward, 1996; Zabetakis et 

al., 2000; Sun et al., 2002). However, a downside of these technologies is the presence 

and/or activation of residual enzymes following processing that may be partially 

responsible for oxidative degradation. Therefore, associated changes in phytonutrient 

stability due to processing are of interest and will be investigated in the present study. 
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Furthermore, comparisons between non-thermal and thermal processes are one way to 

assess the benefits offered by these novel processing technologies.  

Previous studies have shown that formation of intermolecular copigmentation 

complexes between anthocyanins and exogenously added polyphenolic cofactors could 

assert a protective effect against anthocyanin, antioxidant capacity, and ascorbic acid 

degradation in both model and juice systems (Talcott et al., 2003; Brenes et al., 2004; 

Eiro and Heinonen, 2002; Malien-Aubert et al., 2001; Del Pozo-Insfran et al., 2004). In 

addition to preventing quality and nutritional losses, copigmentation also increases 

anthocyanin color intensity and antioxidant content of beverages, and masks the 

detrimental color changes that take place during processing and storage. Consequently, 

intermolecular copigmentation could be used as an important remediation strategy which 

attenuates phytonutrient degradation that takes place in anthocyanin containing juice 

systems during processing and storage. Therefore, the present study will also evaluate the 

phytonutrient stability and sensory properties of fortified juice and beverage systems 

containing copigmented anthocyanins in an effort to add economic value, reduce 

oxidation, and maintain nutrient stability.  

Objectives 

The objectives of the present research work were: 

1. To characterize the major anthocyanin and polyphenolic compounds present in 
açai and to determine the potential usage of açai as a novel anthocyanin source. 

2. To assess muscadine grape juice (Vitis rotundifolia) for phytochemical stability 
following HHP processing and ascorbic acid fortification, and to investigate the 
effect of exogenously added polyphenolic cofactors purified from rosemary 
(Rosmarinus officinalis) and thyme (Thymus vulgaris) as a means to improve 
overall phytochemical stability. 

3. To determine the microbial destruction, phytochemical stability, and sensory 
attributes of DP-CO2 processed muscadine grape juice.  
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4. To determine the phytochemical retention and sensory properties of an ascorbic 
acid fortified and copigmented muscadine grape juice following DP-CO2 and 
subsequent storage. 

5. To determine the effect of DP-CO2 on PPO activity and its consequent effect on 
polyphenolic and antioxidant changes in muscadine juice.  
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CHAPTER 2 
LITERATURE REVIEW 

A steady increase in the development of natural food colorants and functional food 

sources has been observed in recent years, not only due to consumer preferences for 

natural pigments but also for their health-related benefits and nutraceutical properties 

(Frankel et al., 1995; Meyer et al., 1997; Skrede et al., 2000). Anthocyanins are a viable 

replacement for synthetic colorants due to their bright, attractive colors and water 

solubility, which allows their incorporation into a variety of food systems (Rodriguez-

Saona et al., 1999). However, many limitations exist for the commercial application of 

anthocyanins due to high raw material costs and their poor stability. Pigment stability 

may be affected by chemical structure, concentration, pH, temperature, oxygen, light, 

presence of cofactors, and polymeric forms. Furthermore, beverages containing 

anthocyanins and ascorbic acid are known to be mutually destructive in the presence of 

oxygen, which limits fortification in fruit juices and in products containing anthocyanins 

(Frankel et al., 1995; Meyer et al., 1997; Rodriguez-Saona et al., 1999; Skrede et al., 

2000). Developing strategies and technologies that serve to alleviate these limitations is 

thus vital for economic growth of the U.S. food industry, not only improving quality 

attributes and phytonutrient stability of anthocyanin-containing products, but as well as 

contributing to improve public health through increasing phytonutrient and health 

promoting agents intake in food products.  

Exploration of a system to stabilize anthocyanins from color loss and oxidation, 

and the effects of ascorbic acid fortification, are important if these pigments present in 
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juices and beverages are to compete in a market dominated by certified dyes such FD&C 

Red #40 and Red #3. To alleviate some of these problems, the present research project 

suggests a strategy by which the addition of exogenous anthocyanin cofactors (water-

soluble thyme and rosemary extracts), to not only attenuate degradation of anthocyanins 

but also provide a means by which phytonutrient degradation can be prevented. 

Furthermore, novel technologies such as high hydrostatic pressure and dense phase-CO2 

pasteurization are non-thermal processing methods which ensure microbial destruction 

and may extend shelf life of products without having adverse effects on their quality 

attributes such as flavor, color, and phytonutrient retention. These research studies are 

important due to the high demand for fruit juice, of which sales reached nearing $4.5 

billion in 2001 of which over a quarter were likely to contain anthocyanins from various 

fruit and vegetable sources. Moreover, there is an interest on the phytonutrient stability of 

fortified beverages systems which have been consumed with a substantial increase during 

the last 24 months . By monitoring the chemoprotective and sensory aspects of 

exogenously added anthocyanin cofactors and the effects of novel processing methods, 

the juice and beverage industry can more effectively retain both quality and nutritional 

aspects of their products, increasing overall consistency and adding value to this multi-

billion dollar industry. 

Anthocyanins 

Anthocyanins are best known for their brilliant red and purple colors, and as 

polyphenolic compounds their antioxidant and antiradical capacity have been firmly 

established (Abuja et al., 1998; Frankel et al., 1998; Ghiselli et al., 1998; Heinonen et al., 

1998; Lapidot et al., 1999; Espín et al., 2000). These pigments are considered as potential 

replacements for certain certified and banned dyes because of their bright, attractive 
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colors and water solubility, which allows their incorporation into aqueous food systems 

(Rodriguez-Saona et al., 1999; Boulton, 2001). Moreover, among the various food 

products currently available, those containing anthocyanins tend to consume the visual 

sense on retail shelves due to their diverse and bright array of colors exhibited. However, 

the use of these natural pigments can result in inconsistent color and nutrient degradative 

reactions during processing and storage, which limits both usage and fortification efforts.  

Anthocyanins are the glycoside forms of anthocyanidins (flavonoids) which have a 

C6-C3-C6 skeleton. Although over 300 different anthocyanins are present in nature only 

six basic anthocyanin skeletons exist (Figure 2-1A) and which vary in the number and 

position of hydroxyl and methoxy substituents. These aglycon forms (anthocyanidins) are 

rarely found in the nature but with some exceptions which include their 3-deoxy forms 

and which have been reported to be present in red-skinned bananas, sorghum, black tea. 

Anthocyanins also differ due to the number, position and type of glycoside moieties 

attached to their aglycon moieties (Figure 2-1B and 1C). Glucose, galactose, rhamnose, 

and arabinose are the most commong glycoside moieties attached; however, other 

complex glycosides (rutinoside, sophoroside, sambubioside) also occur naturally 

(Clifford, 2000).  

Anthocyanins moieties can also vary according to the extent and the type of 

acylating constituents which are attached to their glycoside chains. These acylated 

anthocyanins are the result of an enzyme-catalyzed transfer of an aliphatic or aromatic 

organic acid onto a sugar moiety (via an acyl linkage) of an anthocyanin glycoside. The 

enzyme system responsible for acylation was identified as 3-O-glucoside-6”-O-

hydroxycinnamoyltransferase. This enzyme catalyzes the transfer of cinnamic acid 
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coenzyme A esters to the glycosyl anthocyanin moieties. The more common acylating 

constituents include cinnamic acids (p-coumaric, caffeic, ferulic, sinapic, and 

chlorogenic) flavonoids, flavan-3-ols, and tannins, which may themselves bear glycosidic 

chains and aliphatic acids (acetic, malic, maloni, oxalic, and succinic). These compounds 

are typically bound to C-4 of a sugar attached to position C-3 of an anthocyanin 

molecule, but can also be found on other sugar moieties of the anthocyanin (Figure 2-2). 

The location, number of acylating compounds, and diversity of these anthocyanins is 

highly dependent on plant type, but those found in fruits and vegetables tend to be 

structurally simpler compared to flowering plants.  
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Figure 2-1. Structure of the six basic anthocyanindins (A) showing the different 
substituents for the six common anthocyanins found in food systems, along 
with their different positional glycosides (3-glycosides, B; 3,5-glycosides, C). 
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             Cyanidin-3-β-D-glucoside               Cyanidin-3-(6-O-p-coumaryl)-β-D-glucoside 

Figure 2-2. Schematic representing a simple and an acylated cyanidin glycoside.   

 
Acylation significantly improves the stability of anthocyanins through 

intramolecular copigmentation. The aromatic residues of the acyl groups stack 

hydrophobically with the pyrilium ring of the flavylium cation and consequently greatly 

decrease their susceptibility to the nucleophilic attack of water (Figure 2-3). As the result 

of the presence of these acylated constituents, anthocyanins also exhibit a significant 

bathochromic shift (1-8 nm increase) from that of the parent anthocyanin. Moreover, 

acylated anthocyanins have superior color intensity and stability over identical 3-

glucosides and maintain a desirable pigmentation in low acid or neutral conditions (Asen 

et al., 1972). As a general rule, the degree of anthocyanin acylation can be estimated by 

their color intensities at a decreasing acid content. Highly acylated anthocyanins will 

retain greater red or blue colors at pH 5, whereas low levels of acylation will be nearly 

colorless at this same pH. The source of the anthocyanin pigment significantly affects the 

color and stability characteristics of these pigments. Red cabbage is often used as a 

standard by which anthocyanin color stability is compared due to its high degree of 

+

OH

OH

OH

O

OH

OH

O
OH

O
OH

OH

+

OH

OH

OH

OH

O

OH

OH

O
OH

O
OH

O

O



9 

 

acylation. Color enhancement of this nature is difficult to augment on a commercial scale 

due to a need to purify these enzymes, but occurs very efficiently in the vacuole of plant 

cells and better explains much of the color diversity in plant systems (Asen et al., 1972). 

 
 

 

 

     Intermolecular                         Intramolecular                    Self-association 
  (Sandwich Type) 
 

 

 

 

 

 

 

 

         Anthocyanin             Co-pigment         Acyl group     Sugar 

                                                                                                          
 

Figure 2-3. Schematic representation of anthocyanin self-association and copigmentation 
reactions.   

 
Anthocyanins and Intermolecular Copigmentation Reactions 

Anthocyanin intermolecular copigmentation reactions are common in nature and 

result from association between pigments and cofactors such as polyphenolics and/or 

metal ions, or other anthocyanins (self-association) (Figure 2-3). Preferably formed under 

acidic conditions, these weak chemical associations can augment anthocyanin stability 

and increase antioxidant properties (Mazza and Brouillard, 1990; Boulton, 2001; Malien-

Aubert et al., 2001). Studies have suggested that the copigmentation phenomenon is the 



10 

 

main anthocyanin stabilizing mechanism in plants (Mazza and Brouillard, 1990; Boulton, 

2001). Polyphenolics are the predominant cofactors present in anthocyanin-containing 

fruits and vegetables, and increased anthocyanin stability has been attributed to their high 

concentrations in foods. In general, this type of copigmentation was originally interpreted 

as a weak complex formed between an anthocyanin and a cofactor agent (Robinson and 

Robinson, 1931), which is still held as the most popular and recognized mechanism 

(Markakis, 1982). The current understanding of copigmentation consists of a “stacking” 

of a cofactor on the planar polarized nuclei of an anthocyanin in its flavylium ion form. 

The hydrophobic complexation reactions between anthocyanins and cofactors may also 

effectively protect anthocyanins against the nucleophilic water attack at position 2 of the 

pyrilium nucleus, thus displacing the equilibra towards the flavilium form (colored) 

rather than that of the less-colored hemiketal or chalcone forms (Boulton, 2001; Malien-

Aubert et al., 2001; Es-Safi et al, 2002). The effectiveness of this stabilizing effect will 

depend on the same variables that affect copigmentation. Intermolecular copigmentation 

also exerts a protective effect on anthocyanin degradation as cofactors compete with 

anthocyanins and preferentially react in several condensation reactions involving a wide 

variety of carbonyl compounds (Es-Safi et al, 1999; Malien-Aubert et al., 2001; Es-Safi 

et al, 2002). As discussed by Boulton (2001), the color enhancement and stabilizing 

effect conferred by copigmentation is different for a given anthocyanin-cofactor pair and 

depends on the concentration of pigment, the molar ratio of cofactor to pigment, pH, the 

extent of non-aqueous conditions, and presence of anions in solution. The increased 

protection observed for a specific pigment source due to the presence of cofactors is most 

likely related to the type, and content of polyphenolics present, as a higher 
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copigment/pigment molar ratio could occur for a determined source. Moreover, specific 

polyphenolics or classifications of polyphenolics are more likely to form stable 

intermolecular complexes with anthocyanins than others (Boulton, 2001; Malien-Aubert 

et al., 2001; Eiro and Heinonen, 2002). Copigmentation reactions are typically 

concentration dependent (both for anthocyanins and cofactor) and may be dissociated by 

heating or by the addition of alcohol, since hydrogen bonding may link the compounds 

together (Asen et al., 1972; Boulton, 2001). 

Anthocyanin Stability 

Anthocyanin color and stability is influenced by chemical structure, concentration, 

pH, temperature, oxygen, light, polymeric forms, ascorbic acid, and the presence of 

natural or exogenously added cofactors. Anthocyanins and ascorbic acid have long been 

shown to be mutually destructive in the presence of oxygen, which causes a decrease in 

color, functional properties, and nutritional quality of a food product (Calvi and Francis, 

1978; Poei-Langston and Wrolstad, 1981). Mechanisms for their mutual degradation have 

included direct condensation between anthocyanins and ascorbic acid, or the formation of 

free radicals that induce oxidative deterioration of each compound (Garcia-Viguera et al., 

1999). Several studies (Calvi and Francis, 1978; Poei-Langston and Wrolstad, 1981; 

Garcia-Viguera et al., 1999) have implicated a complex chemical interaction possibly 

involving co-oxidative reactions between ascorbic acid and anthocyanins, the effects of 

which may lead to co-oxidation of other fortified nutrients. Model systems containing 

anthocyanins and ascorbic acid have demonstrated destruction under both aerobic and 

anaerobic conditions, therefore exclusion of oxygen during processing would not be 

sufficient to prevent nutrient degradation of anthocyanin-containing beverages. Studies 

involving the degradation of these phytonutrients have also been ambiguous since Kaack 
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and Austed (1998) reported a protective effect on anthocyanins containing ascorbic acid 

or when sparged with nitrogen in elderberry juice, while ascorbic acid alone was 

responsible for anthocyanin decreases in Concord grape juice (Calvi and Francis, 1978). 

Color degradation of blood orange juice, which naturally contains cyanidin-3-glucoside 

and ascorbic acid, was found to correlate with ascorbic acid concentrations and resulted 

in juice discoloration and loss of fortified ascorbic acid (Choi et al., 2002). Therefore, 

degradative reactions of this nature seem to be commodity specific depending on the 

phytochemical or anthocyanin composition.  

Anthocyanin 3,5-diglucosides were reported as less stable to oxidation and heat 

compared to corresponding 3-glucosides (Markakis, 1982) and may result in rapid color 

loss during wine or juice storage. The 3,5-diglucosides reported to be most unstable in 

muscadine grape juice were delphinidin and petunidin (Flora, 1978; Goldy et al., 1986) 

and their oxidation during storage were correlated to decrease radical scavenging activity 

(Talcott and Lee, 2001). Both delphinidin and petunidin, along with cyanidin, contain at 

least one o-dihydroxy group, making them more susceptible to oxidation than the other 

anthocyanin forms. Flora (1978) reported large reductions in delphinidin, cyanidin, and 

petunidin-3,5-diglucosides in muscadine grapes after severe heat treatments when 

analyzed by thin-layer chromatography. Malvidin 3,5-diglucoside was found to be less 

stable than acylated forms of malvidin present in red cabbage (Hrazdina et al., 1970), but 

in model systems the stability of malvidin 3,5-diglucoside was greater than malvidin 3-

glusoside both with and without added ascorbic acid (Hrazdina et al., 1970; Garcia-

Viguera and Bridle, 1999). The relative stability of a particular source of anthocyanins is 
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likely a function of a complex chemical matrix, structural features, and the combined 

effects of processing and storage.    

Phytonutrient Stability and Intermolecular Copigmentation 

Preventing anthocyanin and color loss in beverages can be accomplished by strict 

oxygen control during processing but also by a physical stabilization of anthocyanins 

through the addition of exogenous anthocyanin cofactors (intermolecular 

copigmentation), rather than through antioxidant addition via ascorbic acid. However, 

current trends in beverage production dictate that juice and beverage products be fortified 

with ascorbic acid, which is intentionally done at the expense of anthocyanin, ascorbic 

acid, and quality deterioration of the product. Therefore, exploration of a system to 

stabilize anthocyanins from color loss, the effects of ascorbic a fortification, and other 

deleterious reactions under condensation conditions or a free radical mechanism is 

important if anthocyanins present in juices and beverages are to compete in a market 

dominated by certified colors such FD&C Red #40 and Red #3. Copigmentation may be 

useful in enhancing the value of foods containing anthocyanins; serving as a functional 

food ingredient with antioxidant properties, producing greater visual color perception, 

and increasing stability to oxidation and heat.   

In previous studies (Malien-Aubert et al., 2001; Eiro and Heinonen, 2002; Talcott 

et al., 2003; Brenes et al., 2005) the addition of polyphenolic-based anthocyanin cofactors 

was shown to significantly reduce the mutual destruction of anthocyanins and ascorbic 

acid as well as appreciably augment visual color and antioxidant capacity. These studies 

have shown the success in slowing the kinetics of mutual destruction of anthocyanins and 

ascorbic acid through cofactor addition, and have led to the proposed objectives herein. 

The implications of which will have a profound impact on both fruit juice fortification 
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and in other applications in which anthocyanins are utilized as a natural color source. 

Additionally, a major advantage of using exogenously added cofactors is an ability to 

control their concentration through standardization, which would allow for maximal 

increases in color, thermal stability, nutrient protection, and organoleptic properties as 

influenced by processing and storage. In addition to preventing quality and nutritional 

losses by copigmentation, the present remediation strategy increases oxidative and 

thermal stability, which adds economic value to fruit juices and beverages containing 

isolated anthocyanins as colorants. 

The evidence for copigmentation and phytonutrient retention has been previously 

investigated using a diversity of copigment sources ranging from polyphenolics isolated 

from natural sources (rosemary, thyme, sage, red clover, grape seeds, grape skins, 

orange/grapefruit peels, etc.), from purified compounds (various cinnamic acids and 

flavonoids), and from metal ions (calcium, magnesium, aluminum, zinc, copper, iron, 

metal ascorbates) against a diversity of anthocyanin sources (cabernet grape, muscadine 

grape, black carrot, purple sweet potatoes, red cabbage, red radish, hibiscus, elderberry, 

and acai fruit) (Covarrubias, 2002; Kemmerer, 2002; McGuinness, 2002; Talcott et al., 

2002a; Talcott et al., 2002b; Talcott et al., 2003a; Brenes et al. 2004; Del Pozo-Insfran et 

al., 2004; Brenes et al., 2005). Overall, the outcomes of these studies demonstrated that 

the addition of polyphenolic cofactors can augment visual and instrumental color 

properties, increase heat and process stability of anthocyanins and ascorbic acid, increase 

overall radical scavenging properties, serve to enhance antimicrobial properties over that 

exhibited by anthocyanins and cofactors alone, serve to inhibit lipoxygenase and 

polyphenol oxidase when highly purified cofactors are used.  
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For instance, Talcott et al. (2003a) demonstrated that addition of concentrated 

polyphenolic cofactors in the range of 0.1-0.4% v/v (100-1,500 mg/L gallic acid 

equivalents) readily forms copigment complexes with anthocyanins and results in 

concentration-dependent hyperchromic shifts from 10-50% depending on source, which 

also corresponds with increased antioxidant activity. Brenes et al. (2005) also showed 

significant improvements in phytonutrient retention, when model anthocyanin systems 

copigmented with a purified water-soluble extract of rosemary with and without fortified 

ascorbic acid were studied. In a temperature dependent reaction, the addition of cofactors 

was able to retain 14 and 24% more ascorbic acid at 0.2 and 0.4% (v/v) cofactor addition; 

preserving both anthocyanin and ascorbic acid from oxidative and/or free radical damage 

in their mutual presence. Cofactor addition appreciably affected monomeric 

anthocyanins, overall color, and extended anthocyanin half-life from 11 days without the 

rosemary extract to 15 and 19 days at 0.2% and 0.4% v/v rosemary extract, respectively.   

Other studies (Covarrubias, 2002; Kemmerer, 2002; McGuinness, 2002; Talcott et 

al., 2003a; Brenes et al. 2005) also have demonstrated that systems where these 

copigments are to be used should be free of residual oxidase enzymes, as polyphenolic 

cofactors can serve as enzyme substrates and destroy phytochemical and alter quality 

characteristics. In the presence of residual enzymes, it was found that ascorbic acid 

fortification of copigmented grape anthocyanins was highly detrimental to fruit juice 

quality and resulted in rapid anthocyanin, ascorbic acid, and antioxidant activity losses 

during processing, especially under high hydrostatic pressure conditions where the 

enzymes may be more active (Talcott et al., 2003a). However, ascorbic acid fortification 

in the absence of cofactors demonstrated enzyme inhibition and served to protect grape 
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anthocyanins prior to thermal and high pressure processing. It was concluded that 

although physicochemical attributes were enhanced by copigmentation with rosemary 

extract, methods to inactive residual enzymes should be addressed prior to 

copigmentation to prevent degradation of anthocyanins in the presence of ascorbic acid.  

Due to the outcome of several studies in which the protective effect of different 

cofactors was demonstrated to prevent phytonutrients loss, the present research project 

suggests a strategy by which the addition of exogenous anthocyanin cofactors (water-

soluble extracts from thyme and rosemary) will alleviate many of the physical and 

chemical degradative reactions impacting anthocyanin-containing fruit juice and 

beverage fortification. Cofactors isolated from spices are an economical and food-grade 

source of polyphenolics for use in the beverage industry. Their polyphenolic 

concentrations are naturally very high, so concentration efforts are easily accomplished 

(Zheng and Wang, 2001). Based on present scientific knowledge, it is hypothesized that 

anthocyanin copigmentation can offer a protective effect for fortified phytonutrients 

commonly used in the beverage industry. Success of this work will generate knowledge 

for strategies to manufacture highly stable food colorants and to minimize phytonutrients 

loss.  

Sensory Attributes of Anthocyanin-containing Beverages as Affected by the 
Addition of Polyphenolic Cofactors. 

Other than empirical evidence from informal evaluations, no formal evaluations on 

the organoleptic properties of copigmented anthocyanins have been conducted. Attributes 

such as color are usually measured using instrumental techniques rather than with human 

subjects. More importantly, the taste attributes imparted by added copigments are an 

important consideration affecting their use in food systems. Since polyphenolic cofactors 
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may impart bitter or astringent flavors to a food system, or may impart aroma from 

volatile components, evaluating their sensory thresholds is vital to determining an 

effective use level. Taste or aroma carry-over from the use of natural cofactor sources 

such as thyme or rosemary extracts is also a concern, and use levels may be affected by 

the intensity of compounds that do not serve as anthocyanin cofactors (i.e. aroma-active 

compounds).  

A previous study evaluated the effect of a commercially available rosemary 

polyphenolic extract in the sensory attributes of a strawberry juice cocktail via a rating 

test using a 9-point hedonic scale evaluating color, aroma and flavor. Several rosemary 

extract concentrations (0, 0.1, 0.2 and 0.4% v/v) were added to the strawberry juice as 

anthocyanin cofactors. The use of these concentrations was based on preliminary studies 

(Talcott et al., 2003a; Del Pozo-Insfran et al., 2004; Brenes et al., 2005) which showed 

that the addition of polyphenolic-based anthocyanin cofactors, at these chosen 

concentrations, significantly reduced the mutual destruction of anthocyanins and ascorbic 

acid as well as appreciably augmented visual color and antioxidant capacity of model 

beverage systems. Results of the sensory evaluations (Table 1) concluded that the 

addition of rosemary cofactors significantly increased the color of the strawberry juice 

with respect to that of the control treatment (P<0.01) independently of the cofactor 

concentration (0.1-0.4% v/v). Addition of rosemary cofactors did not significantly affect 

either the aroma or flavor of the juices. Results of both the sensory and stability studies 

give evidence that the addition of exogenous anthocyanin cofactors, at levels high enough 

to prevent phytonutrient degradation, exceed the physicochemical barriers influencing 

sensory perception. 
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Table 2-1. Effect of rosemary extract (0, 0.1, 0.2, 0.4% v/v) on color, aroma, and flavor 

attributes of a commercial strawberry cocktail juice. 
 
 

Rosemary 
extract  (% v/v) Color Aroma Flavor 

0 4.4 b1 5.4 a 4.7 a 
0.1 6.1 a 5.6 a 5.1 a 
0.2 6.4 a 5.7 a 5.2 a 
0.4 6.6 a 6.2 a 5.2 a 

 
1 Values with similar letters within columns of each sensor attribute are not significantly 
different (LSD test, P>0.05), and indicate the effect of rosemary extract addition.  

 

Since there is evidence that the addition of polyphenolic cofactors may exert a 

protective effect against oxidation of anthocyanins and ascorbic acid, their effect on the 

organoleptic properties of copigmented beverage systems at levels in which they are 

effective are of importance and will be investigated in the present study.  

Novel Processing Technologies That May Enhance Anthocyanin Stability 

The food industry is continuously searching for novel processing technologies that 

ensure microbial destruction and extend the shelf life of products without having adverse 

effects on their quality attributes such as flavor, color, and phytonutrient retention (Butz 

and Tauscher, 2002; Matser et al., 2004). Moreover, current trends in food marketing and 

show that consumers desire high-quality foods with "fresh-like" characteristics and 

enhanced shelf life that require only a minimum amount of effort and time for preparation 

(Butz and Tauscher, 2002; Krebbers et al., 2003). At the present time, a wide variety of 

emerging non-thermal processing technologies are available to process food and 

beverages and include high hydrostatic pressure, irradiation, ultrasound, pulsed electric 

fields, light pulses, and oscillating magnetic fields.  
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High hydrostatic pressure processing (HHP) and dense phase carbon dioxide 

pasteurization (DP-CO2) are promising alternatives to traditional pasteurization 

technologies and may lessen detrimental effects on thermolabile phytonutrients (Gomez 

and Ledward, 1996; Zabetakis et al., 2000; Sun et al., 2002). In hydrostatic pressure 

applications, the food or beverage system is pressurized uniformly throughout the product 

in which the generation of pressure can be accomplished by direct compression, indirect 

compression using an intensifier pump, or by heating of the pressure medium. One of the 

main differences between these processing technologies is that a wide variety of food 

liquids and solids can be processed by HHP whereas DP-CO2 pasteurization only can 

process foods in a liquid form only. Another difference is that HHP utilizes batch and 

semi-continuous systems whereas DP-CO2 pasteurization uses continuous systems. 

Although both of these processing techniques are potential alternatives to thermal 

processing and may in theory reduce phytonutrient losses and quality characteristic of 

foods, studies have shown that a downside of their use is the presence and/or activation of 

residual enzymes following processing consequently resulting in extensive oxidative 

degradation. Due to these factors associated changes in phytonutrient stability due to 

processing are of interest and will be investigated in the present study. Furthermore, 

comparisons between non-thermal and thermal processes are one way to assess the 

benefits offered by these novel processing technologies. 

High Hydrostatic Pressure (HHP) Processing 

High hydrostatic pressure (HHP) processing, also referred as ultra high pressure 

(UHP) or high pressure processing (HPP), is a preservation technique currently used on a 

commercial scale in Japan, France, Spain, USA and Mexico for the pasteurization of a 

variety of food products that include fruit juices, guacamole, oysters and ham. This 
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processing technology subjects foods with or without packaging to pressures between 

100 and >1,000 MPa over a range of temperature (0-100 °C) and time (2 sec and to >20 

min) conditions. HHP acts instantaneously and uniformly throughout a food mass 

independently of its size, shape and composition. Therefore, adiabatic heating of the 

product occurs in homogeneous manner compared to that of conventional heat 

sterilization where a temperature profile occurs. Generally, the compression process will 

increase the temperature of foods approximately 3 °C per 100 MPa. It may be expected 

that product characteristics that are dependent on the heat liability of certain components, 

are less significantly changed by high pressure sterilization compared to conventional 

heat sterilization. The effect of high pressure sterilization on product quality is strongly 

depended on the chosen food product. Some of quality parameters that may be affected 

are texture, color, production of off-flavors, and phytochemical degradation. The results 

of research on high pressure sterilized products have shown that the effects are product 

dependent and that careful selection of the appropriate process conditions is necessary 

(Barbosa-Canovas et al., 1998; Hendrickx et al., 1998; Butz and Tauscher, 2002; Butz et 

al., 2003; Matser et al., 2004). 

HHP and microbial inactivation 

The effects of HHP on several food constituents have been studied over the last 

decade in order to evaluate the effect of these new technologies on food safety and 

quality. The outcomes of several published studies (Hendrickx et al., 1998; Smelt, 1998; 

Butz and Tauscher, 2002; Lado and Yousef, 2002; Butz et al., 2003; Matser et al., 2004) 

have shown that HHP processing can produce commercially sterile products where 

kinetics of microbial inactivation are highly dependent on processing parameters 

(pressure and temperature), acid content of the product and the type of microbial flora. 
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For instance vegetative cells, including yeasts and molds, are rather pressure sensitive 

and can be inactivated by pressures between 300 and 600 MPa, whereas bacterial spores 

are highly pressure resistant and need pressures >1,200 MPa for complete inactivation. 

Therefore, preservation of acid foods (pH ≤ 4.6) is the most likely application of HHP. 

On the other hand, sterilization of low-acid foods (pH > 4.6) requires a combination of 

pressure and mild-temperature treatments (Hendrickx et al., 1998; Butz and Tauscher, 

2002; Butz et al., 2003). Microbial inactivation is highly dependent not only on 

processing parameters (pressure, temperature, time, number of pulses) and by food 

composition, but also by the types of microorganisms present in a food matrix. For 

instance, in order to obtain a 4 log reduction of E. coli the medium needs to processed at 

100 MPa at 30°C for 720 min, while for L. monocytogenes the applied pressure needs to 

be increased to 238-340 MPa over  20 min in order to obtain a similar reduction in 

microbial load (Barbosa-Canovas et al., 1998). 

At ambient temperatures, application of pressures in the range of 400-600 MPa 

inactivate vegetative micro-organisms and reduce the activity of enzymes resulting in a 

pasteurized product, which can be stored for a considerable time at 4-6 °C. The 

inactivation of vegetative micro-organisms and enzymes, combined with retention of 

phytochemicals and low molecular weight food molecules that are responsible for taste 

and color, results in HHP-pasteurized products with a prolonged shelf-life and fresh-alike 

characteristics. For sterilization of HHP products a combined process where both 

pressure and temperature (60-110°C) is needed to achieve the complete inactivation of 

spores and enzymes. The result of the later process is a shelf stable product, which in 

many cases has a higher degree of quality than those products obtained using 
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conventional processing. High-pressure inactivation of vegetative micro-organisms is 

caused by membrane damage, protein denaturation and decrease of intracellular pH, 

suggesting that pressure results in deactivation of membrane-bound enzymes associated 

with efflux of protons. Water activity and pH are critical process factors in the 

inactivation of microbes by HHP. Temperatures in the range of 45–50 °C appear to 

increase the rate of inactivation of food pathogens and spoilage microbes. Temperatures 

ranging from 90 to 110 °C in conjunction with pressures of 500–700 MPa have been used 

to inactivate spore-forming bacteria such as Clostridium botulinum (Hendrickx et al., 

1998; Butz and Tauscher, 2002; Butz et al., 2003).  

The effect of HHP in food components 

An advantage of HHP processing is that food quality characteristics, sensory 

attributes, and phytonutrient retention are either unaffected or only minimally altered by 

processing at room temperature, except when some type of enzymatic activity is 

involved. For instance, a recent study investigated the effect of different high pressure 

treatments on odor and aroma of an orange-lemon-carrot juice mixture and its subsequent 

storage (21 days at 4 °C) (Butz et al., 2003). Results indicated that HHP treated juices 

(e.g. 500 MPa for 5 min) presented only minor changes in odor and flavor after 

processing when compared to pasteurized juices. Moreover, the HHP juices did not 

present significant changes in odor, flavor and overall quality after storage whereas 

attributes were significantly decreased for control juices. However, several studies have 

also demonstrated that besides microbial destruction there are other pressure-induced 

effects on food components such as protein denaturation, enzyme activation or 

inactivation, changes in enzyme-substrate interactions, changes in the properties of 

polysaccharides and fats, protein gelation, etc (Tauscher, 1998; Messens et al., 2002; 
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Butz et al., 2003). The physiochemical changes induced by HHP have also open up the 

possibility of producing foods with novel texture (e.g. meat, fish, dairy products) as well 

as the modification of food protein functionality (Messens et al., 2002). Several chemical 

changes have been reported for food macromolecules that have been HHP, such as the 

stability of aspartame present in milk, TRIS-buffers and water during different treatments 

(600 MPa at 60 °C for 3-30 min) (Butz et al., 1997). Results of this study indicated that 

after HHP with a holding-time of <3 min only about 50% of the original content of 

aspartame was detectable in milk (pH 6.8). The degradation by-products were identified 

as aspartylphenylalanine and a diketopiperazine. However, the stability of aspartame was 

insignificantly affected when present in model acid systems resembling fruit 

preparations, juices, or carbonated drinks. Another example of pressure-induced chemical 

changes is that observed for β-carotene in model solutions and in sliced carrots under 

different pressure and temperatures regimes (Tauscher, 1998). This study showed that the 

content of β -carotene in ethanolic model solutions after HHP for 20 min at 75 °C was 

reduced by more than 50%. However, its content was not reduced significantly when 

processed for 40 min at 600 MPa and 75 °C. Authors proposed that the carotenoids were 

well protected against pressure/temperature degradation in the last instance since these 

compounds are buried in lipophilic environments. Both of these studies demonstrate the 

importance of the food matrix as a beneficial protective action on the retention of 

nutrients and quality attributes after HHP.  

The balance of intramolecular food components and solvent-protein interactions is 

greatly affected by the HHP parameters (pressure and temperature). Therefore the extent 

of unfolding of the polypeptide chain is strongly dependent on the processing conditions 
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and consequently one can observe different enzymatic activity on the quality attributes of 

a food matrix. Structural rearrangements taking place in the protein upon pressurization 

are governed by the principle of Le Chatelier, which states that processes associated with 

a volume decrease are encouraged by pressure increases, whereas processes involving a 

volume increase are inhibited by pressure increases. The volume decrease accompanying 

denaturation arises from the formation or rupture of noncovalent bonds and from the 

rearrangements of solvent molecules (Hendrickx et al., 1998; Butz and Tauscher, 2002; 

Butz et al., 2003). Pressure induced activation of enzymes and/or their residual activity 

can significantly affect the quality of food products. Due to the pressure stability of some 

of these food quality-related enzymes, combined technologies involving pressure and 

temperature are necessary for complete enzymatic inactivation. Such effect is specifically 

related to the type of enzymes and the processing conditions of foods. Studies have 

shown that some enzymes can be deactivated using pressures < 200 MPa, while others 

can withstand pressures over 1,000 MPa (Barbosa-Canovas et al., 1998; Hendrickx et al., 

1998; Butz and Tauscher, 2002; Butz et al., 2003; Matser et al., 2004). For example, 

several studies have investigated the effect of HHP on different pectin methyl esterases 

(PME) and its consequent effect on cloud destabilization, gelation and loss of consistency 

of several food products (Seyderhelm et al., 1996; Basak and Ramaswamy, 1996; Cano et 

al., 1997; Stoforos and Taoukis; 2003; Irwe and Olsson, 1994). PME is usually 

inactivated by conventional thermal processes that have detrimental effects on flavor, 

color and nutritional quality. Studies have shown that HHP processing of orange juice 

results in a commercial stable product with higher quality attributes when compared to 

that of thermally processed orange juice (Irwe and Olsson, 1994; Basak and Ramaswamy, 
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1996; Stoforos and Taoukis; 2003). HHP treatments of > 600 MPa have been shown to 

irreversibly inactivate (> 90%) PME. However, tomato PME seems to be more pressure 

resistant and it seems to be activated during HHP at < 400 MPa especially in the presence 

of calcium ions and in acidic media (pH 3.5-4.5) (Seyderhelm et al., 1996). Pressure-

induced activation of orange juice PME was also noted by Cano et al. (1997) in the case 

of treatments at room temperature and 200–400 MPa. Krebbers et al. (2003) showed the 

combined effect of HHP and thermal treatments on the quality attributes and microbial 

stability of tomato puree. Their results showed that HHP alone caused partial inactivation 

of PG (~70%) yet activation of PME was observed. The use of combined treatments (e.g. 

700 MPa and 90°C for 30 s yield a commercial sterile product (> 4.5 log reduction) that 

had > 99% enzyme inactivation (both PME and PG). The obtained shelf stable product 

had superior sensory and quality attributes (increased color, increased water binding, 

lower viscosity, and higher lycopene retention) when compared to a thermally sterilized 

product.  

Similar trends have been observed for food products in the case where 

polyphenoloxidase (PPO) is present. Mushroom and potato PPO are very pressure stable, 

since treatments between 800 and 900 MPa are required for activity reduction (Eshtiaghi 

et al., 1994; Gomez and Ledward, 1996; Weemates et al., 1997). A similar trend was 

observed for avocado PPO by Hendrickx et al. (1998) who investigated the combined 

effect of pressure (0.1-900 MPa) and temperature (25-77.5 °C). Results of this study 

demonstrated that PPO inactivation at 21 °C was only achieved for pressures > 900 MPa. 

Pressure induced activation has also been reported for apple (Anese et al., 1995), onion 

(Butz et al., 1994), pear (Asaka et al., 1994) and strawberry PPO (Cano et al., 1997). 
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Grape, strawberry, apricot and apple PPO seem to be more pressure sensitive than other 

PPO’s. Apricot, strawberry and grape PPO can be inactivated by pressures exceeding 

100, 400 and 600 MPa, respectively.  Inactivation of apple PPO varies between HHP at 

100-700 MPa in function of the pH of the matrix. For several PPO enzymes, it has been 

reported that pressure-induced inactivation proceeds faster at lower pH, however the 

inactivation is also influenced by the addition of salts, sugars or other compounds. For 

example, the pressure inactivation of apple PPO is enhanced by the addition of calcium 

chloride whereas for mushroom PPO is enhanced in the presence of 50 mM benzoic acid 

or 5 mM glutathione. The sensitizing effect of glutathione was suggested to be due to an 

interaction with a disulphide bond of the enzyme (Anese et al., 1995).  

Since HHP processing is a promising alternative to traditional pasteurization 

technologies and may lessen detrimental effects to thermolabile compounds associated 

changes in phytonutrient stability due to processing are of interest and will be 

investigated in the present study. Furthermore, comparisons between non-thermal and 

thermal processes are one way to assess the benefits offered by these novel processing 

technologies.  

Dense Phase-CO2 Pasteurization 

As previously mentioned, HHP is currently used in the U.S., Europe and Japan to 

produce a variety of commercial products. However, in order to ensure the safety of 

foods against some pressure-resistant microorganisms and bacterial endospores, HHP 

needs to be used in combination with other thermal and non-thermal processes. 

Moreover, processing techniques that along with improving the efficacy of HHP 

microbial inactivation decrease processing costs (i.e operating pressures and 

temperatures, dwell time) are desired. Dense phase-CO2 pasteurization (DP-CO2), also 
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known as high-pressure carbon dioxide processing, is therefore a potential candidate as a 

non-thermal processing due to its ability to inactivate both microbes and enzymes under 

more cost-effective processing conditions. The principle of the microbial inactivation of 

DP-CO2 is based on gas dissolution in a microbial cell by pressurization that, when 

rapidly decompressed to atmospheric pressure, causes fatal functional damage and 

explosive decompression of the cell (Balaban et al., 1991; Park et al., 2002). It is 

noteworthy to mention that CO2 pressurization does not always lead to cell burst but in 

some cases only leads to leakage of cellular components and changes in the cell 

membrane permeability which are responsible for cell damage and microbial inactivation 

(Lin et al., 1993; Isenschmid et al., 1995; Park et al., 2003). DP-CO2 affects biological 

systems by causing protein denaturation, lipid phase changes, and rupture of cell walls 

and membranes. 

DP-CO2 and microbial inactivation 

Carbon dioxide under both atmospheric and supercritical pressures has 

demonstrated antimicrobial effects in foods. It is used successfully in modified 

atmosphere packaging to reduce horticultural respiration and reduce microbial growth 

(Corwin and Shellhammer, 2002). Similarly, it extends the shelf-life of dairy products 

through inhibition of microbial growth. In addition to its use at atmospheric conditions, 

supercritical carbon dioxide can inactivate a wide range of microbiota (Kamihira et al., 

1987; Lin et al., 1993; Ballestra et al., 1996) and recent work indicates that it can also 

inactivate bacterial spores (Kamihara et al., 1987; Haas et al.; 1989 Enomoto et al., 

1997). The inhibitory effects of DP-CO2 and supercritical carbon dioxide (SC-CO2) on 

microorganisms for food preservation have recently received a great deal of attention and 

have been extensively investigated over the last decade. Fraser (1951) first tried gas 
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pressurization with N2, NO2, Ar, and CO2, and reported that CO2 could inactivate 95-99% 

of E. coli at 3.40 MPa and 37 °C. Nakamura et al. (1994) found that 108 cells/ml of 

baker’s yeast could be inactivated after CO2 saturation at 4.05 MPa and 40°C for 3 h, and 

proposed this processing as a novel method for sterilization of food microorganisms. 

Kamihira et al. (1987) demonstrated that complete inactivation of baker’s yeast, E. coli, 

S. aureus, and A. niger, can be accomplished by contact with SC-CO2 at 20.26 MPa and 

35 °C for 2 h. More recently, Park et al. (2002) observed that DP-CO2 exerted a 

relatively large effect on total aerobes present in a carrot juice at 0.98 MPa and that its 

bactericidal effect gradually increased to achieve a 4-log reduction at 4.9 MPa for 10 min. 

Ballestra et al. (1996) found a decrease in the survivors of E. coli at 5 MPa using CO2 at 

temperatures > 35 ˚C, with the most effective inactivation found after 5 MPa at 45 ˚C for 

20 min. However, Corwin and Shellhammer (2002) found that under the studied 

conditions (0, 365 and 455 MPa) the amount of dissolved CO2 in the medium had only a 

slight significant effect in the inactivation of E. coli K12 and that the processing pressure 

was responsible for the 4 and 6-log reduction in microbial reduction, respectively for 365 

and 455 MPa. Similar results were obtained by Park et al. (2003) as carbonation itself did 

not have a significant effect on B. subtilits inactivation rates yet a synergistic effect was 

observed when combined with HHP and resulted in a 5-log reduction at 600 MPa.  

Enomoto et al. (1997) examined the lethal effect of DP-CO2 on spore cells of 

Bacillus megaterium and observed that the bactericidal effect of CO2 was enhanced with 

increasing temperature and treatment time, and that processing at 5.9 MPa and 60 ˚C for 

30 h could reduced the survival ratio of the spores to about 10-7. Kamihara et al. (1987) 

also observed that under low pH and heating conditions, SC-CO2 was an effective 
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method to inactivate endospores of B. subtilis and B. stearothermophilus. The later 

observation (low pH and high temperature conditions) was confirmed by Haas et al. 

(1989) who achieved a high reduction of the survival ratio for spore cells of C. 

sporogenes 3679 under SC-CO2 at 5.5 MPa at 70 ˚C for 2 h.  

During DP-CO2 the carbon dioxide solubility increases directly proportional with 

increments of processing pressure. Therefore a pH change of the medium is caused due to 

carbonic acid formation. Although several studies have attributed the later fact as the 

main explanation for the antimicrobial activity of SC-CO2, several studies have shown 

that extraction of essential intracellular substances such as phospholipids and 

hydrophobic compounds from cells or cell membranes, and enzyme inactivation also play 

important roles as mechanisms of microbial inactivation (Kamihira et al., 1987; Haas et 

al., 1989; Lin and Lin, 1993; Ballestra et al., 1996). For instance, Haas et al. (1989) 

showed that a 6 log bacterial number reduction was obtained following CO2 

pressurization compared to only a 2 log reduction for a control both in which its pH was 

reduced from 5.3 to 3.2. These results were subsequently confirmed by Ballestra et al. 

(1996) who also observed that the microbial destruction occurred in two stages during 

processing at 5 MPa for 15 min at 35 ˚C. In the first step, cells undergo a stress by 

pressurized carbon dioxide and in which a slower inactivation rate occurs when compared 

to the second step of microbial destruction where rapid inactivation occurs as a critical 

level of the gas is reached. The authors also noticed selective enzyme inactivation which 

was attributed as a result of the internal drop of pH during processing. Lin et al. (1994) 

also observed two inactivation stages when studying the effect of pressurized carbon 

dioxide on the viability of L. monocytogenes. These authors also observed that the pH 
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drop was not the only reason for microbial inactivation, but that the conversion of 

bicarbonate, formed from the dissociation of carbonic acid, into carbonate precipitates 

intracellular calcium and other ions resulting in cell malfunction and damage.  

The temperature, as well as the processing pressure, at which a food or beverage is 

processed significantly affects the efficiency of carbon dioxide processing as a non-

thermal pasteurization technique, since both parameters control the solubilization rate of 

CO2 and its solubility in a suspending medium (Erkman, 2000a; Erkman,2000b). For 

instance, Arreola et al. (1991b) achieved a 2-log decrease in total plate count during the 

pressurization of a single strength orange juice at 33 MPa and 35 ˚C for 1 h, while 

processing at 45 and 60 ˚C achieved the same reduction at 45 and 15 min, respectively. 

Authors also observed a decrease in D-values for microbial reduction at the same 

temperature when pressure was increased, and results were attributed due to the 

combination of high pressure, shear rate during depressurization of the juice, and the 

larger extent of carbon dioxide solubility. Erkmen (2000a, 2000b) also observed that the 

time to achieve complete inactivation of L. monocytogenes at 6.08 MPa CO2 and 25 ˚C 

was reduced from 115 min to 75 and 60 min at 35 and 45 °C, respectively. Similar results 

were observed by Ballestra et al. (1996) while studying the survival rates of E. coli in 

Ringers solutions and in which results were attributed to increments on the amounts of 

dissolved CO2. The later effect can be attributed to a higher CO2 absorption as the 

processing temperatures increases. Hong et al. (1999) reported that microbial inactivation 

by DP-CO2 is governed essentially by the transfer rate and the penetration of carbon 

dioxide into cells, the effectiveness of which can be improved by increasing pressure, 

decreasing the pH of the suspension, and increasing the processing temperature. 
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Temperature has a close relation with the characteristics of CO2 mass transfer and most 

likely higher temperatures stimulate the CO2 diffusivity into the microbial cell and could 

also increase the fluidity of the cell membrane to make the CO2 penetration more easy 

(Erkmen, 2001).  

Lin et al. (1994) along with Erkmen (2000a) and Wei et al. (1991) reported that not 

only processing conditions play an important role in microbial stability but also food 

components (i.e. fats, proteins), since they might reduce the bactereostatic effect of CO2 

by delaying its penetration into the cells. For instance, Wei et al. (1991) observed that 

SC-CO2 (13.7 MPa, 35 ˚C for 2 h) inactivated completely Salmonella in egg yolks, while 

processing of whole eggs only resulted in a 64% bacterial inactivation. Similar 

observations were observed by Erkman (2000a; 2000b; 2000c) in which inactivation of 

Staphylococcus aureus suspended in broth was achieved at lower pressures and shorter 

processing times when compared to that of raw milk. This effect was further 

demonstrated when comparing the protecting effect of certain food components on 

microbial survival rates in raw milk when compared to those of orange, peach and carrot 

juices. Other authors also have stated that the water content of foods significantly affects 

the efficacy of CO2 to inactivate microorganisms. Kamihira et al. (1987) observed that 

the sterilization of Koji, which contained baker’s yeast, E. coli, Staphylococcus aureus 

and conidia of Aspergillus niger, was achieved at 20 MPa and 35 ˚C when the water 

content of each microorganism was 70-90% (wet cells). However, when the water 

content was decreased to 2-10% (dry cells) an incomplete microbial inactivation was 

observed under the same processing conditions. The outcome of this study demonstrated 

that product sterilization depends on several factors including type of microorganism, 
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water content, and addition of co-solvent. Authors concluded that when the water content 

of a microbial suspension increases, the walls of the cell swell and thus carbon dioxide 

has a larger surface area of penetration and consequently has a larger effect on the 

microbial cell. In addition, when combined with water, carbon dioxide produces carbonic 

acid that affects cell permeability (Lin et al., 1994). Kumagai et al. (1997) also observed 

that a higher yeast inactivation is accomplished with higher water activities of foods and 

higher processing pressures due to their effects on CO2 adsorption in the yeast cells.  

Besides processing parameters (pressure, temperature, time, CO2 concentrations) 

and food composition, the presence of co-solvents (i.e. ethanol) also significantly affects 

microbial inactivation in the pressurized medium. The presence of these compounds 

modifies the rate of CO2 solubility and adsorption by modifying the critical temperature 

and pressure of the medium(Taylor, 1996). For instance, the addition of ethanol increases 

CO2 adsorption on surface sites during extraction of components and thus prevents the re-

adsorption of certain compounds (Clifford and Williams, 2000). 

Although the exact mechanism of the bacteriostatic action exerted by pressurized 

CO2 is not known several possible mechanisms have been reported and include (Daniels 

et al., 1984; Lin and Lin, 1993; Lin et al.; 1994; Wei et al., 1991; Ballestra et al., 1996; 

Erkmen, 1997;):  

• Reduced growth rate of aerobic bacteria due to the replacement of oxygen by 

CO2.  

• Formation of carbonic acid resulting on decreases in the cell’s pH and 

consequently affecting metabolic activities. 

• CO2 penetration into the cell which may enhance its chemical activity on the 

internal metabolic processes of the cell 
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• Increase in the cell membrane permeability by high pressure treatment causing 

cell leakage and damaging cell function  

• Protein denaturation stops the uptake of amino acids which are essential for cell 

growth and also affects the enzymatic systems of the cell. 

DP-CO2 and enzymatic inactivation 

Several studies have shown the effect of SC-CO2 and DP-CO2 on PME, PE, 

lipoxygenase (LOX), peroxidase (POD), and PPO in model and real food systems (Chen 

et al., 1992; Park et al., 2002; Corwin and Shellhammer, 2002; Boff et al., 2003;). For 

instance, Taniguchi et al. (1987) studied the effect of SC-CO2 on nine different enzymes 

at 20.3 MPa and 35 °C for 1 h, and authors showed that > 90% of the enzymatic activity 

was retained when the water content of the enzyme preparations was 5-7% wt. Chen et al. 

(1992) reported that PPO can be inactivated at low temperatures with SC-CO2; however, 

the degree of inhibition was dependent on the source of the enzyme. In this study, spiny 

lobster PPO was greatly inactivated followed by shrimp, potato, and lastly apple juice 

PPO. The circular dichroism spectra at far UV-range showed that SC-CO2 treatment 

caused conformational changes in the secondary structure of the enzymes, being source 

of marines enzymes (lobster and shrimp) the ones that underwent the most evident 

conformational changes. In the same study, the authors showed that SC-CO2 also 

inhibited orange juice PE where thermal inactivation was insignificant. Authors 

concluded that the extent of PE inactivation depended on pressure, temperature and time 

of processing. Overall results of the study showed that SC-CO2 processing was an 

effective non-thermal technology to reduce microbial loads and enzyme activity. Arreola 

(1990) studied the effect of SC-CO2 and HHP on the microbial stability and quality 

attributes of a single strength orange juice. The author used a batch system where the gas 

was allowed to mix in a closed vessel under high pressure at temperatures between 35 to 



34 

 

60 ˚C. Results of this study showed that this process was effective in destroying 

microorganisms and obtaining an acceptable product with improved cloud retention, 

despite residual PE activity (50%) was present following processing. Arreola et al. 

(1991b) also investigated PE activity and showed that its inactivation was affected by 

temperature, pressure and process time. Complete PE inactivation was achieved at 26.9 

MPa and 56 °C for 145 min. Boff et al. (2003) also investigated the effect of HHP and 

DP-CO2 on PME activity and the physiochemical properties of a single-strength 

Valencia orange juice following processing and during 4 months of storage at 4 and 30 

°C. Authors observed that although 28% of PME activity remained after processing this 

product had enhanced cloud stability and higher ascorbic acid retention when compared 

to HHP and thermally pasteurized samples. DP-CO2 produced a cloud-stable orange 

juice with more ascorbic acid and flavor volatiles than the thermally processed juice. 

Corwin and Shellhammer (2002) also compared the inactivation of PME and PPO by 

HHP and DP-CO2 at 25 and 50 ˚C. Authors observed that in the inactivation of PME, 

pressure was a significant factor at both processing temperatures and that CO2 was a 

significant factor in further inactivating PME beyond that which pressure would achieve 

alone. Authors observed the same trend but for PPO as HHP processing only reduced this 

enzymatic activity by 8-21% when compared to 44-79% inactivation for DP-CO2 

processed treatments. Park et al. (2002) observed that a combined treatment of 4.90 MPa 

of SC-CO2 and 600 MPa-HHP effectively inactivated enzymes in a carrot juice. The 

residual activities of PPO, LOX, PME in this study were less than 11.3%, 8.8%, and 

35.1%, respectively. The effect of SC-CO2 in LOX and POD activity was also been 

investigated by Tedjo et al. (2000) in 30% sucrose solutions. Authors observed that 
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application of SC-CO2 at 35.2 MPa and 40 °C for 15 min inactivated 35% of LOX 

activity, while pressurization at 62.1 MPa and 55 °C for 15 min inactivated 65% of POD 

activity. Total inactivation of LOX (10.3 MPa, 50 °C and 15 min) and POD (62.1 MPa, 

55 °C and 15 min) was achieved through SC-CO2 for unbuffered solutions. These 

authors also observed that by increasing the concentration of sucrose and buffering (pH 

range 4 to 9) the working solutions the enzymes increased their resistance for SC-CO2 

inactivation.  

Since the use of DP-CO2 processing has been shown to be a promising non-thermal 

process to inactivate microorganisms and enzymes it might be used as a novel technology 

to enhance phytochemical stability. However, its effect on anthocyanin and ascorbic acid 

stability is not widely known and, therefore, will be investigated in the present study. 

Moreover, the effect of DP-CO2 in the sensory attributes and quality retention of 

anthocyanin-containing juices following processing and during storage has not been 

investigated.  
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CHAPTER 3 
PHYTOCHEMICAL COMPOSITION AND PIGMENT STABILITY OF AÇAI 

(EUTERPE OLERACEA MART.) 

Introduction 

Açai (Euterpe oleracea Mart.) is a palm plant widely distributed in northern South 

America with its greatest occurrence and economic importance in the floodplains of the 

Brazilian Amazonian state of Pará (Muniz-Miriet et al., 1996; Silva et al., 1996; Murrieta 

et al., 1999;). Açai is a slender, multi-stemmed, monoecious palm that can reach a height 

of over 30 meters. A wide variety of marketable products are produced from this palm, 

but the spherical fruits that are mainly harvested from July to December are its most 

important edible product. Each palm tree produces from 3 to 4 bunches of fruit, each 

bunch having from 3-6 kg of fruit. The round-shaped fruits appear in green clusters when 

immature and ripen to a dark, purple colored fruit that ranges from 1.0-1.5 cm in 

diameter. The seed accounts for most of the fruit size and is covered by thin fibrous fibers 

under which is a small edible layer. A viscous juice is typically prepared by macerating 

the edible pulp that is approximately 2.4% protein and 5.9% lipid (Silva, 1996). The juice 

is currently used to produce energetic snack beverages, ice cream, jelly, liqueur, and is 

commonly blended with a variety of other juices.   

A steady increase in the development of natural food colorants and functional food 

sources has been observed in recent years, not only due to consumer preferences for 

natural pigments but also for their health-related benefits and nutraceutical properties 

(Frankel et al., 1995; Skrede et al., 2000; Meyer et al., 1997;). Anthocyanins are a viable 
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replacement for synthetic colorants due to their bright, attractive colors and water 

solubility, which allows their incorporation into a variety of food systems (Rodriguez-

Saona et al., 1999). However, limitations exist for their commercial application due to 

high raw material costs and their poor stability that is affected by their chemical structure, 

environmental factors, and the presence of additional phytochemicals in solution. Due to 

these constraints, a need exists to find stable, inexpensive anthocyanin pigments with a 

diverse array of functional properties food and nutraceutical applications.   

Anthocyanin intermolecular copigmentation reactions are common in nature and 

result from association between pigments and cofactors such as polyphenolics and/or 

metal ions, or other anthocyanins (self-association). Preferably formed under acidic 

conditions, these weak chemical associations can augment anthocyanin stability and 

increase antioxidant properties (Mazza and Brouillard, 1990; Boulton, 2001; Malien-

Aubert et al., 2001). Studies have suggested that the copigmentation phenomenon is the 

main anthocyanin stabilizing mechanism in plants (Mazza and Brouillard, 1990; Boulton, 

2001). Polyphenolics are the predominant cofactors present in anthocyanin-containing 

fruits and vegetables, and increased anthocyanin stability has been attributed to their high 

concentrations in foods (Mazza and Brouillard, 1990; Boulton, 2001; Malien-Aubert et 

al., 2001). Malien-Aubert et al. (2001) described how the diversity of polyphenolic 

compounds among different anthocyanins sources might affect anthocyanin stability, yet 

additional research on how these polyphenolics influence anthocyanin stability via 

copigmentation reactions has not been conducted. 

The objective of this study was to characterize the major polyphenolics and 

anthocyanins present in açai pulp, and to determine their contribution to the overall 
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antioxidant capacity of this palm fruit. Color and pigment stability against hydrogen 

peroxide, ascorbic acid, and the presence/absence of naturally occurring cofactors was 

also determined and compared to other commercially available anthocyanin sources. 

Results of these studies can be used to determine application and functional properties of 

açai polyphenolics in a variety of food products.   

Materials and Methods 

Materials  

 Pasteurized, frozen açai pulp was kindly donated by Amazon Energy, LLC 

(Greeley, CO) and was shipped overnight to the Department of Food Science and Human 

Nutrition at the University of Florida. The pulp was thawed, centrifuged (2,000 x g) at 4 

°C for 15 min to separate lipids from the aqueous slurry, and subsequently filtered 

through Whatman #1 filter paper. The aqueous portion was then partitioned into 

lipophilic and hydrophilic extracts by the addition of petroleum ether and acetone, 

respectively. The upper petroleum ether phase was removed and evaporated under a 

gentle stream of nitrogen and re-dissolved in a known volume of acetone and ethanol 

(1:1). Acetone was removed from the lower aqueous phase under reduced pressure at 

temperatures <40 °C, and the resultant fraction containing hydrophilic compounds was 

diluted to a known volume with acidified water (0.1% HCl). Polyphenolics from the 

aqueous phase were subsequently concentrated using C18 Sep-Pak Vac 20 cc mini-

columns (Waters Corporation, Mass. U.S.A.). Residual sugars and organic acids were 

removed with water (0.01% HCl), and polyphenolic compounds recovered with acidified 

methanol (0.01% HCl). Methanol was removed from the polyphenolic fraction using 

vacuum evaporation at <40 °C, and the resulting isolate was re-dissolved in a known 

volume of acidified water. 
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 Commercially available anthocyanin extracts from black carrot (Daucus carota; 

Exberry, Tarrytown, NY), red cabbage (Brassica oleracea) (Exberry), red grape (Vitis 

vinifera) (San Joaquin Valley Concentrates, Fresno, CA), purple sweet potato (Ipomea 

batata) (Food Ingredients Solutions, New York, NY), and a non-commercial extract from 

red hibiscus flowers (Hibiscus sabdariffa) were used for color stability evaluation. Each 

pigment source was dissolved in citric acid buffer (pH 3.5; 0.1 M), and polar compounds 

removed with C18 columns as previously described. Color and anthocyanin stability were 

then assessed against açai for comparison.  

Color Stability 

Anthocyanin color stability of each pigment source was assessed in the presence of 

hydrogen peroxide (0 and 30 mmol/L) at 10, 20, and 30 °C, respectively. Stock solutions 

of each anthocyanin source were diluted with citric acid buffer (pH 3.5) to give a final 

absorbance value of 1.5 at their respective wavelength of maximum absorbance. Samples 

were placed into a water bath or refrigerated storage and allowed to reach the desired 

temperature at which a hydrogen peroxide solution was added. Loss of absorbance was 

measured periodically over time and percent color retention calculated as a percentage of 

the initial absorbance reading. Insignificant changes in absorbance values were observed 

for control treatments (no hydrogen peroxide) over 360 minutes of incubation.  

Effect of Copigmentation 

The effect of naturally occurring intermolecular copigmentation on anthocyanin 

stability in the presence and absence of ascorbic acid was also evaluated using in vitro 

model systems. Naturally occurring cofactors were removed by additionally loading each 

anthocyanin source onto C18 cartridges as previously described. Following elution of 

polar compounds with water, the cartridge was first washed with ethyl acetate to elute 
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phenolic acids and flavonoids, followed by acidified methanol to remove anthocyanins. 

Ethyl acetate and methanol isolates were then evaporated under vacuum at <40 °C, and 

re-dissolved in a known volume of citric acid buffer. Anthocyanin recovery was >96% 

for all sources. Anthocyanin color stability was evaluated using an in vitro model 

simulating a soft drink beverage system that contained anthocyanins (absorbance value of 

1.5) dissolved in citric acid buffer, sucrose (100 g/L), and sodium azide (50 mg/L) to 

control microbial growth. Stock solutions were sub-divided and evaluated with and 

without polyphenolic cofactors, and again sub-divided for evaluation with and without 

ascorbic acid (450 mg/L). Data were compared to a control that contained an equivalent 

volume of citric acid buffer. Each treatment was individually sealed into screw-cap vials 

(10 mL), and stored in the dark at 37 °C for 30 days. Samples were collected every day 

during the first 8 days of the study, and subsequently every other day until the end of the 

study.   

Phytochemical Analyses 

Individual anthocyanin 3-glycosides present in açai were quantified according to 

the HPLC conditions of Skrede et al. (2000) using a Dionex HPLC system and a PDA 

100 detector. Compounds were separated on a 250 x 4.6 mm Supelcosil LC-18 column 

(Supelco, Bellefonte, PA) and quantified using a cyanidin standard (Polyphenols 

Laboratories AS, Sandnes, Norway). Anthocyanins were also characterized based on 

PDA spectral interpretation from 200-600 nm, and identification additionally confirmed 

following acid hydrolysis into their respective aglycones with 2N HCl in 50% v/v 

methanol for 60 min at 90 °C.  

Major flavonoids and phenolic acids present in açai were separated by HPLC using 

modified chromatographic conditions of Talcott et al. (2001). Separations were 
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performed on a 250 mm X 4.6 mm i.d. Acclaim 120-C18 column (Dionex, Sunnyvale, 

CA) with a C18 guard column. Mobile phases consisted of water (phase A) and 60% 

methanol (phase B) both adjusted to pH 2.4 with o-phosphoric acid. A gradient solvent 

program ran phase B from 0 to 30% in 3 min; 30-50% in 5 min; 50-70% in 17 min; 70-

80% in 5 min; and 80-100% in 5 min, and held for 10 min at a flow rate of 0.8 mL/min. 

Polyphenolics were identified by spectroscopic interpretation, retention time, and 

comparison to authentic standards (Sigma Chemical Co., St. Louis, MO). 

Six isolates were obtained from the extraction of açai pulp that included whole 

pulp, lipophilic fraction, C18 non-retained, C18 bound phenolics and anthocyanins, ethyl-

acetate soluble polyphenolics, and anthocyanins. Each fraction was evaluated for 

antioxidant capacity using the oxygen radical absorbance capacity assay against a 

standard of Trolox as described by Talcott et al. (2003b). Each isolate was appropriately 

diluted in pH 7.0 phosphate buffer prior to pipetting into a 96-well microplate with 

corrections made for background interference due to phosphate buffer and/or extraction 

solvents.  

Anthocyanin content in each in vivo model system was determined with the pH 

differential method of Wrolstad (1976) and quantified using equivalents of the 

predominant anthocyanin present (cyanidin 3-glucoside for açai and hibiscus; cyanidin 3-

sophoroside for black carrot and red cabbage; malvidin 3-glucoside for red grape; 

pelargonidin 3-rutinoside for purple sweet potato) (Malien-Aubert et al., 2001; Wrolstad, 

1976; Hong and Wrolstad, 1990). Percentage of polymeric anthocyanins was determined 

based on color retention in the presence of potassium metabisulfite (Wrolstad, 1976), 
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while instrumental CIE color characteristics (chroma, and hue angle) were measured 

using a Minolta Chroma Meter CR-300 Series (Minolta Co., Ltd., Osaka, Japan).  

Statistical Analysis 

Anthocyanin stability against hydrogen peroxide was designed as a 6 x 2 x 3 full 

factorial that included six anthocyanin sources, two hydrogen peroxide concentrations, 

evaluated at three temperatures. Anthocyanin stability in the presence of cofactors and 

ascorbic acid was designed as a 6 x 2 x 2 full factorial that included six anthocyanin 

sources, two ascorbic acid levels, in the presence or absence of native cofactors. Data for 

these evaluations and those for açai characterization represent the mean of three 

replicates at each sampling point. Multiple linear regression, analysis of variance, and 

Pearson correlations were conducted using JMP software (SAS, Cary, NC) and mean 

separation using the LSD test (P < 0.05). 

Results and Discussion 

Anthocyanin and Polyphenolic Characterization 

Due to recurrent issues associated with the instability of anthocyanins during 

processing and storage, the food industry is constantly looking for novel, inexpensive and 

stable sources of pigments. Anthocyanins present in açai may offer a new source of these 

pigments, however their stability has yet to be determined. Furthermore, the 

characterization of the major polyphenolic compounds in açai and their overall 

contribution to the antioxidant capacity has not been previously investigated. Therefore, 

this study examined the polyphenolic composition and the anthocyanin stability of açai 

under a variety of experimental conditions as compared to other commercially available 

anthocyanin sources.  
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Figure 3-1. HPLC chromatogram of A. anthocyanin 3-glucosides monitored at 520 nm 
(Peak assignments: 1. cyanidin 3-glucoside; 2. pelargonidin 3-glucoside) and 
their B. aglycones (Peak assignments: 3. cyanidin; 4. pelargonidin) present in 
açai (Euterpe oleracea Mart.).  

 
 
 
 
 

 

 

 

 

 

 

 
Figure 3-2. HPLC chromatogram of A. phenolic acids monitored at 280 nm and B. 

flavonoids monitored at 360 nm present in açai (Euterpe oleracea Mart.).  
Peak assignments: 1. gallic acid; 2. p-coumaric acid; 3. protocatechuic acid; 4. 
(+)-catechin; 5. p-hydroxybenzoic acid; 6. vanillic acid; 7. gallic acid 
derivative-2; 8. gallic acid derivative-5; 9. gallic acid derivative-3; 10. gallic 
acid derivative-1; 11. ferulic acid; 12. (-)-epicatechin; 13. gallic acid 
derivative-4; 14. ellagic acid; 15. ellagic acid derivative. 
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Figure 3-1 shows a typical HPLC chromatogram of anthocyanin 3-glycosides 

extracted from açai that when hydrolyzed yielded cyanidin (1,040 mg/L pulp) and 

pelargonidin (74 mg/L pulp) as the only compounds detected. Spectroscopic analysis 

before and after acid hydrolysis confirmed the presence of each anthocyanidin and 

tentative identification of a monoglycoside attached to the C-3 position, presumably a 

glucose derivative, was made based on A440/Amax ratios (~33%) as described by Hong and 

Wrolstad (1990). Presence of hydroxy-substituted aromatic acids attached to the 

glycoside (acylated moieties) was not found for either compound, as shown by the 

absence of their typical absorption spectrum in the 310-340 nm range.   

The predominant polyphenolics present in açai pulp were ferulic acid > epicatechin 

> p-hydroxy benzoic acid > gallic acid > protocatechuic acid > (+)-catechin > ellagic acid 

> vanillic acid > p-coumaric acid at concentrations that ranged from 17 to 212 mg/L as 

reported in Table 3-1. Additionally, five compounds were identified with spectroscopic 

characteristics comparable with gallic acid and were tentatively identified as gallotannins, 

while one compound shared spectroscopy similarities with ellagic acid and was 

tentatively identified as an ellagic acid glycoside (Table 3-1; Figure 3-2). Additional 

confirmation of these compounds was made following acid hydrolysis, as these 

compounds were no longer detected and a corresponding increase in either gallic acid or 

ellagic acid concentrations was observed.  

 
Antioxidant Capacity  

Açai pulp was found to have a relatively high antioxidant content (48.6 µmol 

Trolox equivalents/mL) with respect to other anthocyanin-rich fruits such as highbush 

blueberries (4.6- 31.1 µmol TE/g) (Ehlenfeldt and Prior, 2001), strawberries (18.3-22.9) 
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(Kalt et al., 1999), raspberries (19.2-22.6) (Kalt et al., 1999), blackberries (13.7-25.1) 

(Wang and Lin, 2000), cranberries (8.20-145) (Wang and Stretch, 2001), and muscadine 

grape juice (18.2-26.7) (Talcott et al., 2003). 

 
Table 3-1. Anthocyanin and polyphenolic content (mg/L fresh pulp) of açai (Euterpe 

oleracea Mart.). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fractionation of açai phytochemicals based on solubility and affinity characteristics 

was conducted to determine the distribution of antioxidant compounds among the 

isolates. Similar antioxidant content was observed for the whole pulp, C18 retained 

phenolics (phenolic acids and anthocyanins), and the anthocyanins alone while ethyl 

acetate-soluble phenolics, the liphophilic, and C18 non-retained isolates had appreciably 

Polyphenolic  Content  
(mg/ L fresh pulp) 

Cyanidin 3-glucoside  1,040 ± 58.2 
Pelargonidin 3-glucoside  74.4 ± 2.90 
Ferulic acid  212 ± 5.29 
(-)-Epicatechin  129 ± 3.28 
p-Hydroxy benzoic acid  80.5 ± 2.00 
Gallic acid  64.5 ± 1.64 
Protocatechuic acid  64.4 ± 1.64 
(+)-Catechin  60.8 ± 0.98 
Ellagic acid  55.4 ± 1.39 
Vanillic acid  33.2 ± 1.39 
p-Coumaric acid  17.1 ± 1.23 
Gallic acid derivative-1  47.3 ± 1.40 
Gallic acid derivative-2  18.4 ± 0.89 
Gallic acid derivative-3  17.3 ± 1.25 
Gallic acid derivative-4  13.3 ± 0.96 
Gallic acid derivative-5  3.9 ± 0.18 
Ellagic acid derivative  19.5 ± 0.40 
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lower contributions to the total antioxidant content (44, 8, and 1.2%, respectively) (Figure 

3-3). Results indicated that when ethyl acetate-soluble phenolics and anthocyanin 

fractions were evaluated alone for antioxidant capacity, their sum was higher that values 

obtained for the total C18 bound polyphenolics. Although these fractions were not 

recombined again for analysis, there is indication that physical and/or chemical 

interactions among constituents in these fractions unfavorably impacted radical-

scavenging properties. Previous studies have demonstrated antagonistic interactions 

between polyphenolics such as quercetin and caffeic acid (Howard et al., 2000), or 

cyanidin in combination with catechin and ellagic acid (Meyer et al., 1998) all of which 

are present in açai. However, the effectiveness of an antioxidant compound is generally 

dependent on the polarity of the testing system, the nature of the radical, and type of 

substrate protected by the antioxidant (Prior et al., 2003). The diversity of antioxidant 

polyphenolics present in açai create a complex matrix from which evaluations can be 

made, but it was apparent that anthocyanins were the predominate contributors to the 

antioxidant capacity and their presence with other polyphenolics resulted in an 

underestimation of the overall antioxidant capacity of açai pulp.     

 

Color Stability as Affected by Hydrogen Peroxide and Temperature 

The anthocyanin color stability of açai was assessed spectrophotometrically in the 

presence of hydrogen peroxide (0 and 30 mmol/L) at 10, 20, and 30 °C, and compared to 

the five other anthocyanins sources. Regression analysis was used to determine adequacy 

of the model describing kinetics of color degradation over time, and confirmed that 

degradation rates followed first order kinetics (P<0.05) in agreement with previous 

reports (Ozkan et al., 2002; Taoukis et al., 1997). Degradation rate constants (β1) and half 
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life (t1/2) values of anthocyanin color were calculated according to Taoukis et al. (1997): 

ln At / Ao = - β1 * time, and t1/2 = ln 0.5 / β1; where Ao is the initial absorbance value, and 

At is the absorbance value at a given time. Increments in storage temperature allowed for 

calculation of a temperature quotient (Q10) for each anthocyanin source (Ozkan et al., 

2002), which is presented in Table 3-2.   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-3. Antioxidant capacity of different phytochemical fractions (whole pulp, 

liphophilic extract, C18 bound polyphenolics, ethyl acetate-soluble phenolics, 
anthocyanins, and C18 non-retained) of açai (Euterpe oleracea Mart.). Bars 
represent standard error of the mean (n=6). Antioxidant capacity quantified 
using Trolox equivalents (TE).  
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Table 3-2. The effect of hydrogen peroxide (30 mmol/L) and temperature on kinetic 
parameters of color degradation for different anthocyanin sources. 

 

   β1 
1    t1/2 

2         Q10 
3  

Pigment  10 °C 20 °C 30 °C  10 °C 20 °C 30 °C  10-20 °C  20-30 °C

Açai  7.7 11.3 13.9      90 c4  61 c   50 c  1.5 1.2 

Hibiscus  6.3 9.8 11.7    110 b  71 b   59 b  1.6 1.2 

Purple Potato  5.8 9.5 12.4    120 b  73 b   56 b  1.6 1.3 

Black Carrot  8.7 14.4 18.7      80 d  48 d  37 d  1.7 1.3 

Red Cabbage  8.4 12.5 15.9      83 d   55 c  44 d  1.5 1.3 

Red Grape  2.2 4.2 5.6    315 a 165 a 124 a  1.9 1.3 
 

1Reaction rate constant (β1 * 103, min-1). 2Half-life (min) of initial absorbance value for 
each pigment source. 3Temperature dependence quotients of color degradation as affected 
by increments in reaction temperature from 10 to 20 °C, and 20 to 30 °C, respectively. 
4Values with similar letters within columns of each reaction temperature are not 
significantly different (LSD test, P<0.05).  

 

Compared to açai and the other anthocyanin sources, greater color stability (t1/2) 

was observed for red grape anthocyanins, results that were attributed to their high 

polymeric anthocyanin content (Table 3-3). The predominantly acylated anthocyanins 

from black carrot and red cabbage displayed reduced color stability at each temperature 

when compared to the non-acylated açai and hibiscus anthocyanins and to the acylated 

anthocyanins from purple sweet potato. Differences in half-life values (Y) between red 

grape and other anthocyanin sources increased linearly with reaction temperature (Y= 

m*Temperature, R2=0.99), with similar values obtained for these differences for hibiscus, 

purple potato, and açai (m=0.135), and more pronounced for red cabbage and black carrot 

(m=0.2). Increasing the reaction temperature from 10 to 20 °C significantly increased 

color degradation (Q10 ~ 1.6) for all sources except red grape, were a 1.9-fold increase 

was observed. This was in contrast to the relatively slower rate of color loss (Q10 = 1.3) 
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observed for all the anthocyanin sources when the reaction temperature was increased 

from 20 to 30 °C. 

Rates of anthocyanin degradation during storage significantly varied among 

sources and likely occurred due to factors such as varying molar ratios between reactants 

(anthocyanins and/or polyphenolics with peroxide), non-anthocyanin polyphenolic 

concentration, secondary free radical formation, or other oxidative reactions such as o-

quinone formation involving phenolics and anthocyanins (Boulton, 2001; Ozkan et al., 

2002; Talcott et al., 2003a). Results of this study indicate that acylated anthocyanins were 

not more stable than their non-acylated counterparts in the presence of hydrogen 

peroxide. This observation may have been influenced by the presence of additional non-

anthocyanin polyphenolics in solution, emphasizing the importance of conducting color 

stability evaluations with pigment sources used industrially. These polyphenolics also 

form copigment complexes with anthocyanins, resulting in a more intense color that may 

be several folds higher in color intensity due to hyperchromic and bathochromic 

spectroscopic shifts. Therefore, color comparisons among diverse pigments sources are 

difficult since molar ratios between reactants (hydrogen peroxide and anthocyanins) vary 

between sources for a given color intensity. Despite these varying ratios, industrial use of 

anthocyanins is based on color shade and intensity and their relative color stability under 

oxidizing conditions is very important for many food and beverage applications.   

Color Stability in the Presence of Ascorbic Acid and Natural Cofactors 

A primary concern regarding the use of anthocyanins in the food industry is their 

inherent instability during processing and storage. Moreover, a growing trend in the food 

industry is to fortify juices with various phytonutrients for both quality and health-

promoting benefits. Ascorbic acid is among the most common fortificants used for this 
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purpose; however, when present together with anthocyanins, their combination will lead 

to mutual degradation that causes the loss of nutrients and color stability during 

processing and storage. Therefore a need exists to find an inexpensive and stable 

anthocyanin pigment that possesses a diversity of functional properties for food and 

nutraceutical applications. The stability of açai anthocyanins was evaluated in the 

presence of ascorbic acid (0 and 450 mg/L) under accelerated storage conditions (37°C) 

using an in vitro model system as compared to those of other common anthocyanin 

sources (hibiscus, black carrot, red cabbage, red grape, and purple sweet potato). A 

further examination of how naturally occurring cofactors affect color stability within a 

given pigment source was also investigated. 

Differences in spectroscopic properties and color attributes among in vitro juice 

model systems prepared with the six anthocyanin sources were initially observed (Table 

3-3). Despite model systems with the same initial color value (absorbance value of 1.5), 

color differences were apparent and due to the diversity of ring substitutions (hydroxy, 

sugar, or acyl-linked organic acids) among sources. As previously discussed, the nature 

of polyphenolic cofactors and their relative molar ratio to anthocyanin concentration were 

also influential on color characteristics of each source. Isolation of polyphenolic cofactors 

revealed not only the appreciable difference in color exhibited by each pigment, but also 

their specific role in anthocyanin stability. Red grape anthocyanins had the largest 

hyperchromic shift (49%), followed by purple potato (35%), hibiscus and black carrot 

(19.5% on average), and açai and red cabbage (7% on average) due to the presence of 

these native cofactors with a slight bathochromic shift in wavelength observed for açai 
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and red grape anthocyanins. These spectroscopic features translated into a more intense 

colored solution and were influential on overall color stability.   

 
Table 3-3. Percent monomeric anthocyanins and CIE color attributes of a juice model 

system (pH 3.5, 100 mg/L sucrose) prepared with different pigment sources, 
along with their correspondent hyperchromic and bathochromic shifts due to 
the presence of naturally occurring polyphenolic cofactors.   

 

Pigment % Monomeric 
anthocyanins 

  
Chroma

 
Hue λmax

1 
Hyperchromic 

shift 2  
 Bathochromic 

shift 2 
Acai         76.2  c3  20.1 18.2 515 nm 6%  1 nm 
Hibiscus 80.3 b  31.2 35.2 521 nm 19%  0 nm 
Purple Potato 77.5 c  23.1 13.6 526 nm 35%  0 nm 
Black Carrot 77.8 c  22.9 10.2 521 nm 20%  0 nm 
Red Cabbage 92.2 a  19.8 -13.9 526 nm 8%  0 nm 
Red Grape 58.1 d  17.2 6.1 528 nm 49%  2 nm 

 

1Wavelength of maximum absorption for each pigment source. 2Difference in absorbance 
between anthocyanin solutions with and without naturally occurring polyphenolic 
cofactors. 3Values with similar letters within columns of each reaction temperature are 
not significantly different (LSD test, P<0.05). 

 

Results from objective color analysis concluded that chroma values only differed 

slightly within anthocyanin sources in accordance with those observed in previous studies 

(Stintzing et al., 2002; Giusti and Wrolstad, 2003), except for hibiscus, which had an 

appreciably higher value than other sources. Hue angles significantly differed among 

pigment sources due to various ring substitutions and were generally lower for acylated 

anthocyanins (Table 3-3), giving the later anthocyanins a characteristic intense purple 

color in solution that corresponded to their longer wavelength of maximum absorbance. 

Red grape anthocyanins were a notable exception due to its high polymeric anthocyanin 

content in relation to the other sources. Polymeric anthocyanins typically have greater 

color stability over their monomeric counterparts (Es-Safi et al., 2002; Malien-Aubert et 
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al., 2002; Mateus et al., 2003) and the high content in red grape (58%) appreciably 

influenced its color stability during storage. The red grape extract used in this study was 

obtained as a by-product of the wine industry, and may contain anthocyanins 

polymerized with oligomeric flavanols and/or acetaldehyde (Es-Safi et al., 1999; Eiro and 

Heinonen, 2002; Es-Safi et al., 2002; Mateus et al., 2003;) which gives this extract 

remarkable color and storage stability.  

 
Table 3-4. The effect of ascorbic acid (0 and 450 mg/L) and naturally occurring 

polyphenolic cofactors (presence or absence) on kinetic parameters of 
anthocyanin degradation during storage at 37 °C of in vitro models systems 
(pH 3.5, 100 mg/L sucrose) prepared with different pigment sources.  

 
  No Ascorbic Acid 

 Ascorbic Acid (450 mg/L) 

  With  Cofactors 
 No Cofactors With  Cofactors  No Cofactors

Pigment  β1
1

 t1/2 
2  β1

 t1/2 β1 t1/2  β1 t1/2 

Acai  1.8    385 d3  2.2     319 d*4  55 13 d  49   14 c* 
Hibiscus  2.2    315 e  5.3     131 f*  19 37 c  60    11 c* 
Purple Potato  0.8    866 b  2.0     355 c*  18 38 c  52     13 c* 
Black Carrot  1.3   533 c  1.4     486 b*  52 13 d  60     12 e* 
Red Cabbage  0.3 2,450 a  0.6  1,150 a*  14 50 b  34     20 b* 
Red Grape  1.3    533 c  2.9     243 e* 

 
11 62 a 

 
23     30 a* 

1Reaction rate constants (β1 * 103, hours-1). 2Half-life (hours) of initial anthocyanin 
content. 3Values with similar letters within columns are not significantly different (LSD 
test, P<0.05). 4Means with an asterisk (*) for each pigment source indicate a significant 
effect (LSD test, P<0.05) due to presence of naturally occurring cofactors when 
compared to the same treatment with an equivalent ascorbic acid content.  

 
Regression analysis found that anthocyanins under the accelerated storage 

conditions of the in vitro models, with and without native cofactors, followed first order 

kinetics (P<0.05). Kinetic parameters were calculated as previously described, with 

anthocyanin content used as the independent variable. Acylated anthocyanin sources 

along with those from red grape were found to be more stable than their non-acylated 
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counterparts, independent of ascorbic acid content. Naturally occurring cofactors were 

shown to be key elements to decrease anthocyanin degradation during storage, an effect 

that was more pronounced for non-acylated anthocyanin sources.   

Half-life evaluation of pigment stability revealed that acylated anthocyanin sources 

generally had increased stability (t1/2 >823 h) with respect to non-acylated sources in the 

absence of ascorbic acid. A notable exception was black carrot anthocyanins (t1/2 =515 h), 

which showed reduced stability with respect to that of non-acylated red grape 

anthocyanins (t1/2 =540 h). By comparison, the red grape anthocyanins had reduced 

stability in the absence of ascorbic acid, especially in relation to the high stability 

observed against hydrogen peroxide, yet in the presence of ascorbic acid the stability was 

again the highest among anthocyanin sources. Red grape anthocyanins (t1/2 = 62 h) were 

the most stable compounds in the presence of ascorbic acid followed by red cabbage (t1/2 

=50 h), hibiscus and purple potato (t1/2 =37 h), and lastly açai and black carrot (t1/2 =13 h).   

Overall, anthocyanin degradation was significantly increased in the presence of 

ascorbic acid as compared to non-fortified controls, generally having a more pronounced 

effect on acylated anthocyanin sources (40 to 46-fold) than for non-acylated sources (8.4 

to 30-fold). A notable exception was purple potato anthocyanins, where ascorbic acid 

increased color degradation by 23-fold. Red grape and hibiscus anthocyanins exhibited 

the smallest change with only a 8-fold increase in degradation rates. Naturally occurring 

polyphenolic cofactors were found to significantly increase anthocyanin retention by up 

to 2.4-fold in the absence of ascorbic acid, an effect that was less pronounced for açai 

(1.2-fold) and black carrot (1.1-fold) anthocyanins. A similar protective effect conferred 

by intermolecular copigmentation was observed in the presence of ascorbic acid for black 
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carrot, açai and red grape, yet additional increments in this protective effect was observed 

for hibiscus (+0.9-fold) and both purple potato and red cabbage (+0.4-fold).  

The increased stability of acylated anthocyanins with respect to non-acylated 

pigment sources was likely related to the natural synthesis of acylated organic acids and 

diversity of glycosidic linkages in relation to these acylated moieties (Rodriguez-Saona et 

al., 1999; Boulton, 2001; Giusti and Wrolstad, 2003;). The aromatic or aliphatic acyl 

groups covalently bound to these anthocyanins were shown to stack on the planar, 

polarizable nuclei of the anthocyanin, protecting the pyrylium nucleus from the 

nucleophilic attack of water at carbon 2 (Rodriguez-Saona et al., 1999; Boulton, 2001). 

Red cabbage and purple potato extracts typically contain cinnamic acid derivatives 

diacylated to their anthocyanins that can simultaneously stack on both faces of the 

anthocyanin chromophore in a sandwich-type complex and thus offer greater color 

stability, while black carrots contain only monoacylated moieties that can only protect 

one face of the pyrylium ring (Mazza and Brouillard, 1990; Rodriguez-Saona et al., 1999; 

Boulton, 2001; Malien-Aubert et al., 2001; Stintzing et al., 2002; Es-Safi et al., 2002; 

Giusti and Wrolstad, 2003). The observed differences in stability between the various 

sources of acylated anthocyanins in this study were likely related to the nature, number, 

and position of these substitutions. 

For a given set of pH conditions, intramolecular copigmentation exerts a protective 

effect against anthocyanin degradation by keeping a larger proportion in their flavylium 

ion forms. Consequently, formation of intermolecular complexes will also take place with 

these acylated anthocyanins and thus give an additional protective effect against color 

degradation. Results of this study also demonstrated and confirmed that both forms of 
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copigmentation (intra- and intermolecular) cooperatively acted to prevent anthocyanin 

color degradation, as demonstrated by similar pigment half-life values (12.5 days) in 

black carrot and purple potato after removal of naturally occurring cofactors.  

The stabilization effect conferred by intermolecular copigmentation has been 

attributed to hydrophobic interactions between anthocyanins and polyphenolic 

compounds, consequently protecting the pigment from further polymerization and 

degradation reactions (Mazza and Brouillard, 1990; Rodriguez-Saona et al., 1999; Es-

Safi et al., 1999; Boulton, 2001; Eiro and Heinonen, 2002; Es-Safi et al., 2002;). Previous 

studies have shown that not only ascorbic acid but also its degradation by-products, 

including those from carbohydrates such as furfural and other aldehydes, can participate 

in anthocyanin degradation during processing or storage (Eiro and Heinonen, 2002). 

Intermolecular copigmentation exerts a protective effect on anthocyanin degradation as 

cofactors compete with anthocyanins and preferentially react in the condensation 

reactions (Es-Safi et al., 1999; Malien-Aubert et al., 2001; Es-Safi et al., 2002). The 

increased protection observed for a specific pigment source due to the presence of 

cofactors is most likely related to the type, and content of polyphenolics present, as a 

higher copigment/pigment molar ratio could have occurred for a determined source. 

Moreover, specific polyphenolics or classifications of polyphenolics are more likely to 

form stable intermolecular complexes with anthocyanins than others (Boulton, 2001; 

Malien-Aubert et al., 2001;; Eiro and Heinonen, 2002).   

Conclusion 

  Characterization of the major polyphenolic compounds present in açai and their 

contribution to the antioxidant capacity was determined for the first time. The effect of 

exogenously added cofactors on color enhancement and stability was previously 
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evaluated in many food systems containing isolated anthocyanins, model juices, and 

wine, yet the effect of naturally occurring cofactors on color stability was not previously 

investigated prior to this study. The stability of açai anthocyanins as a new source of 

anthocyanin pigments was also established and can be used to determine application and 

functional properties of açai in a variety of food and nutraceutical products.   
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CHAPTER 4 
STABILITY OF COPIGMENTED ANTHOCYANINS AND ASCORBIC ACID IN 

MUSCADINE GRAPE JUICE PROCESSED BY HIGH HYDROSTATIC PRESSURE 

Introduction  

Muscadine grapes (Vitis rotundifolia) are the predominant grape variety grown in 

the southern U.S. with excellent potential for commercial expansion and value-added 

development. Deleterious changes in color and phytochemicals appreciably affect 

muscadine grape products during processing and storage, as they do with other 

anthocyanin containing juices, and are an impediment to future market development. 

Processing technologies and/or strategies that could substantially improve quality 

attributes of these products are consequently vital for the economic growth of this crop. 

High hydrostatic pressure (HHP) is a promising alternative to traditional thermal 

pasteurization technologies and may lessen detrimental effects to thermolabile 

phytonutrients (Gomez et al., 1996; Sun et al., 2002; Poei-Langston and Wrolstad, 1981). 

However, a downside of this technology is the presence and/or activation of residual 

enzymes, such as polyphenol oxidase (PPO), lipoxygenase, and peroxidase, during 

processing and storage, which may be partially responsible for oxidative degradation 

reactions. Quality and phytochemical deterioration due to enzyme action may be further 

complicated due to interactions between anthocyanins and ascorbic acid, when the latter 

compound is present in the juice or is externally added, resulting in their mutual 

destruction (Poei-Langston and Wrolstad, 1981; Garcia-Viguera and Bridle, 1999 Garzon 

and Wrolstad, 2002).  
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A previous study with HHP and muscadine grape juice demonstrated that 

phytochemical losses caused by processing were presumably due to the activation of 

residual oxidases during juice extraction and/or autoxidative mechanisms resulting in co-

oxidation of anthocyanins and ascorbic acid (Talcott et al., 2003a). Their study utilized a 

commercially available polyphenolic extract from rosemary aimed to reduce 

phytonutrient degradation through copigmentation, yet the overall quality of the juice was 

adversely impacted presumably due to copious amounts of additional polyphenolics 

present in the extract that were substrates for oxidative enzymes. A goal of the current 

study was to confirm the role of enzymes in phytonutrient degradation during HHP 

processing and to establish a potential remediation strategy using partially purified 

anthocyanin cofactors from two plant sources. Addition of individual polyphenolic 

cofactors has been reported to increase anthocyanin stability during processing and 

storage (Malien-Aubert et al., 2001; Eiro and Heinonen, 2002), and their effectiveness in 

forming intermolecular linkages with anthocyanins has been linked to their specific 

structure and concentration. However, the use of individual polyphenolic cofactors may 

not be a feasible option for the food industry and thus there is a need for a concentrated 

source of mixed anthocyanin stabilizing agents from natural sources. Evaluation of the 

effect of copigment addition during processing and storage regimes, especially in the 

presence of residual oxidase enzymes, is important for determining their efficacy in 

preventing phytonutrient degradation and their interaction with other food components.   

The objective of this study was to assess the phytochemical stability of muscadine 

grape juice (Vitis rotundifolia) processed by HHP and fortified with ascorbic acid. The 

effect of exogenously added polyphenolic cofactors purified from rosemary (Rosmarinus 
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officinalis) and thyme (Thymus vulgaris) was also investigated as a means to improve 

overall phytochemical stability. The role of residual PPO activity was also investigated to 

gain knowledge on the mode of deterioration and potential solutions for increased storage 

stability of fruit juices containing anthocyanins.  

Materials and Methods 

Materials and Processing 

PPO activity during juice extraction   

Muscadine grapes (cv. Noble) were obtained from a local grower in central Florida 

and held frozen (-20ºC) until needed. Grapes were rapidly thawed by placing them under 

running tap water and hand-sorted for uniformity of ripeness. Response Surface 

Methodology (RSM) was used to determine the initial PPO activity of muscadine grape 

juice under different manual juice extraction procedures (0-24 min, 46-74 °C). PPO 

activity and browning index (BI) were used as the dependent variables in the 

experimental design that was repeated two times, and each study required 11 experiments 

with 4 factorial points and 4 star points to form a central composite design, and 3 center 

points for replication (Kim et al., 2001). Experimental data were analyzed by regression 

analysis to determine the adequacy of the mathematical models. The RSM models were 

used to select the juice extraction conditions for the subsequent study that investigated 

the HHP-induced PPO activation. Residual PPO activity in the juice was determined 

according to a modified polarographic method described by Kader et al. (1997) using a 

YSI 5300 oxygen monitor (Yellow Springs, OH) equipped with a Clark-type electrode in 

a 3.1 mL jacketed cell at 35 °C. The reaction was started when 0.2 mL of 0.12M catechin 

was added to 2.8 mL of grape juice mixed with 1 mL of 0.1M phosphate buffer at pH 3.5. 

The assay was carried out in air-saturated solutions agitated with a magnetic stirrer and 
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the electrode calibrated using air-saturated water (230 nmol O2 / ml H2O). Enzymatic 

activity was determined from the linear portion of the oxygen consumption curve, 

reported as nmoles of oxygen consumed per second (nkat), and expressed as a percentage 

of the control juice (100% activity) that was extracted at 25 °C without a heating time-

temperature regime. BI was used as an indirect method to monitor anthocyanin 

degradation during the different juice extraction procedures and was calculated as the 

ratio of absorbance values obtained at 420 and 520 nm (Buglione and Lozano, 2001).   

Juice extraction and processing 

Rosemary (Rosmarinus officinalis L.) and thyme (Thymus vulgaris L.) were 

obtained from a local market and the biomass exhaustively extracted with water at 90 °C 

for 8 hours. The resulting dark brown liquid was adjusted to pH 2.0 with 1M HCl and 

centrifuged at 17,000 rpm for 15 min to remove insoluble matter. Polyphenolics were 

subsequently concentrated and purified using C18 Sep-Pak Vac 20 cc mini-columns 

(Water Corporation, Mass., USA). Polar constituents were removed with acidified water 

(0.01% v/v HCl) and polyphenolic compounds subsequently eluted with methanol 

(0.01% v/v HCl), solvent that was later evaporated under reduced pressure at < 40 °C. 

The resulting polyphenolic extract was re-dissolved in a known volume of 0.1M citric 

acid solution.  

Based on the initial RSM evaluations, muscadine grapes were crushed and heated 

in an open steam kettle to 46 °C for 11 min to retain enzymatic activity (115% PPO 

activity) and facilitate juice extraction during pressing in a hydraulic basket press 

(Prospero’s Equipment, Cort, NY). Juice was immediately filtered first through 

cheesecloth followed by vacuum filtration through a 1cm bed of diatomaceous earth. The 

juice was then divided into two portions for copigmentation (0 and 100 cofactor-to-
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anthocyanin molar ratio) with either rosemary or thyme extracts. Ratios were adjusted 

considering the molar concentration of total phenolics in rosemary and thyme extracts 

(0.52 and 0.72 M gallic acid equivalents, respectively) divided by the total anthocyanins 

in muscadine grape juice (8.08 mM cyanidin 3-glucoside equivalents). Juices at each 

cofactor concentration were again divided and half fortified with ca. 450 mg/L of 

ascorbic acid and compared to an equivalent volume of citric acid buffer (pH 3.5, 0.1M) 

as the control. Sodium azide (50 mg/L) was added to retard microbial growth throughout 

the analytical determinations. Treatments were prepared for HHP by placing 8 mL juice 

portions into heat sealed plastic ampules and processed at 400 and 550 MPa for 15 min 

(Stansted Fluid Power, UK). Following HHP processing, ampules were subdivided and 

half stored under refrigerated conditions and analyzed within 48 hr of processing. The 

remaining half was stored in the dark at 25 °C for 21 days.  

Chemical Analyses 

Initial anthocyanin content in the juice was determined by the pH differential 

spectrophotometric method of Wrolstad (1976) and quantified as cyanidin 3-glucoside 

equivalents. Total soluble phenolic concentration in each cofactor source was measured 

using the Folin-Ciocalteu assay (Talcott et al., 2000), and quantified as gallic acid 

equivalents. Individual anthocyanin 3,5-diglycosides were quantified according to the 

HPLC conditions of Skrede et al. (2000) using a Dionex HPLC system and a PDA 100 

diode array detector (Dionex Co., Sunnyvale, CA). Compounds were separated on a 250 

X 4.6 mm Supelcosil LC-18 column (Supelco, Bellefonte, PA) and quantified using 

standards of their respective 3-glucoside forms (Polyphenols Laboratories AS, Sandnes, 

Norway). Total ascorbic acid (the sum of L- and dehydro- ascorbic acid) was quantified 

by reverse phase HPLC using modified chromatographic conditions described by 
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Gökmen et al. (2000). Separation was performed on 3.9 x 150 mm Nova-Pak C18 column 

(Waters, Milford, MA), using KH2PO4 (0.2M, pH 2.4) as the mobile phase at a flow rate 

of 0.5 mL/min with UV detection at 254 nm. Prior to ascorbic acid analysis, all samples 

were passed thorough pre-conditioned Waters C18 Sep-Pak cartridges (Waters, Milford, 

MA) to remove neutral polyphenolics. After discarding the first mL, samples were 

collected, and dithiothreitol (8 mM) subsequently added as a pre-column reductant. 

Samples were then stored in the dark for 120 min to convert dehydroascorbic acid to L-

ascorbic acid. After complete conversion, samples were filtered through a 0.45µm PTFE 

filter (Millipore, Bedford, MA) and analyzed for total ascorbic acid. Antioxidant capacity 

was determined using the oxygen radical absorbance capacity (ORAC) assay against a 

standard of Trolox as described by Talcott et al. (2003b).  

Statistical Analysis 

Data represents the mean and standard error of juices analyzed as a 3 x 3 x 2 

factorial comparing three processing conditions (unprocessed, 400 MPa, and 550 MPa), 

three copigmentation treatments (none, rosemary or thyme extracts), and the presence or 

absence of ascorbic acid (0 or 450 mg/L). Phytonutrient and antioxidant losses were also 

monitored after 21 days of storage following HHP processing. Linear regression, Pearson 

correlations and analysis of variance were conducted using JMP software (SAS, Cary, 

NC), with mean separation performed using the LSD test (P<0.05). All experiments were 

randomized and conducted in triplicate.  

Results and Discussion 

Muscadine grape juice was previously established to demonstrate appreciable 

phytochemical losses following HHP processing apparently due to the activity of residual 

oxidases, presumably PPO, and/or other autoxidative reactions (Talcott et al., 2003a). In 
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that study the addition of anthocyanin cofactors from a commercial rosemary extract was 

proposed as an approach to reduce phytonutrient degradation, yet negatively impacted 

juice quality characteristics. In the present study, water-soluble polyphenolic extracts 

from rosemary and thyme (partially purified by reverse phase chromatography) were 

evaluated as a means to stabilize the color and phytonutrient content of ascorbic acid 

fortified grape juice. Utilization of the proposed cofactors and extraction/purification 

regime was selected as a strategy to favorably enhance the process and storage stability of 

anthocyanin-containing fruit juices with residual PPO activity.  

Initial Effects of Copigmentation in Muscadine Grape Juice 

Copigmentation increased visual color of the juice as evidenced in a decline in hue 

angle (data not shown), which appear to the eye as a more intense red color of the grape 

juice. A preliminary study indicated that the color intensity of muscadine juice (measured 

as hyperchromic shift) could be increased up to 377 and 490% by the addition of thyme 

and rosemary extracts respectively at a 400 copigmentation ratio. However, this level was 

deemed impractical for commercial use due to potentially adverse flavor characteristics 

and increased oxidative susceptibility. Consequently, a 1:100 ratio was selected for each 

copigment source in the processing studies as a means to increase phytochemical 

stability. At this ratio both treatments presented similar hyperchromic shifts,  however 

thyme extracts presented a significantly higher bathochromic shift in absorbance (25 nm) 

and also resulted in better anthocyanin stability after HHP processing and ascorbic acid 

fortification. Copigmentation also served to mask detrimental color changes that occurred 

during HHP processing, as only slight changes were subjectively observed for 

copigmented juices when compared to appreciable losses in control juices. Cofactor 

addition also increased initial antioxidant capacity of the juices by an average of 33 µM 
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Trolox equiv/mL (Figure 4-1), independently of the cofactor polyphenolic source and 

ascorbic acid content.  

PPO Activity as Affected by HHP Processing 

Residual PPO and/or autoxidative reactions following HHP of muscadine grape 

juice have been proposed as potential mechanisms by which decreases in anthocyanin, 

ascorbic acid, and antioxidant capacity took place (Talcott et al., 2003a). Additionally, 

increased oxidation may also occur under conditions of decreased volume such as 

pressurization, according to the Le Chatelier principle (Butz and Tauscher, 2002). The 

action of oxidase enzymes in contributing to quality and anthocyanin deterioration has 

been demonstrated for several fruit systems (Wesche-Ebeling and Montgomery, 1990; 

Laminkara, 1995; Kader et al., 1997; Kader et al., 1999), and for muscadine grape PPO 

has specifically been shown to be a significant factor influencing phytochemical 

degradation (Kader et al., 1999). These findings justify additional studies evaluating the 

influence of HHP processing conditions on PPO activity, as well as their effects on 

phytochemical stability following pressurization and throughout storage.   

Response Surface Methodology (RSM) was used to determine the pre-processing 

PPO activity under different hot-pressed times (0-24 min) and temperatures (46-74 °C) 

for juice extraction. Therefore, under a known set of extraction conditions the residual 

PPO activity could be estimated, and subsequently monitored following HHP processing. 

In the present study, muscadine grape juice was extracted at 46°C for 11 min (PPO 

activity of 115%; Figure 4-2) and used for subsequent experiments with the purpose of 

evaluating the copigmentation treatments with initial PPO enzyme activity and during 

HHP induced activation. 
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Figure 4-1. Antioxidant capacity of muscadine grape juice as affected by HHP processing and copigmentation with rosemary or thyme 
cofactors in the absence (A) or presence (B) of ascorbic acid (450 mg/L). Bars with different letters  for each processing 
treatment are significantly different (LSD test, P<0.05).  
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Figure 4-2. Polyphenoloxidase activity (A), and browning index (B) of muscadine grape juice as influenced by preheating time (0-25 
min) and temperature (46-74°C) prior to juice extraction. 
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Figure 4-3. Polyphenoloxidase activity in muscadine grape juice as affected by HHP processing and copigmentation with rosemary or 
thyme cofactors in the absence (A) or presence (B) of ascorbic acid (450 mg/L). Bars with different letters are significantly 
different (LSD test, P<0.05). 
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For the control treatment, PPO activity was significantly increased following 

processing at 400 (3-fold) and 550 MPa (2.5-fold) as compared to the initial juice activity 

(Figure 4-3). Results were similar to those previously observed for PPO using both model 

and actual food systems (Poei-Langston and Wrolstad, 1981; Gomez et al., 1996; Sun et 

al., 2002), where pressure-induced enzyme activation took place during processing. 

Possible explanations for enzyme activation have been attributed to the effect of HHP on 

the hydrophobic and electrostatic bonds of proteins, which affects their secondary, 

tertiary, and quaternary structures. Such conformational changes can cause enzyme 

activation by uncovering active sites and consequently facilitating the interaction with 

their substrates. Copigmentation aided to decrease PPO pressure-induced activation by 

>1.5-fold, with cofactors from thyme generally being more effective than those from 

rosemary. A small increase in PPO activity was observed in the presence of ascorbic acid 

for both the control (~10%) and copigmented juices (~16%), an effect that was 

independent of the processing pressure (Figure 4-3B). These increases may not have 

occurred due to actual PPO activation, but potentially occurred due to increased oxygen 

consumption caused by ascorbic acid oxidation during the enzyme assay conditions. 

Phytochemical Stability Following HHP Processing 

Two pressures (400 and 550 MPa) were selected for the HHP processing of 

muscadine grape juice, and its phytochemical content was compared to an unprocessed 

control following copigment and/or ascorbic acid addition (Table 4-1, Figures 4-4 and 4-

5). In general, treatments processed at 400 MPa had greater phytonutrient losses due to 

the highly oxidative conditions that resulted from PPO activation during pressurization. 

Higher anthocyanin, ascorbic acid and antioxidant capacity retention was observed for 
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juices containing thyme cofactors, followed by rosemary cofactors, and lastly the control 

juices.  

Table 4-1. The effect of rosemary and thyme cofactors at different anthocyanin-to-
cofactor molar ratios (1:0, 1:100), and ascorbic acid fortification (0, 450 
mg/L) on the anthocyanin content of unprocessed (control) and high 
hydrostatic pressure processed (400, and 550 MPa) muscadine grape juice. 

 
   No Ascorbic Added Ascorbic (450 mg/L) 
  

Copigment  
Molar 
Ratio1 

Unprocessed
HHP 

400MPa 
HHP 

550MPa
Unprocessed 

HHP 
400MPa 

HHP 
550MPa 

Delphinidin Control 0 569 c2 163 c 303 a 605 c 196 b*3 363 b* 

3,5-diglucoside Rosemary 100 707 b 728 b 701 a 1012 a 874 a* 841 a* 
(mg/L) Thyme 100 1187 a 801 a 794 a 858 b* 905 a* 896 a* 

Cyanidin Control 0 227 a 68 c 127 c 253 a 82 c* 152 c 

3,5-diglucoside Rosemary 100 226 a 227 b 429 a 157 b* 273 b 516 a 
(mg/L) Thyme 100 168 a 400 a 367 b 311 a* 451 a 501 b* 

Petunidin Control 0 542 c 163 b 290 c 580 b 195 b* 348 c 
3,5-diglucoside Rosemary 100 726 b 646 a 626 b 899 a* 777 a 631 b* 

(mg/L) Thyme 100 885 a 670 a 734 a 778 b* 755 a 828 a* 

Peonidin Control 0 392 b 115 b 210 b 414 b 138 b* 251 b 

3,5-diglucoside Rosemary 100 524 a 481 a 531 a 579 a 577 a* 637 a* 
(mg/L) Thyme 100 649 a 467 a 569 a 547 a 526 a 642 a 

Malvidin Control 0 397 b 123 b 223 c 444 a 148 b* 267 c 

3,5-diglucoside Rosemary 100 536 a 487 a 579 b 547 a 583 a 694 b* 
(mg/L) Thyme 100 424 b 498 a 744 a 481 a 561 a 839 a* 

 

1 Indicates the ratio between the molar concentration of total anthocyanins in muscadine 
grape juice (expressed as cyanidin 3-glucoside equivalents), and the molar concentration 
of each added polyphenolic cofactor (expressed in gallic acid equivalents). 2 Values with 
similar letters within columns of each added cofactor are not significantly different (LSD 
test, P>0.05), and indicate the effect of an increase in the molar concentration of each 
cofactor. 3Means with an asterisk (*) indicate a significant effect (LSD test, P<0.05) due 
to addition of ascorbic acid when compared to the same treatment without ascorbic acid.  
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Figure 4-4. Total anthocyanin content of muscadine grape juice as affected by HHP processing and copigmentation with rosemary or 
thyme cofactors in the absence (A) or presence (B) of ascorbic acid (450 mg/L). Bars with different letters for each 
processing treatment are significantly different (LSD test, P<0.05). 
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Figure 4-5. Total ascorbic acid content of muscadine grape juice as affected by HHP processing (400, and 550 MPa), and 
copigmentation with rosemary or thyme polyphenolic cofactors. Bars with different letters for each processing treatment 
are significantly different (LSD test, P<0.05).  
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Anthocyanin degradation was observed at both processing pressures but was 

appreciably higher at 400 MPa (70% loss) compared to 550 MPa (46% loss), and these 

decreases correlated to losses of antioxidant capacity (r=0.89). Copigmentation was 

instrumental for improving anthocyanin retention, maintaining on average 2,200 and 

1,500 mg/L more total anthocyanins for treatments copigmented with thyme and 

rosemary, respectively (Figure 4-4). Individual anthocyanins were also quantified (Table 

1). Differences in their structures, mainly in the B-ring, influenced their reaction rates and 

consequently individual anthocyanin losses. Previous studies have demonstrated that o-

diphenolic anthocyanins are more susceptible to degradation than the non o-diphenolic. 

This due to the presence of hydroxyl group substitutions in the B-ring of the o-diphenolic 

anthocyanins, which are more susceptible to enzymatic degradation reactions than the 

methoxy groups of non o-diphenolic anthocyanins (Sarni-Machado et al., 1997). The 

degradation trends observed in this study are in accordance with previous studies with 

muscadine juice (Talcott et al., 2003a), where the 3,5-diglucosides of delphinidin and 

petunidin showed the greatest rates of degradation followed by those of cyanidin, and 

finally peonidin and malvidin. These results support the idea that intermolecular 

copigmentation has a greater protective effect on non o-diphenolic anthocyanins rather 

than the o-diphenolic, which has been attributed to the presence of methoxy groups in the 

B-ring which facilitate copigmentation (Mazza and Brouillard, 1990; Jackman and Smith, 

1996).  

Due to the mutual destruction of ascorbic acid and anthocyanins when present 

together in foods (Poei-Langston and Wrolstad, 1981; Garcia-Viguera and Bridle, 1999; 

Garzon and Wrolstad, 2002; Talcott et al., 2003a), it was anticipated that higher 
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anthocyanin destruction might occur in the presence of ascorbic acid. However, a 

combined anthocyanin protective effect due to copigment and ascorbic acid addition was 

observed prior and following HHP processing (Figure 4). Isolating the effect of ascorbic 

acid, an early oxidative protection was observed in the unprocessed rosemary-

copigmented grape juices, as indicated by higher anthocyanin retention (474 mg/L, when 

compared to the same treatment without ascorbic; Figures 4-4A and B). Following HHP 

processing at both pressures, anthocyanin degradation was decreased by 20% in 

comparison with treatments without ascorbic for both the control and rosemary-

copigmented juices (Figure 4B). This protective effect was less pronounced for juices 

containing thyme cofactors as anthocyanin degradation was only decreased by 13%. 

Kader et al. (1997, 1999) also observed that ascorbic acid could offer initial protection 

against anthocyanin oxidation in the presence of oxidative enzymes by reducing o-

quinones to their original phenolic moiety and preventing secondary reactions affecting 

phytochemical stability and quality deterioration. 

Copigmentation with polyphenolic cofactors was also effective in preventing initial 

ascorbic acid oxidation (Figure 4-5) and helped to increase the initial antioxidant capacity 

(Figure 4-1) of the juices, an effect that was observed prior and following HHP. 

However, ascorbic acid retention was appreciably influenced by the conditions of HHP 

processing with losses of 84% at 400 MPa compared to 18% at 550 MPa for control 

juices. On average, the polyphenolic copigments reduced ascorbic acid degradation after 

processing by 32% at 400 MPa and by 20% at 550 MPa, with thyme cofactors again 

conferring the greatest protection.  
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As previously mentioned copigment addition increased antioxidant capacity of 

unprocessed treatments by an average of 43% (~33 µM Trolox equiv/mL), when 

compared to control juices (Figure 4-1). After pressurization, juices containing 

copigments and processed at 400 MPa and 550 MPa presented similar antioxidant 

capacity losses (19 µM Trolox equiv/mL) and were not impacted by ascorbic acid 

addition. Control treatments presented losses of 45% and 21% at 400 and 550 MPa, 

respectively, values that were decreased to 26% and 15% in the juices containing 

ascorbic acid. Observed losses in antioxidant capacity were greater for treatments that 

presented higher rates of PPO activation, likely indicating that phenolic compounds are 

being consumed as enzyme substrates or being destroyed by oxidation and thus lowering 

the ORAC values.  

Phytochemical Retention During Storage 

Most studies looking at the effects of HHP processing on phytonutrient stability 

only include evaluations after processing (Corwin and Shellhammer, 2002; Park et al., 

2002; Boff et al., 2003), and do not consider their stability during the shelf-life of the 

product. The present study did not include a complete shelf-life evaluation due to the 

large number of treatments evaluated, however it included a one point evaluation at 21 

days after processing selected based on previous studies reporting the shelf-life stability 

of ascorbic acid-anthocyanin systems (Garcia-Viguera and Bridle, 1999; Boulton, 2001). 

Ascorbic acid was not detected in the juices after 21 days of storage independently of 

processing pressure regimes and presence of polyphenolic cofactors. Anthocyanin 

content also decreased by 28-34% throughout storage for all treatments and 

pressurization conditions (Table 4-2). Oxidation of individual anthocyanins followed 
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similar rates during storage, despite their different B-ring substitutions, which was in 

agreement with Garzon and Wrolstad (2002). Other studies (Sarni-Machado et al., 1997; 

Kader et al., 2000; Boulton, 2001) have demonstrated that anthocyanin degradation can 

be influenced by structural differences, but the rapid rate of anthocyanin degradation that 

occurred due to the highly oxidative conditions created by HHP processing likely 

contributed to these observations. Antioxidant capacity was likewise appreciably 

decreased following storage (Table 4-2), losses were more pronounced for control 

treatments (28%) than copigmented juices (~13%). However, the rates antioxidant 

capacity degradation varied insignificantly with pressure processing and ascorbic acid 

fortification. 

The protective effect exerted by anthocyanin-copigment complexes following 

pressurization was appreciably reduced during storage, observations that can be attributed 

to the increased rates and complexity of degradative reactions occurring simultaneously 

to anthocyanins, ascorbic acid, and cofactor polyphenolics. Although rate constants can 

not be calculated on a single storage point, copigmentation did not appear to slow down 

the fast rates of anthocyanin degradation during storage. However it aided to retain 

greater anthocyanin content when compared to control treatments as higher 

concentrations were observed for copigmented treatments initially and immediately after 

HHP processing. Ascorbic acid oxidation may have also been a contributing factor 

promoting phytochemical degradation due to hydrogen peroxide formation, leading to 

additional oxidative and polymeric degradative reactions. Furthermore, peroxide 

formation could contribute to activation of residual peroxidase that may further degrade 

phytochemicals (Garzon and Wrolstad, 2002). Additionally, by-products from the 
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degradation of ascorbic acid and/or monosaccharides, such as aldehydes, may contribute 

to anthocyanin degradation during storage. Interactions between anthocyanins and 

furfural derivatives have been previously investigated (Kader et al., 2000; Boulton, 2001; 

Es-Safi et al., 2002; Es-Safi et al., 1999) and were hypothesized to participate in 

condensation reactions yielding brown, polymerized pigments. 

Conclusions 

Blending a commercially available rosemary extract with muscadine grape juice 

was previously reported to be deleterious to juice quality in the presence of ascorbic acid, 

yet by the use of the purification protocol used in this study an inverse effect was 

observed. The phytochemical extraction and isolation procedures utilized in this study 

resulted in concentrates that were lower in enzyme substrates and remained efficient as 

anthocyanin cofactors. Commercially available botanical extracts may contain a variety 

of PPO substrates following harsh extraction procedures, solubilizing compounds such as 

cinnamic acid derivatives or tannins that may accentuate enzymatic oxidation within the 

food system. Results of this study demonstrated that using an aqueous extract of 

rosemary and thyme followed by partial purification with C18 columns could decrease the 

destruction of both anthocyanins and ascorbic acid during HHP processing, which created 

a highly oxidative environment due to residual PPO. Copigmentation was found to 

effectively stabilize anthocyanins and provided additional understanding of the 

mechanisms involved in phytochemical losses during pressurization and storage of fruit 

juices processed by HHP. Addition of polyphenolic cofactors also increases visual color 

and antioxidant capacity, important factors affecting consumer acceptability and potential 

health benefits of grape juice consumption.  
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Table 4-2. The effect of rosemary and thyme cofactors at different molar ratios (1:0, 
1:100), and ascorbic acid fortification (0 and 450 mg/L) on the anthocyanin 
content and antioxidant capacity of high hydrostatic pressure processed (400 
and 550 MPa) muscadine grape juice after 21 days of storage at 24°C. 

 No Ascorbic  Added Ascorbic 
 (450 mg/L) 

  
Copigment 

Molar 
Ratio1 

HHP 
400MPa 

HHP 
550MPa

 
HHP 

400MPa 
HHP 

550MPa 

Delphinidin Control 0 97.8 b2 207 c  134 b  248  b 

3,5-diglucoside Rosemary 100 497 a 458 b  610 a  574  a 

(mg/L) Thyme 100 491 a 496 a  591 a   612 a 

Cyanidin Control 0 42.9 c 86 c  54.8 c 106 c 

3,5-diglucoside Rosemary 100 155.3 b 293 a  182 b 352 a 

(mg/L) Thyme 100 251.2 a 186 b  302 a 210 b 

Petunidin Control 0 107 b 193 c  127 b 243 c 

3,5-diglucoside Rosemary 100 441 a 368 b  496 a 441 b 

(mg/L) Thyme 100 437 a 459 a  492 a 578 a 

Peonidin Control 0 73.4 b 144 b  90.1 b 172 b 

3,5-diglucoside Rosemary 100 283 a 347 a  361 a 435 a 

(mg/L) Thyme 100 281 a 380 a  329 a 439 a 

Malvidin Control 0 78.8 b 159 c  96.5 b 187 c 

3,5-diglucoside Rosemary 100 304 a 386 b  398 a 474 b 

(mg/L) Thyme 100 313 a 519 a  391 a 573 a 

Total Control 0 399 b 790 c  503 b 956 c 

Anthocyanins Rosemary 100 1679 a 1851 b  2047 a 2275 b 

(mg/L) Thyme 100 1773 a 2040 a  2105 a 2411 a 

Antioxidant Control 0 16.5 b 25.0 b  23.4 b 32.8 b 

Capacity Rosemary 100 51.3 a 48.8 a  50.6 a 50.7 a 

(µM TE/ mL)3 Thyme 100 51.2 a 49.3 a  49.5 a 51.3 a 
1 Indicates the ratio between the molar concentration of total anthocyanins in muscadine 
grape juice (expressed as cyanidin 3-glucoside equivalents), and the molar concentration 
of each added polyphenolic cofactor (expressed in gallic acid equivalents). 2 Values with 
similar letters within columns of each added cofactor are not significantly different (LSD 
test, P>0.05), and indicate the effect of an increase in the molar concentration of each 
cofactor. 3 Expressed as Trolox equivalents per mL of muscadine grape juice.  
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CHAPTER 5 
PASTEURIZATION AND QUALITY RETENTION OF DENSE PHASE-CO2 

PROCESSED MUSCADINE GRAPE JUICE 

Introduction 

Dense phase-CO2 processing (DP-CO2) is a continuous, non-thermal processing 

system for liquid foods that utilizes pressure (< 90 MPa) in combination with carbon 

dioxide (CO2) to destroy microorganisms as a means of food preservation. Numerous 

studies have investigated the efficacy of pressurized CO2 to inactivate microorganisms 

and enzymes in batch or semi-continuous systems (Balaban et al., 1991; Lin and Lin, 

1993; Isenschmid et al., 1995; Ballestra et al., 1996; Wouters et al., 1998; Butz and 

Tauscher, 2002; Corwin and Shellhammer, 2002; Park et al., 2003). However, 

information relating to deleterious changes in color and phytochemicals during 

processing and storage are generally lacking, especially for continuous processing 

systems. Therefore to prove the effectiveness of DP-CO2 processing as a novel food 

processing technology, the microbial destruction, phytochemical stability, and sensory 

attributes of DP-CO2 processed muscadine grape juice was compared to a thermally 

pasteurized juice (75 ˚C, 15 sec). Treatments were additionally evaluated following 

storage for 10 weeks at 4 ˚C. A central composite design was initially conducted to 

determine the DP-CO2 processing parameters which achieved > 5 log reduction of 

aerobic microorganisms and yeast/molds. Results of this study demonstrated differences 

between microbial, phytochemical, and sensory attributes of DP-CO2 and thermal 
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processing, parameters that are of significant importance to assess the benefits offered by 

novel processing technologies. 

Material and Methods 

Materials   

Muscadine grapes (cv. Noble) were obtained from a local grower in central Florida 

and held frozen (-20ºC) until needed. Fruit was rapidly thawed by placing them under 

running tap water and hand-sorted for uniformity of ripeness. Grapes were then crushed, 

heated to 75 °C in an open steam kettle, and held for 2 min prior to juice extraction in a 

hydraulic basket press (Prospero’s Equipment, Cort, NY). Preliminary investigations 

demonstrated that this juice extraction method was sufficient to inactivate oxidase 

enzymes. The juice was immediately filtered through cheesecloth followed by vacuum 

filtration through a 1cm bed of diatomaceous earth.  

Processing Equipment  

The DP-CO2 system was constructed by APV (Chicago, IL) for Praxair (Chicago, 

IL) and provided as a gift to the University of Florida (Gainesville, FL). The equipment is 

capable of continuously treating liquid foods with CO2 at pressures up to 69 MPa. The 

system mixes cooled, pressurized liquid CO2 with a juice feed pressurized by its own 

pump (Figure 5-1). The mixture is then pressurized by a reciprocating intensifier pump 

and subsequently fed to a holding tube (79.2 m, 0.635 cm ID) for the specified residence 

time, which is modified by changing the flow rate of the mixture. An external heater and 

insulation electronically controls the temperature of the system and upon exiting the 

holding tube the juice is depressurized by passing through a backpressure valve and was 

finally collected into a holding tank.   
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Figure 5-1. Schematic diagram of the DP-CO2 processing equipment.  

For thermal processing, juice was pumped by a peristaltic pump (Cole Parmer, 

Chicago, IL) through a stainless steel tube into a temperature controlled water bath (Hart 

Scientific, American Fork, UT) were it was held at 75 °C for 15 sec (HTST). The juice 

was then passed through a cooling tube and chilled to 10 ˚C whereby it was collected into 

sterile glass containers.  

Microbial Inactivation Study  

Preliminary investigations were conducted to determine the DP-CO2 parameters 

that could achieve >5 log reduction of aerobic microorganisms and yeasts/molds using 

Response Surface Methodology. Microbial counts (yeast and molds, and total aerobic 

microorganisms) were used as the dependent variables in the experimental design that 

was conducted in duplicate. Each study required 11 experiments with 4 factorial points, 4 

star points and 3 center points for replication. A high initial microbial load in the juice 
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(8.1 x 106 CFU/mL of yeasts/molds, 1 x 105 CFU/mL of total aerobic microorganisms) 

was required and obtained by incubating the filtered juice for 4 days at 21 °C. Juice was 

then subjected to DP-CO2 using different pressures (1.2 to 40.2 MPa) and CO2 levels (0 

to 15.7%) using a constant residence time (6.25 min) and temperature (30 ˚C). Microbial 

inactivation was evaluated immediately after processing.  

Microbial counts were made from triplicate samples of each processing treatment 

serially diluted (1 x 10-1 to 1 x 10-6) in duplicate by mixing 1 mL of each juice with 9 mL 

of sterile Butterfield’s buffer. Total plate counts were determined on aerobic count plates 

and yeast/mold plates (3M Petrifilm Microbiology Products, St. Paul, MN) by plating 0.1 

mL of the dilutions onto the agar in triplicate and enumerated after 48 hr at 35 ˚C and 72 

hr at 24 ˚C, respectively, according to the manufacturers guidelines. Experimental data 

were analyzed by regression analysis using JMP software (SAS, Cary, NC), fit to 

quadratic polynomial equations, and results used to select two DP-CO2 conditions for 

assessment of phytochemical stability and sensory evaluation: (i) D-1 (34.5 MPa, 8% 

CO2) and (ii) D-2 (34.5 MPa, 16% CO2).  

Scanning electron microscopy was used to investigate changes in yeast 

microstructure due to DP-CO2. Yeast cells present in the grape juice before and after 

processing were treated according to the conditions described by Park et al. (2003) before 

being observed in the scanning electron microscope (Hitachi S-4000, Pleasanton, CA). 

Phytochemical and Microbial Stability Study 

Muscadine grape juice was divided into three equal portions for subsequent 

processing by the two DP-CO2 conditions (34.5 MPa at 8 or 16% CO2) and thermal 

pasteurization at 75 ˚C for 15 sec. After processing, each juice was again divided into 3 

proportions for assessment of microbial, phytochemical and sensory characteristics. 
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Samples for microbial and phytochemical analysis were immediately transferred into 20 

mL screwed cap vials and stored at 4 ˚C for 10 weeks, whereas samples for sensory 

analysis were transferred to sterile 4 L glass containers. Sodium azide (50 mg/L) was 

added to the samples used for phytochemical analysis in order to retard microbial growth. 

Physicochemical and Microbial Analyses 

Individual anthocyanin 3,5-diglycosides were quantified by reverse phase HPLC 

using modified chromatographic conditions described in chapter 4. Compounds were 

separated on a 250 X 4.6 mm Supelcosil LC-18 column (Supelco, Bellefonte, PA) and 

quantified using standards of their respective 3-glucoside forms (Polyphenols 

Laboratories AS, Sandnes, Norway). Mobile phases consisted of 100% acetonitrile 

(Phase A) and water containing 10% acetic acid, 5% acetonitrile, 1% phosphoric acid 

(Phase B). A gradient solvent program ran phase B from 100 to 88% in 8 min; 88-50% in 

2 min, and held for 12 min at a flow rate of 1.8 mL/min. Anthocyanins were 

characterized based on UV-VIS spectral interpretation from 200-600 nm, comparison to 

authentic standards (Polyphenols Laboratories AS, Sandnes, Norway), and identification 

additionally confirmed following acid hydrolysis into their respective aglycones with 2N 

HCl in 50% v/v methanol for 60 min at 90 °C. 

Antioxidant capacity was determined using the oxygen radical absorbance capacity 

(ORAC) assay and quantified using Trolox equivalents (TE) as described in chapter 3. 

Total soluble phenolic levels were measured using the Folin-Ciocalteu assay (Talcott et 

al., 2003a), and quantified as gallic acid equivalents. pH was measured using a Thermo 

Orion Model 720 pH meter (Thermo Electron Corp., New Haven, CT). Total titratable 

acidity was determined by potentiometric titration against 0.1N NaOH to pH 8.2 using an 

automatic titrator (Fisher Titrimeter II, Pittsburgh, PA) and expressed in tartaric acid 
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equivalents. CO2 content in the juices was determined using a Orion CO2 electrode 

(Thermo Electron Corp., New Haven, CT). Microbial counts throughout storage were 

determined as previously described. 

Sensory Evaluation 

Flavor, aroma, and color intensity of fresh and processed juices were compared 

using a difference-from-control test. A randomized complete block design was used and 

difference from control measurements were recorded on a line scale with anchors at 0 and 

10 that represented “no difference” to “extremely different” in sensory attributes. 

Panelists compared the sensory attributes of the reference (fresh/unprocessed juice) with 

those presented by the hidden reference (fresh juice) and the thermally or DP-CO2 

processed juices. A 9-point hedonic scale was also conducted in order to compare the 

overall likeability of fresh (hidden reference) and processed juices.  

Before sensory analysis, all juices (fresh, DP-CO2 and thermally processed) were 

degassed in order to equalize carbonation levels by placing them in a 4 L sterile glass 

container on a hot plate with continuous stirring for 4 h at 20 ˚C. Juices were then served 

on a tray at room temperature in randomly numbered plastic cups with the reference 

sample placed at the center of the tray. A cup of deionized water and non-salted crackers 

were also provided to the panelists between evaluations. All sensory tests were performed 

at the University of Florida’s taste panel facility using sixty untrained panelists (31 

females, 95% in the 18-44 age range).   

Statistical Analysis 

Data represents the mean and standard error of juices analyzed as a 3 x 9 factorial 

comparing three processing conditions (DP-CO2 at 8% or 16% both at 34.5 MPa, or 

thermally pasteurized) evaluated at nine sampling points (unprocessed, processed, week 
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1, 2, 3, 4 , 6 , 8 and 10). Linear regression, Pearson correlations and analysis of variance 

were conducted using JMP software (SAS, Cary, NC), with mean separation performed 

using the LSD test (P<0.05). All experiments were randomized and conducted in 

triplicate. Sensory data was recorded and analyzed using Compusense five (Compusense, 

Guelph, Ontario, Canada), and analysis of variance was conducted by using the Tukey’s 

multiple comparisons method at the 5% significance level. 

Results and Discussion 

Microbial Inactivation Study  

The effects of DP-CO2 at various processing pressures (0-40 MPa) and CO2 levels 

(0-18%) on the inactivation of yeasts/molds and total aerobic microorganisms can be 

observed in Figure 5-1. Results showed that although processing pressure was a 

significant factor affecting microbial inactivation, CO2 content was the processing 

parameter that had the major influence in microbial log reduction. This trend was also 

observed by Hong et al. (1999) which reported that microbial inactivation by DP-CO2 is 

governed essentially by the transfer rate and the penetration of carbon dioxide into cells, 

the effectiveness of which can be improved by increasing pressure, decreasing the pH of 

the suspension, and increasing the processing temperature. Studies investigating high 

hydrostatic pressure (HHP) processing and super critical-CO2 batch systems have 

reported that microbial inactivation is also highly dependant on other processing 

parameters such as residence time and number of pulse cycles as well as the composition 

of the food (Balaban et al., 1991; Lin and Lin, 1993; Isenschmid et al., 1995; Ballestra et 

al., 1996; Wouters et al., 1998; Butz and Tauscher, 2002; Park et al., 2003). Results also 

demonstrated that under identical processing conditions, yeasts/molds were destroyed at 

significantly higher rates than aerobic microorganisms. Moreover, the synergistic effect 
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between pressure and CO2 was only observed for the inactivation of yeast/molds. 

Microbial inactivation is highly dependent on the type of microorganisms present in the 

food matrix due to distinct microbial cell microstructure and the diffusion of CO2 into the 

microbial cell (Ballestra et al., 1996 Wouters et al., 1998; Corwin and Shellhammer, 

2002; Park et al., 2003). For instance vegetative cells, including yeasts and molds, are 

rather pressure and CO2 sensitive, whereas bacterial spores are more pressure resistant 

and thus need higher pressures for complete inactivation. Park et al. (2003) showed that a 

combined treatment of carbonation and HHP at 500 MPa yielded an 8-log reduction 

Staphylococcus aureus, Fusarium oxysporum, and F. sporotrichioides while only a 4-log 

reduction was obtained for Bacillus subtilis. Overall, microbial reduction is attributed to 

the fact that CO2 solubility increases directly proportional with increments of processing 

pressure (Balaban et al., 1991; Park et al., 2003) which consequently affects the diffusion 

of CO2 into the microbial cell as well as the explosive decompression that occurs during 

DP-CO2 processing. Results of this optimization study were used to determine those DP-

CO2 conditions that achieved > 5 log reduction of aerobic microorganisms and 

yeast/molds that set the processing conditions of 34.5 MPa with 8% CO2 (D-1) and 16% 

CO2 (D-2). 

Micrographic observations aided in elucidating the mechanism of yeast destruction 

and concluded that explosive decompression of the microbial cell along with changes in 

cell membrane structure occurred during DP-CO2 (Figure 5-2). Conversely, heat 

pasteurized yeast cells still appeared round and pert but with slightly textured surfaces. 

Results also indicated that the number of decompressed cells was directly related to 

increments in processing CO2 levels. Previous investigations have also demonstrated  
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shown that microbial destruction by pressurized CO2 systems was based on gas 

dissolution inside a microbial cell that when rapidly decompressed to atmospheric 

pressure caused fatal damage to cell functioning and explosive decompression of the cell 

(Balaban et al., 1991; Lin and Lin, 1993; Ballestra et al., 1996; Park et al., 2003). Other 

theories concerning bacterial death by CO2 pressurization have indicated that the 

depressurization leads to leakage of cellular components and changes in the cell 

membrane permeability which is responsible for cell damage and eventual microbial 

death (Lin and Lin, 1993; Isenschmid et al., 1995; Park et al., 2003). Related studies have 

shown that removal of essential intracellular substances such as phospholipids and 

hydrophobic compounds from cells or cell membranes play important roles as 

mechanisms of microbial inactivation (Lin and Lin, 1993; Ballestra et al., 1996; Butz and 

Tauscher, 2002). Additionally, DP-CO2 effects biological systems by causing protein 

denaturation, lipid phase changes, and rupture of membranes inside the microbial cell 

(Lin and Lin, 1993; Ballestra et al., 1996; Park et al., 2003).  

 
Phytochemical and Microbial Stability Study 

Differences in phytochemical and antioxidant levels were observed in muscadine 

grape juice as affected by processing methods and storage. Thermal pasteurization was 

found to be more detrimental to anthocyanins, soluble phenolics, and antioxidant capacity 

as compared with DP-CO2 and unprocessed juices. Moreover, enhanced oxidative 

stability and retention of antioxidant compounds was observed for DP-CO2 processed 

juices throughout storage. However, microbial stability was only comparable to heat-

pasteurized juices for the first five weeks of storage.  
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Figure 5-2. Inactivation of yeast/molds (Y&M; A) and total aerobic microorganisms 
(TAM; B) after DP-CO2 pasteurization of muscadine grape juice as 
influenced by processing pressure (0-40 MPa) and CO2 content (0-15.7%). 

 

BA
 

Figure 5-3. Scanning electron micrographs of naturally occurring yeast cells in 
muscadine juice before (A) and after DP-CO2 at 34.5 MPa and 16% CO2 (B). 
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Table 5-1. The effect of heat (75 ˚C for 15 sec) or DP- CO2 (D-1: 34.5 MPa, 8% CO2; D-
2: 34.5 MPa, 16% CO2) pasteurization on the total anthocyanin, soluble 
phenolic, and antioxidant content of unprocessed muscadine grape juice. 

 

Treatment 
Total 

anthocyanins 
(mg/L) 

 
Soluble 

phenolics 
(mg/L) 

 
Antioxidant  

capacity    

(µM TE/ mL) 

Unprocessed  1,105 a1 2,211 a 
 

22.1 a 

       

DP-1  

(34.5 MPa, 8% CO2) 
 1,077 a 2,213 a 

 
20.7 a 

       

DP-2 

(34.5 MPa, 16% CO2)
 1,102 a 2,157 b 

 
21.7 a 

       

HTST 

(75 ˚C, 15 sec)  866 b 1,859 c 
 

18.2 b 

1 Values with similar letters within columns are not significantly different (LSD test, 
P>0.05). 

 
Thermal pasteurization decreased total anthocyanins by 16%, total soluble 

phenolics by 26%, and antioxidant capacity by 10% whereas no significant changes were 

observed for either DP-CO2 processes (Table 5-1). Individually quantified anthocyanins 

followed a similar trend with greater losses occurring for o-dihydroxy substituted 

anthocyanins (delphinidin and cyanidin) with respect to the methoxylated anthocyanins 

(peonidin and malvidin) as previously observed in muscadine grape juice (Talcott et al., 

2003). Losses ranged from 8-16% following thermal pasteurization for delphinidin, 

cyanidin and petunidin, while peonidin and malvidin remained stable (< 4% losses). 

Anthocyanin degradation during processing and storage was highly correlated to total 

soluble phenolics (r=0.86) and antioxidant capacity (r=0.82). Insignificant changes in 

juice pH (3.2) or titratable acidity (0.56 meq tartaric acid/mL) were observed between 
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treatments after processing or storage. Initial CO2 content after DP-CO2 was 6.70 and 

9.81 mM for juices pressurized at 8 and 16% CO2 levels, respectively.  

Trends for polyphenolic and antioxidant changes during storage were similar to 

those observed after processing, where DP-CO2 processed juices presented reduced 

oxidative degradation when compared to thermally-pasteurized juices, especially for 

anthocyanins. Regression analysis concluded that polyphenolic and antioxidant losses 

throughout storage followed first order degradation kinetics, in accordance with other 

anthocyanin-containing juices (Del Pozo-Insfran et al., 2004; Brenes et al., 2005; Skrede 

et al. 2000; Garzon and Wrolstad, 2002), and that greater losses in polyphenolics and 

antioxidant capacity (1.4-fold) were observed for thermally pasteurized juices when 

compared to both DP-CO2 processes.  Independent of CO2 concentration, the DP-CO2 

juices retained higher total anthocyanins and antioxidant capacity (335 mg/L and 10.9 

µM Trolox equivalents/mL, respectively; Figure 5-4A and 5-4B), and 473 mg/L higher 

total soluble phenolics (Figure 5-5) than thermally-pasteurized juices after 10 weeks of 

storage at 4 °C. Increased anthocyanin and polyphenolic degradation presented by heat-

pasteurized juices presumably occurred due to formation of by-products from 

carbohydrate and organic acids degradation during thermal processing and storage such 

as furfurals and other carbonyl compounds that can form condensation products with 

anthocyanins and polyphenolics (Es-Safi et al., 2002; Malien-Aubert et al., 2001; 

Boulton, 2001). Previous studies have observed that the formation and occurrence of 

these compounds, accelerated by heat and acid, promotes polyphenolic degradation to 

yield brown or polymerized pigments that negatively impact juice quality (Es-Safi et al., 

2002; Es-Safi et al., 1999; Dufour and Sauvaitre, 2000). Comparable degradation rates 
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were observed among individual anthocyanins (38%) present in both DP-CO2 juices, 

while again o-dihydroxylated anthocyanins present in heat-pasteurized juices showed 

higher degradation rates than their methoxylated counterparts. Delphinidin and cyanidin 

showed the greatest losses (69%) after thermal processing followed by petunidin (48%), 

peonidin (45%) and malvidin (24%). These results are in accordance to earlier reports 

that investigated the stability of different anthocyanins that demonstrated malvidin as the 

most stable anthocyanidin (Talcott et al., 2003a; Garcia-Viguera and Bridle, 1999; 

Iacobucci and Sweeny, 1983; Poei-Langston and Wrolstad, 1981). However in actual 

food systems, the relative stability of an anthocyanin is likely a function of its matrix, 

structural features, and the combined conditions of processing and storage (Boulton, 

2001; Es-Safi et al., 2002; Dufour and Sauvaitre, 2000; Del Pozo-Insfran et al., 2004; 

Talcott et al., 2003a; Garcia-Viguera and Bridle, 1999; Iacobucci and Sweeny, 1983). 

The concentration of CO2 utilized during DP-CO2 processing insignificantly 

affected anthocyanin stability during storage, while increasing CO2 from 8 to 16% 

offered enhanced storage stability for total soluble phenolics and antioxidant capacity 

(Figure 5-4b and 5-5). These results may suggest that anthocyanin destruction occurs 

independently of oxygen content in the juice matrix while polyphenolic degradation is 

directly linked to the presence of oxygen. Poei-Langston and Wrolstad (1981) also 

observed the destruction of anthocyanins in nitrogen sparged systems and proposed a 

condensation mechanism for their destruction that did not involve oxygen. Model 

systems containing anthocyanins and ascorbic acid have also demonstrated the 

destruction of these phytochemicals under both aerobic and anaerobic conditions (Garzon 

and Wrolstad, 2002; Garcia-Viguera and Bridle, 1999; Iacobucci and Sweeny, 1983; 
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Poei-Langston and Wrolstad, 1981; Dufour and Sauvaitre, 2000) and therefore exclusion 

of oxygen during processing would not be sufficient to prevent anthocyanin degradation. 

However, the prevention and/or reduction of furfurals formation during processing and 

storage might be an important approach to attenuate anthocyanin degradation. 

Consequently, DP-CO2 could be used as a strategy to reduce the degradation of these 

phytochemical compounds.  

Similar microbial stability was observed between DP-CO2 and thermally-

pasteurized juices during the first 5 weeks of storage at 4 ˚C; however significant 

differences were observed subsequently through 10 weeks (Figure 5-6). Yeast/mold 

counts for both DP-CO2 juices continuously increased throughout subsequent storage 

whereas no changes were observed for heat-pasteurized juices. Increasing the processing 

CO2 content from 8 to 16% served to delay microbial growth after the sixth week of 

storage, an effect that might be attributed to the specific oxygen content of the juices 

and/or the inactivation of microbial spores during processing. Previous investigations 

have shown that a combined approach between pressure, temperature and CO2 is needed 

to completely inactivate bacterial spores (Corwin and Shellhammer, 2002; Butz and 

Tauscher, 2002; Isenschmid et al., 1995; Lin and Lin, 1993). For example, Enomoto et al. 

(1997) examined the lethal effect of DP-CO2 on spore cells of Bacillus megaterium and 

observed that the bactericidal effect of CO2 was found to be enhanced with increasing 

temperature and treatment time. Similarly, Kamihara et al. (1987) and Haas et al. (1989) 

observed that temperatures above 70 ˚C were needed to inactivate endospores of B. 

subtilis, B. stearothermophilus and C. sporogenes 3679. Independently of pasteurization 
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techniques, insignificant changes in the number of total aerobic microorganisms were 

observed during storage (data not shown). 

Sensory evaluation   

Insignificant differences in flavor, aroma, and color intensity were observed 

between the reference (unprocessed), the hidden reference, and both DP-CO2 processed 

juices. However, significant differences in flavor and aroma were detected by panelists (p 

< 0.012) between the reference and the heat-pasteurized juice. Although not specifically 

quantified, the formation of cooked and burnt flavors is often associated with off-flavor 

development in heat pasteurized juices (Es-Safi et al., 2002). Panelists ranked both DP-

CO2 juices higher in overall likeability than the heat-pasteurized juice, whereas no 

difference was observed between DP-CO2 juices and the unprocessed juice. Panel scores 

for overall likeability were 6.2 for the hidden reference and both DP-CO2 juices 

compared to 4.0 for the heat-pasteurized juice (a higher number indicates a higher 

preference for the juice). 

Changes in microbial counts were readily perceived in informal sensory 

evaluations by the presence of gas formation and the appearance of a yeasty-like aroma 

that increased throughout storage.  

Conclusions  

DP-CO2 served to protect polyphenolic and antioxidant levels throughout 

processing and storage without comprising sensory attributes of the juices. However, 

microbial stability of DP-CO2 juices was only comparable to heat-pasteurized 

counterparts for the first five weeks of storage. This technology was proven to be a 

feasible pasteurization technique especially for juices containing heat labile 

phytochemical, antioxidant, and flavor compounds.     
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Figure 5-4. Total anthocyanin (A) and antioxidant content (B) of heat (HTST; 75 ˚C, 15 sec) and DP-CO2 pasteurized (D-1: 34.5 
MPa, 8% CO2; D-2: 34.5 MPa, 16% CO2) muscadine juice during refrigerated storage (4 ˚C).  
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Figure 5-5. Total soluble phenolic content of heat (HTST; 75 ˚C, 15 sec) and DP-CO2 
pasteurized (D-1: 34.5 MPa, 8% CO2; D-2: 34.5 MPa, 16% CO2) muscadine 
juice during refrigerated storage (1-10 weeks at 4 ˚C).  
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Figure 5-6. Yeast/mold counts of heat (HTST; 75 ˚C, 15 sec) and DP-CO2 pasteurized 

(D-1: 34.5 MPa, 8% CO2; D-2: 34.5 MPa, 16% CO2) muscadine juice during 
refrigerated storage (4 ˚C).  



 

95 

CHAPTER 6 
ENHANCING THE RETENTION OF PHYTOCHEMICALS AND ORGANOLEPTIC 

ATTRIBUTES IN MUSCADINE GRAPE JUICE BY DENSE PHASE-CO2 
PROCESSING AND COPIGMENTATION 

Introduction  

Anthocyanins are polyphenolic compounds that are responsible for the bright blue 

and red colors of many foods and act as phytochemical antioxidants with potential health-

related benefits (Frankel et al., 1995; Meyer et al., 1997; Skrede et al., 2000). Recent 

shifts in consumer preference for natural pigments have focused on applications of 

anthocyanins as suitable replacements for certified colorants used in juices and 

beverages. However their relative high cost and generally poor stability during processing 

and storage are factors that limit their commercial application (Mazza and Brouillard, 

1990; Frankel et al., 1995; Meyer et al., 1997; Skrede et al., 2000; Boulton, 2001; 

Malien-Aubert et al., 2001). Overall, any strategy or technology that may serve to 

alleviate these limitations and improve the quality attributes of anthocyanin-containing 

products is of significant importance to the food industry.  

Previous investigations have demonstrated  that the formation of intermolecular 

copigmentation complexes (copigmentation) between anthocyanins and exogenously 

added polyphenolic cofactors offered a protective effect against anthocyanin, ascorbic 

acid, and antioxidant capacity degradation in both model and juice systems (Eiro and 

Heinonen, 2002; Talcott et al., 2003a; Brenes et al., 2005; Talcott et al., 2005). Moreover, 

previous investigations (Del Pozo-Insfran et al., 2005) revealed that water-soluble 

polyphenolic cofactors from thyme (Thymus vulgaris L.) were most efficacious for 
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stabilizing anthocyanins under the highly oxidative conditions created by activation of 

residual polyphenoloxidase during high pressure processing. However, the stabilizing 

effects have not been evaluated in the absence of oxidase enzymes or throughout storage. 

Additionally, the sensory attributes imparted by polyphenolic cofactors, at levels where 

they are effective for phytochemical retention, are an important consideration affecting 

their use in food systems.  

A promising non-thermal processing technology that may help with phytochemical 

stability is the continuous dense phase-CO2 process (DP-CO2). Without heat, a reduction 

in the formation of carbohydrate and ascorbic acid by-products such as carbonyl 

compounds is realized, which have been identified as a key factor for preventing 

anthocyanin degradation in fruit juices (Es-Safi et al., 1999; Malien-Aubert et al., 2001; 

Es-Safi et al., 2002;), especially those containing ascorbic acid (Poei-Langston and 

Wrolstad, 1981; Garcia-Viguera and Bridle, 1999; Garzon and Wrolstad, 2002; Talcott et 

al., 2003). DP-CO2, also known as carbon dioxide-assisted high pressure processing, is a 

continuous pasteurization technology that uses pressures ≤ 90 MPa in combination with 

dissolved carbon dioxide to inactivate microorganisms and presumably protect 

thermolabile phytochemical and flavor compounds. A secondary benefit of the 

processing system is the removal of dissolved oxygen, which is instrumental in 

preventing degradation to antioxidant phytochemicals. 

This cumulative knowledge suggests that addition of polyphenolic cofactors from 

thyme along with the DP-CO2 process may prove to be an effective strategy to decrease 

phytochemical and antioxidant losses that occur during storage of juices containing 

anthocyanins and ascorbic acid. Therefore, this study evaluated phytochemical stability 
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and organoleptic properties of a DP-CO2 processed muscadine grape juice as affected by 

the addition of thyme cofactors and ascorbic acid. Results were compared to juices 

processed by a thermal pasteurization in order to assess the differences between the 

processing methods and to observe if phytochemical degradation was increased by the 

formation of compounds created during thermal processing.  

Materials and Methods 

Materials and Processing 

Polyphenolics from dried thyme leaves (McCormick & Co., Inc., Hunt Valley, 

MD) were exhaustively extracted with hot water, purified using reverse phase C18 Sep-

Pak Vac 20 cc mini-columns (Water Corporation, Mass., USA), and re-dissolved in 0.1M 

citric acid solution according to the conditions described in Chapter 4. Purified spring 

water (Publix, Lakeland, FL) and 100% food-grade ethanol (McCormick Distillery Co., 

Weston, MO) were used to purify and/or solubilize the isolated polyphenolic cofactors.   

Red muscadine grapes (cv. Noble) were obtained from a local grower and hand-

sorted for uniformity. Fruit was crushed and heated to 75 °C for 2 min in an open steam 

kettle and the juice extracted using a hydraulic basket press (Prospero’s Equipment, Cort, 

NY). Preliminary investigations concluded that this heat treatment inactivated oxidase 

enzymes. Juice was subsequently filtered first through cheesecloth followed by vacuum 

filtration through a 1 cm bed of diatomaceous earth. The resultant juice was then divided 

into two portions for addition of the polyphenolic cofactors from thyme (0 and 1:100 

anthocyanin-to-cofactor molar ratio).  The ratio corresponds to the molar concentration of 

total anthocyanins present in the juice and the molar concentration of total polyphenolics 

present in the thyme extract.  Juices at each cofactor concentration were again divided 

into two portions and half fortified with ca. 450 mg/L ascorbic acid as opposed to an 
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equivalent volume of the citric acid buffer as the control. The four treatments were then 

divided for heat (HTST; 75 °C for 15 sec) or DP-CO2 pasteurization (34.5 MPa at 8 and 

16% CO2). The DP-CO2 regimes were confirmed to impart > 5 log reduction of aerobic 

microorganisms and yeast/mold according to the results observed in Chapter 5.  

After pasteurization, each juice treatment was divided into respective portions for 

microbial, phytochemical, and organoleptic evaluations. Samples for microbial and 

phytochemical analysis were immediately transferred into 20 mL screwed cap vials and 

stored at 4 ˚C for 10 weeks, whereas samples for sensory analysis were transferred to 

sterile 4 L glass containers. Samples used exclusively for phytochemical assessment were 

dosed with sodium azide (50 mg/L) to retard microbial growth. 

Physicochemical and Microbial Analyses 

Individual anthocyanin 3,5-diglycosides, total soluble phenolics, antioxidant 

capacity, pH, total titratable acidity, and residual CO2 content in the juices were 

determined as described in Chapter 5. Total ascorbic acid (the sum of L- and dehydro- 

ascorbic acid) was quantified by reverse phase HPLC using the conditions described in 

Chapter 4. Microbial counts throughout processing and storage were determined on 

aerobic count plates and yeast & mold plates (3M Petrifilm Microbiology Products, St. 

Paul, MN) as described in Chapter 5.  

Sensory Evaluation 

Flavor, aroma, and color intensity of juices with and without added polyphenolic 

cofactors were compared using a difference-from-control test for each of the three 

pausterization treatments.  Panelists compared the sensory attributes of the reference (no 

added cofactors) with that of a hidden reference and the copigmented juice. A 

randomized complete block design was used and difference from control measurements 
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were recorded on a line scale with anchors at 0 and 10 that represented “no difference” to 

“extremely different” in juice sensory attributes. Each panelist evaluated all three 

combinations of processed juice (DP-CO2 at 8 and 16% CO2, and HTST). A 9-point 

hedonic scale was also conducted in order to compare the overall likeability of the 

reference and copigmented juices processed by each processing regime.  

Before sensory analysis, all juices were degassed in order to equalize carbonation 

levels by placing them in a 4 L sterile glass container on a hot plate with continuous 

stirring for 4 h at 20 ˚C. Juices were then served at room temperature in randomly 

numbered plastic cups. A tray with a cup of water and non-salted crackers was also given 

to each of the panelists. All sensory tests were performed in the University of Florida’s 

taste panel facility using sixty untrained panelists (33 females, 18-29 age range).  

Statistical Analysis 

Data represents the mean and standard error of juices analyzed as a 3 x 2 x 2 x 9 

factorial comparing three processing conditions (DP-CO2 at 8% or 16% both at 34.5 

MPa, or thermally pasteurized), with and without thyme cofactors, in the 

presence/absence of ascorbic acid, and evaluated at nine sampling points (unprocessed, 

processed, week 1, 2, 3, 4 , 6 , 8 and 10). Linear regression, Pearson correlations and 

analysis of variance were conducted using JMP software (SAS, Cary, NC), with mean 

separation performed using the LSD test (P<0.05). All experiments were randomized and 

conducted in triplicate. Sensory data was recorded and analyzed using Compusense five 

(Compusense, Guelph, Ontario, Canada), and analysis of variance was conducted by 

using the Tukey’s multiple comparisons method (P<0.05). 
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Results and Discussion 

This study investigated phytochemical and organoleptic changes in muscadine 

grape juice associated with DP-CO2 processing and the addition of thyme polyphenolic 

cofactors as a means to reduce the oxidative phytochemical degradation that occurs in 

thermally processed, anthocyanin-containing beverages that are commonly fortified with 

L-ascorbic acid. Significant differences in anthocyanins, soluble phenolics, antioxidant 

capacity, and organoleptic attributes were observed by processing methods, 

copigmentation, and ascorbic acid fortification. Thermal pasteurization was more 

detrimental to polyphenolics, antioxidant capacity, and organoleptic attributes as 

compared to the DP-CO2 processes. Moreover, enhanced storage stability was observed 

for DP-CO2 processed juices in relation to thermal pasteurization. In addition to reducing 

phytochemical and antioxidant losses, copigmentation increased anthocyanin color 

intensity and antioxidant content of the juices, and also masked the detrimental color 

fading that took place during storage. L-ascorbic acid fortification increased the initial 

polyphenolic and antioxidant concentrations of the juices likely due to its reducing and 

antioxidant properties, however the addition of this phytochemical resulted in increased 

phytochemical and antioxidant degradation during storage. 

Initial Effects of Copigmentation and Ascorbic Acid Fortification 

Preliminary investigations indicated that the hyperchromic intensity (red 

coloration) of muscadine juice could be increased up to 5-fold by the addition of 

polyphenolic cofactors isolated from thyme in a 1:400 ratio. However due to adverse 

bitter and astringent flavors at high cofactor concentrations, this study evaluated juices at 

a 1:100 ratio based on informal sensory evaluations. The anthocyanin content of the 

juices was not affected by the addition of the cofactors but was initially protected by the 
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addition of L-ascorbic acid (Table 6-1) with 100 mg/L higher concentrations than the 

control juices, likely due to its antioxidant protection. Cofactor addition increased the 

initial content of soluble phenolics by 660 mg/L and antioxidant capacity by 30 µM 

TE/mL, concentrations that were additionally increased by 175 mg/L and 9 µM TE/mL 

following ascorbic acid fortification, respectively (Table 1), due to the metal reducing 

and antioxidant properties of this phytonutrient. Cofactors also increased visual color 

intensity of the juice as evidenced in a decline in hue angle from 19.2 to 10.2, which 

appear to the naked eye as a more intense red color.  

Phytochemical Changes Due to Thermal and DP-CO2 Processing 

The DP-CO2 processes insignificantly altered juice phytochemical and antioxidant 

content (Table 6-1), while thermal pasteurization reduced anthocyanins by 263 mg/L, 

soluble phenolics by 366 mg/L, L-ascorbic acid by 42 mg/L, and antioxidant capacity by 

6 µmol TE/mL. Similarly to the results observed in chapter 5, DP-CO2 did not affect 

juice pH (3.2) or titratable acidity (0.57 meq tartaric acid/mL). Residual CO2 content was 

6.74 and 9.75 mM for juices pressurized at 8 and 16% CO2 levels, respectively.  

Copigmentation and ascorbic acid fortification did not reduce phytochemical and 

antioxidant losses, but generally helped to retain higher levels of anthocyanins, phenolics, 

and antioxidant capacity when compared to control treatments. Copigmented treatments 

contained higher soluble phenolic (249 mg/L), antioxidant capacity (18 µM TE/mL), and 

ascorbic acid (17 mg/L) content than control treatments, while ascorbic acid fortified 

juices presented higher anthocyanin (154 mg/L), phenolic (214 mg/L), and antioxidant (8 

µM TE/mL) content than heat-pasteurized control juices. The combined addition of 

ascorbic acid and thyme cofactors synergistically acted to protect phytochemicals and 
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antioxidant levels of thermally pasteurized juices, as evidenced by the additional 

retention of these compounds following thermal processing.  

Organoleptic Changes Due to Addition of Thyme Polyphenolic Cofactors 

For each processing treatment (DP-CO2 or HTST), panelists compared the sensory 

attributes of the reference juice (no added cofactors) with those presented by the hidden 

reference and the copigmented juice. The hidden control was used to determine if the 

consumer was in fact detecting a difference between the juices and if so to determine the 

extent of organoleptic differences between the juices. Generally, addition of polyphenolic 

cofactors insignificantly affected the flavor and aroma of DP-CO2 and HTST processed 

muscadine grape juices. The only significant difference (< 1 unit on a 10 point scale) that 

was detected by the panelists was between the aroma of the reference and the 

copigmented juice processed by DP-CO2 at 34.5 MPa and 8% CO2; however, these juices 

had similar ratings for overall likeability. Copigmented juices received higher panel 

scores for overall likeability than control juices processed by heat and DP-CO2 at 16% 

CO2. Juice color intensity was the only organoleptic trait in which panelists were able to 

detect a difference between control and copigmented juices. This difference was likely 

attributed to the color enhancing properties of thyme polyphenolic cofactors, as 

copigmented juices had a more intense red color when compared to their corresponding 

control treatments. In addition, copigmentation served to mask the detrimental color 

changes that occurred during thermal processing, as insignificant changes in hue values 

were observed for copigmented juices when compared to a appreciable color fade in 

control juices. Although panelists did not evaluate in parallel the organoleptic attributes 

of juices processed by the different pasteurization regimes, results indicated that DP-CO2 
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juices received higher panel scores for overall acceptability (>2 units) than heat 

pasteurized juices indicating a higher preference for DP-CO2 processed juices.  

Phytochemical and Microbial Changes During Refrigerated Storage 

Thermal processing and ascorbic acid fortification were the variables that most 

affected the polyphenolic and antioxidant capacity levels of muscadine juice throughout 

storage at 4˚ C, while the DP-CO2 processes and copigmentation helped to increase 

phytochemical and antioxidant retention of the juices. In order to investigate if each 

independent variable (processing regime, copigmentation, or ascorbic acid fortification) 

delayed phytochemical degradation over time, or if the protective effects were only 

observed during processing, degradation rates were calculated according to Taoukis et al. 

(1997). Regression analysis concluded that rates of anthocyanin, soluble phenolics, 

antioxidant capacity and ascorbic acid degradation over time followed first order 

degradation kinetics (Tables 6-2 to 6-5) in accordance to previous studies (Skrede et al., 

2000; Garzon and Wrolstad, 2002; Del Pozo-Insfran et al., 2004; Brenes et al., 2005).  

Independently of processing parameters, DP-CO2 juices retained 386 mg/L higher 

anthocyanin content (Figure 6-1) and presented 2-fold lower degradation rates (Table 6-

2) than thermally pasteurized juices after 10 weeks of storage at 4 ˚C. This presumably 

occurred due to formation of carbohydrate and/or ascorbic acid degradation by-products 

during thermal processing and subsequent storage that accelerated anthocyanin 

degradation yielding brown polymerized pigments that negatively impacted juice quality 

(Es-Safi et al., 1999; Bradshaw et al., 2001; Dufour and Sauvaitre, 2000; Malien-Aubert 

et al., 2001; Es-Safi et al., 2002).  
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Table 6-1. The effect of thyme cofactors (0 and 100:1 anthocyanin-to-cofactor ratio) and ascorbic acid fortification (0, 450 mg/L) on 
the total anthocyanin, soluble phenolic and antioxidant content of unprocessed, heat (HTST; 75 ˚C, 15 sec), and DP-CO2 
(34.5 MPa at 8% or 16% CO2) pasteurized muscadine grape juice.  

1 Indicates the ratio between the molar concentration of total anthocyanins in muscadine grape juice (expressed as malvidin 3-
glucoside equivalents) and the molar concentration of thyme polyphenolic cofactors (expressed in gallic acid equivalents). 2 Means 
with similar letters within columns are not significantly different (LSD test, P>0.05). 3 Means with an asterisk (*) for each response 
variable indicate a significant effect (LSD test, P<0.05) due to addition of ascorbic acid. 

   
 No Ascorbic acid             Added Ascorbic acid  (450 mg/L)  

Treatment 

  

Cofactor  

ratio1 
 

Total 

anthocyanins 

(mg/L) 

Soluble 

phenolics  

(mg/L) 

Antioxidant  

capacity 

(µM TE/mL) 

 

Total 

anthocyanins

(mg/L) 

Soluble 

phenolics 

(mg/L) 

Antioxidant  

capacity 

(µM TE/mL) 

Total ascorbic 

acid 

(mg/L) 

Unprocessed 
 

0  1,110 a2 2,121 c 23.9 a  1,210 a*3 2,579 c* 31.9 c* 441 a 

 
 

100:1  1,175 a 2,780 a 50.9 a  1,219 a 2,955 a* 59.4 a* 445 a 
   

                

34.5 MPa, 8% CO2 
 

0  1,090 a 2,118 c 23.2 c  1,120 a 2,569 c* 31.3 c* 428 a 

 
 

100:1  1,078 a 2,661 b 48.0 a  1,185 a* 2,774 b 58.1 a* 434 a 
 

  

                

34.5 MPa, 16% CO2 
 

0  1,103 a 2,121 c 24.7 c  1,194 a* 2,531 c* 35.3 c* 434 a 

 
 100:1  1,101 a 2,753 a 46.4 a  1,208 a* 2,862 a 61.1 a* 432 a 

 

  

                

HTST 
 

0  843 b 1,754 d 17.7 d  997 c* 1,968 e* 26.1 d* 399 c 

(75 ˚C, 15 sec) 
 

100:1  865 b 2,003 c 35.9 b  1,101 b* 2,136 d* 50.1 b* 416 b 
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Table 6-2. Effect of thyme cofactors (0 and 100:1 anthocyanin-to-cofactor ratio) and 
ascorbic acid fortification (0, 450 mg/L) on first-order degradation kinetic 
parameters of anthocyanins present in heat (HTST; 75 ˚C for 15 sec) or DP- 
CO2 (34.5 MPa at 8 or 16% CO2) processed muscadine grape juice during 
storage at 4 °C. 

 

    

No Ascorbic acid 

Added Ascorbic acid 

(450 mg/L) 

Treatment  
Cofactor 

ratio1 
 β1

2 t1/2
3 R2  β1 t1/2

 R2 

34.5 MPa, 8% CO2 
 0   7.07 a4  98.1 c 0.99 17.8 c*5 39.0 c* 0.95 

 
 1:100  6.49 a  107  b 0.96 12.6  b 55.0 b* 0.98 

           

34.5 MPa, 16% CO2 
 0  7.37 a  94.1 c 0.96 13.9  b* 50.0 b* 0.98 

 
 1:100  5.50 b  126  a 0.98 10.6  a* 65.3 a* 0.98 

           

HTST  0  15.8 d  43.9 e 0.90 21.3  d* 32.5 c* 0.95 

  1:100  10.3 c  67.2 d 0.99 12.7  b* 54.4 b* 0.98 
 

1 Indicates the ratio between the molar concentration of total anthocyanins in 
muscadine grape juice (expressed as malvidin 3-glucoside equivalents) and the molar 
concentration of thyme polyphenolic cofactors (expressed in gallic acid equivalents). 2 
Indicates the degradation rate (slope, β1) of anthocyanins (days-1). 3 Indicates the half life 
(days) of initial anthocyanin content. 4 Means with similar letters within columns are not 
significantly different (LSD test, P>0.05). 5 Means with an asterisk (*) for each kinetic 
parameter indicate a significant effect (LSD test, P<0.05) due to addition of ascorbic acid 
when compared to the same treatment without ascorbic acid. 
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Table 6-3. Effect of thyme cofactors (0 and 100:1 anthocyanin-to-cofactor ratio) and 
ascorbic acid (0, 450 mg/L) on first-order degradation kinetic parameters of 
soluble phenolics in heat (HTST; 75 ˚C for 15 sec) or DP- CO2 (34.5 MPa at 8 
or 16% CO2) processed muscadine grape juice during storage at 4 °C. 

 

    

No Ascorbic acid 

Added Ascorbic acid 

(450 mg/L) 

Treatment  
Cofactor 

ratio1 
 β1

2 t1/2
3 R2  β1 t1/2

 R2 

34.5 MPa, 8% CO2 
 0   25.1 c4  27.6 c 0.91 38.2 c*5 18.1 c* 0.99 

 
 1:100   10.9 a  63.6 a 0.98 24.3 ab*  28.5 

ab* 0.98 
           

34.5 MPa, 16% 
CO2 

 0   19.2 b  36.1 b 0.97  21.9 a 31.7 a* 0.86 

 
 1:100   10.3 a  67.2 a 0.92  26.5 b* 26.2 b* 0.97 

           

HTST  0   36.2 d  19.1 d 0.97  52.6 d*  13.2 d 0.98 

  1:100   14.5 b  47.9 b 0.87  25.0 b*   27.8 b* 0.97 
 

1 Indicates the ratio between the molar concentration of total anthocyanins in 
muscadine grape juice (expressed as malvidin 3-glucoside equivalents) and the molar 
concentration of thyme polyphenolic cofactors (expressed in gallic acid equivalents). 2 
Indicates the degradation rate (slope, β1) of soluble phenolics (days-1). 3 Indicates the half 
life (days) of initial soluble phenolics content. 4 Means with similar letters within 
columns are not significantly different (LSD test, P>0.05). 5 Means with an asterisk (*) 
for each kinetic parameter indicate a significant effect (LSD test, P<0.05) due to addition 
of ascorbic acid when compared to the same treatment without cofactors. 
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Table 6-4. Effect of thyme cofactors (0 and 100:1 anthocyanin-to-cofactor ratio) and 
ascorbic acid fortification (0, 450 mg/L) on first-order degradation kinetic 
parameters of antioxidant capacity in heat (HTST; 75 ˚C for 15 sec) or DP- 
CO2 (34.5 MPa at 8 or 16% CO2) processed muscadine grape juice during 
storage at 4 °C.  

 

    

No Ascorbic acid 

Added Ascorbic acid 

(450 mg/L) 

Treatment  
Cofactor 

ratio1 
 β1

2 t1/2
3 R2  β1 t1/2

 R2 

34.5 MPa, 8% CO2 
 0   9.55 c4 72.6 c 0.93  21.2 c*5 32.6 d* 0.98 

 
 1:100  8.54 b 81.1 b 0.99  7.64 a  90.7 a 0.97 

           

34.5 MPa, 16% CO2 
 0  7.37 a 94.0 a 0.97 15.4 b* 45.0 c* 0.95 

 
 1:100  7.70 a 90.3 a 0.98  7.90 a  87.6 a 0.98 

           

HTST  0  13.0 d 53.4 d 0.94 31.6 d* 21.9 e* 0.95 

  1:100  14.2 d 49.0 d 0.87   11.0 b  62.8 b 0.98 
 

1 Indicates the ratio between the molar concentration of total anthocyanins in muscadine 
grape juice (expressed as malvidin 3-glucoside equivalents) and the molar concentration 
of thyme polyphenolic cofactors (expressed in gallic acid equivalents). 2 Indicates the 
degradation rate (slope, β1) of antioxidant capacity (days-1). 3 Indicates the half life (days) 
of initial antioxidant capacity content. 4 Means with similar letters within columns are not 
significantly different (LSD test, P>0.05). 5 Means with an asterisk (*) for each kinetic 
parameter indicate a significant effect (LSD test, P<0.05) due to addition of ascorbic acid 
when compared to the same treatment without ascorbic acid. 
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Table 6-5. Effect of thyme cofactors (0 and 100:1 anthocyanin-to-cofactor ratio) on first-
order degradation kinetic parameters of total ascorbic acid present in heat 
(HTST; 75 ˚C for 15 sec) or DP- CO2 (34.5 MPa at 8 or 16% CO2) processed 
muscadine grape juice during storage at 4 °C. 

 
      Without thyme cofactors  With thyme cofactors 1 

 
Treatment   β1

2 t1/2
 3 R2  β1 t1/2

 R2 

 

34.5 MPa, 8% CO2 
  57.8 b4 12.0 b 0.98  42.9 a*5 16.2 a* 0.95 

 

34.5 MPa, 16% CO2 
  46.8 a 14.8 a 0.96  43.1 a 16.1 c* 0.96 

 

HTST 
  152 c 4.62 c 0.83  92.5 b* 7.51 b* 0.97 

 

1 Indicates the ratio between the molar concentration of total anthocyanins in muscadine 
grape juice (expressed as malvidin 3-glucoside equivalents) and the molar concentration 
of thyme polyphenolic cofactors (expressed in gallic acid equivalents). 2 Indicates the 
degradation rates (β1) of total ascorbic acid (days-1). 3 t1/2 indicates the half life (days) of 
initial total ascorbic acid content (450 mg/L). 4 Means with similar letters within columns 
are not significantly different (LSD test, P>0.05). 5 Means with an asterisk (*) for each 
kinetic parameter indicate a significant effect (LSD test, P<0.05) due to addition of thyme 
cofactors when compared to the same treatment without ascorbic acid. 

Comparison of kinetic parameters among treatments indicated that although 

ascorbic acid fortification increased anthocyanin degradation for all processing 

treatments, its addition had a more pronounced effect for DP-CO2 juices (3.5-fold 

increase in degradation rates) than for the heat-pasteurized juices (1.4-fold). This likely 

occurred due to the slower rates of degradation initially observed for DP-CO2 juices 

when compared to the significantly higher degradation rates and oxidative conditions 

presented by thermally processed controls. As expected, ascorbic acid-fortified juices 

retained less anthocyanins than control juices confirming the destructive interaction 

between these compounds in a food system (Poei-Langston and Wrolstad, 1981; Garcia-
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Viguera and Bridle, 1999; Garzon and Wrolstad, 2002;  Brenes et al., 2005), and again 

this effect was more marked for DP-CO2 processed juices. Addition of thyme cofactors 

reduced anthocyanin degradation rates by 1.5-fold (Table 6-2), extended anthocyanin 

half-life values from 9 to 32 days, and retained higher anthocyanin concentrations than 

controls from 57 up to 278 mg/L after 10 weeks storage (Figure 6-1), in a manner 

independent of processing method or L-ascorbic acid fortification. For non-copigmented 

juices processed by DP-CO2, the CO2 concentration had no effect on anthocyanin storage 

stability. However, in copigmented juices an increase in processing CO2 from 8 to 16% 

delayed anthocyanin degradation by 1.4-fold and increased anthocyanin retention by > 63 

mg/L at the end of the storage (Figure 6-1). This trend was also observed for ascorbic 

acid-fortified juices and likely occurred due to the protection of polyphenolic compounds, 

present both in the juice and cofactors, by oxygen exclusion. Dissolved oxygen is known 

to significantly increase the rate and sequence of polyphenolic and/or ascorbic acid 

degradation that produce quinones or carbonyl compounds that react and accelerate 

anthocyanin degradation (Es-Safi et al., 1999; Malien-Aubert et al., 2001; Es-Safi et al., 

2002). Results also suggested that the prevention and/or reduction of furfural formation 

during thermal processing and storage might be an important approach to attenuate 

anthocyanin degradation that can be obtained by non-thermal processing such as DP-

CO2. Anthocyanin losses were correlated to instrumental color evaluations (r=0.84) that 

showed slight changes in hue values for DP-CO2 processed juices during storage while 

thermally processed juices showed a prominent loss of red color. As previously 

discussed, results from color analysis indicated that cofactor addition served to mask the 

detrimental color changes that occurred throughout storage. 
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Figure 6-1. Total anthocyanin content of muscadine grape juice without (A) and with 
ascorbic acid (B; 450 mg/L) during refrigerated storage (4 ˚C) as affected by 
heat (HTST; 75 ˚C, 15 sec) and DP-CO2 (34.5 MPa at 8% or 16% CO2) 
pasteurization and the addition of thyme cofactors (Thy; 0 and 1:100 
anthocyanin-to-cofactor ratio).  

Copigmented juices markedly presented higher concentrations of soluble phenolics 

and antioxidant capacity than control juices during storage (Figures 6-2 and 6-3), even in 

the presence of L-ascorbic acid which was detected as an interference in the Folin-

Ciocalteu assay. Similar to results for anthocyanins, the rate of degradation for soluble 

phenolics and antioxidant capacity (Tables 6-3 and 6-4, respectively) was more 

pronounced for heat-pasteurized juices followed by the DP-CO2 process at 8% CO2 and 

lastly at 16% CO2. Increases in CO2 concentrations from 8 to 16% during DP-CO2 

offered enhanced storage stability for antioxidant capacity, soluble phenolics, and total 

ascorbic acid (Figures 6-2 to 6-4), indicating that greater exclusion of dissolved oxygen 
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was instrumental for phytochemical retention during storage. Addition of thyme cofactors 

reduced rates of soluble phenolic degradation by 2-fold for all treatments independent of 

ascorbic acid concentration (Table 6-3), a protective effect that was also observed for 

losses in antioxidant capacity for L-ascorbic acid-fortified juices (Table 6-4). Addition of 

ascorbic acid generally increased the rates of soluble phenolics and antioxidant capacity 

degradation by 2-fold when compared to unfortified control treatments. Addition of 

ascorbic acid also presented a negative effect for copigmented treatments, however juices 

with added cofactors showed enhanced stability that their respective non-copigmented 

counterparts as evidenced by their smaller degradation rates and higher half-life values. 

Similar to trends observed for anthocyanins, soluble phenolics, and antioxidant 

capacity heat pasteurized juices demonstrated 3-fold faster rates of total ascorbic acid 

degradation when compared to DP-CO2 counterparts, rates that were reduced to 2-fold by 

the addition of thyme cofactors (Table 6-5). Copigmentation also reduced ascorbic 

degradation for the juice processed at 34.5 MPa and 8% CO2. Increasing processing CO2 

levels from 8 to 16% offered enhanced storage stability for ascorbic acid, suggesting that 

losses of this phytonutrient can be prevented by reduction of oxygen content in food 

systems as those reported by Poei-Langston and Wrolstad (1981) in anthocyanin-

containing juices (1981). These results along with the trends observed for soluble 

phenolics, suggest that anthocyanin destruction occurs independently of oxygen content 

in the juice matrix while polyphenolic and ascorbic acid degradation is directly linked to 

the presence of oxygen. Copigmented DP-CO2 juices contained significantly higher 

ascorbic acid content than heat-pasteurized controls after six weeks of storage, 
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independently of processing parameters. However, no ascorbic acid was detected in any 

of the juices after the seventh week of storage.  

 
 

 

 

 

 

 
 

 

 

 

 
 

 
 

 

Figure 6-2. Total soluble phenolic content of muscadine grape juice without (A) and with 
ascorbic acid (B; 450 mg/L) during refrigerated storage (4 ˚C) as affected by 
heat (HTST; 75 ˚C, 15 sec) and DP-CO2 pasteurization (34.5 MPa at 8% or 
16% CO2), and the addition of thyme cofactors (Thy; 0 and 1:100 
anthocyanin-to-cofactor ratio). 
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Figure 6-3. Antioxidant capacity of muscadine grape juice without (A) and with ascorbic 
acid (B; 450 mg/L) during refrigerated storage (4 ˚C) as affected by heat 
(HTST; 75 ˚C, 15 sec) and DP-CO2 pasteurization (34.5 MPa at 8% or 16% 
CO2), and the addition of thyme cofactors (Thy; 0 and 1:100 anthocyanin-to-
cofactor ratio).  

Similarly to the trends observed in chapter 5, thermally-pasteurized juices did not 

present significant yeast/mold growth (< 10 CFU/mL) during the entire shelf-life, while 

DP-CO2 juices exhibited a gradual increase in microbial growth after the 6th week of 

storage that was dependent of processing CO2 content. Results also concluded that 

microbial stability was comparable between control and copigmented treatments even 

though previous investigations have reported antimicrobial properties of thyme extracts 

(Nychas, 1995; Rauha, 2000; Sagdic, 2003). The used polyphenolic level of thyme 

extract was likely not effective in preventing microbial growth. Independently of 
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processing regimes and copigmentation, total aerobic counts were < 10 CFU/mL 

throughout refrigerated storage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-4. Total ascorbic acid content of muscadine grape juice during refrigerated 
storage (4 ˚C) as affected by heat (HTST; 75 ˚C, 15 sec) and DP-CO2 
pasteurization (34.5 MPa at 8% or 16% CO2), and the addition of thyme 
cofactors (Thy; 0 and 1:100 anthocyanin-to-cofactor ratio).  

Conclusions 

Results of this study showed that DP-CO2 and addition of thyme polyphenolic 

cofactors served to protect phytochemical and antioxidant levels in muscadine juice 

throughout storage without comprising the organoleptic attributes of the juice. In addition 

to preventing anthocyanin and ascorbic acid losses, copigmentation was shown to be an 

effective strategy to increase the color intensity of muscadine juice and mask the 

Storage time (weeks)
0 1 2 3 4 5 6 7

To
ta

l a
sc

or
bi

c 
ac

id
 (m

g/
L)

0

100

200

300

400
 8% CO2

8% CO2, Thy 
16% CO2

16% CO2, Thy 
HTST 
HTST, Thy



115 

 

detrimental color fading that occurred during storage, parameters that along with 

antioxidant content are significant factors affecting consumer acceptability and 

preference. 
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CHAPTER 7 
INACTIVATION OF POLYPHENOL OXIDASE IN MUSCADINE GRAPE JUICE BY 

DENSE PHASE-CO2 PROCESSING 

Introduction 

Dense phase-CO2 processing (DP-CO2) is a continuous, non-thermal processing 

system for liquid foods that utilizes pressure (< 90 MPa) in combination with carbon 

dioxide (CO2) to inactivate microorganisms. This emerging processing technology is a 

promising alternative to traditional thermal pasteurization technologies and may lessen 

detrimental effects to thermolabile phytonutrients (Corwin and Shellhammer, 2002; Park 

et al., 2002; Boff et al., 2003). However, a potential downside of this technology is the 

presence and/or activation of residual enzymes, such as polyphenol oxidase (PPO), 

lipoxygenase, and peroxidase, during processing and storage, which may be partially 

responsible for oxidative degradation reactions. Several studies have shown the effect of 

SC-CO2 and DP-CO2 on pectin methyl esterase, lipoxygenase, peroxidase, and PPO in 

model and real food systems (Chen et al., 1992; Corwin and Shellhammer, 2002; Park et 

al., 2002; Boff et al., 2003;). For instance, Taniguchi et al. (1987) studied the effect of 

SC-CO2 on nine different enzymes at 20.3 MPa and 35 °C for 1 h and showed that > 90% 

of the enzymatic activity was retained when the water content of the enzyme preparations 

was 5-7 %. Chen et al. (1992) also reported that PPO can be inactivated at low 

temperatures with SC-CO2; however, the degree of inhibition was dependent on the 

source of the enzyme. Arreola et al. (1991a) investigated pectin esterase activity and 

showed that its inactivation was affected by temperature, pressure and process time, and 
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that complete enzyme inactivation was achieved at 26.9 MPa and 56 °C for 145 min. 

Although several reports have reported the pressure induced activation or inactivation of 

pectin esterease in both model and real systems, and PPO in model systems, limited 

information is currently available in regards to PPO present in muscadine grape juice, 

especially using a continuous CO2 processing system. This information is of relevance to 

the food industry due to inherent instability of anthocyanin-containing products to both 

chemical and enzymatic degradation and its consequent deleterious effects on quality 

attributes and phytochemical deterioration. Therefore, the present study investigated the 

effect of DP-CO2 on PPO activity and its consequent effect on polyphenolic and 

antioxidant changes in muscadine juice under a variety of processing pressures (27.6, 

38.3, and 48.3 MPa) and CO2 levels (0, 7.5, and 15%). Since the majority of the studies 

looking at the effects of HHP or DP-CO2 on enzyme inactivation do not take into account 

the shelf-life stability of the product, this study also investigated the polyphenolic and 

antioxidant changes that occurred in muscadine juice during its refrigerated storage (4 ˚C) 

and which were associated with residual PPO activity following DP-CO2 at 48.3 MPa and 

0 and 15% CO2.  

Materials and Methods 

Materials   

Muscadine grapes (cv. Noble) were obtained from a local grower in central Florida 

and held frozen (-20ºC) until needed. Fruit was rapidly thawed by placing them under 

running tap water and hand-sorted for uniformity of ripeness. Grapes were then crushed, 

heated to 46 °C in an open steam kettle, and held for 11 min prior to juice extraction in a 

hydraulic basket press (Prospero’s Equipment, Cort, NY). Previous studies demonstrated 

that the maximum PPO activity in muscadine juice could be obtained by using this juice 
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extraction procedure. The juice was immediately filtered through cheesecloth followed 

by vacuum filtration through a 1 cm bed of diatomaceous earth. Sodium azide (50 mg/L) 

was then added to the juice in order to retard microbial growth throughout the study. 

Effect of DP-CO2 Processing on PPO activity 

Residual PPO activity in muscadine juice following different DP-CO2 treatments 

varying in processing pressure (27.6, 38.3, and 48.3 MPa) and CO2 content (0, 7.5, and 

15%) at a constant processing temperature (30 ˚C) and flow rate (500 mL/min) was 

investigated and determined according to a modified polarographic method described in 

Chapter 4. The reaction was started when 0.9 mL of 0.12 M catechin was added to 2.8 

mL of muscadine juice mixed with 1 mL of 0.1 M phosphate buffer at pH 3.5. The assay 

was carried out in air-saturated solutions agitated with a magnetic stirrer and the 

electrode calibrated using air-saturated water (245 nmol O2 / ml H2O). Enzymatic activity 

was determined from the linear portion of the oxygen consumption curve, reported as 

nmoles of oxygen consumed per second (nkat), and expressed as a percentage of the 

unprocessed juice (100% activity, 0.12 nkat). Polyphenolic and antioxidant changes 

associated with enzyme inactivation were also investigated and compared among the 

different processing treatments.  

Storage Stability of Muscadine Juice with Residual PPO Activity 

Two DP-CO2 treatments (48.3 MPa at 0 or 15% CO2) were chosen to investigate 

the phytochemical changes associated with residual PPO activity during refrigerated 

storage (4 ˚C) of muscadine juice. Treatments were additionally compared to control 

juices containing no enzyme activity and processed at equal DP-CO2 processing 

conditions. Previous studies determined that complete PPO inactivation could be 

obtained by extracting the juice at 75 ˚C for 2 min. Following DP-CO2 processing, all 
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juices were immediately transferred into 20 mL screwed cap vials, and stored at 4 ˚C for 

4 weeks. Samples were collected every week and were evaluated for anthocyanin, soluble 

phenolics and antioxidant capacity levels.  

Chemical Analyses  

Individual anthocyanin 3,5-diglycosides, total soluble phenolics, antioxidant 

capacity, pH, total titratable acidity, and residual CO2 content in the juices were 

determined as described in Chapter 5. 

Statistical Analysis 

Data for the DP-CO2 inactivation study represents the mean and standard error of 

juices analyzed as a 3 x 3 factorial comparing three DP-CO2 processing pressures (27.6, 

38.3, and 48.3 MPa) and three CO2 levels (0, 7.5, and 15%). Data for the storage study 

represents the mean and standard error of juices analyzed as a 2 x 2 x 5 factorial 

comparing two juices enzyme activities (control and residual PPO) processed at two 

different CO2 processing levels (0 and 15%) with constant pressure (48.3 MPa), and 

evaluated at 5 sampling points (processed, week 1, 2, 3, and 4). Linear regression, 

Pearson correlations and analysis of variance were conducted using JMP software (SAS, 

Cary, NC), with mean separation performed using the LSD test (P<0.05). All 

experiments were randomized and conducted in triplicate.  

Results and Discussion 

Effect of DP-CO2 Processing on PPO Activity 

Differences in PPO activity, anthocyanins, polyphenolics, and antioxidant levels 

were observed in muscadine grape juice as affected by processing pressure and CO2 

levels (Figures 7-1 and 7-2). Pressure alone was responsible for a ~40% decrease in PPO 

activity and resulted in 16-40% polyphenolic and antioxidant losses, while increasing 
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CO2 processing levels from 0 to 7.5% was responsible for an additional ~35% decrease in 

enzyme activity and ~2-fold higher polyphenolic and antioxidant retention. Further 

increases of CO2 processing levels to 15% did not serve to reduce PPO activity nor 

prevented polyphenolic and antioxidant losses.  

 
Table 7-1. Individual and total anthocyanin content of unprocessed muscadine grape juice 

as affected by DP-CO2 processing pressure (27.6, 38.3, and 48.3 MPa) and 
CO2 content (0, 7.5, and 15%).  

 
1  Sum of individual 3,5- anthocyanin diglucosides quantified by HPLC. 2 Means with 
similar letters within columns are not significantly different (LSD test, P>0.05).   

 
Treatment 

 

% CO2 

Delphinidin 

3,5-glucoside

(mg/L) 

Cyanidin  

3,5-glucoside

(mg/L) 

Petunidin  

3,5-glucoside 

(mg/L)  

Peonidin 

3,5-glucoside 

(mg/L) 

Malvidin  

3,5-glucoside 

(mg/L) 

Total 

anthocyanins 
1 (mg/L) 

Unprocessed - 410 a2 201 a 386 a 159 a 118 a 1275 a 

 
 

        

27.6 MPa 0% 295 cd 146 ef 278 cd 117 f 87.5 b 924 d 

 7.5% 349 b 172 bc 328 b 136 bc 102 ab 1087 b 

 15% 345 b 170 bcd 325 b 135 d 101 ab 1075 b 

 
 

        

38.3 MPa 0% 319 bc 158 de 300 bc 125 e 93.8 b 996 c 

 7.5% 351 b 173 b 330 b 137 b 102 ab 1093 b 

 15% 321 bc 158 cde 302 bc 126 e 94.3 b 1002 c 

 
 

        
48.3 MPa 0% 271 b 135 f 256 d 108 g 81.2 b 851 e 

 7.5% 351 b 173 b 331 b 137 b 102 ab 1095 b 

 15% 346 b 170 bcd 326 b 135 cd 101 ab 1078 b 
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Figure 7-1. Effect of DP-CO2 at different processing pressures (27.6, 38.3, and 48.3 MPa) and CO2 levels (0, 7.5%, and 15%) on 
residual PPO activity (A) and resultant anthocyanin losses (B) in muscadine grape juice. 
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Figure 7-2. Effect of DP-CO2 at different processing pressures (27.6, 38.3, and 48.3 MPa) and CO2 levels (0, 7.5%, and 15%) on PPO-
induced losses in soluble phenolics (A) and antioxidant capacity (B) in muscadine grape juice. 
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Processing juices at 27.6 MPa and 0% CO2 resulted in a 40% decrease on initial 

PPO activity (Figure 7-1A), and this inactivation rate was insignificantly affected when 

processing pressures were increased to 38.3 and 48.3 MPa. Increasing processing CO2 

levels from 0 to 7.5% served to additionally reduce enzymatic activity by 35%, yet 

further increases in CO2 levels did not serve to reduce residual PPO activity. These 

changes in enzymatic activity were not related to variations in the pH of the system since 

insignificant changes in juice pH values (3.2) were observed among treatments right after 

DP-CO2 processing. Previous studies (Arreola, 1991a; Chen et al., 1992; Fadiloglu and 

Erkmen, 2002; Park et al., 2002; Tisi, 2004) have reported pH changes due to the 

formation of carbonic acid in aqueous systems pressurized with CO2. The insignificant 

changes in pH observed in this study might be attributed to the low concentrations of CO2 

dissolved in the juices that resulted when this gas was stripped from the juice by vacuum 

during the last stage of processing (Figure 5-1). Juice CO2 content was 6.25 and 13.2 mM 

for treatments pressurized at 7.5 and 15% CO2, respectively, and these levels varied 

insignificantly with processing pressure. In addition to the pH lowering mechanistic 

inactivation presented by CO2, previous studies have showed that CO2 can also react with 

enzyme-bound arginine to form a bicarbonate-protein complex that is responsible for the 

loss of enzymatic activity (Weder, 1984; Chen et al., 1992; Weder et al., 1992). Changes 

in PPO activity could also be attributed to conformational changes in enzyme structure, 

enzyme stability, and/or disruption of enzyme-substrate interactions during DP-CO2 and 

SC-CO2 as those described in previous studies (Chen et al., 1992; Ishikawa et al., 1995; 

Fadiloglu and Erkmen, 2002; Tisi, 2004; Gui et al., 2005). For example, Chen et al. 

(1992) investigated changes in PPO activity associated with different high pressure CO2 



 

 

conditions (pressure and residence time) and concluded that pressure-induced 

inactivation was caused by changes in enzyme secondary structure and that the 

magnitude of conformational changes was dependant in the source of PPO (lobster > 

shrimp > potato). Ishikawa et al. (1996) and Gui et al. (2005) also observed that decreases 

in enzyme activity caused by SC-CO2 were directly related to changes in enzyme α-helix 

(secondary structure) as evidenced by spectroscopic, UV-circular dichroism, and 

tryptophan florescence analysis. Furthermore, Chen et al. (1992) showed that pressured-

induced PPO activation can also occur due to the ionization of peptide groups during 

processing. 

Although juices processed with different pressure levels at 0% CO2 presented 

similar enzymatic activity, losses of total anthocyanins (Figure 7-1B), soluble phenolics 

(Figure 7-2A), and antioxidant capacity (Figure 7-2B) differed among treatments and 

followed a bell curve shape that was dependant on processing pressure. When compared 

to their initial total anthocyanin (1,275 mg/L), soluble phenolics (2,183 mg/L), and 

antioxidant capacity (31.3 µM TE/mL) content, higher losses were observed when juices 

were processed at 48.3 MPa followed by juices processed at 27.6 MPa and lastly juices 

processed at 38.3 MPa. Generally, increasing processing CO2 levels from 0 to 7.5% 

served to reduce losses in total anthocyanins (2-fold), soluble phenolics (1.6 to 2-fold), 

and antioxidant capacity (1.7 to 2-fold) for juices processed at 27.6 and 48.3 MPa. 

However, this protective effect was either minor or insignificant for juices processed at 

38.3 MPa. Similarly than those trends observed for PPO activity, increasing the 

processing CO2 content to 15% did not offer additional polyphenolic and antioxidant 

retention. Within comparable processing conditions (pressure and CO2 levels), similar 



 

 

degradation rates were observed among individually quantified anthocyanins (Table 7-1) 

which contrasted with those trends of non-enzymatic degradation observed in chapters 5 

and 6 where greater losses occurred for o-dihydroxy substituted anthocyanins with 

respect to their methoxylated counterparts. These differences could be attributed due to 

the specific mechanism of anthocyanin degradation when by-products formed by PPO 

oxidation are present in the food system and/or due to rate, sequence, and multiplicity of 

degradative reactions occurring simultaneously. Anthocyanin (r=0.78), polyphenolic 

(r=0.93), and antioxidant capacity (r=0.84) degradation was highly correlated to PPO 

activity. 

Storage Stability of Muscadine Juice with Residual PPO Activity 

Most studies looking at the effects of HHP or DP-CO2 on phytonutrient stability 

only include evaluations after processing (Boff et al., 2003; Park et al., 2002; Corwin and 

Shellhammer, 2002), and do not consider their stability during the shelf-life of the 

product. Therefore, this study investigated the polyphenolic and antioxidant changes 

associated with residual PPO activity during the refrigerated storage (4 ˚C) of muscadine 

juice. Two DP-CO2 treatments (48.3 MPa at 0 or 15% CO2) were chosen for this aim and 

were selected because each presented the highest and lowest inactivation rates following 

DP-CO2 processing and because the effect of CO2 processing levels can be best evaluated 

by maintaining a constant processing pressure. Furthermore according to the results 

obtained in Chapter 5, both processing treatments can achieve a > 5 log reduction of 

aerobic microorganisms and yeasts/molds and thus are more likely to be used in a 

commercial scale. 



 

 

Results demonstrated that independently of CO2 processing levels, juices that had 

residual PPO activity showed higher anthocyanin (8-fold), soluble phenolics (10-fold), 

and antioxidant (4-fold) degradation rates than control juices with no enzyme activity. 

Furthermore, control treatments retained higher total anthocyanins (620 mg/L), soluble 

phenolics (1,590), and antioxidant capacity (18.1 µM Trolox equivalents/mL 

respectively; Figure 7-3) than counterparts containing residual enzymatic activity 

following DP-CO2 at the end of the storage. The rate of anthocyanin degradation 

considerably contrasted with those trends presented by soluble phenolics and antioxidant 

capacity degradation (Figure 7-3). Anthocyanins presented gradual losses during the first 

two weeks of storage at 4 ˚C, just like soluble phenolics and antioxidant capacity 

throughout the entire shelf-life, while the rate of degradation of anthocyanins 

significantly increased after the second week of storage. Comparable degradation rates 

were observed among individual anthocyanins (80%) present in DP-CO2 juices with 

residual PPO-activity, while the o-dihydroxylated anthocyanins, delphinidin and 

cyanidin, present in control juices showed greater losses (35%) than its methoxylated 

counterparts petunidin (20%), peonidin (23%) and malvidin (12%). Similarly to those 

trends observed in chapter 5 and 6, the concentration of CO2 utilized during DP-CO2 

processing insignificantly affected anthocyanin stability during storage, while increasing 

CO2 from 0 to 15% offered enhanced storage stability for total soluble phenolics and 

antioxidant capacity. However, increasing the CO2 processing levels from 0 to 15% did 

offer enhanced anthocyanin stability for juices with residual PPO activity that was likely 

associated to decreases in enzymatic activity and/or protection of polyphenolic 

compounds during refrigerated storage.  



 

 

These results clearly demonstrate that residual enzymatic activity and/or the 

production of PPO degradation by-products were responsible for the enhanced oxidative 

degradation of these juices. However, there was not a clear relationship between the 

residual activity following DP-CO2 and the storage stability of the juices. Based on 

residual activity after DP-CO2, it was expected that juices processed at 48.3 MPa and 0% 

CO2 presented higher rates of polyphenolic and antioxidant degradation than counterparts 

processed at 15% CO2. However, similar degradation rates were observed for both 

treatments. One factor that could have contributed to this particular situation is the 

reversibility of enzymatic activity after a certain time following DP-CO2 processing. 

Previous studies have shown that reversible changes in protein structure can occur during 

and following DP-CO2 and thus enzyme activity can vary depending on processing 

conditions such as pressure, CO2 levels, temperature and length of processing and storage 

(Fadiloglu and Erkmen, 2002). For example, Gui et al. (2005) showed that horseradish 

peroxidase treated with SC-CO2 (< 30 MPa) recovered its initial activity as well as its 

initial conformational structure after a 7 day storage at 4 ˚C. Other studies have also 

corroborated that pressures ≤ 310 MPa generally produce changes in enzymatic 

conformation that are reversible upon pressurization after a short storage period. 

However, the degree of this reversibility is highly dependant on the type of enzyme, 

enzyme source, nature of food matrix, temperature, time, pH of the food system, etc. 

(Arreola, 1991b; Chen et al., 1992; Fadiloglu and Erkmen, 2002; Park et al., 2002; Tisi, 

2004). Another factor that could have contributed to the reduction of enzyme activity, is 

the temperature used for the shelf-life of the juices, since temperatures < 10 ˚C are known 



 

 

to negatively impact the stability and activity of an enzyme (Ishikawa et al., 1995; 

Fadiloglu and Erkmen, 2002; Park et al., 2002; Tisi, 2004).  

Conclusions 

The present study showed that partial inactivation of PPO can be obtained by DP-

CO2. Processing CO2 levels was the main processing variable influencing PPO activity as 

well as polyphenolic and antioxidant retention in muscadine juice. Results also concluded 

that PPO residual activity during the refrigerated storage of the juices was responsible for 

their enhanced polyphenolic and antioxidant degradation and that again processing CO2 

levels was instrumental in decreasing these losses.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3. Total anthocyanin (A), soluble phenolics (B), and antioxidant capacity (C) 
content of DP-CO2 processed (48.3 MPa) muscadine grape juice during 
refrigerated storage (4 ˚C) as affected by processing CO2 content (0 or 15%) 
and initial PPO activity (No Activity=Control, and residual activity following 
DP-CO2). 
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CHAPTER 8 
SUMMARY AND CONCLUSIONS 

Due to the need for novel, inexpensive, and stable sources of anthocyanin 

pigments, the stability of açai anthocyanins as a new source of these pigments was 

established in the present study and can be used to determine application and functional 

properties of açai in a variety of food and nutraceutical products. The effect of naturally 

occurring cofactors on anthocyanin color stability was also determined. 

Addition of cofactors isolated from thyme was proven to not only increased juice 

color and antioxidant activity but also reduced anthocyanin, polyphenolic, and ascorbic 

acid losses. Copigmentation did not influence the sensory properties of the juices yet 

increased the red color intensity and prevented the color fading that occurred during 

storage. Likewise, the DP-CO2 process served to protect anthocyanins and antioxidant 

levels without comprising the sensory attributes of a muscadine juice. However, the 

microbial stability of DP-CO2 juices was significantly lower when compared to heat-

pasteurized counterparts. This study also showed that the main DP-CO2 processing 

variable influencing microbial and enzymatic inactivation, as well reducing polyphenolic 

and antioxidant losses, was processing CO2 levels. The combination of DP-CO2 and 

copigmentation was proven to be instrumental in increasing the phytochemical stability 

of muscadine juice and can be used by the food and nutraceutical industry as a strategy to 

reduce phytochemical losses and increase the commercial application of these pigments.  
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