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ABSTRACT 

The purposes of this dissertation research were: 1) to develop new functional food 

products for consumers, 2) to evaluate processing or storage stability, antioxidant activity, and 

health properties of polyphenolic compounds in functional products, and 3) to determine the 

effects of processing from emerging technologies on properties of functional products.   

Novel functional food products were developed, which included a beverage made from 

fruit juice and high-procyanidin sorghum bran for the metabolic syndrome or diabetic markets, 

and model green tea (GT)-fortified apple products designated for low- and intermediate-moisture 

food systems.   

The stability of phytochemicals and antioxidant activity was evaluated in GT-fortified 

apple product over storage in low- and intermediate-moisture systems.  Phytochemical 

degradation was modeled using a pseudo-first-order kinetic model (ln C = A∙e
-kt

).  GT catechins 

including catechin (C), epicatechin (EC), epigallocatechin (EGC), epigallocatechin gallate 

(EGCG), and epicatechin gallate (ECG) showed varying levels of stability with k = 0 to 0.070, 

indicating degradation over storage.  Analysis of water mobility by differential scanning 

calorimetry (DSC) and nuclear magnetic resonance (NMR) supported analytical determinations 



 

that increasing moisture content related to increases in magnitude of k.  The onset glass transition 

temperature (Tgo) of GT-fortified apple products decreased from 13°C to -34°C from aw 0.l1-

0.56, respectively.  Low-field 
1
H NMR analysis of GT-fortified apple products conducted by free 

induction decay (FID) showed increasing relaxation times from 60 to 1,000 µs from aw 0.11-

0.75, respectively.  Antioxidant activity determinations including total polyphenolic content by 

the Folin-Ciocalteu method, 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl radical (DPPH) 

scavenging activity, and ferric reducing/antioxidant power (FRAP) assay conducted on extracts 

from high-procyandin sorghum beverage and GT-fortified apple products demonstrated value-

added potential of functional ingredient incorporation to products.  As an in vitro marker for 

diabetic systems, extracts from high-procyanidin sorghum beverage and GT-fortified apple 

products showed efficacy in inhibiting glycation of bovine serum albumin.   

High-pressure throttling was investigated as an emerging technology used for the 

processing of functional beverages.  Apple juice inoculated with Zygosaccharomyces bailii, 

common spoilage yeast in fruit juices, processed by high-pressure throttling was found to have 7-

log reductions in vegetative cells from processing of juice.                  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

 

INTRODUCTION 

Consumers are becomingly increasingly interested and aware of the role that diet has in 

maintaining and promoting health and preventing disease. They are demanding premium, 

convenient food products that also satisfy their needs for health, while providing nutrients 

beyond basic nutrition. The research community has identified and is still investigating a vast 

array of chemical compounds found in nature and the diet that have demonstrated positive 

consequences toward human health. These chemicals are not essential for body metabolism, but 

contribute to overall health and wellness through their ability to help the body maintain 

immunity and provide protection from toxins.   

Loss of phytochemical content becomes more significant as foods are processed, and 

fortification such as through functional foods becomes necessary (Henry and Heppell, 2002).  

The concept of functional foods has only recently gained mainstream popularity.  It links 

consumers' needs for consuming health-promoting food products that provide more than basic 

nutrition with the goal of aiding in the prevention or maintenance of certain disease states or 

increasing physiologic performance. 

An emerging class of novel functional foods is appearing in the marketplace.  This type 

of product involves adding food ingredients rich in bioactive compounds to common food 

products, but where the new ingredient has not previously been added to the food product.  For 

example, this could include adding green tea extract to apple products.   Little is known how the 

bioactive compounds will interact and how this will affect their chemical stability and nutritional 
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significance.  Additional information is needed on emerging technologies that can process these 

products. 

The primary goals of this dissertation research were: 

1.  To increase the availability and type of functional foods 

2. To evaluate the processing or storage stability, antioxidant activity, and health properties 

of polyphenolic compounds in functional products. 

 

To satisfy these objectives, the research studies presented in this dissertation focused on 

first identifying functional ingredients that may provide unique or complementary health 

properties to consumers.  The ingredients selected were high procyanidin sorghum bran and 

green tea extract, which were both rich sources of polyphenolic compounds.  These bioactive 

ingredients were then paired with basic, staple foods such as white grape or apple juices and 

apple fruit products.  The purpose was to increase the nutritional content of the basic foods, 

providing value-added benefits to consumers.  Particular attention was also placed on pairing the 

functional ingredient with a basic food item to provide complementary health benefits.  This 

included increasing the polyphenolic contents of antioxidants, or enhancing specific health 

benefits associated with consuming the foods, such as possibly reducing physiologic effects 

associated with type II diabetes or metabolic syndrome.   

The novel functional blends selected were high procyanidin sorghum bran added to fruit 

juice and green tea extract added to apples.  Issues concerning processing or storage stability of 

the products were then identified.  This included first evaluating the effectiveness of using 

continuous-flow high-pressure throttling as a novel processing method for producing functional 

beverages.  This was evaluated by measuring microbial reductions produced from a yeast strain 
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commonly associated with fruit juice spoilage.  The potential of high-procyanidin sorghum bran 

as a functional ingredient in fruit juices was then investigated through analysis of antioxidant and 

physicochemical analyses.  This was followed by the investigations of the stability and bioactive 

properties of green tea extract added to apple products in low- and intermediate-moisture food 

systems.  In the last study, the stability of green tea and apple phytochemicals was related to 

moisture content and water mobility in the low- and intermediate-moisture green tea-fortified 

apple products. 

            

LITERATURE REVIEW 

1.1 Functional Foods 

Only recently, a global trend in the food product marketplace has emerged that embraces 

the idea of helping to prevent or alleviate certain medical conditions, or maintain optimal health 

through the consumption of nutritiously enhanced food products. These food products may also 

improve performance, such as for physical activity or mental performance (Wildman, 2001). The 

food products are considered functional foods because they impart enhanced nutrition and, 

according to the U.S. Institute of Medicine, include “any modified food or food ingredient that 

may provide a health benefit beyond the traditional nutrients it contains” (ADA, 1995).  In 

addition, functional foods are “…a food, either natural or formulated, which will enhance 

physiological performance or prevent or treat diseases and disorders. Functional foods include 

those items developed for health purposes as well as for physical performance” (Wildman, 

2001).   
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The exact definition of functional food is lacking, but the term generally refers to food 

products that have been modified beyond their natural state to provide additional nutrition.  The 

functional food components added to food products for enhanced nutrition can be macronutrients 

which may exert specific physiologic effects, essential micronutrients if the intake is greater than 

the recommended dietary intake, a non-essential dietary component having nutritive value, or 

components such as phytochemicals that have no nutritive value (Roberfroid, 2000).  When 

formulating functional foods, two methods are commonly employed.  In the first scenario, the 

functional bioactive components are usually added at levels that are higher than what is naturally 

present in the food product; in the other instance, the food is fortified with a specific chemical 

component that is not naturally present in the product.  Fortifying foods with bioactive 

components is intended to maintain, improve, or enhance the nutritional quality of the food for a 

group, community, or a population (Henry and Heppell, 2002).  Besides being added to food, the 

functional food components can often be purchased and consumed separately as dietary 

supplements.   

 The U.S. Food & Drug Administration (FDA) does not have authority to establish a 

regulatory category for functional foods. The products must be sold as conventional foods, 

dietary supplements, medical foods, or infant formulas (Ross, 2000). The product label may state 

how use of the product may help maintain a certain level of bodily health if it is “…truthful, not 

misleading, and derives from the nutritional value…” of the product, and does not imply a 

certain disease state (section 403(r)(1)(B) of the FFDCA) . No claims may profess that taking the 

product will help in the “…diagnosis, cure, mitigation, treatment, or prevention of disease” 

(section 201 (g)(1)(B) of the FFDCA [Title 21 United States Code (21 USC) section 

321(g)(1)(B)]), otherwise the product would be considered a drug.  The FDA (US FDA/CFSAN) 
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allows different types of health claims to appear on food product labels.  The claims are closely 

mandated and are often based on claim specificity.  Some categories are structure/function 

claims (SFC) (e.g. calcium builds strong bones) or qualified-health claims (QHC).  For example, 

 “Limited and not conclusive scientific evidence suggests that eating about 2 tablespoons 

(23 grams) of olive oil daily may reduce the risk of coronary heart disease due to the 

monounsaturated fat in olive oil. To achieve this possible benefit, olive oil is to replace a 

similar amount of saturated fat and not increase the total number of calories you eat in a 

day. One serving of this product contains [x] grams of olive oil” (FDA, 2004).   

Other health claims may comply with significant scientific agreement (SSA).  For example,  

 “Regular exercise and a healthy diet with enough calcium helps teen and young adult 

white and Asian women maintain good bone health and may reduce their high risk of 

osteoporosis later in life” (21 CFR 101.72). 

Both SFC and QHC relate how the consumption of a certain health-promoting compound will 

reduce the risk of disease or other conditions, but an SFC does not specifically name a disease 

(FDA/CFSAN).    After the passage of the Dietary Supplement and Health Education Act 

(DSHEA) in 1994, if a food manufacturer wants to make a specific health claim for a product 

that is not approved by the FDA, then the product can be sold as a dietary supplement (Farr, 

1997).  The product label must state that the food is not intended for disease maintenance and 

that the FDA has not evaluated the product (21CFR321).  Thus, regulations governing functional 

food marketing can become quite complex. 

Navigating through the functional foods and nutraceuticals arena is fraught with 

numerous legal and ethical hurdles to overcome. In the U.S., consumers demand products that 

can help in the maintenance or prevention of various health conditions.  They also desire simple 
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solutions, such as dietary supplements to combat specific physiologic states or foods to increase 

performance.  Best of all for consumers, these foods are available without a prescription.  The 

consumers’ needs are met through the production and sale of functional foods and nutraceutical 

compounds that provide nutrition beyond what is normally derived from the staple diet.  

Products need to be designed based on what consumers demand in the marketplace.  On the other 

hand, studying functional components based on what effect they have on the body and what 

possible health benefits are derived from their consumption would allow for greater continuity in 

research among countries and cultures (Roberfroid, 2000).  Sometimes though, disparities exist 

between what consumers think is important versus what industry and health professionals view 

as most relevant (Kleef and others 2002).   

Designing functional food and nutraceutical research around both what consumers 

demand and with what has scientific merit and novelty requires a careful balance.  For example, 

consumers often desire dietary supplements that may consist of isolated dietary components, 

which are sold as extracts, pills, or capsules.  In the U.S., where dietary supplements are not 

regulated by the FDA in terms of health claims and dosages, their potency, bioavailability, and 

efficacy are often uncertain.  Consumers taking dietary supplements often lack knowledge for 

proper dosage of the supplement and potential interactions that could occur with existing 

medications they are taking.   

Because of these various problems, supplementing existing food products with 

nutraceutical compounds at significantly lower dosage forms is more desirable.  This would 

result in nutritionally enhancing the food supply (Pascal, 1996), and would be safer and more 

efficacious in reaching a much larger segment of the population than just those who currently 

consume dietary supplements.  This notion reiterates the original intent Japan had in creating and 
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regulating the functional foods industry, which was a means to improve the health of its citizens 

(Farr, 1997).  A broader goal of this research was to realize new practical solutions to bridge 

consumers’ demands for consuming functional foods products with proper scientific validation.  

This was accomplished by investigating how producing the food products they desire using 

current and novel technologies would affect the enhanced level of nutrition found in functional 

food products.    

 

1.2 High Pressure Processing 

As the demand for functional food products increases, researching and developing new 

processing technologies is important in order to deliver maximal nutritional benefits and product 

quality.  High-pressure processing (HPP) is a gentler alternative processing-method than thermal 

processing.  It prevents the adverse consequences of thermal processing from occurring.  This 

occurs by preserving the fresh character of raw, whole product in the food or beverage and 

preventing cooked or other heat-induced products from forming, or protecting thermally-labile 

compounds (Schmidt and others 2005).  This occurs as significantly less thermal energy evolves 

during HPP, thus the product is not heated to the extent that often occurs during thermal 

processing.    

High hydrostatic pressure methods have been used in the production of beer (Castellari 

and others 2000), milk (Drake and others 1997; Mussa and Ramaswamy, 1997), emulsions 

(Dickinson and James, 1998), salmon (Lakshmanan and others 2007), cheese (Juan and others 

2007), and hot dogs (Ruiz-Capillas and others 2007).  A benefit of HPP is the color retention of 

fresh product compared to darker colors that sometimes occur as a result from thermal 

processing (Krebbers and others 2003; Sanchez-Moreno and others 2006).  HPP also helps retain 
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the nutritional content of the product.  It helps prevent antioxidant or vitamin degradation, which 

is due to protective mechanisms exhibited by chemical compounds in response to high pressure.  

It achieves these results while still maintaining food safety by producing product that is free of 

pathogens and spoilage microorganisms (Polydera and others 2005).   

During HPP, pressures of 100-1,000 MPa (Clark, 2006) are typically created and 

maintained for a short time, typically for under 40 min, and are combined with moderate heat 

from 20-95ºC.  HPP systems use hydrostatic or throttling pressure.  Most scientific literature 

report results of high pressure treatment on food products using hydrostatic pressure.  With HPP, 

food is often pre-packaged in flexible or semi-rigid bags or plastic containers and placed into a 

sealed chamber that is then pressurized (Clark, 2006).  In a continuous-flow high-pressure 

throttling device (CFHPT), a continuous stream of liquid is compressed through a throttling 

valve, similar to a homogenizer.  In the department of Food Science and Technology at the 

University of Georgia, the throttling pressure system available can consistently deliver pressures 

at 300 MPa.  Some minimal heat is often generated in liquids among both HPP-types as a result 

of adiabatic heating on the order of 3ºC for every 100 MPa (Butz and others 1997).  This occurs 

as a result of the compression of the food and is a function of its composition.  For example, air 

found in a food matrix can compress significantly and contribute to temperature rise (Earnshaw, 

1996).  Some units also can regulate temperature, and thus many processes combine pressure, 

temperature, and holding time to exert processing effects.   

The CFHPT system is especially suited for beverage production.  It allows for easier 

conversion to a semi-continuous process without the limitations imposed by the more 

conventional hydrostatic pressure.  This is due to how no pre-packaging of materials is necessary 

prior to processing, and the unit is more adaptable for installation of connection fittings for 
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pumping product.  Having the ease of pumping liquid product in between the processing unit and 

holding tanks is especially desirable for industrial processors.  In addition, very little scientific 

literature using CFHPT in food processing has been found.      

The high pressure exerted on liquid media results in the production of significant shear 

forces that effectively denature some cellular proteins (Sanchez-Moreno and others 2005), while 

ionizing water and acid molecules that are purported to be lethal to microbial cells (Earnshaw, 

1996).  HPP is generally detrimental to vegetative cells at pressures greater than 100 MPa, 

whereas spores are resistant to even extreme pressures greater than 1000 MPa.  Some spores will 

germinate in response to pressure treatment (Earnshaw, 1996), typically of 50-300 MPa.  The 

spores are most resistant to pressure treatment at neutral pH.  They can then be destroyed by 

another subsequent thermal or pressure treatment, but sterilization of product is not possible 

(Smelt, 1998).  The lysing of cellular membranes may even increase the concentration of some 

non-nutritive bioactive compounds, such as lycopene (Sanchez-Moreno et al., 2005).  This would 

occur as a result of the more complete release of contents from cellular organelles.  The high 

pressures generated may also have a minor effect on the apparent viscosity of liquid product 

(Polydera et al., 2005).   

 

1.3 Microbiological Considerations of Acidified Beverages 

Microbiological contaminants, especially sporeforming microorganisms, are of 

significant concern when utilizing HPP technologies.  Ready-to-drink (RTD) beverages 

composed of fruit juices or tea are generally low or high acid.  The pH of fruit juices typically 

ranges from 2.4-4.2 (Hatcher and others 2001) and that of RTD tea classified as a still or soft 

drink is similar, typically ranging between pH 2.5-4.0  (DiGiacomo and Gallagher, 2001).  
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Pathogens are generally not a significant concern in this type of beverage due to the acidic pH.  

Some microorganisms including aciduric bacteria, yeasts and molds remain a problem.  They 

often originate from the surface skin or peel of the fruit, such as in pears or apples (Spotts and 

others 2006).  Yeasts and molds are able to grow across a range of temperatures from 5-35ºC, 

thus even product storage conditions must be considered (Beuchat and Cousin, 2001).   

Some acidophilic sporeforming microorganisms including Alicyclobacillus and  

Sulfobacillus are able to survive thermal treatment and grow at acidic pH and temperatures 

greater than 20ºC (Chen and others 2006).  Their growth in pasteurized apple juice can produce a 

phenolic odor and taste (Hatcher et al., 2001) and produce turbidity or form precipitates (Chen et 

al., 2006).  Spores are even capable of withstanding pasteurization.  In high-pressure processing, 

having spores present can present a problem where the high pressure can induce germination 

(Smelt, 1998).   

Acidification or pasteurization are common processing technologies employed for 

inhibiting sporulation in beverages.  The natural constituents of green tea extract are also capable 

of inhibiting growth of certain types of bacteria, such as growth originating from oral, intestinal, 

or food origin.  The green tea polyphenols also have shown antimicrobial action toward Bacillus 

stearothermophilus (Sakanaka and others 2000).   

Yeasts such as Candida, Saccharomyces and Torulopsis spp. can cause spoilage in fruit 

juices if not properly controlled (Hatcher et al., 2001).  Zygosaccharomyces bailii is an 

especially preservative-resistant, potent spoilage organism in high acid beverages.  It can 

produce off-odors, off-tastes, sedimentation, and exert increased pressure on packaging 

(DiGiacomo and Gallagher, 2001).  The yeast Geotrichum candidum is associated with milk and 

dairy products (Lopandic and others 2006), but its presence on processing equipment can be a 
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sign of unsanitary manufacturing equipment. Another potential problem can involve molds such 

as the heat-resistant Neosartorya fisheri which is often present on raw fruit and can grow at 

refrigeration temperatures less than 5ºC (Hatcher et al., 2001).  Molds can produce extracellular 

enzymes such as pectin methylesterases, which diminish cloud in juices (Nussinovitch and 

Rosen, 1989).  Some of the molds can be toxigenic, such as Byssochlamys spp. (e.g. B. fulva and 

B. nivea), which can synthesize the mycotoxin patulin (Puel and others 2007).  Its presence is a 

sign of poor quality of raw apples used in juice expression.  Their concentrations are usually very 

low from 1 to 10 CFU / 100 g or mL of sample, thus sample concentration may be necessary for 

their detection (Beuchat and Pitt, 2001).  The ascospores produced by some heat-resistant molds 

will sometimes germinate when exposed to heat (Beuchat and Pitt, 2001), but their dynamics are 

very similar to bacterial spores.   

The known effects of continuous-flow high-pressure throttling on reduction of 

microorganisms are largely unknown.  In hydrostatic HPP, the natural microflora of tomato paste 

was not significantly reduced with HPP treatment of 300 or 500 MPa at 20ºC for 2 min, but was 

significantly reduced with processing pressures at 700 MPa (Krebbers et al., 2003).  The 

microbial reduction induced by pasteurization of milk were comparable to the same product 

processed by HPP such as for total plate count and coliforms (Drake et al., 1997).  In a challenge 

study, orange juice processed with pressures greater than 250 MPa showed complete inactivation 

of high initial inoculation loads of Lactobacillus plantarum (7-log reduction) and Saccharomyces 

cerevisiae (5-log reduction) (Campos and Cristianini, 2007).  After processing at 600 MPa, 

orange juice had no detectable microbes, and counts remained below log 2 concentrations 

through 12 weeks of storage (Bull and others 2004).  Similar results were also observed in guava 

juice (Yen and Lin, 1999).         
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The throttling valve of the CFHPT system at the University of Georgia, which is similar 

in design to the valve seat of a homogenizer, may exert variable effects on the survival or growth 

of microorganisms present in unprocessed liquid product.  Very little literature is available 

reporting on the effects of CFHPT on microbial survival in food products (Toledo and Moorman, 

2000).  In order to evaluate the effectiveness of a processing system such as the CFHPT on food 

safety, microbiological sampling needs to occur at several points along the processing system.  

This is because the processing and bottling or packaging equipment is the most likely causative 

agent responsible for contaminating still or soft drink beverages (DiGiacomo and Gallagher, 

2001).   Some of the steps may include sampling at the water source, juice or other ingredient 

sources, sweetener solution, filling, empty packaging bottles, finished product, and the 

processing equipment and environment (DiGiacomo and Gallagher, 2001).  This should include 

sampling product throughout refrigerated storage at less than 5ºC.    

 

1.4 Zygosaccharomyces bailii 

 The organism Zygosaccharomyces bailii is an osmotolerant, spoilage yeast that is able to 

grow in acidic to neutral conditions at pH 2.5-6.0 and environments high in sugars (Fujita and 

Kubo, 2005), such as cough syrup (Charnock and others 2005) or fruit and vegetable juices 

(Raso and others 1998).  It is also capable of forming haploid ascospores that are generally more 

resistant to processing variables of pressure, heat, and holding time than vegetative cells (Raso et 

al., 1998).  Chemical preservatives such as potassium sorbate are effective at inhibiting growth 

of Z. bailii (Gliemmo and others 2006), but the organism can also metabolize organic acids such 

as sorbates and benzoates due to a stress response conferred from a weak acid environment 

(Piper and others 2001).  When tested in buffer containing citric acid (pH 3.0 to 4.5), Z. bailii 
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showed inhibition at increased pH while levels of the acid remained constant.  Glycerol 

production increased, whereas ATP and ethanol production remained constant (Nielsen and 

Arneborg, 2007). The inactivation of spores and vegetative cells of Z. bailii has been studied 

using high hydrostatic pressure (Palou and others 1997; Raso et al., 1998; Reyns and others 

2000; Zook and others 1999).  Reyns et al. (2000) found that greater reduction in counts occurred 

when processing sterilized acidic juices or media at 45°C compared to 20°C.  At 20°C, 

reductions only occurred at processing pressures greater than 220 MPa, whereas at 45°C, 

reductions occurred even at 120 MPa.  Varying the pH from 3 to 6 did not affect cell counts at 

20°C, whereas at 45°C greater reductions occurred at pH 3, although statistical analysis was not 

provided.  HPP of ascospores of Saccharomyces cerevisiae in orange and apple juice showed no 

differences in variations of pH (3.5-5.0) on organism lethality or survival (Zook et al., 1999).   

 Enumeration media used to evaluate spore production and vegetative cell growth of 

osmotolerant yeasts such as Z. bailii and S. cerevisiae varied considerably.  Sporulation medias 

included yeast extract with potassium acetate (Zook et al., 1999) or agar containing sodium 

acetate and potassium chloride (Raso et al., 1998).  Enumeration media to conduct viable cell 

count included potato dextrose agar (Palou et al., 1997), YPD agar (yeast extract, peptone, and 

glucose) (Nielsen and Arneborg, 2007), Sabouraud’s dextrose agar medium (bactopeptone, 

dextrose, bacto-agar) (Fujita and Kubo, 2005), GYE medium (oxytetracycline glucose yeast 

extract agar base without addition of oxytetracycline) (Reyns et al., 2000), or malt wickerham 

agar (Perrier-Cornet and others 2005).  Selecting the appropriate growth and enumeration media 

from a survey of what is available allows for planning for particular experimental needs, such as 

being able to grow and enumerate for vegetative cells and spores.           
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A critical step in developing functional foods for the marketplace involves conducting 

microbiological challenge or enumeration studies.  This is important for validating the 

processing effectiveness of a technology, so as to produce food products that meet specifications 

for safety and quality.  It is also important to develop functional food products that meet 

consumers’ needs.  For functional foods, this involves identifying significant health problems 

that affect consumers, and then designing functional foods that may aid in meeting those 

particular health needs.     

 

1.5 Developing Functional Food Products for Health Maintenance 

Functional food products are designed to meet the unique health needs of consumers.  

Products designed to meet a direct consumer need such as for metabolic syndrome or diabetes 

may also have additional benefits for health-conscious consumers (Verhagen and others 2004).  

These products may also contain ingredients from multiple bioactive sources, which may exert 

complementary health benefits.  For example, this could involve combining the flavonoid-rich 

extracts from high-procyanidin sorghum bran to inhibit the glycation of protein, with hot-water 

extract from cinnamon for aiding in the maintenance of healthy blood glucose levels.  

Polyphenolic compounds from the sorghum bran and cinnamon would confer complementary 

health benefits that may provide anti-metabolic syndrome or anti-diabetic benefits, while also 

increasing the availability of health-promoting products for the average consumer.    

 The incidences of metabolic syndrome, atherosclerosis, pre-diabetes and Type II diabetes 

are increasing in Western society due to physical inactivity and following a hyper-caloric and 

pro-inflammatory diet (Dehnavi and others 2008; Ford and Li, 2008; Luca and Olefsky, 2008).  

A pro-inflammatory diet includes foods that are often refined or processed, is deficient in fiber, 
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antioxidants, vitamins, and minerals, and includes an imbalance in certain types of dietary fats.  

By 2025, Type II diabetes is projected to affect over 300 million people worldwide (Hays and 

others 2008).  This chronic disease is the sixth leading cause of death in the United States (Pham 

and Kourlas, 2007).  Decreasing the incidence of chronic disease caused by poor or deficient 

dietary practices, or maintaining optimal health for aiding in the prevention of developing such 

conditions, is a critical aim for research in functional foods. 

 A pro-inflammatory state developing within the body may contribute to development of 

chronic disease.  Non-enzymatic oxidation of proteins, known as glycation of proteins, occurs 

within the body as a result of normal metabolism and homeostasis.  The glycated proteins are 

known as advanced glycation endproducts (AGE) (Peyroux and Sternberg, 2006).  This reaction 

occurs when a reducing sugar reacts with a free amino group on a protein molecule (McPherson 

and others 1988).  In a pro-inflammatory state, the oxidation of proteins may occur at an 

accelerated rate.  In diabetic patients, a clinical measure of blood glucose control over three 

months involves monitoring the oxidation of hemoglobin in the hemoglobin A1c test (HbA1c) 

(Boer and others 2006).  Healthy individuals maintain levels of HbA1c, but diabetic patients may 

have higher than normal levels, which is an indication of accelerated oxidation of proteins in the 

body and sub-optimal blood glucose control (Pupillo and others 2008).  Several chemical 

compounds including vitamins A and C, and flavonoids have demonstrated activity in inhibiting 

the glycation of proteins in vitro (Matsuda and others 2003; Peyroux and Sternberg, 2006; 

Dearlove and others 2008).  

 

 

 



16 

 

1.6 High-Procyanidin Sorghum Bran  

 Formulating functional food products such as beverages with polyphenolic compounds 

rich in antioxidants including flavonoids may contribute to chronic disease maintenance or 

maintaining optimal health, such as by reducing the effects from glycation on cellular proteins.  

High-procyanidin sorghum bran is high in condensed tannins, which are significant sources of 

monomeric and polymeric flavan-3-ol compounds (Awika and Rooney, 2004), which may 

inhibit the glycation of proteins.  The condensed tannins are composed primarily of epicatechin 

monomeric units (Gu and others 2004).  In the bran, they are composed predominantly of 

oligomeric procyanidins (OPC), but also contain significant contents of monomers, dimers, 

trimers, and OPC of 4-10 units (USDA, 2009).   

In 2005, sorghum cultivation was 57 million tons worldwide (FAOSTAT, 2005; Dlamini 

and others 2007).  Besides procyanidins, sorghum is also a significant source of flavonoids, 

anthocyanins, policosanols, and phytosterols (Awika and Rooney, 2004; Dlamini et al., 2007).  

Consumption of procyanidins is associated with health benefits that are chemopreventive 

(Nandakumar and others 2008) or may help prevent coronary heart disease resulting from 

inflammation (Cos and others 2004).  High procyanidin sorghum bran extract has also shown 

anti-hyaluronidase activity, which has implications for those suffering from chronic 

inflammatory diseases such as osteoarthritis (Bralley and others 2008).   It has also shown 

activity in inhibiting glycation of albumin protein (Farrar and others 2008).  This has 

implications in aiding in the prevention of cellular protein damage associated with chronic 

inflammatory diseases such as Type II diabetes.   
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Similar health benefits are also conferred from consumption of other procyanidin-rich 

foods such as dark chocolate, grape seeds, or apples (Gu et al., 2004).  Combining extracts from 

high-procyanidin sorghum bran that are high in flavonoids and phenolic acids (Awika and 

Rooney, 2004) with other polyphenolic-rich sources such as cinnamon, may provide 

complementary or enhanced antioxidant benefits to the consumer. 

  

1.7 Cinnamon 

  Cinnamon is a common cooking spice derived from the bark of the tree Cinnamomum 

cassia or C. zeylanicum, which is indigenous to tropical regions of Asia (Marongiu and others 

2007), and is available in many varieties such as Saigon, Korintje, or Ceylon.  Recent evidence 

has shown the potential anti-diabetic effect that cinnamon may exert on humans.  Type II 

diabetes mellitus, also known as adult-onset diabetes, is a condition caused by age, diet, 

excessive weight, metabolic syndrome, genetics, or a lack of exercise.  In the early stages of 

Type II diabetes, the body becomes hyperinsulinemic and hyperglycemic as the beta islet cells of 

the pancreas must produce excessive amounts of insulin to counteract insulin insensitivity.  

Insulin insensitivity occurs as GLUT-4 receptor translocation to the cell membrane diminishes, 

and even after insulin binds to the cell, glucose uptake decreases (McGrane, 2006).  Physicians 

recommend diabetic patients maintain levels of HbA1C at less than 7% and pre-prandial glucose 

levels at 70-110 mg/dL.   

 Methylhydroxychalcone polymer (MHCP) was originally considered to be the bioactive 

water-soluble compound in cinnamon, but is now thought to be Type-A procyanidin 

polyphenolics (Anderson and others 2004; Pham and Kourlas, 2007).  These compounds are 

extractable in hot water and ethanol.  A hot water extraction is relatively efficient at removing 
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the water-soluble compounds considered most desirable for blood glucose control, while 

excluding most lipid-soluble compounds.   

 Cinnamon contains both singly- and doubly-linked procyanidins (Lazarus and others 

1999).  Anderson et al. (2004) tested extracts of cinnamon, and they found insulin-like activity 

from aqueous extracts when evaluated using in vitro epididymal fat cells.  In purified extracts, 

only doubly-linked procyanidin type-A polymers were found to exhibit insulin-like activity 

(Anderson et al., 2004).  These compounds function by initiating phosphorylation of insulin 

receptor kinase, which causes increased glucose uptake by adipocytes.  Glycogen synthesis may 

also increase with the water-soluble compounds.  In vitro testing showed synergistic effects on 

glucose and glycogen production, which occurred when the purported MHCP and insulin were 

both present (Pham and Kourlas, 2007).   Cinnamon also improves insulin receptor activity by 

activating insulin receptor PI 3-kinase, while inhibiting tyrosine phosphatases (Hlebowicz and 

others 2007).  Cinnamon may also improve insulin receptor activity by increasing the 

concentration of phosphorylated protein IRS-1 and increasing the binding of PI 3-kinase 

(Hlebowicz et al., 2007).       

 

1.8 Tea  

 Tea is a popular beverage consumed worldwide.  It is derived from the dried leaves of the 

tea plant (Camellia sinensis).  There are approximately 3 million metric tons of dried tea 

produced annually (Rio and others 2004), and green tea comprises about 20% of this amount 

(Rio et al., 2004; Lee and Ong, 2000).   Green tea is widely consumed in China, Japan, Korea 

and Morocco, whereas black tea is consumed mostly in Europe, North America and North 

Africa.  Oolong tea is considered a partially-fermented tea, and is popular in China and Taiwan 
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(Cabrera and others 2006).  Tea leaves are grown predominantly in India, China, Kenya, and Sri 

Lanka (Committee, 1999; Rijken and others 2001).    

 Tea leaves typically contain: proteins (15-25%, dw), carbohydrates (45%, dw), linoleic 

and α-linolenic fatty acids, sterols and other lipids (5%, dw), vitamins B, C and E, xanthines such 

as caffeine (2%, dw) and theopylline, chlorophyll and carotenoids, volatiles such as aldehydes 

and lactones, minerals and trace elements (5%, dw), vitamins A and B (0.02%, dw), and vitamin 

C (0.25%, dw) (Cabrera et al., 2006; Rao and others 2003).  In addition, tea also provides high 

concentrations of polyphenols (13%, dw) (Rao et al., 2003), which mainly consist of flavonoids 

that can comprise up to 30% (dw) of the water soluble material extracted from the tea leaf 

(Rijken et al., 2001; Lu and others 2003).  The flavonoids contribute not only flavor, astringency 

(Thorngate and Noble, 1995), and bitterness (Cabrera et al., 2006), but are also associated with 

numerous health benefits stemming from their antioxidant capacity.  Polyphenols also provide 

functional utility in food product formulations, such as how tea catechins can exhibit protective 

attributes for retaining color produced from β-carotene in beverages (Unten and others 1997).   

 Flavonoids are considered polyphenolics.  There are different subclasses of flavonoids, 

which include flavanols (from tea, red grapes and red wine), flavanones (citrus), flavones (green 

leafy herbs), isoflavones (soybeans, legumes), flavonols (many foods), and anthocyanidins (blue, 

red, and purple berries) (Beecher, 2003).  Flavan-3-ols are the predominant class of flavonoids in 

tea.  Catechins as monomeric flavan-3-ols comprise 16-30% (dw) of non-fermented green tea, 

whereas fermented black tea contains only 3-10% catechins (dw) (Graham, 1992) and 4% 

theaflavins (Lee and others 2000).  Oolong tea is considered an intermediate-fermented tea and 

thus contains 8-20% catechins (Graham, 1992).   
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Tea catechin concentrations vary extensively according to tea variety, age, leaf 

composition, cultivation practices, compound type, analysis method, storage conditions 

(Khokhar and Magnusdottir, 2002), and brewing (extraction) time.  Green tea is composed 

predominantly of monomeric catechins (flavan-3-ols) such as (-)-epigallocatechin (EGC), (-)-

epicatechin (EC), (-)-epigallocatechin gallate (EGCG), and (-)-epicatechin gallate (ECG) (Unno 

and others 2005).  After thermal treatment, the catechins are converted by about one-half to their 

corresponding epimers of (-)-gallocatechin (GC), (-)-catechin (C), (-)-catechin gallate (CG), and 

(-)-gallocatechin gallate (GCG) (Wang and Helliwell, 2000; Ito and others 2003; Suzuki and 

others 2003), which comprise about 2-8% (dw) of green tea leaves (Friedman and others 2005; 

Neilson and others 2006).  The compounds follow a diphenylpropane structure (C6C3C6).  The 

green tea polyphenols exhibit antibacterial, antiviral and antioxidant properties (Rao et al., 2003). 

 Depending on the extent of fermentation, the tea production process requires several 

processing stages including withering, rolling, and drying.  Green tea is produced by rolling and 

steaming young tea leaves to minimize oxidation, while black tea leaves are rolled extensively to 

expose the polyphenols.  The tea is then allowed to ferment by oxidizing the polyphenols for 90-

120 min before being subsequently blanched and dried (Rio et al., 2004).  During fermentation of 

black tea, the flavan-3-ols are oxidized to theaflavins and polymerization products such as 

thearubigins.  Of the flavonoids, green tea is composed of about 77% flavan-3-ols, whereas black 

tea contains only about 3% of flavan-3-ols, but consists of mostly oxidation products (Rio et al., 

2004).  Other components in green tea include gallic acid, quinic esters of gallic, coumaric, and 

caffeic acids, and methyl xanthines which are purine alkaloids.  In tea, these include 

theobromine, caffeine, and theophylline.  In black tea, the flavonols that are oxidized or 

polymerized can form thearubigins, which have molecular weights between 1,000 and 40,000 Da 
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(Lee et al., 2000).  Theaflavins also are found in tea and are orange-red in color, contain a 

benzotropolone group, and contribute to the brisk taste of tea (Wan and others 1997).  

 

1.9 Nutritional Significance of Green Tea 

 Polyphenolic compounds are bioactive compounds that have antioxidant properties.  

Humans consume many polyphenols through ingestion of plant products, many of which are 

derived from fruits, vegetables, and grains.  The polyphenols are produced as secondary stress 

metabolites from the plants and serve as colorants, insect attractants or repellants, or defense 

against herbivores (Nichenametla and others 2006).  An antioxidant functions either by 

preventing reactive oxygen species (ROS) from forming or by quenching them before they 

oxidize other substances (Close and Hagerman, 2006), thus helping to prevent or minimize the 

accumulation of oxidative damage in the body.  Prior et al. (2005) described how in humans, 

antioxidants are enzymes, macromolecular proteins, small molecules (glutathione or organic 

acids), or hormones such as phytoestrogens.  These compounds work directly or indirectly in 

activating in vivo defense pathways in counteracting many different sources of free radicals or 

oxidants.   

Various in vitro antioxidant assays are available that measure the ability of an antioxidant 

to quench oxidation induced by a free radical or oxidant. Multiple assays are often needed to 

analyze one type of antioxidant, since it may exert better action toward one type of free radical 

over another.  When evaluating green tea catechins, researchers have used the Folin-Ciocalteu 

method for measuring total polyphenolic content (Aoshima and others 2007; Shishikura and 

Khokhar, 2005).  The 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
 
radical assay measures the 

reducing power of catechins toward the organic DPPH nitrogen radical (Aoshima et al., 2007; 
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Gil and others 2000).  The ABTS
-+

 test (TEAC) involves the oxidation of ABTS by peroxyl 

radicals or others to form ABTS
·+

 (Gil et al., 2000).  The ferric reducing antioxidant power 

(FRAP) method measures the ability of antioxidants in a sample to reduce ferric to ferrous iron 

(Gil et al., 2000).     

 In the analysis of the total polyphenolic content of tea infusion determined by the Folin-

Ciocalteau method (expressed as gallic acid equivalents – GAE), the total polyphenolic content 

of black and green teas ranged from 80-135 mg/g and 66-106 mg/g (dw), respectively, of which 

catechins contributed 50-98% in green tea (Khokhar and Magnusdottir, 2002).  Claims should 

not be made specifying different tea varieties as being good or poor sources of polyphenols, 

because highly variable polyphenol contents may result from using different tea varieties, 

extraction techniques (Khokhar and Magnusdottir, 2002), or antioxidant capacity-determining 

assays. 

Consumption of green tea is purported to have numerous positive health consequences.  It 

is associated with a reduced risk of cardiovascular disease through the reduction of total plasma 

cholesterol levels (Bursill and others 2007).  Other health-promoting properties include anti-

hypertensive, anti-carcinogenic, anti-bacterial, and anti-fibrotic activities, while helping to 

maintain bone health and oral health, and exhibiting neuroprotective properties and anti-malarial 

properties (Sannella and others 2007; Wang and Helliwell, 2000; McKay and Blumberg, 2002; 

Cabrera et al., 2006).  Green tea has also been shown to exhibit antiviral activity, such as in 

therapy for HIV treatment (Williamson and others 2006).  Green tea extract is also useful in 

minimizing the occurrence of lipid oxidation and color degradation in foods (Tang and others 

2006).  On the other hand, catechins may also exhibit anti-nutritional factors by potentially 
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binding with digestive enzymes and some proteins (He et al 2006), and limiting absorption of 

iron in the gastrointestinal tract (GI) (Wang and Helliwell, 2000). 

  Green tea catechins are known to interact with some food components in the GI.  

Catechins can especially bind to divalent cations such as iron, and inhibit its absorption through 

the epithelium of the intestines (Zijp and others 2000).  Catechins are also capable of binding to 

proteins such as in gelatin, and can inhibit digestive enzyme activity through similar non-

covalent interactions (He and others 2006).  Polyphenolic compounds are also known to interact 

with protein molecules, which are capable of forming haze in beverages (Siebert and others 

1996).   

The fate of catechins in the gut is also dependent on digestive conditions.  This can 

include effects exerted by pH, digestive enzymes, metabolic rate, and fasting or non-fasting 

states.  In the latter condition, other food components ingested with green tea catechins can affect 

the stability of the antioxidant compounds.  In preliminary studies conducted by Green et al. 

(2006), beverage components such as bovine milk, ascorbic acid, and fruit juices were found to 

increase the digestive stability of catechins, whereas citric acid, metal chelators, and rice and 

soymilk were found to have negligible effects.  Significant differences were even observed 

between catechin isomers, such as EGCG and ECG.  This can have impact on the accuracy of 

health claims that appear on beverage product labels.  As the market for functional beverages 

increases and as new beverage blends are created such as from fruit and vegetable juice sources, 

research is needed to elucidate how various beverage components will affect the digestion and 

absorption of green tea catechins.   
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Many American consumers consume a wide-array of beverages and foods over the course 

of a day, and are not likely to consume sufficient green tea products to obtain maximal health 

benefits.  Consuming a large dose of green tea at one time may also not be very beneficial, since 

catechins are absorbed within 1-2 hours after consumption (Kotani and others 2003) and may 

have limited permeation through the intestinal mucosa.  It would thus be beneficial to make 

available to consumers a wide variety of food products fortified with green tea catechins.  Most 

importantly, the green tea catechins should be consumed as part of a diet full of antioxidant-rich 

foods.    

 

1.10 Catechin Stability and Extraction 

When extracting catechin flavonoids from tea leaves, an aqueous infusion is usually 

employed at elevated temperatures.  In optimizing tea brewing conditions, extractions conducted 

at 85ºC and 100ºC for 4 min were found to produce the highest concentrations of catechins 

(Yang and others 2007).  Khokar et al. (2002) found that extraction efficiency of individual 

catechins, total polyphenols, and caffeine increased with increasing extraction temperatures up to 

100°C, and totals increased an additional 30-40% by increasing the extraction time from 5 to 10 

minutes.  The extraction of green tea at 60°C for 15 min, followed by additional extraction at 85-

120°C for 4 minutes resulted in decreases in concentrations of EGCG, EGC, EC, and ECG.  On 

the other hand, C and CG concentrations increased, while total catechin levels remained 

relatively constant (Kim and others 2007).  This indicated that epimerization of catechin 

compounds may have occurred.  Catechins may also have undergone oxidation to form larger 

molecular weight complexes.  This was attributed to the green to yellow color change that 

occurred in tea during thermal processing (Kim et al., 2007).  In a similar extraction optimization 
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experiment, heating at 80°C for 40 minutes was found to yield the highest levels of catechins 

while avoiding epimerization, which otherwise occurred at 100°C (Row and Jin, 2006).   

In green tea, epimerization of monomeric flavan-3-ols may result in the decrease in 

contents of original catechin isomers.  The process involves the isomerization of the catechin 

monomer to its non-epimeric form, such as EGCG to GCG.  This process may occur if tap water 

is used instead of purified water, which is due to changes in pH and mineral content.  It may also 

occur if tea extraction conditions are maintained at 40ºC for a prolonged time (Wang and 

Helliwell, 2000).  In another study, the catechin monomers EC and ECG epimerized to C and 

CG, having undergone extraction at 80ºC and then storage.  Hydrolysis of a gallate moiety may 

have also occurred, such as from CG to C (Ito et al., 2003).   

Catechins show variable stability to beverage attributes and thermal processing 

conditions.  They maintain relative stability, producing 80-90% recovery when stored in a high-

acid environment (pH 3-4), whereas increasing pH rapidly can degrade catechin compounds.  

For example, raising the pH to 6 destroyed 80% of monomeric catechins (Chen and others 2001).  

Reduction in oxygen-scavenging ability of tea extracts can also occur from thermal treatment, 

while chain-breaking activity simultaneously increases.  This may be indicative of 

polymerization reactions involving phenolic compounds where oxidation reactions promote the 

formation of macromolecular brown-colored molecules, which also exhibit significant 

antioxidant capacity (Manzocco and others 1998).   Row et al. (2006) also described a solvent 

extraction system for developing a decaffeinated and concentrated extract of green tea.  

 Most conventional methods employed in separating and detecting catechins use high-

performance liquid chromatography on a reversed-phase C18 column with photodiode array 

detection (Bronner and Beecher, 1998; Wang and others 2000a; Khokhar and Magnusdottir, 
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2002; Baranowski and others 2004; Rio et al., 2004; Sharma and others 2005; Benavides and 

others 2006; Garcia-Marino and others 2006; He et al., 2006; Heard and others 2006; Neilson et 

al., 2006; Row and Jin, 2006; Kim et al., 2007; Yang et al., 2007) or fluorescence detection 

(Gurbuz and others 2007; Lee and Ong, 2000).  Similar methods were used for analyzing 

catechins in plasma (Chu and others 2004; Kotani et al., 2003; Masukawa and others 2006) by 

also using electrochemical detection (Kotani et al., 2003; Unno et al., 2005) or a combination of 

methods (Lee et al., 2000).  Other analytical methods used for quantitating catechins include 

capillary electrophoresis (Dantuluri and others 2005), gas-chromatography mass-spectrometry 

(Soleas and others 2001), and micellular electrokinetic chromatography (Gotti and others 2006).  

Chromatographic methods varied in set wavelength for DAD detection, using 205 nm (Lee and 

Ong, 2000), 210-215 nm (Benavides et al., 2006; Wang and others 2000b; Bronner and Beecher, 

1998; Wang et al., 2000a), 272 nm (Heard et al., 2006), or 278-280 nm for maximum absorbance 

(Wang et al., 2000b; Garcia-Marino et al., 2006; He et al., 2006; Khokhar and Magnusdottir, 

2002; Kim et al., 2007; Neilson et al., 2006; Row and Jin, 2006; Yang et al., 2007).  As for green 

tea flavan-3-ol compounds, apples are also composed of similar flavonoid compounds, and thus 

can utilize similar analytical separation and quantitation techniques (Boyer and Liu, 2004).     

 

1.11 Nutritional Properties of Apples 

 Apples are a popular fruit consumed fresh, as juice, pureed, or as chips.  Consumption of 

apples is associated with anti-carcinogenic and anti-oxidative properties in the body (Gerhauser, 

2008), while it may reduce the risk of developing coronary heart disease, diabetes, asthma, and 

lowering total plasma cholesterol levels (Boyer and Liu, 2004).  The phytochemicals present in 

apples include 70-90% as flavan-3-ols (C, EC, and procyanidins), 4-18% as hydroxycinnamic 
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acids (e.g. chlorogenic acid, p-coumaroylquinic acid), 1-10% as flavonols (e.g. quercetin 3-

rhamnoside), 2-6% as dihydrochalcones (e.g. phloridzin) (Vrhovsek and others 2004; Hagen and 

others 2007; Khanizadeh and others 2008; Oszmianski and others 2008) among all apple 

varieties, and 1-3% as anthocyanins in the peel of red varieties (Awad and others 2000).  Apples 

are also a significant source of ascorbic acid (Hagen et al., 2007).  The ascorbic acid functions as 

an antioxidant in the xanthophyll cycle in apples, produced in response to exposure to light (Ma 

and Cheng, 2004).  Ascorbic acid synthesis may occur from exposure to visible light, whereas 

flavonoid synthesis may occur from exposure to UV-B irradiation (Hagen et al., 2007).  If an 

apple is peeled, then 30% of its antioxidant capacity, 100% of quercetin glycosides and 

anthocyanins, and 85% of ascorbic acid may be removed (Hagen et al., 2007).     

The procyanidins in apples contribute color, bitterness, and astringency (Lea, 1990; 

Khanizadeh et al., 2008).  Khanizadeh et al. (2008) analyzed the major phenolic compounds 

present in apples.  Procyanidins comprised 40% of phenolic compounds in the peel and 53% in 

the flesh.  EC and procyanidin B2 were the most abundant of the flavan-3-ol compounds, 

representing 24% and 19% in the peel, and 12% and 17% in the flesh, respectively. The 

concentration of hydroxycinnamic acids varied from 10% of total phenolic compounds in the 

peel to 39% of total phenolic compounds in the flesh.  The flavonol contents ranged from 35% in 

the peel to 2% in the flesh.  Dihydrochalcones comprised 7% in the peel and 6% in the flesh.  

During processing, flavan-3-ol compounds of catechins and procyanidins were affected by 

oxidation, while levels of caffeoylquinic acid were stable.  Hamauzu et al. (2005) found that 

when comparing extracts of apple phenolics to other fruits, the DPPH radical scavenging activity 

was higher for fractions containing larger concentrations of oligomeric procyanidins (OPC) than 
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monomeric flavan-3-ols.  This trend was also consistent with pears, where OPC fractions also 

had higher DPPH radical scavenging activities than fractions richer in chlorogenic acid. 

 

1.12 Moisture Mobility Properties 

Foods such as apples are often multi-component systems that may behave in a manner 

similar to polymers.  Analysis of the glass transition temperature (Tg) by differential scanning 

calorimetry (DSC) may help determine in which state an amorphous food may exist at a certain 

temperature.  It is often useful to evaluate Tg over a range of moisture contents at different 

relative humidities.  By determining the moisture content of each sample with respect to aw, a 

moisture sorption isotherm may be constructed, which may follow a mathematical relationship 

such as the Guggeheim-Anderson-de Boer (GAB) model for apple slices (del Valle and others 

1998; Sa and others 1999).  As heating occurs, the Tg represents the temperature at which the 

food or polymer transitions from a non-crystalline glass to a more liquid-like rubber.  In multi-

component systems such as fruits, there exists two phases. The water-soluble components such 

as sugars and pectins comprise one phase.  Another portion consists of components that are 

miscible with water but exist at different states of hydration.  These two types of component 

phases exist in a 12:1 ratio, respectively (Contreras and others 2005).  The water-soluble 

components determine the Tg (Contreras et al., 2005; Moraga and others 2004).      

The Tg of a material is reached when its viscosity is 10
13

-10
14

 Pa∙s, where the rate of 

molecular diffusion occurs over several years (Bai and others 2001).  The Tg is also dependent 

on time, temperature, and moisture (Bai et al., 2001).  When a food is stored at a temperature 

below its Tg, it is considered stable (Deng and Zhao, 2008), where mobility of constituents 

including proteins and sugars is minimized (del Valle et al., 1998).  Plasticizers such as water 
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can depress the Tg  (Sa et al., 1999; Contreras et al., 2005).  The amount of water present affects 

the extent of plasticization (Roos, 1995).  When food products are lyophilized, the water is 

rapidly removed and affects the structure of the food, which may cause collapse or shrinkage of 

the product (del Valle et al., 1998; Cornillon, 2000; Deng and Zhao, 2008).   

 DSC is useful in investigating the effects of air drying or lyophilization and moisture 

content on Tg of apple products.  In particular, increasing the moisture content significantly 

decreased the onset glass transition temperature (Tgo) (Welti-Chanes and others 1999).  In a dried 

apple product, only aw = 0 produced a Tg greater than 25°C (Contreras et al., 2005).  A linear 

relationship plotted between Tgo and aw of samples allowed for the correlation of slope and 

intercept constants with material properties.  This can be applied to the Gordon-Taylor equation, 

with slope k correlating to the predominant sugar content or the water-soluble phase, and the 

intercept relating to the Tgo of the material (Bai et al., 2001; Welti-Chanes et al., 1999).  The 

Gordon-Taylor equation can show dependence of Tg on moisture content (Sa et al., 1999).  Venir 

et al. (2007) found that the browning rate of freeze-dried apples was highest at aw 0.50.  At lower 

moisture contents, the higher viscosity may have limited the extent of diffusion of reactants 

through their immobilization (Bai et al., 2001).  At higher aw, reactants were more dilute (Loncin 

and others 1965; White and Bell, 1999).  The browning rate can also be evaluated by measuring 

L*, a*, and b* color.  A decrease in L* and an increase in a* provides an indication of brown 

color formation (Deng and Zhao, 2008).          

 Another tool useful for analysis of water mobility dynamics involves using low-field 
1
H 

nuclear magnetic resonance (NMR) relaxation techniques.  Low-field proton NMR is useful 

because it determines the mobility of water associated with solid phase or liquid phase protons 

(Ruan and Chen, 2001).  NMR is useful for the evaluation of kinetic reactions to determine the 
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soluble solids or sugar content of a sample, and the state of water present in a sample such as 

apples (Cornillon, 2000).  In food systems, it has been used for the evaluation of water mobility 

in mozzarella cheese (Kuo and others 2001), wheat starch (Choi and Kerr, 2003), fish (Aursand 

and others 2008), meat (Venturi and others 2007), and for bread staling (Ruan and Chen, 2001; 

Van Nieuwenhuijzen and others 2008).   

Ruan and Chen (2001) described in detail nuclear magnetic resonance techniques applied 

to bread staling and moisture mobility.  NMR employs a static magnetic field to induce polarized 

proton nuclei to orient in the same direction as the static field, which exists in a low energy state.  

Other nuclei will orient in a direction opposite to the static field, and this represents a higher 

energy state.  The nuclei exist in an equilibrium state.  When another magnetic field is imposed 

on the proton nuclei in the form of radiofreqency (RF) waves, this excites protons and increases 

their energy state.  The protons will then return to a lower energy state through relaxation in 

equivalent proportion to the equilibrium state.  As the protons decay, they release energy as RF 

waves.  This relaxation process can be correlated to time constants, which follow an exponential 

relationship.  Relaxation of protons occurs by longitudinal spin-lattice relaxation (T1) or 

transverse spin-spin relaxation (T2).  The T2 relaxation time can then be analyzed using the free 

induction decay (FID) pulse sequence or the Carr-Purcell-Meiboom-Gill (CPMG) sequence.  The 

FID sequence emits pulses at 90°, and can detect decaying signals almost immediately.  The 

CPMG sequence is useful for detecting proton nuclei that have a longer relaxation time.  Multi-

component systems such as dried apples will contain proton nuclei that will exist in a variety of 

environments within the sample; measurement of signal decay will thus represent a total function 

of decay from multiple environments.  The type of signal decay that occurs can also be related to 

the type or state of polymer or water present in the sample.  The FID sequence can provide a 



31 

 

measure of the difference between mobilized and immobile protons (Van Nieuwenhuijzen et al., 

2008).  Water content and type of free or immobile water may affect chemical reaction rates 

(Acevedo and others 2006).  Water content and mobility thus play a crucial role in determining 

the physical state, chemical reactivity, and stability of a food product and its components. 
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CHAPTER 2.  INACTIVATION OF ZYGOSACCHAROMYCES BAILII IN APPLE JUICE BY 

CONTINUOUS-FLOW HIGH-PRESSURE THROTTLING 
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ABSTRACT 

 The purpose of this study was to evaluate continuous-flow high-pressure throttling 

(CFHPT) as an alternative processing technique to conventional hot-filling in reducing 

populations of Zygosaccharomyces bailii in apple juice.  In experimentation, log-7 

concentrations of washed, pelletized vegetative cells of Z. bailii were inoculated into calcium-

fortified apple juice and processed by a conventional hot-fill method (90°C for 2 min holding 

time), or by CFHPT operated at 140 MPa (CFHPT:140) or 280 MPa (CFHPT:280).  Samples 

were stored at 25°C for up to 14 d.  Samples were serially diluted and spread plated on acidified 

YM agar (pH 4.0).  The CFHPT process produced a 2-log reduction for CFHPT:140 and a 7-log 

reduction for CFHPT:280.  After 3 d of non-refrigerated storage, populations increased to log-7 

concentrations for all pressure-treated samples.  This experiment demonstrated the CFHPT 

process in reducing populations of vegetative cells of Z. bailii in fruit juice processing.   

 

 Keywords: high pressure processing; Zygosaccharomyces bailii; apple juice; yeast 

 

Industrial relevance: Continuous-flow high-pressure throttling, a non-thermal processing 

technique, is important to industry as a means to reduce populations of spoilage microorganisms, 

impart homogenization to liquids, and operate in a continuous processing stream.   
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INTRODUCTION 

High-pressure processing (HPP) serves as an alternative processing-method to traditional 

hot-fill methods in beverage manufacture.  High hydrostatic pressure methods have been used to 

process beer (Castellari, Arfelli, Riponi, Carpi & Amati, 2000), milk (Drake, Harrison, Asplund, 

Barbosa-Canovas & Swanson, 1997; Mussa & Ramaswamy, 1997), and emulsions (Dickinson & 

James, 1998).  HPP helps prevent the occurrence of adverse compositional product attributes 

often associated with thermal processing.  This occurs through either preserving the fresh 

character of raw food product by preventing formation of heat-induced colors or flavors, or by 

protecting thermally-labile compounds including volatile flavors, vitamins, and antioxidants 

(Schmidt, Erdman & Lila, 2005).   

In HPP, pressures of 100-1,000 MPa (Clark, 2006) are typically created and maintained, 

typically for less than 40 min.  This may be combined with moderate heating to temperatures of 

20-95ºC.  HPP systems operate using hydrostatic or throttling pressure.  Most scientific literature 

has reported on high pressure treatment of food products using hydrostatic pressure. This is a 

batch process, and the food is normally pre-packaged in flexible or semi-rigid bags or plastic 

containers and placed into a sealed chamber that is then pressurized (Clark, 2006).  In a 

continuous-flow high-pressure throttling system (CFHPT), a continuous stream of liquid is 

compressed through a throttling valve, similar to a homogenizer (Figure 2.1). High-pressure 

throttling has been used to process a blueberry-whey beverage (Peck, 2004), milk (Adapa, 

Schmidt & Toledo, 1997; Sivanandan, Toledo & Singh, 2008), or citrus juice (Amornsin, 1999).  

Some heat is generated in liquids among both types of HPP as a result of adiabatic heating (on 

the order of 3ºC for every 100 MPa) (Butz, Edenharder, Fister & Tauscher, 1997).  This occurs 

as a result of the compression of the food and is a function of its thermal and physical properties. 
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For example, air found in a food matrix can compress significantly and contribute to temperature 

rise (Earnshaw, 1996).  Some high-pressure units can also regulate temperature, and thus can 

combine pressure, temperature, and holding time to exert processing effects.  The CFHPT system 

is especially suited for beverage production.  It allows for easier conversion to a continuous 

process as pre-packaging of materials is not necessary and the unit can be connected with fittings 

for pumping product.  Having the ease of pumping liquid product in between the processing unit 

and holding tanks is especially desirable for industrial processors.       

Ready-to-drink (RTD) beverages composed of fruit juices typically range in pH from 2.4-

4.2 (Hatcher, Parish, Weihe, Splittstoesser & Woodward, 2001).  Spoilage in RTD beverages 

may occur from aciduric bacteria, yeasts, or molds that are often ubiquitous to the surface skin or 

peel of the fruit (Spotts et al, 2006).  Zygosaccharomyces bailii is an osmotolerant, spoilage yeast 

that is able to grow in acidic conditions pH 2.5-6.0 and environments high in sugars (Fujita & 

Kubo, 2005), such as cough syrup (Charnock, Finsrud & Foss, 2005) or fruit and vegetable 

juices (Raso, Calderon, Gongora, Barbosa-Canovas & Swanson, 1998).  Z. bailii spoilage may 

produce off-odors, off-tastes, sedimentation and increased pressure on packaging (DiGiacomo & 

Gallagher, 2001).  It is also capable of forming haploid ascospores that are generally more 

resistant to processing variables of pressure, heat, and holding time than vegetative cells (Raso et 

al, 1998).  High-pressure processing has been used to evaluate inactivation kinetics of Z. bailii 

using a hydrostatic system (Raso et al, 1998; Reyns, Soontjens, Cornelis, Weemaes, Hendrickx 

& Michiels, 2000).  During high pressure processing, dissolved solutes may exert baroprotective 

properties on spoilage yeasts (Goh, Hocking, Stewart, Buckle & Fleet, 2007).   
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The purpose of this study was to evaluate the effectiveness of continuous-flow high-

pressure throttling compared to conventional hot-fill processing in reducing populations of 

vegetative cells of Zygosaccharomyces bailii in apple juice, which was evaluated over abusive 

shelf-life conditions.  As industrial convention is to process fresh-pressed juice immediately, this 

study focused primarily on demonstration of processing efficacy of CFHPT on populations of Z. 

bailii.       

 

MATERIALS AND METHODS 

2.1  Materials 

Frozen 100% apple juice concentrate fortified with calcium (Kroger Co., Cincinnati, OH) 

was purchased from a local supermarket and diluted to single strength volume with deionized 

water according to package instructions.  The yeast used was Zygosaccharomyces bailii FR-1299 

donated by Dr. Larry Beuchat (Department of Food Science & Technology, University of 

Georgia, Griffin, Georgia, United States).  Stock cultures were maintained at 4°C on acidified 

YM agar (41 g powder·L
-1

: 3.0 g yeast extract, 3.0 g malt extract, 5.0 g peptone, 10.0 g dextrose, 

20.0 g agar;  acidified to pH 4.0±0.1 with 10% filter sterilized tartaric acid) (Teknova, Hollister, 

CA, United States) or at -80°C as a frozen suspension in Microbank® cryopreservative capsules 

(Pro-Bank Diagnostics, Richmond Hill, Ontario, Canada).     

2.2  Preparation of inoculum 

 For inoculation cultures, YM broth (21 g powder·L
-1

: 3.0 g yeast extract, 3.0 g malt 

extract, 5.0 g peptone, 10.0 g dextrose) (Difco Laboratories, Detroit, MI, United States) was 

used.  A 9 mL tube of YM broth was inoculated with cells isolated from YM agar streak plates 

and incubated at 25°C for 24 h.  A 0.1 mL aliquot was then transferred to inoculate another YM 
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broth tube that was also incubated at 25°C for 24 h.  The procedure was repeated three times 

prior to the inoculation experiments.   

For growth of cells, a 0.1 mL aliquot of inoculated YM broth was added to 500-mL flasks 

of sterile apple juice.  An equal volume of apple juice was inoculated for pelletization as was 

subsequently used for processing by CFHPT.  The inoculated apple juice was then incubated for 

24 h at 25°C with agitation (120 rpm).  Juice was then centrifuged at 3,500 rpm for 20 min 

(Forma Scientific, Inc.,Waltham, MA, United States).  Cells were washed three times with 250 

mL aliquots of 0.1% peptone broth (BBL/Difco, Spark, MD, United States) and pelletized.  Cells 

were then re-suspended in 50 mL of 0.1% peptone broth and maintained at 4°C overnight until 

processed.        

2.3  Continuous-Flow High-Pressure Throttling 

 Apple juice (4°C) was used for the processing medium.  Just prior to processing, the 

cultures stored overnight were added to apple juice and agitated to suspend the cultures.   

Inoculated juice was then immediately processed by continuous-flow high-pressure throttling in 

a stainless steel Microfluidizer Processor M-140K (Microfluidics Corp., Newton, MA, United 

States) that was fitted with a 7.5 horsepower electric-hydraulic module, double-acting intensifier 

pump, product flow interaction chamber for development of shear forces, cold-water jacketed 

heat exchanger for processed product, 2 L pressurized feed reservoir, and retrofitted with a 

proprietary external split-flow throttling valve that induced homogenization and instantaneous 

pressure drop (Figure 2.1).  Inoculated juice was processed at pressures of 280-310 MPa and 

140-170 MPa (at a flow rate of 100 mL/min). Product was filled into pre-sterilized screw-capped 

50-mL glass test tubes, leaving a headspace of about 3 mL in each tube.   
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 Hot-fill samples were processed by passing inoculated apple juice heated to 90°C with a 

flow rate of 250 mL·min
-1

 through a stainless steel heat exchanger immersed in boiling water, 

which was contained within a steam-jacketed kettle.  Samples were filled into tubes as for 

CFHPT, held for 5 minutes, and then immediately cooled in an ice slurry until reaching 4°C.  

These samples served as a negative control.   Inoculated but unprocessed juice was also filled 

into tubes and sealed and stored with other samples.  These served as a positive control. 

All tubes were then stored in duplicate in racks at 25°  0.5°C in incubators (Model 

HEC10R, HotPack, Warmisnster, PA, United States) and held for 0, 3, 7, and 14 d of storage.  

The entire processing procedure was replicated on three separate days.  

The pH of reconstituted apple juice was measured using pH meter model AR15 

(Accumet, Fisher Scientific, Pittsburg, PA, United States). 

2.4  Analysis of Growth 

At either 0, 3, 7, or 14 d of storage, populations of Z. bailii were enumerated.  Tubes were 

vortexed to suspend any pelletized material, and then 1 mL samples were pipetted and serially 

diluted in test tubes containing 9 mL of 0.1% peptone broth.  Dilutions were plated using an 

Autoplate 4000 spiral plating system (Spiral Biotech, Inc., Norwood, MA, United States) on 

acidified YM agar plates in duplicate and incubated at 25°C for 3 days.  Colonies were counted 

on a 100 mm counting grid, which was correlated with a population concentration.  Populations 

were reported as CFU·mL
-1

.   

An additional enrichment step was also performed to detect for presence of injured cells, 

surviving vegetative cells, or ascospores of Z. bailii that existed at concentrations below the limit 

of detection.  At the time of sampling, three 0.1 mL aliquots of sample were transferred to sterile 

YM broth tubes.  Tubes were incubated for 24-72 h, and a turbid, cloudy appearance was a 
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presumptive indication of Z. bailii growth from injured cells, surviving vegetative cells, or 

ascospores.  Turbid tubes were serially diluted with 0.1% peptone broth and spread plated on 

acidified YM agar to confirm presence of acid-tolerant mold.  

2.5  Statistical Analyses 

 Statistical analysis to compare factors (process method, duration of sample storage, and 

interaction of process × storage) was conducted using a stripped-split plot design on SAS (SAS 

Institute, Inc., Cary, NC).  To compare treatment means within level of processing method (i.e., 

unprocessed sample, hot-fill, CFHPT:140, and CFHPT:280) over storage time (in days), a One-

Way ANOVA was conducted followed by the Tukey’s Honestly Significant Difference Test (α = 

0.05) on Minitab software (Minitab, Inc., State College, PA).    

 

RESULTS 

This study compared factors of processing, storage time, and experimental trials using a 

stripped-split plot design.  This statistical design allowed for analysis of significance by ANOVA 

for processing, storage time, and interaction of processing × storage time.  Analysis showed that 

processing, storage time, and interaction of these two were significant (α = 0.01).         

Initial inoculation loads of pelletized, washed cells were at least log 7 concentration when 

analyzed over three separate trials (Table 2.1).  In preliminary research, several commercial 

apple juices were inoculated and consistently supported growth of Z. bailii to log 7 levels.  

Growth curves were also initially established to determine log phase of growth of vegetative 

cells, which was used for inoculation experiments (data not shown).  
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The initial inoculation loads of Z. bailii increased only modestly over storage in the 

unprocessed sample (log 7.21 to log 7.56), although means were significantly different (α = 0.05) 

(Table 2.1).  The hot-fill technique produced concentrations that were not detectable (ND) by the 

sampling and enumeration technique employed. CFHPT processing at 140 MPa produced about 

a 2-log reduction.  However, concentrations of Z. bailii reached log-7 growth after three days of 

storage. CFHPT processing at 280 MPa produced a 7-log reduction at processing, but was also 

followed by growth to log 7 by 3 d of storage.  Initial reductions in populations of Z. bailii 

processed by CFHPT at the lower (Z. bailii reduced to log 5.7 CFU∙mL
-1

) and higher pressure 

(populations were not detectable) conditions were significantly different compared to growth 

observed after 3 d of storage.  Unprocessed and CFHPT samples processed at 140 MPa and 280 

MPa maintained log 7 concentrations from 3 through 14 d of storage, therefore only data through 

7 d is shown.  Refrigerated storage at 4°C was sufficient to inhibit its growth (data not shown).     

 After initial reductions in Z. bailii by two processing pressures operated by the CFHPT, 

growth occurred very rapidly within 3 d of product storage when stored at 25°C.  As a qualitative 

enrichment step for evaluating for the survival of injured cells, surviving vegetative cells, or 

ascospores of Z. bailii in apple juice before and after processing, aliquots of samples were also 

enriched in YM broth.  As expected, unprocessed samples produced positive growth (+) through 

indication of turbidity in the broth.  On the other hand, the hot-fill process showed effectiveness 

at preventing growth of either injured cells or ascospores initially and throughout storage (Table 

2.2), as indicated by the absence of turbidity.  Whereas the CFHPT:140 treatment produced 

growth that corresponded with results observed with the enumeration plating technique in time 

zero samples, the CFHPT:280 treatment did not produce growth on the plating enumeration 

procedure but produced growth in YM broth tubes.  This is an indication that either Z. bailii 
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concentrations existed below the limit of detection, or the plating enumeration technique was not 

able to detect the presence of injured cells or ascospores. Growth occurred when Z. bailli was 

provided with a more optimal environment in the YM broth.    The limit of detection was 20 

CFU∙mL
-1

 of sample.  The turbid YM broth tubes were also serially diluted in 0.1% peptone 

broth and plated on acidified YM agar.  These colonies appeared with similar color and 

morphology as other colonies in the experiment.  The pH of the apple juice was 3.91.            

 

DISCUSSION 

Continuous-flow high-pressure throttling demonstrated applicability for processing of 

batch or continuous liquid processing streams, such as in reducing populations of the spoilage 

organism Z. bailii by 7-logs in apple juice at an operating pressure of 280 MPa.  In a typical 

batch hydrostatic high-pressure processing system, the pressure exerted on microbial cells 

damages cell membranes, and disrupts enzyme, protein and ribosomal subunit conformations, 

adversely affecting cell nutrient uptake and waste removal (Kalchayanand et al, 2002; Torres & 

Velazquez, 2005).  Morphological changes in the cell membrane and cell wall may induce 

instability, producing changes in pH and membrane potential gradient (Kalchayanand, Frethem, 

Dunne, Sikes & Ray, 2002).  Water and acid molecules can become ionized, which may become 

lethal to microbial cells (Earnshaw, 1996).   The minimal rise in temperature due to adiabatic 

heating is usually not sufficient to induce negative loss of flavor, or nutritional or quality 

attributes of the product (Moorman, 1997).  The limitation of hydrostatic high-pressure 

processing involves dependence on batch-scale production.  This requires that foods are either 

processed in thick-walled, high-pressure vessels, or pre-packaged into pouches prior to 

processing.       
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The use of CFHPT is a novel extension of high-pressure processing.  It creates moderate 

pressures (up to 300 MPa), while also inducing a homogenization effect.  A typical hydrostatic 

process uses a high-pressure homogenization valve configured in a split-flow arrangement, 

which produces back pressure.  This CFHPT instrument uses a novel high-pressure needle 

throttling valve that releases pressure instantly.  This creates an additional shear stress that is 

unique to CFHPT, and which is lacking in HHP (Peck, 2004).  In CFHPT, a liquid medium is 

drawn through pressure inducers and pulled into a dual-action pressure intensifier. Product then 

passes through the needle valve before entering a cold-water jacketed heat exchanger.  This 

CFHPT instrument is unique from a conventional microfluidics homogenizer in that the 

interaction chamber was removed and replaced with a throttling valve.  As the pressure 

intensifier pressurizes and expels product from opposing sides of the chamber in an alternating 

fashion, air ball valves control the pressure differential.  At the time between product exit and 

entry, there is a momentary drop in operating pressure of up to 35 MPa.  During processing of 

CFHPT, the operating pressure was actually 35 MPa higher than target.  This additional pressure 

was used to ensure all product was exposed to target operating pressure during momentary 

pressure drop.  In addition, using a throttling valve in place of an interaction chamber 

downstream minimized the pressure difference encountered by the product.         

In high-pressure processing, operating pressures above 100 MPa are generally 

detrimental to vegetative cells, whereas spores are resistant to pressures even above 1000 MPa.  

Some spores will germinate in response to pressure treatment, especially for pressures between 

50 and 300 MPa (Earnshaw, 1996).  The spores are most resistant to pressure treatment at neutral 

pH.  They can then be destroyed by another subsequent thermal or pressure treatment, or 

controlled through use of preservatives, controlled-temperature storage, or high-acid pH; 
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sterilization of product is not possible (Smelt, 1998).   This research showed that while there was 

over a 5-log reduction in the population of Z. bailii in samples processed by CFHPT at 280 MPa, 

growth of surviving vegetative cells, injured cells or ascospores of Z. bailii after enrichment in 

YM broth occurred during storage at 25°C.  At this operating pressure, it is conceivable that 

ascospores from such an aciduric strain of yeast were induced to germinate due to the pressure 

and shear forces exerted on the liquid media.  It is also possible that injured cells were present 

after processing, but were incapable of growth on the acidified YM agar.  Temperature-stressed 

cells from Z. bailii show varying levels of ability to recover on acidified media (Makdesi & 

Beuchat, 1996).  High hydrostatic pressure processing at 276 MPa of Z. bailii in Sabourad 

Dextrose broth prepared with sucrose for adjustment of media to aw 0.98 had a D-value of 4.82 

min (Palou, Lopez-Malo, Barbosa-Canovas, Welti-Chanes & Swanson, 1997).     

Z. bailii cultures grow well at 25-27°C (Palou et al, 1997; Raso et al, 1998, Reyns et al, 

2000), and a few strains can grow at 37°C (Martorell, Stratford, Steels, Fernandez-Espinar & 

Querol, 2007).  On the other hand, Z. bailii can show resistance to acidic pH 2.2 (Martorell et al, 

2007).  Preliminary research showed optimal growth conditions for this strain of Z. bailii 

occurred at 25-27°C.  Growth did not occur at 4°C storage (Martorell et al, 2007).  Little growth 

occurred in YM broth, apple juice, or acidified YM agar at temperatures below 22°C or above 

30°C.  The storage temperature of 25°C was selected for storage of samples since it was 

considered optimal for growth of surviving vegetative cells, injured cells, or ascospores.  More 

research is needed to show if a hurdle technology approach such as refrigeration storage 

temperatures and use of chemical preservatives would be sufficient to prevent growth of Z. bailii 

after processing by CFHPT in apple juice.               
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TABLES 

 

Table 2.1.  Concentration (mean log CFU·mL
-1

) of Z. bailii recovered 

from samples stored at 25°C (n = 3) 

Process
1
 Storage Time (d) 

 0 3 7 

Unprocessed 7.21 a 7.56 b 7.51 b 

Hot fill <1.30
2 

a  <1.30 a  <1.30 a 

CFHPT
 
 140 MPa

2
 5.64 a 7.60 b 7.50 b 

CFHPT  280 MPa
2
 <1.30 a 7.31 b 7.47 b 

1
Process: Tukey's Honestly Significant Difference Test performed within 

levels of process, where different letters following concentrations of Z. 

bailii indicate a significant difference among means within row (α = 

0.05) 
2
CFHPT = Continuous-Flow High-Pressure Throttling operated at 140 or 

280 MPa 
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Table 2.2.  Growth of injured cells or ascospores of Z. bailii after 

enrichment of samples immediately after processing or after 

storage at 25°C  

Process Storage (days) 

 0 3 7 

Unprocessed ₊1 ₊ ₊ 

Hot fill ₋ ₋ ₋ 

CFHPT 140 MPa
2
 ₊ ₊ ₊ 

CFHPT 280 MPa
2
 ₊ ₊ ₊ 

1
(+) = Turbid, cloudy appearance of YM broth culture tubes after 

inoculation with 0.1 mL of sample; (-) = No visible growth  
2
CFHPT = Continuous-Flow High-Pressure Throttling operated 

at 140 or 280 MPa 
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FIGURE CAPTIONS 

 

Figure 2.1.  Schematic of a continuous-flow high-pressure throttling system 
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FIGURES 

 

 

 
  

Figure 2.1 
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CHAPTER 3.  NOVEL FUNCTIONAL BEVERAGES WITH ANTI-GLYCATION 

PROPERTIES FROM HIGH-PROCYANIDIN SORGHUM BRAN 
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ABSTRACT 

The purpose of this research was to evaluate the acceptability and stability of a functional 

beverage containing white grape juice, 50% ethanolic or hot-water extract of  high-

proanthocyanidin sorghum bran, and hot water extracts of cinnamon and allspice. The 

formulation was designed for consumers concerned with metabolic syndrome and diabetes, or 

those desiring a high antioxidant, high-proanthocyanidin dietary supplement. Antioxidant 

analyses including Folin-Ciocalteu and FRAP (ferric reducing/antioxidant power) showed 

beverage formulations had 1.82 or 3.35 mg of gallic acid eq per mL and FRAP values of about 

9.73 or 10.53 mmol of ferrous sulfate eq per mL.  The beverages showed inhibition of fructose-

induced glycation of bovine serum albumin by 50 % (IC50) at dilutions of 217 to 489 times 

original strength.  Sensory attributes were evaluated for overall acceptability, flavor, color, 

aroma, mouthfeel, and likelihood of purchase using 5- or 9-point structured hedonic scales. 

Sensory results demonstrated overall acceptability of the formulation containing hot-water 

sorghum extract and that consumers ―probably would buy‖ the product.  

 

Keywords: Glycation, Metabolic Syndrome, Type II diabetes, high-procyanidin sorghum bran, 

procyanidin, functional beverage  
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INTRODUCTION 
 

The Western diet is characterized by relatively high intake of red meat, sugary foods, 

high fat, and refined grains.  Such diets may encourage the development of chronic health 

conditions characterized by a pro-inflammatory state, which  may include metabolic syndrome, 

Type II diabetes mellitus, insulin resistance, or atherosclerosis (Dehnavi and others 2008; Ford 

and Li 2008; Luca and Olefsky 2008).  The incidence of Type II diabetes is expected to affect 

over 300 million worldwide by 2025 (Hays and others 2008) and is the sixth leading cause of 

death in the United States (Pham and Kourlas, 2007).  Incorporation of a diet rich in fruits, 

vegetables and whole grains, which provide a significant source of antioxidants, is thought to 

help prevent such conditions from developing.   

In pro-inflammatory stress states such as Type II diabetes mellitus, cellular protein aging 

occurs at an accelerated rate due primarily to glycation of proteins by higher sugar 

concentrations (McPherson and others 1988).  These modified proteins are termed advanced 

glycation endproducts or AGE proteins.  Hemoglobin A1c (HbA1c) provides a clinical measure 

of non-enzymatic oxidation of hemoglobin protein in blood, which serves as a longer-term 

indicator (that is 3-4 months) of blood glucose control in diabetic patients (Pupillo and others 

2008).  Elevated blood glucose levels may account for only 30% of the incidence of glycated 

hemoglobin in HbA1c (Yudkin and others 1990).  Antioxidants including vitamins A and C, and 

particularly flavonoids inhibit formation of AGE proteins (Matsuda and others 2003; Peyroux 

and Sternberg 2006). Proanthocyanidins are associated with chemopreventive (Nandakumar and 

other 2008) and anti-inflammatory properties, and with reduced risk of coronary heart disease 

(Cos et al, 2004).  The major sources of proanthocyanidins in the U.S. diet include apples, 

chocolate, and grapes (Gu and others 2004).  
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 Sorghum is a cereal-grain grown in arid regions of the world.  Its global production was 

58 million tons in 1990 (FAOSTAT; Dlamini and others 2007).  Antioxidant compounds present 

in sorghum include proanthocyanidins, flavonoids, anthocyanins, phytosterols, and policosanols 

(Awika and Rooney 2004; Dlamini and others 2007). The proanthocyanidin content of 

conventional sorghum bran varieties is estimated at 4.6 mg/g (d.w.) (USDA-ARS) but may range 

upward from 10.0 to 68.0 mg/g (d.w.) (Jambubathan and Mertz, 1973; Hahn and Rooney, 1986; 

Agullo and Rodriguez, 1995; Awika, 2000; Awika and Rooney, 2004).  The polyphenolic 

fractions extracted from high-proanthocyanidin (50–70 mg phenolics/g) sorghum cultivars 

possess significantly higher antioxidant capacity than conventional varieties (Dykes and Rooney 

2006).  Polyphenolic compounds of sorghum are readily extractable in various solvent systems 

(Kamath and others 2004).  Hot water or aqueous ethanolic solutions would be most practical for 

commercial-scale extraction.   

Functional and nutraceutical beverages formulated to combat metabolic syndrome and 

diabetes or to improve overall health are becoming attractive to health-conscious consumers 

(Verhagen and others 2004). In recent diabetes research, water-soluble proanthocyanidins 

extracted from cinnamon have shown effectiveness in decreasing insulin resistance and 

increasing glucose utilization by cells (Anderson and others 2004), while aiding in blood glucose 

control and slowing rates of gastric emptying (Hlebowicz and others 2007). Extracts from 

cinnamon and allspice have shown activity in inhibition of AGE proteins (Dearlove and others, 

2008).  Combining multiple bioactive sources in a single food source may enhance 

complementary health benefits.  Combining flavonoid polyphenolic compounds for reducing 

AGE formation, and cinnamon for increasing insulin sensitivity and affecting glucose uptake and 
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utilization by cells, may address health maintenance needs for sufferers of Type II diabetes or 

metabolic syndrome.  

This study focused on developing a nutraceutical beverage formulated from white grape 

juice, high-proanthocyanidin sorghum bran, and complementary ingredients such as cinnamon 

and allspice that may benefit Type II diabetic, pre-diabetic, or normal consumers.  This study 

involved characterizing beverage ingredient extracts and formulations for antioxidant activity, 

evaluating the ability of the beverage and its components to inhibit formation of fructose-induced 

AGE proteins, and assessing consumer acceptability of a beverage formulation made from a hot 

water extract of high-proanthocyanidin sorghum bran.       

 

MATERIALS AND METHODS 

 

Materials 

High-proanthocyanidin sorghum bran (v. Early Sumac) was donated by Dr. Lloyd L. 

Rooney of Texas A&M University.  Gallic acid, Folin-Ciocalteu reagent, sodium acetate, iron 

(II) sulfate heptahydrate, 2,4,6-tris(2-pyridyl)-s-triazine, bovine serum albumin (97% essentially 

fatty acid free), quercetin, and D-(–)-fructose were purchased from Sigma-Aldrich Chemical Co. 

(St. Louis, MO).  Anhydrous sodium carbonate and anhydrous ferric chloride were from Fisher 

Scientific (Pittsburgh, PA).  Anhydrous iron (III) chloride was from Riedel-deHaën® (Germany 

).  Hydrochloric acid, dibasic potassium phosphate, and monobasic potassium phosphate were 

purchased from J.T. Baker, Inc. (Phillipsburg, NJ).  Potassium chloride was from EM Science 

(Gibbstown, NJ).  Chelex® 100 Resin was from Bio Rad Laboratories (Hercules, CA).   
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Ground cinnamon from Great Value brand (Bentonville, AR), ground allspice from 

McCormick and Co, Inc. (Hunt Valley, MD), white grape juice from Welch’s® (Concord, MA), 

and unsalted Kroger brand Saltines (Cincinnati, OH) were purchased at local supermarkets. 

 

Extract and beverage preparation 

 Following good manufacturing practices, hot water extracts of high-proanthocyanidin 

sorghum bran (1:10, w/v), cinnamon (1:100, w/v), and allspice (1:100, w/v) were prepared by 

adding ground material to previously boiled deionized water.  The extracts were heated to 80ºC 

for 1 h and continuously mixed.  The ethanolic extracts of sorghum bran (1:10, w/v) were 

prepared using 50% aqueous ethanolic solutions of vodka (Frïs®, Denmark).  The suspensions 

were stirred continuously for 1 h at room temperature (22°C).  Extracts were then centrifuged at 

1,000 × g at 4°C for 10 min.  Supernatants were collected and used for experimental or sensory 

evaluation.    

 For sensory evaluation, beverages were prepared by adding white grape juice to either 

aqueous or ethanolic sorghum bran extracts (60:40, v/v).  Cinnamon and allspice (1.468% and 

0.49% w/w, based on total volume of beverage preparation) were then pre-hydrated with 

additional white grape juice and added to the grape juice/sorghum mixture.  Mixtures were 

heated to 75°C with constant stirring, and then cooled to 22°C.  The beverages were then 

centrifuged at 1,000 × g at 4°C for 10 min to remove any suspended solids.  The supernatant was 

used for sensory evaluation.  For antioxidant analysis, samples were serially diluted with 

deionized water to the appropriate concentration for the FRAP evaluation.   Samples were stored 

before use at 4°C for less than one day or frozen at -20°C for up to 9 months in airtight high-

density polyethylene plastic gallon jugs in the dark. 



77 

 

Physicochemical characterization 

 Beverage formulated with hot water sorghum extract was evaluated at 22°C for pH using 

an AR15 pH meter (Accumet, Fisher Scientific, Pittsburgh, PA), titratable acidity as tartaric acid 

(AOAC 942.15), and total soluble solids by refractometry (PR-201 Palette, Atago, Japan).  Color 

was evaluated using a handheld Chroma Meter CR-410 (Minolta, Co., Osaka, Japan).  In a dark 

room, 50 mL of juice was poured into a Petri plate (87 mm internal diameter) and placed onto a 

black background.   The sample was rotated 90° between color measurements.  Three 

measurements were taken per sample, and L*, a*, and b* values were recorded.  Particle size 

analysis was conducted using a Malvern Laser Particle Size Analyzer (Mastersizer S with 300 

mm lens and dispersion unit controller and Mastersizer-S v. 2.18 software, Malvern Instruments, 

Southborough, MA).  For each physicochemical characterization, three samples were analyzed 

with mean values reported.    

 

Folin-Ciocalteu analysis 

 Folin-Ciocalteu analysis was conducted following the method of Singleton and Rossi 

(1965) with modifications.  One mL of deionized water was pipetted into a 1.5 mL plastic 

microcentrifuge tube (VWR, West Chester, PA).  Next, 12.7 µL of standard or sample was 

pipetted to each tube, followed by 63.3 µL of Folin-Ciocalteu reagent.  Tubes were then 

vortexed.  After one min, 189.9 µL of 20% sodium carbonate solution (w/v) was added to each 

tube.  The microcentrifuge tubes were then vortexed and incubated at 22°C for 45 min.   Samples 

were transferred to plastic cuvettes and the absorbance at 765 nm was measured on a Beckman 

DU Series 600 spectrophotometer (Beckman Coulter, Inc., Fullerton, CA) against a deionized 

water blank.  A standard curve was created using gallic acid at concentrations of 0.05, 0.10, 0.15, 
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0.25, and 0.50 mg/mL.  All samples and standards were analyzed in triplicate.  Results were 

reported as mg of gallic acid equivalents per mL of sample. 

 

FRAP analysis 

 The ferric reducing/antioxidant power (FRAP) analysis followed methods of Benzie and 

Strain (1996) with modification.  To 1.5 mL microcentrifuge tubes, 30 µL of standard or sample 

was added.  Iron (II) sulfate heptahydrate solutions were used as standard solutions (0.1, 0.2, 0.4, 

0.6, and 1.0 mM).  To each tube, 1 mL FRAP reagent (300 mM sodium acetate buffer, pH 3.6; 

10 mM TPTZ [2,4,6-tris(2-pyridyl)-s-triazine]; 20 mM ferric chloride; deionized water; 

758:76:76:91, v/v/v/v).  Tubes were vortexed, and then incubated in a 37°C water bath for 4 min.  

Samples were then transferred to plastic cuvettes, and the absorbance at 593 nm was measured 

against a deionized water blank.  All samples and standards were measured in triplicate.  FRAP 

results were reported as mmol of ferrous sulfate eq per mL of sample. 

 

Fructose-induced glycation of bovine serum albumin 

 The glycation of bovine serum albumin was conducted based on the methods of 

McPherson and others (1988) with modification.  To 1.5 mL microcentrifuge tubes, 0-50 µL of 

sample or standard was added to each tube, followed by the addition of 900 µL of phosphate 

buffer (200 mM potassium phosphate buffer, pH 7.4 with 0.02% sodium azide, treated with 

Chelex resin), 300 µL of albumin solution (50 mg/mL bovine serum albumin in chelex-treated 

phosphate buffer) (BSA), and 300 µL of fructose solution (1.25 M fructose in chelex-treated 

phosphate buffer).  Tubes were capped and incubated in a 38°C incubator for 72 h.  Following 

incubation, each sample was analyzed for fluorescence intensity on an LS 55 Luminescence 
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Spectrometer (Perkin-Elmer, Waltham, MA) with an excitation/emission wavelength pair λ = 

370/440 nm with 3 nm slit width, read against a phosphate buffer blank.  Each standard or 

sample was evaluated at five dilutions in triplicate over two separate days.  Extract without 

added fructose or BSA was evaluated for fluorescence and used as a correction factor.  Quercetin 

was evaluated as an external standard.  Data points of concentration versus fluorescence were 

plotted and fitted by linear regression using Excel® 2003 software (Microsoft Corporation, 

Redmond, WA).  Results were reported as 50% inhibition of fructose-induced advanced  

glycation protein endproduct formation (IC50), based on the estimate from the regression curve 

specific to each sample.  Internal controls (fructose only, BSA only, fructose + BSA) were used 

to determine endpoints from which to calculate % inhibition of glycation.     

                           

Sensory evaluation 

For the survey of consumer acceptability, the sorghum beverage was evaluated using 

hedonic testing based on the methods of Meilgaard and others (1999). All sensory evaluation 

protocol, advertisements, and handling of research data were approved by the University of 

Georgia’s Institutional Review Board.  Panelists were excluded from participation if they were 

pregnant or breast-feeding, under the age of 18, a prisoner, over the age of 64, a non-English 

speaker, physically or mentally incapacitated, or had allergies or sensitivities to sorghum, gluten, 

apples, grapes, cinnamon, allspice, or exposure to peanut processing equipment.  The evaluation 

was conducted in a sensory laboratory equipped with individual testing booths having white 

fluorescent lighting.  Untrained subjects (n = 54 panelists) that consisted of university faculty, 

staff, students, and the public participated in the test after completion of informed consent forms.  
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In the session, subjects were presented with a 4-oz beverage sample at 4°C contained in a white 

plastic cup, crackers, and a cup of water.  No additional cup was provided for expectoration.  

Using paper ballots containing three pages, panelists were first instructed to complete the 

sensory test in chronological page order.  On the first page, they were instructed to chew some 

crackers and rinse their mouth with filtered tap water, and then indicate gender, age, and 

frequency of bottled juice consumption using a 5-point purchase intent scale (Figure 3.1).  On 

page two, panelists then evaluated the beverage sample for sensory attributes of overall 

acceptability, flavor, color, and aroma/smell using a 9-point structured hedonic scale marked 

with word descriptors (Figure 3.1).  On the third page, panelists were presented with a succinct 

description of the potential health benefits derived from consuming the product.  The statement 

declared,  

―If the sample was sold in a small, 4 or 6-ounce single serving bottle, and its packaging 

label was to state the following: This product provides a rich source of antioxidants that 

are known to fight free radicals.  Its unique formulation may help in the maintenance of 

blood sugar levels and may reduce oxidative damage associated with Type II diabetes.  

…how likely would you be to purchase this product (for yourself or for someone in your 

family) assuming it was priced competitively to similar products?‖ 

Likelihood of product purchase was then indicated using a 5-point structured purchase intent 

scale (Figure 3.1).  Upon completion of the test, subjects were offered a piece of candy for their 

participation.  The sensory evaluation was conducted over two replicate sessions timed nine 

months apart.         
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Statistical analysis 

 Statistical analysis of data was performed using ANOVA with Tukey’s Honestly 

Significant Difference Test (α = 0.05) on Minitab software (Minitab, Inc., State College, PA).  

 

RESULTS AND DISCUSSION 

 

Physicochemical characterization of hot water sorghum beverage 

 The sorghum beverage formulated with hot water sorghum bran extract had a relatively 

low pH of 3.70 (Table 3.1).  The titratable acidity was 4.01 ± 0.03 g tartaric acid per liter.  This 

is based on tartaric acid representing the predominant acid in the beverage, as it is the 

predominant acid in grape juice (Haard and Chism, 1996).  Ascorbic acid present in the white 

grape juice is also thought to have contributed to the total titratable acidity.  The color evaluation 

showed moderate lightness (L* = 47.3).  There was also a slight tendency towards the red (a* = 

2.79) and yellow (b*= 2.71) axes.  The soluble solids content of the beverage was 13.6°Brix. The 

sugar content in the grape juice likely contributed to most of the total soluble solids content.   

 The hot water sorghum beverage had suspended particles originating from sorghum bran, 

cinnamon, and allspice.  The particle size distribution (volume-length diameter) had a Gaussian 

shape with center around 46 µm.  

 

Folin-Ciocalteu analysis  

 The total polyphenolic content and FRAP values are shown in Table 3.2.  Values are 

listed for component extracts and beverage formulations.  For comparison, values are also shown 

for a commercial Concord (red) grape juice and white tea, beverages known to contain 
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significant proanthocyanidins.  The 50% EtOH sorghum extract contained 5.78 mg/ml total 

phenolics (expressed in terms of gallic acid) as compared to 2.13 mg/ml for the hot-water 

extract, indicating that the 50% ethanol was more effective at recovering polyphenolic 

compounds.  The total polyphenolics content for the white grape juice was 0.97 mg/ml, while 

that for the cinnamon and allspice extracts were 1.12 and 0.80 mg/ml.  Values for the beverage 

based on hot-water extract and that based on 50% EtOH extract were 1.82 and 3.35 mg/ml, 

respectively.  It should be noted that the beverage is a blend of 60% by volume of white grape 

juice, and 40% by volume of sorghum extract, plus 1.47% and 0.49% by weight of cinnamon and 

allspice.  Thus, the juice contributed approximately 40.1% to the total phenolics, while the hot-

water sorghum extract contributed 58.7% and the cinnamon 1.1%. 

 The total phenolics assay does not distinguish between particular antioxidants, but it is 

known that  sorghum extracts contain proanthocyanidins, anthocyanins, and flavonoids (Awika 

and Rooney 2004).  In the beverage formulations, there were also proanthocyanidins from 

cinnamon (Anderson and others 2004), and polyphenolic compounds from allspice (Broadhurst 

and others 2000) and white grape juice (Frankel and others 1998).  In comparison, the beverage 

made from hot-water sorghum extract had greater total phenolics than white tea, while that made 

from the 50% EtOH extract had greater total phenolics than both white tea and Concord grape 

juice. 

 

FRAP analysis 

Results from the FRAP assay are shown in Table 3.2.  The 50% EtOH and hot-water 

sorghum extracts had FRAP values of 17.29 and 11.82 mmol FeSO4 equivalents per ml, 

respectively.  Values for the white grape juice, cinnamon and allspice were 3.54, 20.78 and 3.05 
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mmol FeSO4 equivalents per ml, respectively.  Accounting for the beverage formulation, the 

juice contributed approximately 29.7% to the FRAP values, while the hot-water sorghum extract 

contributed 66.1% and the cinnamon 4.3%, respectively.  In general, FRAP values were linearly 

correlated with the total phenolics, except for the cinnamon extract, which had comparatively 

higher FRAP values. The FRAP assay measures the ability of phenolic compounds to quench 

free radicals by delaying the oxidation of ferric to ferrous iron complexed to tripyridyltriazine 

(Benzie and Strain 1996), providing a measure of their antioxidant potential.  Cinnamon thus 

contains polyphenolic compounds that have potent ability in exerting antioxidant capacity, when 

compared to contents for total polyphenolic compounds. 

FRAP values for beverages made from hot water (9.73 mmol FeSO4/ml) or 50% aqueous 

ethanolic (10.53 mmol FeSO4/ml) sorghum extracts were not significantly different from those 

for Concord grape juice (8.78 mmol FeSO4/ml ) or white tea (10.11 mmol FeSO4/ml).   

It has been estimated that a Western-style diet provides about 150-200 mg of flavonoids per day 

(Manach et al, 2004; Gu et al, 2004).  An 8 fluid ounce serving of a beverage formulated with 

hot water or 50% aqueous ethanolic extract from high-proanthocyanidin sorghum bran may 

provide up to 400-800 mg of flavonoids.  As large quantities of bran are available as a by-

product from cereal grain processing, sorghum bran can serve as an inexpensive raw ingredient, 

which may provide consumers with a significant source of antioxidants.   

 High-proanthocyanidin sorghum bran is high in polyphenolic compounds including 

proanthocyanidins, anthocyanins, phenolic acids, phytosterols, and policosanols.   The 

proanthocyanidins are predominantly oligomeric or polymeric condensed tannins, composed of 

linked flavan-3-ols or flavan-3,4-diols (Awika and Rooney 2004).  The proanthocyanidins of 

sorghum are composed almost entirely of epicatechin units (Gu and others 2004).   High-
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proanthocyanidin sorghum bran is highest in larger oligomeric proanthocyanidins (OPC), but 

also contains lesser amounts of monomers, dimers, trimers, and OPC chain lengths of 4-10 units 

(USDA Database 2004).   

 

Inhibition of fructose-induced advanced glycation endproduct (AGE) formation      

 The inhibition of formation of fructose-induced advanced glycation endproducts (AGE) 

was measured in the presence of extracts of beverage components and beverage formulations 

(Table 3.3).  In the glycation experiment, standards (BSA only, BSA + fructose) were used as 

endpoints from which to estimate the ability of beverage formulation component extracts to 

inhibit glycation of BSA.  To compare the effectiveness of different samples in inhibiting the 

reaction, sample dilutions were determined that inhibited glycation of protein by 50% (IC50), 

based upon creation of dose-response curves for each sample tested.  The correlation coefficient 

(R
2
) is shown for each sample from which the estimate was calculated using a linear fitted 

mathematical relationship (Table 3.3).     

The results showed that a 210:1 dilution of hot-water sorghum extract and a 781:1 

dilution of the ethanolic extract would inhibit 50% of fructose-induced AGEs.  That is, less of 

the ethanolic extract was needed to attain the same anti-glycation effect. For the white grape 

juice, cinnamon extract, and allspice extract, those values were 180, 100 and 63 to 1, 

respectively. Interestingly, the IC50 values were linearly related to the total phenolic values 

(R
2
=0.97) but not to the FRAP values (R

2
=0.20).  When the hot water cinnamon extract was 

omitted, the relationship increased (R
2
=0.72).         
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The beverage made from 50% EtOH sorghum extract had the highest IC50 (489), and was 

about twice as effective at inhibiting formation of AGE as beverage formulated with hot water 

extract (IC50=217).  The beverage made from 50% EtOH sorghum extract also showed greater 

inhibitory activity than Concord grape juice (IC50=319) and white tea (IC50=223). The beverage 

made from hot-water extract had similar effectiveness to that of white tea. 

 Glycation of protein occurs when sugar carbonyl groups react with amine groups of 

amino acids, creating a Schiff base.  When in the presence of free metal ions such as iron, the 

Schiff base can readily convert to an Amadori product, following a pathway similar to that in the 

Maillard reaction (McPherson and others 1988).  Certain compounds are capable of chelating 

free metal ions, such as the chemically synthesized ethylenediamine-tetraacetic acid (EDTA) 

commonly used in manufactured food products, or flavonoids such as quercetin, green tea 

catechins (Nest and others 2004), or proanthocyanidins (Zijp and others 2000).  

The glycation of protein may proceed more rapidly in the presence of excess fructose or 

glucose (McPherson and others 1988).  In persons suffering from Type II diabetes mellitus, or 

those consuming an excessive amount of fructose, such as through products containing high-

fructose corn syrup (HFCS), similar oxidative damage may occur to cellular proteins through 

formation of advanced-glycation end products (Peyroux and Sternberg 2006). This is often 

measured using a hemoglobin A1c test (Boer and others 2006). Many polyphenolic compounds 

such as extracts rich in flavonoids and other phenolic compounds have demonstrated 

effectiveness in inhibiting the glycation process (Dearlove and others 2008).   

 Glycation of protein occurs even in healthy individuals.  Consuming a product rich in 

phytochemicals capable of inhibiting oxidative damage to protein is of great interest.  As the 

incidence of Type II diabetes mellitus is expected to increase, there will be an increased demand 
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for nutraceutical products that can help prevent or alleviate the symptoms of the disease.  An 

added benefit of the beverage formulation studied is that it includes cinnamon extract.  

Cinnamon supplementation has been shown to help control blood glucose levels in adult Type II 

diabetic patients (Mang and others 2006; Hlebowicz and others 2007; Pham and others 2007).  

This occurs because cinnamon increases glucose utilization by cells, increasing translocation of 

the GLUT-4 transporter to the cell membrane.  This is especially beneficial in reducing the 

effects of postprandial glucose rise following food consumption. 

Cinnamon contains both singly- and doubly-linked proanthocyanidins (Lazarus and 

others 1999).  Anderson and others (2004) tested extracts of cinnamon and found insulin-like 

activity from aqueous extracts when evaluated using in vitro epididymal fat cells.  In purified 

extracts, only doubly-linked proanthocyanidin type-A polymers were found to exhibit insulin-

like activity.  These compounds function by initiating phosphorylation of insulin receptor kinase, 

leading to increased glucose uptake by adipocytes.  Glycogen synthesis may also increase with 

the water-soluble compounds.  In vitro testing showed synergistic effects on glucose and 

glycogen production, which occurred when the purported methylhydroxy-chalcone polymer 

(MHCP) and insulin were both present (Pham and Kourlas 2007).   Cinnamon also improves 

insulin receptor activity by activating insulin receptor PI 3-kinase, while inhibiting tyrosine 

phosphatases (Hlebowicz and others 2007).  Cinnamon may also improve insulin receptor 

activity, since it was shown to increase concentrations of phosphorylated protein IRS-1 and 

increased binding of PI 3-kinase, which helps increase cellular uptake of glucose (Hlebowicz et 

al, 2007).       
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Sensory analysis 

 Sensory results for the beverage formulated with hot water extracts of high-

proanthocyanidin sorghum bran, cinnamon, allspice, and white grape juice are shown in Table 

3.4. On average, panelists consumed similar single-serve bottled teas or juices a few times per 

month.  The mean overall acceptability (6.8) and flavor (6.8) were rated as ―Like Moderately‖. 

The mean scores for color (6.2) were ―Like Slightly‖.  Some comments indicated that the brown 

color was not appealing, and therefore a commercialized product would most likely need added 

colorants. The mean aroma/smell (7.0) of the beverage was rated as ―Like Moderately‖.  When 

asked about intent to purchase, panelists indicated they Probably Would Buy the product for 

themselves or for someone in their family. This was based on having read the health benefits 

statement, having already evaluated product for sensory attributes, and assuming the product was 

priced competitively to similar products.      

  

CONCLUSION 

 As the incidences of obesity, metabolic syndrome, and Type II diabetes continue to 

increase, the market continues to grow for novel functional foods and beverages that may help 

reverse these chronic disease states.  A high-proanthocyanidin sorghum-based functional 

beverage containing complementary ingredients formulated especially for health maintenance 

shows considerable promise for mainstream market appeal.  The phenolic contribution from 

high-proanthocyanidin sorghum bran combined with cinnamon, allspice, and white grape juice 

may provide complementary health benefits for reduced protein damage from glycation and 

greater utilization and uptake of glucose by cells.  High-proanthocyanidin sorghum bran is high 
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in polyphenolic compounds and is significantly cheaper than comparable fruit or vegetable 

sources when considering proanthocyanidin content.   
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TABLES 

 

Table 3.1. Physicochemical properties of a white grape juice 

beverage formulated with hot water sorghum bran extract 

pH 3.70 

Titratable acidity  

 (g tartaric acid·l
-1

) 
4.01 ± 0.03 

Color  

       L* 47.3 ± 0.022 

       a* 2.79 ± 0.011 

       b* 2.71 ± 0.006 

Soluble solids (°Brix) 13.6 

Particle size (µm):   

D(50): diameter of particle below which  

          50% of volume of particles are found 
42.5 

D(3,2): mean diameter (area/volume) 35.3 

D(4,3): mean diameter (volume/length) 46.3 
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Table 3.2.  Total phenolic and FRAP values of beverages from Early Sumac 

sorghum bran (ES), their component extracts, and references 

Sample 

Total Phenolics
 

(mg  gallic acid 

per·ml)  

FRAP 

(mmol FeSO4 per 

ml) 

Beverage components   

Early Sumac sorghum, hot water 

(1:10, w/v) 
2.13

a
 ± 0.10 11.82

i
 ± 0.73 

Early Sumac sorghum, 50% aq. EtOH 

(1:10, w/v) 
5.78

b
 ± 0.14 17.29

j
 ± 0.12 

White grape juice 0.97
c
 ± 0.04 3.54

k
 ± 0.10 

Cinnamon, hot water (1:100, w/v) 1.12
d
 ± 0.04 20.78

l
 ± 0.38 

Allspice, hot water (1:100, w/v) 0.80
e
 ± 0.03 3.05

k
 ± 0.08 

   

Beverage formulations   

Beverage, hot water 1.82
f
 ± 0.04 9.73

m
 ± 0.34 

Beverage, 50% aq. ethanol 3.35
g
 ± 0.05 10.53

imn
 ± 0.94 

   

Commercial references   

Concord grape juice 2.57
h
 ± 0.08 8.78

mo
 ± 0.49 

White tea, hot water (1 bag/8 fl. oz) 1.20
d
 ± 0.03 10.11

mno
 ± 0.90 

Values in the same column followed by different letters are significantly  

   different at p < 0.05 



95 

 

 

 

Table 3.3.  Extract dilution required to achieve 50% inhibition (IC50) of formation of 

fructose-induced advanced glycation endproducts from bovine serum albumin 

Sample IC50
a
 

Regression 

Equation
b
 

Correlation 

Coefficient 

(R
2
) 

Beverage components    

Early Sumac sorghum, hot water 

(1:10, w/v) 
210 y = 0.0441x - 0.1298 0.99 

Early Sumac sorghum, 50% aq. 

ethanol     (1:10, w/v) 
781 y = 0.2042x - 0.2847 1.00 

White grape juice 180 y = 0.0078x + 0.4349 0.93 

Cinnamon, hot water (1:100, w/v) 100 y = 0.0165x + 0.0065 0.90 

Allspice, hot water (1:100, w/v) 63 y = 0.019x + 0.0486 0.88 

    

Beverage formulations    

Beverage, hot water 217 y = 0.0639x - 0.3844 0.78 

Beverage, 50% aq. ethanol 489 y = 0.0775x + 0.0241 0.80 

    

Commercial references    

Concord grape juice 319 y = 0.0618x - 0.0809 0.99 

White tea, hot water (1 bag/8 fl. oz.) 223 y = 0.0156x + 0.395 0.89 
a
Extract dilution that inhibits glycation by 50% was determined by estimating 50%  

   inhibition based on dose response curve.   
b
Regression equation fit to datapoints derived from analysis of samples at different     

   dilutions. 
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Table 3.4.  Consumer sensory results for a white grape juice/sorghum based 

beverage (n = 54 panelists; Male = 21, Female = 33) 

 Mean ± SE (Range) 

Age (years)  33 ± 2 (20-62) 

Frequency of Consumption
a 
(5-point scale) 2.1 ± 0.2 (1-5) 

Overall Acceptability
 b 

(9-point scale) 6.8 ± 0.2 (2-8) 

Flavor (9-point scale) 6.8 ± 0.2 (2-9) 

Color (9-point scale) 6.2 ± 0.2 (3-8) 

Aroma/Smell (9-point scale) 7.0 ± 0.2 (4-9) 

Purchase Intent
c 
(5-point scale) 3.9 ± 0.1 (2-5) 

a
Freqency of consuming single-serve teas or juices  

   1 = less than once per month, 2 = few times per month, 3 = one or two times per week,     

   4 = three to five times per week, and 5 = daily                                                                                                                   
b
Beverage attributes were evaluated using a 9-point hedonic scale from 1 = dislike   

   extremely to 9 = like extremely.                                                                                                                      
c
Purchase intent evaluated on a 5-point scale from 1 = definitely would not buy to 5 =  

   definitely would buy. 
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Figure Captions 

 

Figure 3.1.  Frequency of consumption 5-point scale (a), 9-point structured hedonic scale for 

acceptability (b), and 5-point purchase-intent scale (c)   
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(a)  

 

       
        

        
       

               < Once/            Few       1-2 Times/  3-5 Times/   Daily 

                                        Month            Times/        Week           Week       

                                                              Month 

 

(b) 

 

 

 

           
                

                
           

Dislike     Dislike       Dislike      Dislike     Neither         Like          Like          Like          Like         

Extremely   Very   Moderately   Slightly     Like nor     Slightly   Moderately   Very       Extremely 

                    Much                                          Dislike                                          Much 

 

 

 

(c) 

 

 

 

       
        

        
       

               Definitely     Probably   Maybe/      Probably    Definitely 

                                          Would         Would        Maybe      Would       Would 

                                         Not Buy       Not Buy       Not            Buy           Buy 

 

 

Figure 3.1 
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CHAPTER 4.  ANTIOXIDANT PROPERTIES OF LOW-MOISTURE APPLE AND GREEN 

TEA PRODUCTS 
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ABSTRACT 

 The purpose of this study was to evaluate the stability of phytochemicals and antioxidant 

activity in dried green tea (GT)-fortified apple products at low water activity.  Slurry from 

blanched apple flesh was supplemented with a hot water green tea-extract and freeze-dried.  

Freeze-dried samples were stored at aw = 0.113, 0.216, and 0.324 and 30°C for up to 52 days. 

The corresponding equilibrium moisture contents were 2.81, 4.50 and 6.87 g water/100 g for 

apples and 2.63, 4.76 and 6.95 g water/100 g for the GT-apple samples.  The pH of apple and 

GT-apple products were 3.58 and 3.72, respectively.  Color measurements showed that L* 

decreased and a* increased for all samples. Degradation of flavan-3-ol compounds and caffeine, 

ascorbic acid, chlorogenic acid, and total dihydrochalcones followed a pseudo-first-order kinetic 

model.  There were differing rates of degradation amongst analytes, although there was a general 

trend of increasing magnitude of k with increasing moisture content.  Antioxidant activity 

measured by the 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl radical (DPPH) scavenging 

activity showed initial activity values of 15.5 and 72.1  mmol Trolox eq/kg of product for apple 

and GT-apple products, respectively, with k = 0.008 to 0.010 and 0.003 to 0.004, respectively.              

 

Keywords:  Low moisture foods, Green tea, Apple, Polyphenolic compounds, Pseudo-first-order 

rate kinetic      
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INTRODUCTION 

 Green tea is harvested from the leaves and buds of the plant Camellia sinensis.  Its 

popularity as a beverage originated in China over 2000 years ago. Green tea has many health 

benefits, and its consumption may provide protection against cancer (Tang, Yuemin, Zhou, 

Wang & Rongbin, 2008), atherosclerosis (Zaveri, 2006), metabolic syndrome (Thielecke & 

Boschmann, 2009), coronary heart disease, damage to skin from UV radiation (Nagle, Ferreira & 

Zhou, 2006), increasing abdominal and body fat (Maki et al., 2009; Wolfram, Wang & 

Thielecke, 2006), high cholesterol, Parkinsons’ disease, Alzheimer’s disease, and some 

neurological disorders (Zaveri, 2006).  The leaves of green tea are composed of 15-20% protein; 

5-7% carbohydrates including cellulose and simple sugars; lipids including linoleic and α-

linolenic acids; xanthines such as caffeine and theophylline; chlorophyll and carotenoids; several 

volatile compounds; and 5% trace minerals (Cabrera, Artacho & Gimenez, 2006).   The 

polyphenolic fraction of green tea is composed of monomeric flavan-3-ols including (-)-

epicatechin (EC),  (-)-epigallocatechin (EGC), (-)-epigallocatechin gallate (EGCG), and (-)-

epicatechin gallate (ECG), which typically comprise about 50-80% of the catechin content 

(Chen, Zhu, Tsang & Huang, 2001; Green, Murphy, Shulz, Watkins & Ferruzzi, 2007).  The 

monomers may also epimerize when exposed to heat or high pH (≥5), forming (-)-catechin (C), 

(-)-gallocatechin (GC), (-)-gallocatechin gallate (GCG), and (-)-catechin gallate (CG) (Wang, 

Zhou & Jiang, 2008).  In response to storage, hydrolysis of the gallate moiety may also occur (Ito 

et al., 2003). Green tea also contains procyanidins, which have implications in inhibiting 

glycation of protein (Nakagawa, Yokozawa, Terasawa, Shu & Juneja, 2002).  EGCG is the 

predominant monomeric flavonoid, comprising 60% of the total catechins (Cabrera et al., 2006).  
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EGCG may also increase thermogenesis and fat oxidation (Boschmann & Thielecke, 2007) and 

has anti-obesity and anti-diabetic properties (Kao, Chang, Lee & Chen, 2006). 

 The stability of green tea catechins is dependent on factors of pH, temperature, time, 

moisture, and presence of other chemical compounds (Chen, Zhu, Wong, Zhang & Chung, 1998; 

Wang et al., 2008).  Ascorbic acid has shown protective effects for catechin stability, whereas 

citric acid has not (Chen et al., 1998; Zhu, Hammerstone, Lazarus, Schmitz & Keen, 2003).  pH 

stability also affects recovery of catechins through digestion (Green et al., 2007).   Degradation 

of green tea catechins in an aqueous system followed pseudo-first-order rate kinetics (Wang et 

al., 2008).  When studied in dry powder beverage mixes, minimal degradation occurred at 

relative humidity < 40%.  Rates of degradation then increased with increasing relative humidity 

of the storage environment (Ortiz, Ferruzzi, Taylor & Mauer, 2008).            

 Apples are popular fruits that are often consumed fresh, in juice or sauce, and are 

available in the marketplace as chips or dried slices.  Consumption of apples may decrease 

chronic disease risk associated with coronary heart disease, asthma, diabetes, and cancer (Boyer 

& Liu, 2004).  Apples are high in phenolic content, such as chlorogenic acid, hydroxycinnamic 

acids, catechin, epicatechin, procyanidins, quercetin, and dihydrochalcones (Guyot, Marnet, 

Sanoner & Drilleau, 2003; Khanizadeh, Tsao, Rekika, Yang, Charles & Rupasinghe, 2008).  

Polyphenolic compounds such as in apples provide color, bitterness, and astringency 

(Khanizadeh et al., 2008; Lea, 1990).  During processing, the total phenolic content of apple 

pomace was the same when either air-dried or lyophilized (Schieber, Keller & Carle, 2001).   

 There is increased interest in formulating functional foods that provide the benefits of 

bioactive compounds from more than one source.  In this study, we investigated combinations of 

an apple and green tea product processed to low moisture content.  The water activity levels were 
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chosen to simulate a product that would be used as a dry ingredient or part of a crisp, dry snack. 

The stability of the overall antioxidant potential, and that of key bioactive compounds, was 

studied over a 52 day period.   

 

MATERIALS & METHODS 

Samples of apple and green tea supplemented apple (GT-apple) were prepared and stored 

at low water activity (0.113, 0.216 and 0.324) at 30°C for up to 52 days.  The pH, moisture 

content, titratable acidity and soluble solids were determined.  At regular intervals, samples were 

analyzed for the content of select bioactive compounds, as well as total phenolic and FRAP 

antioxidant potential. 

 

Preparation of Green Tea Extract 

A hot water green tea extract was prepared using Java Green Tea (Twinings, London, 

UK).  Extract was prepared by steeping 25 g of dried tea leaves in 500 mL of pre-heated 85°C 

deionized water for 5 min.  The extract was then immediately chilled in ice slurry and filtered 

through Whatmann no. 4 filter paper.   

 

Preparation of Apples and Green Tea-Supplemented Apples 

Fresh apples (var. Golden Delicious) (Melinda, Revo, Italy) were peeled, cored, and 

quartered.  Two homogeneous batches of apple pieces were created by manually cutting fruit 

into two portions and randomly allocating quartered portions to each batch.  After each apple 

was peeled and cut, portions were immediately immersed in deionized water.  Each batch (2 kg) 

of apples was suspended in a wire basket and then blanched in boiling deionized water for 4 min.  
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Apple batches were then rapidly cooled in new containers of fresh, 4°C deionized water and 

transferred onto paper towels to drain.  Apple slices were then pureed for 3 min in a K 3000 

Braun Multisystem blender (Braun, Kronberg, Germany).  To batches of apples designated for 

supplementation, 384 mL of green tea extract was added.  The control batch had 384 mL of 

water added.  Control and green tea-supplemented (GT-apple) batches were then lyophilized in a 

Lyoflex Edwards freeze-drier (Crawley, UK).  Freeze-dried material was then ground into 

powder and sieved manually (800 µm mesh size).   

 

Storage Study 

Approximately 0.141 g apple or GT-apple powders were weighed into Petri dishes.  

Duplicate samples were placed into airtight plastic boxes onto platforms suspended above a 

saturated salt solution (Sigma-Aldrich, Milan) to maintain a specific relative humidity.  The 

saturated salt solutions and target water activities were:  lithium chloride, aw = 0.113; potassium 

acetate, aw = 0.216; and magnesium chloride, aw = 0.324.  Samples were stored at 30°C in an 

environmental chamber. The aw of salt solutions was checked using an Aqualab water activity 

meter (Decagon Devices, WA, USA) and values were consistent with those published by 

Greenspan (Greenspan, 1977).   

 

Physicochemical Properties 

The moisture content of apple and GT-apple samples was determined by drying samples 

in a vacuum  oven at 70°C and 6.7 kPa for 18 h (AOAC, 1998).  For soluble solids 

determination, samples were diluted with deionized water (0.5 g of sample in 20 mL of water) 

and allowed to equilibrate to 20°C.  The total soluble solids was determined at 20°C using an 
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RFM 340 refractometer (Bellingham & Stanley, Ltd., Tunbridge Wells, UK).  Results were 

expressed as °Brix (g of sucrose∙100 g
-1

, dry weight).  The pH of solutions was determined using 

a model 62 pH meter (Radiometer, Copenhagen, Denmark).  Titratable acidity of products was 

determined by performing a titration with 0.1 N sodium hydroxide solution that was standardized 

to pH 8.1 .  Results were reported as g of malic acid∙100g
-1

, dry weight.  L*, a*, and b* color of 

samples was determined using a model SL-2000 Chromameter (Labo scientifica, Parma, Italy), 

which was standardized against a white standard tile.   

 

Analysis of Bioactive Compounds 

Prior to analysis on each sampling day, three separate extractions were performed on 

samples: 0.5 g of sample was extracted with either 10 mL methanol (Van der Sluis, Dekker, 

Skrede & Jongen, 2002), 10 mL of aqueous acetone (70:30, acetone:water, v/v) (Vanzani et al., 

2005), or 5 mL of 6% metaphosphoric acid (containing 1 g∙L
-1

 of potassium metabisulphite) 

(Vrhovsek, Rigo, Tonon & Mattivi, 2004).  The extracts were vortexed for 2 min and centrifuged 

(10,000 × g for 10 min at 15°C).  Supernatants were then transferred and filtered through 

Whatmann no. 4 filter paper.         

Phenolic Compounds.  Phenolic compounds were determined using the methods of 

Tomas-Barberan et al (Tomas-Barberan, Gil, Cremin, Waterhouse, Hess-Pierce & Kader, 2001). 

For HPLC analysis, an aliquot of extract was diluted in water:methanol (95:5, v/v) containing 

5% formic acid.  A Waters HPLC was used with a 250 × 4.6 mm i.d., 5 µm, Symmetry C18 

reverse-phase column (Waters, Vimodrone, Italy).  The HPLC included a model 600 HPLC 

pump, a model 2996 photodiode array detector and Empower software for data collection and 

analysis.  Stock solutions of methanol and water with 5% formic acid were made before 
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preparation of quaternary mobile phases.  These included (A) water/methanol (95:5, v/v), (B) 

water/methanol (88:12, v/v), (C) water/methanol (20:80, v/v), and (D) methanol.  The gradient 

elution profile consisted of: 0-5 min with 100% A; 5.1-10 min following a linear gradient to 

reach 100% B; 10.1-13 min at 100% B; 13.1-35 min following a linear gradient to reach 75% B 

and 25% C; 35.1-50 min following a linear gradient to reach 50% B and 50% C; 50.1-52 min 

following a linear gradient to reach 100% C; 52.1-57 min at 100% C; 57.1-60 min at 100% D.  

The flow rate was 1 mL∙min
-1

, and the injection volume was 10 µL.  

Standards of caffeine, chlorogenic acid, and phloridzin were from Sigma-Aldrich (Milan, 

Italy); standards of C, EC, ECG, EGC, EGCG, GCG, and procyanidin B2 were from 

Extrasynthese (Lyon, France).  Standards for caffeine, chlorogenic acid, EC, and phloridzin 

(phloretin 2’O-glucoside) were used for peak identification and for quantification using 

calibration curves.  Standards for C, ECG, EGC, EGCG, and GCG were used for peak 

identification.  The catechins were quantified based on a calibration curve of EC, and then by 

using relative response factors (Wang, Provan & Helliwell, 2003).  Chlorogenic acid was 

measured at λ = 330 nm, whereas other standards were measured at λ = 280 nm. 

Ascorbic Acid.  Standards for ascorbic acid were purchased from Sigma-Aldrich (Milan, 

Italy). The ascorbic acid content of extracts containing 6% metaphosphoric acid was determined 

following the methods of Mannino and Pagliarini (Mannino & Pagliarini, 1988).  The Waters 

model HPLC had a Bio-Rad Fruit Quality Analysis column (300 × 7.8 mm, i.d.).  An isocratic 

mobile phase consisted of 1 mM sulfuric acid operated at 22°C with a flow rate of 1 mL∙min
-1

.  

Ascorbic acid was detected at λ = 245 nm and quantified based on a calibration curve.  The 

concentration of ascorbic acid was expressed as mg∙kg
-1

, dry weight of product. 
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Procyanidins. The estimation of total procyanidin content was performed using the 

vanillin assay (Sun, Ricardo-da-Silva & Spranger, 1998).  To prepare sample extracts for 

analysis, the extracts of 70% aqueous acetone were dried under nitrogen gas.  Samples were then 

reconstituted in 1 mL of 0.1 M phosphate buffer (pH 7.0) and filtered through 500 mg Sep-pak 

C18 cartridges (Waters, Vimodrone, Italy).  Analytes were eluted with 1 mL methanol 

(Vrhovsek et al., 2004).  For extracts containing green tea, the chlorophyll interfered with the 

assay.  It was removed by mixing 1 mL of sample extract with 1 mL of hexane, and then 

discarding the top layer.   In the vanillin assay, 0.5 mL of filtered extract or standard (dissolved 

in methanol) was combined with 1.25 mL of 1% vanillin in methanol and 1.25 mL of 9N sulfuric 

acid in methanol (Sun et al., 1998).  The reaction proceeded at 25°C and was monitored at 500 

nm in a Jasco UVDEC-610 spectrophotometer (Jasco Europe, Cremelia, LC, Italy) until 

maximum absorbance was achieved.  Estimation of procyanidin content was performed based on 

a calibration curve using catechin.  The procyanidin contents were reported as mg of catechin 

equivalents∙kg
-1

, dry weight.  

 

Folin-Ciocalteu Analysis 

The total polyphenolic content of methanol and 70% acetone extracts were estimated 

using the Folin-Ciocalteu method following the methods of Singleton et al. (1999).  The reaction 

mixture consisted of 76 µL of either standard or apple extract, or 38 µL of GT-apple extract with 

38 µL of solvent, which was added to 6 mL of deionized water.  Next, 380 µL of Folin Ciocalteu 

reagent was added along with 1,140 µL of 20% sodium carbonate.  Samples were then incubated 

at room temperature for 45 min before evaluation of absorbance at λ = 760 nm on the 

spectrophotometer against a deionized water blank.  All samples were evaluated in three 
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replicates.  Results were estimated based on a calibration curve of gallic acid.  The total 

polyphenolic content was reported as mg of catechin equivalents∙kg
-1

, dry weight of sample.   

 

Ferric Reducing/Antioxidant Power (FRAP) 

The ferric reducing/antioxidant power method (FRAP) was performed on the 70% 

acetone extracts following the methods described by Benzie and Strain (Benzie & Strain, 1996).  

In brief, the FRAP reagent was prepared by mixing 25 mL of 300 mM acetate buffer (pH 3.6), 

2.5 mL of 20 mM ferric chloride, and  2.5 mL of 10 mM 2,4,6-tripyridyl-s-triazine in 40 mM 

hydrochloric acid (Sigma-Aldrich, Milan).  The reaction mixture consisted of 3 mL of FRAP 

reagent and 1 mL of sample extract evaluated in different dilutions.  The reaction mixtures were 

then incubated at 37°C for 4 min before measuring absorbance at λ = 593 nm against a deionized 

water blank.  Iron (II) sulfate heptahydrate was used as a standard.  Results were reported as 

mmol of ferrous sulfate equivalents∙kg
-1

, dry weight of sample. 

 

DPPH Radical Scavenging Activity 

The DPPH radical scavenging activity was performed on the 70% acetone extracts based 

on the methods of Lavelli (Lavelli, 2002).  The reaction mixture consisted of 2.5 mL of 6.35 × 

10
-5

 M DPPH (Sigm-Aldrich, Milan) solution (DPPH dissolved in methanol) and 1 mL of 70% 

aqueous acetone extract from samples that were analyzed at several dilutions.  The initial 

absorbance of the reaction mixtures was evaluated at λ = 515 nm and then after 30 min of 

incubation at room temperature.  The 30 min incubation yielded constant absorbance values.  

Four dilutions of each sample were analyzed.  Trolox (Sigm Aldrich, Milan) was used as a 

standard.  Results were calculated as % decrease in DPPH concentration, which corresponded to 
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initial and final absorbance.  Results were reported as Trolox equivalents, which represents the 

ratio of I50 of Trox (nmol) per I50 of sample (mg, dry weight of sample). 

 

Activity of Polyphenoloxidase and Peroxidase Enzymes 

Determination of polyphenoloxidase activity (PPO) was conducted following the 

methods of Alvarez-Parilla et al (Alvarez-Parrilla et al., 2007).  For preparation of extracts, 0.10 

g of apple powder was added to 1 mL of buffer (0.03 M acetic acid, 0.14 M dipotassium 

phosphate, 1 M sodium chloride, and 5% (w/w) polyvinylpolypyrrolidone, pH 6.5).  After 

centrifugation (10,000 × g for 10 min at 20°C), the supernatant was then filtered through 

Whatman no. 1 filter paper.  For the evaluation of PPO activity, 0.1 mL of filtered supernatant 

was added to 0.9 mL of 10 mM chlorogenic acid in filtered buffer.  The reaction mixture was 

incubated at 25°C, and the absorbance was measured at λ = 400 nm.     

The activity of peroxidase enzymes was determined by adding a 200 µL of filtered 

supernatant extract to 100 µL of 640 mM guaiacol, 100 µL of 400 mM hydrogen peroxide, and 

3.6 mL of 100 mM phosphate buffer (pH 6.5)  (Ahn, Paliyath & Murr, 2007).  The mixture was 

then incubated at 25°C and monitored for absorbance at 470 nm.  The linear increase in 

absorbance was then calculated to estimate the reaction rate. 

 

Statistical Analysis 

One-way Analysis of Variance was conducted using Tukey’s Honestly Significant Difference 

(HSD) test (p < 0.05) with Minitab 15 software (State College, PA). 
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RESULTS 

Physicochemical Properties 

  The pH of apple and GT-apple samples was 3.58 and 3.72, respectively (Table 4.1). The 

pH of green tea is typically 4-6.5, so the slightly higher pH of GT-apple samples likely reflects 

the contribution of tea to overall pH.  After lyophilization, the moisture contents of the products 

were significantly different (p < 0.05) (Table 4.1).  After samples were stored in different relative 

humidity environments of aw 0.113, 0.216 and 0.324, the equilibrium moisture contents were 

2.81, 4.50 and 6.87 g H2O/100 g for apple, and 2.63, 4.76 and 6.95 g H2O/100 g for GT-apple, 

respectively.  The titratable acidity was 2.52 and 2.76  g of malic acid/100 g for the apple and 

GT-apple products.   Results were reported based on malic acid, the predominant organic acid in 

apples (Haard & Chism, 1996).  The apple product had 74.1 g sucrose/100 g while the GT-apple 

had 76.1 g sucrose/100 g.     

The L*, a*, and b* color values are shown for apple and GT-apple samples stored at aw 

0.33 in Figure 4.1.  Initial L* values were 74.9 for apple and 79.8 for GT-apple.  The L* values 

decreased for both apple and GT-apple during storage, reaching steady values after 15-20 days, 

indicating that samples became darker during storage.  For both apple and GT-apple, the a* 

values increased from negative to positive values, indicating that samples lost green attributes 

and became redder.  The b* values decreased over storage, while retaining positive values, 

indicating that samples lost yellow color.  These color values show that samples became darker 

over storage, which may indicate formation of Maillard reaction products.  No polyphenol 

oxidase activity was measured in the samples after blanching or storage. 
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Bioactive Compounds 

 To evaluate the storage stability of bioactive compounds, methanol extracts were 

evaluated by HPLC from 0 d (C0) through 45 d (C45) of storage.  A pseudo-first-order kinetic 

equation was used to model degradation rates: 

 



l nC  Aekt  (1) 

where C is the concentration of bioactive compound, k is the rate constant, and A is a pre-

exponential constant. In general, analytes showed either no change in concentration or decreased 

during storage (Table 4.2).   

 Initial concentrations of EC were higher for GT-apple (860 mg/kg) than for apple (277 

mg/kg).  EC decreased during storage in both apple and GT-apple samples, and the reaction rate 

constant k increased slightly with aw.  For example, at aw = 0.113 EC in apple had decreased from 

277 to 194 mg/kg after 45 days, while at aw = 0.324 it had decreased to 160 mg/kg.  

 For apple, initial catechin levels were 56 mg/kg while for GT-apple they were 301 mg/kg.  

In apple, catechin content had decreased to 38 and 43 mg/kg (at aw = 0.113 and 0.216), and the 

reaction rate constant increased with aw.  For GT-apple, initial catechin levels were 301 mg/kg, 

but significant changes were not consistently measured through storage. 

 Only green tea-supplemented samples contained EGC, EGCG, ECG and GCG.  Initial 

levels were 2066, 2317, 548 and 542 mg/kg, respectively.  Levels decreased somewhat during 

storage. For example, at aw = 0.216 EGC, EGCG, ECG and GCG decreased to 1618, 1569, 295 

and 455 mg/kg after 45 days.  The highest rate constants were observed for ECG (0.011-0.016 d
-

1
).  In general, rate constants increased with aw, except for GCG in which they decreased slightly 

with aw. 
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 For procyanidin B2, similar levels were found initially in apple (498 mg/kg) and GT-

apple (507 mg/kg) products.  After 45 days, levels in apple had decreased to 464, 391 and 245 

mg/kg (at aw 0.113, 0.216 and 0.324). For GT-apple, only measurable changes could be found for 

the 0.324 aw sample after 45 days (that is 310 mg/kg).  More rapid degradation occurred in the 

apple product with increasing aw than in GT-fortified product.  It should be noted that for the 

HPLC analysis of procyanadin B2, samples were extracted in methanol.  In subsequent analysis 

of total procyanidins extracted in 70% acetone and measured by the vanillin assay, there was 

greater degradation in the GT-apple product than in the apple.  As shown in Table 4.2, initial 

levels of total procyanidins were substantially lower in the apple (1505 mg/kg) than in GT-apple 

(2438 mg/kg).  At aw = 0.324, total procyanidins in apple had decreased to 1064 mg/kg after 45 

days and in GT-apple to 1562 mg/kg. 

 The contents of other analytes including caffeine, ascorbic acid, chlorogenic acid, and 

total dihydrochalcones are shown in Table 4.3.  Caffeine is not found in apples, whereas GT 

provides a considerable source.  Initial levels in GT-apple were 1429 mg/kg and had decreased to 

1048, 1229 and 1211 mg/kg after 45 days (at aw = 0.113, 0.216 and 0.324).  Caffeine showed 

greater stability than other flavan-3-ol compounds, although decreases still occurred with 

storage.   Interestingly, the highest reaction rate occurred at the lowest aw.  

Contents of ascorbic acid were similar between apple (118 mg/kg) and GT-apple (120 

mg/kg) products initially, and the rates of degradation were only slightly higher for apple during 

storage.  The rates of degradation also increased with increasing aw.  After 45 days, ascorbic acid 

had decreased to 85, 82 and 76 mg/kg (at 0.113, 0.216 and 0.324 aw) in the apple, and to 92, 91 

and 80 mg/kg for the GT-apple. 
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 Chlorogenic acid was very stable throughout storage.  A slight decrease in contents 

occurred, but decreases were not sufficient to fit a first-order kinetic model to the data.  Initial 

levels were 1061 and 1110 mg/kg for the apple and GT-apple.  After 45 days, these had 

decreased to 969-1026 mg/kg for apple and 949-983 for GT-apple.  

Initial levels of total dihydrochalcones, which includes phloridzin and phloretin 2’-O-

xyloglucoside, were 135 mg/kg for apple and 142 mg/kg for GT-apple.  Total dihydrochalcone 

degradation was similar for the apple treatments among all aw, with levels of 101-112 mg/kg 

after 45 days. Greater decreases in total dihydrochalcones were seen in GT-apple treatments.  

After 45 days, levels were 75 and 98 mg/kg at 0.113 and 0.216 aw, and were undetectable at 

0.324 aw.   

 

In Vitro Antioxidant Activity 

 The fortification of apple products with GT-extract significantly increased all measured 

antioxidant activity levels (Table 4.4).  The total phenolic content of lyophilized samples, as 

measured by the Folin-reducing capacity, was 8082 mg catechin eq/kg for apple and 17,476 mg 

catechin eq/kg for GT-apple.  During storage, the levels of Folin-reducing capacity did not 

change for either apple or GT-apple samples.   

 The ferric reducing/antioxidant power (FRAP) assay showed that lyophilized GT-

fortified apple samples had FRAP values that were 3-4 fold greater than that of the apple control 

(Table 4.4).  Initial values for apple were 79 mmol FeSO4/kg for apple and 272 mmol FeSO4/kg 

for GT-apple.  FRAP values also did not change during storage for either apple or GT-apple 

treatments.   
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 Based on DPPH radical scavenging activity, the GT-apple sample had 4-5 fold greater 

radical scavenging activity than the apple control (Table 4.4).  Initial values for apple were 15.5 

mmol TE/kg, and for GT-apple 72.1 mg TE/kg.  Degradation was also modeled using a pseudo-

first-order kinetic model.  During storage, decreases in radical scavenging activity occurred 

(Table 4.5), though aw was not a determining factor.  In the estimation of Trolox equivalents, the 

GT-apple samples had activity that was about six-fold greater than the apple control.  During 

storage, degradation for apple treatments occurred at a more rapid rate than in GT-apple samples.  

Rates of degradation among aw were consistent within treatments. 

       

DISCUSSION 

  Low moisture foods that are dry, nonpliable,  crisp and uncaked are usually at aw levels of 

0-0.45. Typical foods include dried ingredients, crackers, bread crust, milk powder, breakfast 

cereal, dried pasta, powdered cheese, or potato chips (Fennema, 1996).  The apple and GT-apple 

products studied here fall into that range. The evaluation of apple and GT-apple products stored 

in low moisture environments provided insight into effects of storage on product attribute 

stability.  This included physicochemical properties, phytochemical stability, and antioxidant 

activity.  The total content of green tea catechins (GTC) retained after lyophilization was used to 

estimate desirable levels of GT needed for fortification purposes.  A single serving of apple 

products (50g), which was comparable in size to similar commercially available products, was 

fortified with GT in order to provide the equivalent GTC content as that found in a standard cup 

of green tea.  A single GT-fortified apple serving contained 330 mg of monomeric flavonoids 

and 120 mg of total procyanidins.  This content was also estimated based on 120 mg of EGCG.  

This content is similar to a conventional cup of GT (Chen et al., 2001).  EGCG was selected as a 
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marker for GTC estimation purposes, since it has significant antioxidative properties (Nagle et 

al., 2006; Wang et al., 2008). 

There was slight darkening of both the dried apple and GT-apple during storage.  As 

initial raw apples were blanched, any degradative enzymes should have been denatured.  In fact, 

there was no measurable activity of polyphenol oxidase or peroxidase enzymes.  Thus, the 

reactions that contributed to degradation in stored materials were attributed to non-enzymatic 

mechanisms.  These reactions may include caramelization, ascorbic acid degradation, and the 

Maillard reaction (Burdurlu & Karadeniz, 2003).   

One major series of pathways is the Maillard reaction.  When the reaction proceeds at pH 

< 5, a reducing sugar reacts with an amine to form a glycosylamine, which can then undergo 

several reactions to produce products such as furans, pyrroles, or thiophenes (BeMiller & 

Whistler, 1996).  At these acidic conditions, 5-Hydroxymethylfurfural is a common product and 

is an indication of quality deterioration in apple juice concentrate (Burdurlu et al., 2003). Further 

polymerization may induce formation of higher molecular weight substances known as 

melanoidins, which may possess a brown color.  EC may inhibit the Maillard reaction by binding 

to sugar fragments (Totlani & Peterson, 2005).  At low moisture contents (or aw 0.1-0.4), the 

Maillard reaction proceeds at a slower rate compared to intermediate-moisture foods of aw 0.6-

0.8 (Fennema, 1996).   

The low moisture conditions had variable effects on antioxidant stability.  Similar rates of 

degradation occurred for EC in both apple and GT-apple.  The catechin (C) content degraded 

significantly faster in apple products with increasing aw, whereas no change occurred in GT-

fortified products.  EC and C are found naturally in apples and green tea (Hagen et al., 2007; 

Wang et al., 2003).  During thermal processing or storage, flavan-3-ol compounds may isomerize 
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into a non-epimeric form (for example, epicatechin epimerizes to catechin) (Wang et al., 2008).  

The fortification of apple products with GT extract significantly increased concentrations of C 

and EC.  This could explain why concentrations of C in GT-fortified product remained constant 

during storage.  Matrix interaction effects, through the presence of multiple compounds, may 

have produced differences observed in stability.  At 45 d, the C content in the apple control was 

below the limit of detection.    

 The flavan-3-ols of EGC, EGCG, ECG, and GCG are found only in GT (Boschmann et 

al., 2007), and thus were quantified in GT-fortified apple products.  At lower reaction rates k, the 

correlation coefficient (R
2
) did not always show a strong relationship when fit to a pseudo-first-

order model; at higher degradation rates, the fit was generally better.  Degradation rates of EGC 

were similar at all aw.  The rate constant k for EGCG increased with increasing aw.  This also 

occurred for ECG.  The concentrations of GCG changed very little even with increasing aw.  As 

concentrations of EGCG decrease over storage, as with what occurred with increasing aw, then 

the content of GCG could increase, since EGCG may isomerize into its non-epimeric form.  In 

another mechanism, GCG may also epimerize to EGCG.  Wang et al (2008) found that these 

pathways are temperature dependent.  When held at 25°C for 16 d, EGCG contents decreased 

from 100 to 15%, and GCG contents increased to a maximum of 0.5% at 8 d before falling 

thereafter.  

In a complex food matrix such as the GT-apple product, the presence of different food 

components such as ascorbic acid may affect the stability of GTC and other polyphenolic 

compounds.   In this study, ascorbic acid levels decreased 20-40% over three months of storage.  

Rates of degradation increased with aw for both GT-fortified and unfortified apple products.  

Ortiz et al (2008) evaluated the stability of GTC in dry beverage powders stored at relative 
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humidity from near 0 to 85%.   At relative humidity < 43%, minimal degradation occurred when 

stored at 22°C for 3 months.  Contents of EGC, EC, EGCG, ECG, and total catechins remained 

stable, although stability varied with the presence of sugar, ascorbic or citric acids.  Over 

relatively short periods, the incorporation of ascorbic acid contributed to the stability of green tea 

flavan-3-ols or dimers in aqueous solutions (Chen et al., 1998; Zhu et al., 2003).  In one study, 

ascorbic acid acted as an antioxidant for GTC stability during the first month of storage in 

aqueous conditions, but then theoretically reverted to a pro-oxidant status during subsequent 

months of product storage (Zhu et al., 2003).   

Procyanidin B2 is also a flavan-3-ol compound that exists as a dimer.  In apples, 

procyanidins comprise 40-90% of the total phenolic content (Khanizadeh et al., 2008).  

Procyanidin B2 was more stable than most other flavan-3-ol compounds, although degradation 

was greatest at aw 0.33.  A similar pattern was observed for the total procyanidin content.  In our 

study, the greatest stability of procyanidins after 45 days was observed at aw 0.11.   

 Adding green tea to apples also provided a source of caffeine.  Caffeine contents 

degraded only modestly through storage. Ortiz et al (2008) found that caffeine was stable in all 

GT dry beverage powders stored at 0-85% relative humidity through three months of storage at 

room temperature.       

 

In Vitro Antioxidant Activity 

The fortificiation of apple products with green tea extract significantly increased in vitro 

antioxidant activity.  This was analyzed as total polyphenolic compounds by the Folin-Ciocalteu 

method, by the FRAP assay for reducing potential of the antioxidants present, and by the DPPH 

radical scavenging activity.   
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In initial freeze-dried products, addition of green tea doubled the Folin reducing capacity 

over the control apple products (Table 4.4).  These levels did not change significantly over 

storage.  The levels measured in this study were consistent with that found in apple pulp (Hagen 

et al., 2007; Hamauzu, Yasui, Inno, Kume & Omanyuda, 2005).  The Folin reducing capacity is 

a measure of total polyphenolic compounds present in the sample.  However, the levels measured 

in this study were lower than the total individual polyphenolic contents measured by HPLC.  

There may also be interactions with other compounds such as Maillard reaction products, which 

may interfere with Folin-reducing capacity by contributing to the total content of oxidizable 

substances in the samples.     

The FRAP assay measures the reducing potential of the antioxidants present in the 

sample to reduce ferric to ferrous iron.  This assay is unique among antioxidant activity 

procedures in how it measures the reducing capacity of the antioxidants present in the system, 

rather than measuring the ability of the antioxidants in the system to survive an influx of reactive 

oxygen species (Benzie and Strain, 1996).  In this study, GT addition increased FRAP values by 

about three-fold over the apple control (Table 4.4).  These levels did not significantly change 

during storage.  The FRAP values measured in this study were similar to those found  for apple 

pulp (Khanizadeh et al., 2008).        

In the DPPH radical scavenging activity evaluation, GT-fortification increased activity 

about 4-5 fold over the apple control (Table 4.4).  Unlike the other in vitro analyses, the DPPH 

radical scavenging activities for apple and GT-apple decreased during storage.  Degradation 

occurred about twice as rapidly for apple than for GT-apple products.  Rates of degradation, as 

measured by k, did not show any trends among different storage humidities.       
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CONCLUSIONS 

 This research demonstrated the applicability of fortifying apple products with GT extract.  

Producing dried apples requires minimal thermal processing, and produces products that are 

microbiologically stable, while preserving the nutritional and original characteristics of the raw 

product.  It would be beneficial to increase apple consumption among consumers, and increase 

the availability of GT polyphenols into the diet.  Both apples and GT are antioxidant-rich food 

sources.  When creating novel products, it is important to evaluate the antioxidant content and 

antioxidant activity in order to ensure stability and estimate shelf-life.  A low-moisture product 

has limited free water available.  It also provides a novel environment in which to study GT 

stability, which has mostly been studied in beverage or aqueous model systems. 

  

 

 

 

 

 

 

 

 

 

 

 

 



120 

 

TABLES 

 

Table 4.1.  pH, moisture content, titratable acidity, and 

soluble solids of apple and GT-apple products 

Evaluation Sample 

  Apple GT-Apple 

pH 3.58
a
 ± 0.01 3.72

a
 ± 0.06 

Moisture Content 

       after lyophilization 3.71
b
 ± 0.06 3.17

c
 ± 0.17 

     equilibrium aw 0.113 2.81
d
 ± 0.03 2.63

d
 ± 0.26 

     equilibrium aw 0.216 4.50
e
 ± 0.07 4.76

e
 ± 0.12 

     equilibrium aw 0.324 6.87
f
 ± 0.25 6.95

f
 ± 0.23 

Titratable Acidity             

(g malic acid∙100g
-1 

dry 

product) 2.52
g
 ± 0.03 2.76

h
 ± 0.01 

Soluble Solids                 

(g sucrose∙100g
-1 

dry 

product) 74.08
i
 ± 1.68 76.06

i
 ± 1.21 

Values in the same row followed by different letters are 

significantly different at p < 0.05 
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Table 4.2. Initial (C0) and 45 d (C45) concentrations of flavan-3-ols in apple and GT-apple products at different aw, along with 

rate constant (k). n.d.- below limit of detection; n.c.- k could not be calculated due to limited concentration change in analyte 

Flavan-3-

ol aw 

C0  

(mg∙kg
-1

)          (mg∙kg
-1

)      

C45
  

(mg∙kg
-1

)              (mg∙kg
-1

) k (d
-1

) R
2
 k (d

-1
) R

2
 

  Apple GT-Apple Apple GT-Apple Apple GT-Apple 

EC 

0.113 277
a
 ± 18  860

b
 ± 42  194

c
 ± 7  585

e 
± 28  0.008 0.94 0.009 0.88 

0.216 277
a
 ± 18 860

b
 ± 42  187

c
 ± 8  570

e
 ± 20  0.009 0.91 0.010 0.96 

0.324 277
a
 ± 18  860

b
 ± 42  160

d
 ± 6  555

e
 ± 32  0.013 0.98 0.010 0.84 

C 

0.113 56
f 
± 4  301

g 
± 17  43

h
 ± 2 278

i
 ± 14 0.006 0.83 n.c.  

0.216 56
f 
± 4  301

g 
± 17  38

h
 ± 2 308

i
 ± 13 0.008 0.87 n.c.  

0.324 56
f 
± 4  301

g 
± 17 n.d. 249

i
± 29 0.022 0.87 n.c.  

EGC 

0.113 n.d. 2066
j
 ± 157 n.d. 1513

k
 ± 58 n.d.  0.006 0.55 

0.216 n.d. 2066
j
 ± 157 n.d. 1556

k
 ± 58 n.d.  0.007 0.67 

0.324 n.d. 2066
j
 ± 157 n.d. 1514

k
 ± 50 n.d.  0.007 0.74 

EGCG 

0.113 n.d. 2317
l
 ± 63 n.d. 1779

m
 ± 113 n.d.  0.006 0.47 

0.216 n.d. 2317
l
 ± 63 n.d. 1569

m
 ± 100 n.d.  0.009 0.83 

0.324 n.d. 2317
l
 ± 63 n.d. 1478

m
 ± 118 n.d.  0.012 0.89 

ECG 

0.113 n.d. 548
n
 ± 28 n.d. 339

o
 ± 31 n.d.  0.011 0.79 

0.216 n.d. 548
n
 ± 28 n.d. 295

o
 ± 25 n.d.  0.012 0.81 

0.324 n.d. 548
n
 ± 28 n.d. 291

o
 ± 22 n.d.  0.016 0.95 

GCG 

0.113 n.d. 542
p
 ± 32 n.d. 426

q 
± 12 n.d.  0.005 0.54 

0.216 n.d. 542
p
 ± 32 n.d. 455

q
 ± 15 n.d.  0.004 0.33 

0.324 n.d. 542
p 
± 32 n.d. 473

q
 ± 12 n.d.  0.003 0.41 

Procyani-

din B2 

0.113 498
r
 ± 5 507

s
 ± 6 464

t
 ± 127 524

w
 ± 26 n.c.  n.c.  

0.216 498
r
 ± 5 507

s
 ± 6 391

u
 ± 131 485

w
 ± 28 0.007 1.00 n.c.  

0.324 498
r
 ± 5 507

s
 ± 6 245

v
 ± 145 310

x
 ± 22 0.016 0.92 0.011 0.85 

Total 

Procyan-            

idins 

0.113 1505
y 
± 257 2438

z
 ± 89 1278

αγ
 ± 127 2161

δ
 ± 58 n.c.  n.c.  

0.216 1505
y 
± 257 2438

z
 ± 89 1551

α
 ± 131 1797

δδ 
± 48 n.c.  0.007 0.93 

0.324 1505
y 
± 257 2438

z
 ± 89 1064

βγ
 ± 145 1562

εδ
 ± 46 0.007 0.38 0.010 0.97 

Values followed by different lowercase letters within same flavan-3-ol compound, day, and apple or apple-GT treatment by aw 

are significantly different (p < 0.05).  Flavan-3-ol monomers include epicatechin (EC), catechin (C), epigallocatechin (EGC), 

epigallocatechin gallate (EGCG), epicatechin gallate (ECG), and gallocatechin gallate (GCG).   
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Table 4.3.  Initial (C0) and 45 d (C45) concentrations of caffeine, ascorbic acid, chlorogenic acid, and total dihydrochalcones 

in apple and GT-apple products at different aw, along with rate constant (k). n.d.- below limit of detection; n.c.- k could not 

be calculated due to limited change in analyte. 

Analyte aw 

C0 

(mg·kg
-1

)        (mg·kg
-1

)                    

C45   

(mg·kg
-1

)           (mg·kg
-1

) k (d
-1

) R
2
 k (d

-1
) R

2
 

    Apple GT-Apple Apple GT-Apple Apple GT-Apple 

Caffeine 

0.113 n.d. 1429
a
 ± 61 n.d.  1093

b
 ± 54 n.d.  0.006 0.45 

0.216 n.d. 1429
a
 ± 61 n.d. 1262

b
 ± 26 n.d.  0.003 0.71 

0.324 n.d. 1429
a
 ± 61 n.d. 1163

b
 ± 30 n.d.   0.004 0.68 

Ascorbic 

acid 

0.113 118
c
 ± 4 120

d 
± 3 86

e
 ± 1 95

f
 ± 2 0.007 0.94 0.005 0.85 

0.216 118
c
 ± 4 120

d
 ± 3 80

e
 ± 2 93

f
 ± 1 0.008 0.84 0.006 0.97 

0.324 118
c
 ± 4 120

d
 ± 3 76

e
 ± 2 82

g
 ± 1 0.009 0.96 0.009 0.99 

Chlorogenic 

acid 

0.113 1061
h
 ±18 1110

i
 ± 41 984

j
 ± 32 965

l 
± 21 n.c.   n.c.   

0.216 1061
h
 ±18 1110

i 
± 41 1026

k
 ± 38 983

l
 ± 24 n.c.  n.c.  

0.324 1061
h
 ±18 1110

i
 ± 41 968

j
 ± 7 949

l
 ± 18 n.c.  n.c.  

Total 

dihydrochal-

cones 

0.113 135
m
 ± 7 142

n
 ± 7 101

o
 ± 0 75

p
 ± 4 0.007 0.87 0.012 0.83 

0.216 135
m
 ± 7 142

n 
± 7 112

o
 ± 7 98

q
 ± 0 0.006 0.49 0.007 0.62 

0.324 135
m
 ± 7 142

n
 ± 7 109

o
 ± 4 n.d. 0.005 0.90 n.d.  

Values followed by different lowercase letters within same analyte, day (C0 or C45), and apple or GT-apple treatment by aw 

are significantly different (p < 0.05).   
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Table 4.4. Antioxidant activity of freeze-dried apple and GT-apple products 

Evaluation Apple GT-Apple 

Folin-reducing capacity (mg catechin eq∙kg
-1

, d.w.) 8082
a
 ± 277 17476

b
 ± 421 

FRAP value (mmol ferrous sulfate eq∙kg
-1

, d.w.) 79
c
 ± 7 272

d
 ± 9 

DPPH radical scavenging activity (mmol TE∙kg
-1

, d.w.) 15.5
e
 ± 0.6 72.1

f
 ± 1 

Values followed by different letters within the same row are significantly different (p < 

0.05). 
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Table 4.5.  First-order rate constants for DPPH radical scavenging activity of apple and 

GT-apple products during storage, and Trolox equiv after 45 d of storage 

 Apple GT-Apple 

aw k (d
-1

) R
2
 

TE (mmol 

Trolox∙kg
-1

,d.w.) k (d
-1

) R
2
 

TE (mmol Trolox∙kg
-1

, 

d.w.) 

0.113 0.010 0.94 10.0
a
 ± 0.1 0.004 0.88 58.8

b
 ± 1.0 

0.216 0.008 0.81 10.4
a
 ± 1.0 0.003 0.98 62.0

b
 ± 0.6 

0.324 0.008 0.92 10.8
a
 ± 0.0 0.004 0.80 61.2

b
 ± 1.3 

Values in columns followed by different letters are significantly different (p < 0.05). 
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Figure Captions 

Figure 4.1.  L* (a), a* (b), and b* (c) color values for GT-fortified ( ) and unfortified (◊) apple 

products stored at aw 0.33.  
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Figure 4.1 
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CHAPTER 5.  KINETIC MODELING OF ANTIOXIDANT AND ANTI-GLYCATION 

PROPERTIES OF INTERMEDIATE-MOISTURE APPLE AND GREEN TEA PRODUCTS 
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ABSTRACT 

This study evaluated the effects of storage (aw 0.736, 30°C) on attributes of intermediate 

moisture products made with apple (control) or apple and green tea extract. Products were 

evaluated for soluble solids, pH, titratable acidity, color (L*, a*, b*), flavanol and ascorbic acid 

contents, total polyphenols, ferric reducing antioxidant potential (FRAP), 2,2-diphenyl-1-(2,4,6-

trinitrophenyl)hydrazyl radical (DPPH) scavenging activity, and ability to inhibit formation of 

fructose-induced advanced glycation endproducts (AGE).  A single serving of the fortified 

product (50 g) provided equivalent catechin content to one cup of green tea. Total phenolics, 

FRAP values, DPPH radical scavenging activity and inhibition efficiency of fructose-induced 

AGE formation were about 3-5 times greater for the fortified product than control. Over storage 

for 45 days, antioxidant contents generally decreased. However, the fortified product maintained 

much higher antioxidant and anti-AGE formation activities than the control, suggesting that it 

could have potential benefits for metabolic syndrome or diabetic consumers. 

 

 

Keywords:  Intermediate moisture foods, Green tea, Apple, Glycation, Metabolic syndrome 
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INTRODUCTION  

 A diet rich in fruits and vegetables that is high in phytochemicals may contribute to 

health maintenance by reducing risk of chronic disease (1).  Apples are rich in phytochemicals 

such as flavan 3-ols (oligomeric procyanidins, epicatechin and catechin), hydroxycinnamic acids 

(chlorogenic acid and a p-coumaric acid derivative), dihydrochalcones (phloridzin and phloretin 

2’O-xyloglucosidee), flavonols (quercetin glycosides) and anthocyanins (cyanidin glycosides) 

(2-4).  Their polyphenolic content is comprised by 70-90% of flavan-3-ols, 4-18% as 

hydroxycinnamates, 1-10% as flavonols, 2-6% as dihydrochalcones, and 1-3% as anthocyanins 

in some apple varieties (5).  Apples have anti-carcinogenic properties (6) and may help prevent 

development of chronic diseases such as cardiovascular disease, diabetes,  asthma, pulmonary 

dysfunction, while aiding in weight management (2).   

Another food that is high in dietary sources of phytochemicals and surpasses apples in 

antioxidant content and potential health related properties is green tea.  The high polyphenolic 

content of GT contributes health-promoting effects. GT leaves are composed of about 10% 

(w/w) flavan 3-ols, which are referred to as catechins (7).    The most prevalent compounds 

include (-)-epigallocatechin gallate (EGCG), (-)-epicatechin (EC), (-)-epigallocatechin (EGC), 

and (-)-epicatechin gallate (ECG) (8).    When exposed to sub-optimal conditions of increasing 

processing temperature or pH > 5 epimerized catechins may degrade to become undetectable, or 

to a corresponding isomer that is present in a non-epicatechin form, such as (-)-gallocatechin 

gallate (GCG), (-)-gallocatechin (GC), (-)-catechin gallate (CG), or (-)-catechin (C)  (8-10).      

Health benefits associated with GT consumption include anti-diabetic, anti-obesity (11), 

anti-oxidative (12), anti-inflammatory, anti-mutagenic, anti-carcinogenic properties (13, 14), and 

prevention of metabolic syndrome (12, 13). Additional GT properties may include prevention of 



135 

 

dental caries (15) and protection of skin from UV exposure (12).   EGCG, which is often the 

most predominant flavan-3-ol monomer in GT extract, may possess thermogenic properties (16). 

Metabolic syndrome and obesity are becoming increasingly prevalent in Western societies.   

Metabolic syndrome is associated with multiple risk factors including age, gender, 

hypertension, hypercholesterolemia, dyslipidemia, hyperglycemia, abdominal obesity, and 

insulin resistance (17, 18).  When these risk factors are combined, there is a synergistic risk 

association toward increased cardiovascular morbidity.  This may also increase disposition of 

risk for Type II diabetes.  GT extract has anti-diabetic properties, which may result from 

modulation of energy balance, metabolism, and endocrine factors (11), or insulin-potentiating 

activity (19).   

In humans, the cells of the body undergo a glycation process in response to oxidative 

damage.  This is part of normal physiology, but in diabetic patients or those suffering from 

metabolic syndrome, the process may occur at an accelerated rate.  It can be evaluated using the 

hemoglobin A1c test as a measure of 90-day blood glucose control (2).  The glycation process 

occurs when a reducing sugar reacts with an amino group to form AGE and protein cross-linking 

(20), which are thought to contribute to development of chronic disease.  Polyphenols found in 

GT may inhibit this reaction. In fact, extracts from polyphenol-rich spices and fruits (among 

which GT was not comprised) and purified phenolic compounds, including EGCG, were 

demonstrated to inhibit protein glycation (21-23). 

The food industry has recently regarded GT as a promising source for food fortification, 

having the intention of improving the health-promoting properties of food products.  Depending 

on the stability of GT flavonoids during storage in a fortified food, GT fortification could 

potentially become a dietary aid for diabetic patients, or those having metabolic syndrome.  
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The purposes of this study were: a) to produce a novel intermediate moisture (IM) apple 

product fortified with GT, and b) to determine over storage the stability of phenolic compounds, 

in vitro antioxidant activity, and anti-glycation properties.   

 

 

MATERIALS AND METHODS 

Materials  

The following reagents sodium chloride,  2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl 

radical (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,4,6-

tripyridyl-s-triazine, FeSO4·7H2O, FeCl3·6H2O,  Folin-Ciocalteu phenol reagent, bovine serum 

albumin (97% fatty acid free), Chelex resin, fructose, sodium azide, sodium phosphate 

monobasic, sodium phosphate dibasic, and standards of ascorbic acid, caffeine, chlorogenic acid,  

and phloridzin were purchased from Sigma Aldrich (Milan, Italy).  Standards of C, EC, EGC, 

EGCG,  ECG, GCG, and procyanidin B2 were purchased from Extrasynthese (Lyon, France).  

Sample Preparation  

Java Green Tea (Twinings, London, UK) was purchased at a local supermarket.  In a one-

liter beaker, green tea GT extract was prepared by extracting 25 g of dried leaves in 500 mL of 

pre-heated 85°C deionized water.  The extraction proceeded for 5 min before immersion of the 

beaker in ice/water slurry.  The extract was then filtered through Whatmann no. 4 filter paper.  A 

sample of extract was removed and diluted 1:20 (v/v) in water:methanol (95:5, v/v) containing 

5% formic acid, which was analyzed by HPLC for phenolic content. 

Fresh apples of the variety Golden Delicious (Melinda, Revo, Italy) were purchased from 

a local supermarket.   Each apple was peeled, cored with seeds removed, and quartered.  One 

half portion was designated for GT addition, and the other for control.  Two-kg batches of apple 
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portions were placed into a wire mesh basket and immediately boiled in a deionized water pot at 

100°C for 4 minutes.  After cooking, the basket was rapidly removed from boiling water and 

immersed in a 4°C deionized water bath.  Once cooled, the apple pieces were transferred onto 

paper towels to allow for drainage of excess water.  After 5 min, apple slices were blended to a 

puree consistency in a K 3000 Braun Multisystem blender (Braun, Kronberg, Germany) for three 

min.  To a 2-kg batch of apple slurry was added 384 mL of GT extract, which was manually 

blended with a spoon.  Control and GT fortified apple slurries were then spread over stainless 

steel trays and freeze-dried in a Lyoflex Edwards freeze drier (Crawley, UK).  The freeze-dried 

powders were ground in the food processor and sieved (800 µm pan sieve mesh size).   

Storage Study   

For the storage study, powders of apple and apple fortified with GT were weighed into Petri 

dishes (0.141 g of powder·cm
-1

).  Following the methods of Greenspan (24), the dishes were then 

placed onto wire mesh racks that were suspended within airtight plastic boxes above a sodium 

chloride saturated salt solution (aw of 0.7509 ± 0.0011).  The boxes were prepared in duplicate 

for each experimental treatment and stored at 30°C in a thermostated heating cabinet.   Water 

activity of the samples and of the saturated salt solutions was measured on an Aqualab water 

activity meter (Decagon Devices, WA, USA). Samples were periodically evaluated for color, 

antioxidant content and related properties.  

Physicochemical Characterization   

The moisture content of samples at equilibrium with the environmental chambers was 

determined by drying samples in a vacuum oven (25). Results were reported as g of water∙100 g
-1

 

sample, dry weight.  Color evaluation of samples was performed using a model SL-2000 

Chromameter (Labo scientifica, Parma, Italy) with calibration using a white standard   The 
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Hunter L*, a*, and b* coordinates were recorded, which indicated lightness and darkness (L*), 

redness (+a*), greenness (-a*), yellowness (+b*), and blueness (-b*).  Mean values were 

reported.    

Freeze-dried samples were diluted 1:20 (w/v) with deionized water held at 20°C.  pH was 

determined using a model 62 pH meter (Radiometer, Copenhagen, Denmark).  Soluble solids 

was determined using a model RFM 340 refractometer (Bellingham & Stanley, Ltd, Tunbridge 

Wells, UK).  Results were reported as °Brix (g sucrose∙100g
-1

 dry product).  Titratable acidity 

was determined by performing a titration with 0.1 N sodium hydroxide solution to reach pH 8.1 

(26).  Results were reported as g of malic acid∙100 g
-1

 of dry product.      

Sample Extraction  

Extractions of samples were performed with 0.5 g of sample in either 10 mL of methanol 

(4), 10 mL of acetone: water (70:30, v/v) (27), or 5 mL of 6% metaphosphoric acid (containing 1 

g·L
-1

 of sodium metabisulphite) (5).  The extracts were then vortexed for 2 min and centrifuged 

(10,000 × g for 10 min at 15°C).  The supernatant was then removed and filtered through 

Whatman no. 4 filter paper.  Methanolic extracts were evaluated for individual phenolic content 

and total phenolics, antioxidant activity, and anti-glycation activity.  Acetone: water extracts 

were evaluated for procyanidin content, antioxidant activity and anti-glycation activity.  The 6% 

metaphosphoric acid extracts were analyzed for ascorbic acid content.    

HPLC Determinations of Phenolic Compounds   

The determination of phenolic compounds was conducted following the methods of 

Tomas-Barberan et al (28).  A model 600 HPLC pump coupled with a model 2996 photodiode 

array detector, operated by.Empower software (Waters, Vimodrone, Italy) was used.  The 

separation was performed using a 250 x 4.6 mm i.d., 5 µm, Symmetry C18 reverse-phase column 
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(Waters, Vimodrone, Italy).  For preparation of quaternary mobile phases, 5% formic acid was 

first added to stock solutions of methanol and water.  Mobile phases were prepared from these 

solutions as follows: mobile phase A consisted of water/methanol (95:5, v/v), mobile phase B 

was water/methanol (88:12, v/v), mobile phase C was water/methanol (20:80, v/v), and mobile 

phase D was 100% methanol.  The gradient elution system was as follows: 0-5 min, used 100% 

A; 5.1-10 min followed a linear gradient to reach 100%; 10.1-13 min used 100% B; 13.1-35 min 

followed a linear gradient to reach 75% B and 25% C; 35.1-50 min followed a linear gradient to 

reach 50% B and 50% C; 50.1-52 min followed a linear gradient to reach 100% C; 52.1-57 min 

used 100% C; 57.1-60 min used 100% D.  Injection volume was 20 µL using a Rheodyne loop.  

All analyses were conducted at 22°C.  The flow rate was 1.0 mL∙min
-1

.  The eluent was 

monitored by a model 2996 photodiode array detector already specified: model 2996 set at λ = 

280 and 330 nm.   

Standards of chlorogenic acid, EC, phloridzin (phloretin 2’O-glucoside) and caffeine 

were used to identify peaks by retention times and UV-vis spectra, and to build calibration 

curves for quantification. EC, phloridzin, and caffeine were quantified at 280 nm; chlorogenic 

acid at 330 nm. Standards of EGCG, EGC, ECG, GCG and C were used to identify peaks by 

retention times and UV-vis spectra. These flavan-3-ols were quantified using the calibration 

curve built with EC and the relative response factors reported by Wang et al. (2003). 

A peak was tentatively assigned to phloretin 2’O-xyloglucoside based on its UV-vis spectrum 

and literature data and quantified at 280 nm using the calibration curve built with phloridzin. 

Concentrations were expressed as milligrams per kilogram of dry product. 
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Ascorbic Acid Determination 

The ascorbic acid content was determined by the Waters model HPLC following the 

methods of Mannino and Pagliarini (29).  Sample extract was diluted with 6% metaphosphoric 

acid that contained 1 g∙L
-1

 of sodium metabisulphite.  A Bio-Rad Fruit Quality Analysis column 

(300 × 7.8 mm i.d.) was used.  The mobile phase was 1 mM sulfuric acid run under isocratic 

conditions at 22°C at a flow rate of 1 mL∙min
-1

.  Ascorbic acid was detected at λ = 245 nm and 

quantified based on a calibration curve made with pure standard.  Analyte concentrations were 

reported as mg∙kg
-1

 of dry product.           

Determination of Procyanidin Content 

To prepare samples for total procyanidin determination, 0.25 mL aliquots of sample from 

70% aqueous acetone extracts were dried under nitrogen gas.  Once dried, samples were 

reconstituted in 1 mL of 0.1 M phosphate buffer, pH 7.0.  Samples were then filtered through a 

500 mg Sep-pak C-18 cartridge (Waters, Vimodrone, Italy).  This was eluted with 1 mL of 

methanol (5).  For samples containing GT, chlorophyll was removed by mixing 1 mL of hexane 

with 1 mL of the filtered sample extract.  The lower phase was used for analysis.   

  To conduct total procyanidin content analysis, the vanillin assay was followed using the 

methods of Sun et al (30).  In brief, 0.5 mL of filtered sample or standard dissolved in methanol, 

1.25 mL of 1% vanillin dissolved in methanol, and 1.25 mL of 9N sulfuric acid dissolved in 

methanol were added together.  The mixture was incubated at 25°C until maximum absorbance 

was achieved at λ = 500 nm.  Results were estimated using a standard curve made from catechin.  

Results are reported as mg of catechin equivalents∙kg
-1

 of product, dry weight. 
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Folin-Ciocalteu Method  

Analysis of the total polyphenolic content by the Folin-Ciocalteu method was conducted 

on methanol and 70% acetone extracts following the methods of Singleton et al (31) with 

modifications.  In brief, to 6 mL of deionized water was added either 76 µL of standard or apple 

extract or 38 µL of apple and GT extract with 38 µL of solvent. This was followed by 380 µL of 

Folin-Ciocalteu reagent and 1,140 µL of 20% sodium carbonate.  The reaction mixtures were 

then incubated at 22°C for 45 minutes.   During this time, samples were transferred to plastic 

cuvettes and evaluated for absorbance on a Jasco UVDEC-610 spectrophotometer (Jasco Europe, 

Cremella, LC, Italy) at λ = 760 nm against a deionized water blank.  A standard curve was 

created using catechin.  All samples and standards were analyzed in triplicate.  Results were 

reported as mg of catechin equiv∙kg
-1

 of dry sample. 

Determination of Ferric Reducing/Antioxidant Power (FRAP) 

The Ferric Reducing/Antioxidant Power method (FRAP) was completed following the 

methods of Benzie and Strain (32) with modification.  To each tube was added 1 mL of 

methanolic or 70% acetone extract from sample and 3 mL of FRAP reagent (25 mL of 300 mM 

acetate buffer, pH 3.6; 2.5 mL of 10 mM 2,4,6-tris(2-pyridyl)-s-triazine; 40 mM HCl; 2.5 mL of 

20 mM ferric chloride). Tubes were vortexed and incubated in a 37°C water bath for exactly 4 

min.  Absorbance of samples was then measured on a spectrophotometer at λ = 593 nm against a 

deionized water blank.  Iron (II) sulfate heptahydrate was used as standard (0.1, 0.2, 0.4, 0.6, and 

1.0 mM).  All samples and standards were measured in triplicate.  FRAP results were reported as 

mmol of ferrous sulfate equivalents∙kg
-1

 of dry sample. 
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Determination of DPPH Radical Scavenging Activity 

The DPPH radical scavenging activity was completed following the methods of Lavelli 

(33).  The reaction mixture consisted of 1 mL of 70% aqueous acetone extract from samples of 

various dilutions and 2.5 mL of 6.35 × 10
-5

 M DPPH solution (DPPH dissolved in methanol).  

The initial absorbance of the solution was measured at λ = 515 nm, and then through 30 min of 

incubation at 22°C.  Constant absorbance values were achieved through 30 min of incubation.  

Trolox was used as standard.  Four dilutions of duplicate samples were analyzed.  Results were 

calculated as % decrease in DPPH concentration, which was determined based on decrease in 

initial and final absorbance.  Results were reported as Trolox equivalents, which was the ratio of 

I50 of Trolox (nanomoles) per I50 of sample (mg, dry weight).       

Determination of Enzymatic Activity 

 For determination of peroxidase and polyphenoloxidase enzymatic activity, 0.10 g of 

sample was added to 1 mL of buffer (0.03 M acetic acid, 0.14 M dipotassium phosphate, 1 M 

sodium chloride, and 5% (w/w) polyvinylpolypyrrolidone, pH 6.5) filtered through Whatmann 

no. 1 filter paper.  The mixture was then centrifuged at 10,000 × g at 20°C for 10 min. 

 Peroxidase activity was determined following the methods of Ahn et al (34).  A 200 µL 

aliquot of filtered supernatant was added to 100 µL of 640 mM guaiacol, 100 µL of 400 mM 

hydrogen peroxide, and 3.6 mL of 100 mM phosphate buffer (pH 6.5). 

 For the PPO assay, 0.1 mL supernatant was added to 0.9 mL of 10 mM chlorogenic acid 

in filtered buffer (34).  This was then incubated at 25°C, and the reaction rate was estimated 

according to an increase in absorbance at λ = 400 nm.  Results were expressed according to 

change in absorbance at 400 nm∙min
-1

·g
-1

 of dry sample.        
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Determination of Fructose-Induced Glycation of Bovine Serum Albumin 

  The inhibition of glycation of bovine serum albumin was conducted with both the 

methanolic and the 70% acetone extracts according to the procedure described by McPherson et 

al. (20, 29) with modification.  Using 1.5 mL microcentrifuge tubes, the reaction mixture 

consisted of 50 µL of sample or standard, 900 µL of phosphate buffer (200 mM potassium 

phosphate buffer, pH 7.4 with 0.02% sodium azide, treated with Chelex resin), 300 µL of 

albumin solution (50 mg∙mL
-1

 bovine serum albumin in chelex-treated phosphate buffer), and 

300 µL of fructose solution (1.25 M fructose in chelex-treated phosphate buffer).  Tubes were 

capped and incubated at 38°C for 72 h.  Following incubation, samples were analyzed for 

fluorescence on a Perkin-Elmer LS 55 Luminescence Spectrometer (Perkin-Elmer, United 

Kingdom) with an excitation/emission wavelength pair λ = 370/440 nm with 5 nm slit width, 

read against incubated phosphate buffer blank.  Each standard or sample was evaluated at five 

dilutions in triplicate over two separate days.  Methanolic extract of catechin was evaluated as an 

external standard.  Results were reported as % inhibition of fructose-induced glycation of bovine 

serum albumin, where % inhibition = (fluorescence intensity of sample or standard – intensity of 

albumin standard) / (intensity of albumin and fructose standard – intensity of albumin standard).  

Data points of concentration versus % inhibition were plotted and fitted with linear regression 

models using Excel® 2003 software.  An estimate of inhibition of protein glycation by 30% 

(IC30) was selected, since this level of inhibition occurred within the linear range of all samples 

evaluated.  Results were reported based on the 30% inhibition of AGE formation from the 

external standard catechin.   
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RESULTS 

Physicochemical Characterization of Product 

 The titratable acidity, pH, and soluble solids of apple and GT-apple samples was 

performed on product after freeze-drying (Table 5.1).  The moisture contents of samples was 

determined after freeze-drying and then after equilibration at aw = 0.751 (Table 5.1).  Samples 

reached equilibration within 5 d.  The titratable acidity of GT-fortified apple product was 

significantly higher than the control apple product (p ≤ 0.05), although this difference is 

considered minimal.  Results were represented based on g of malic acid, which is the 

predominant organic acid in apples (35).  The pH of both apple and apple & GT products was 

high-acid, but was not statistically different between products (p ≤ 0.05).  The soluble solids of 

both samples were similar.  The moisture contents of apple and GT-apple products were 

significantly different immediately after freeze-drying (p ≤ 0.05), but were similar when 

equilibration was reached, having adsorbed water to about 26.3 % moisture, d.w.   

 The L*, a*, and b* color evaluation of samples was performed through 52 d of storage 

(Figure 5.1).  Changes in colorimetric parameters were modeled to pseudo-zero-order kinetic 

models, with changes occurring over time indicated by variation in the rate constant k (Table 

5.2).  Since samples equilibrated within 5 d of storage, color values are also indicated after 5 d of 

storage and then after 30 d of storage.  After 5 d of storage, the L* (0 = blackness, 100 = 

whiteness) for GT-fortified apple product was slightly darker than apple, having values of 70 and 

73, respectively.  The color became increasingly darker at a similar rate for both treatments, 

which is evidenced by the similar values of k.    The a* (- a = greenness, + a = redness) values for 

GT-fortified apple product and control apple were very similar but increased over storage, 

indicating the development of more red coloration.  The apple control increased only marginally 
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faster than GT-fortified product.  The b* (- b = blueness, + b = yellowness) values for both GT-

fortified and unfortified apple products decreased during storage within the yellow range, with a 

greater rate of decrease occurring for apple products.   

Degradation of Phenolic Compounds during Storage 

 The degradation of polyphenolic compounds extracted with methanol from GT-fortified 

and unfortified apple products was modeled following a pseudo-first-order kinetic model: 

1) Ln C = Ae-kt 

(Table 5.3).  The degradation rate constant k is indicated.  Since equilibration of samples 

occurred within 5 d of storage, antioxidant concentrations are shown after 5 d and then after 30 d 

of storage.  The correlation coefficient (R) is also shown, providing an indication of the model fit 

for the degradation of each analyte.        

 The monomeric flavan 3-ols EC and C are the predominant catechins found in apples (2).  

EC and C degraded significantly for apple.  The C content of apple degraded below the limit of 

detection by 30 d of storage.  For GT-fortified apple, the EC content was significantly greater 

than apple, and the degradation rate k was lower.  The C content remained stable through 

storage.   

The monomeric flavanols EGC, EGCG, ECG, and GCG are found only in GT (16).   In 

the GT-fortified apple samples, the most to least rapid levels of degradation occurred from 

EGCG > ECG > EGC > GCG.  The caffeine found in GT-fortified apple also remained constant 

through storage.   

The rates of chlorogenic acid degradation for GT-fortified and unfortified apple products 

were similar and relatively slower compared to other analytes.  The ascorbic acid content was 

analyzed daily, and levels existed below the limit of detection by 10 d of storage.  Contents of 
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procyanidin B2 and total procyanidins also decreased for both GT-fortified and unfortified apple 

products.  The procyanidin B2 content determined in methanol extracts of GT-fortified apple 

samples was initially similar to apple, but degraded at only half the rate as in apple.  The total 

procyanidins determined in the acetone extracts by the Vanillin assay degraded at similar rates 

among both sample treatments. 

Inhibition of Fructose-Induced Glycation of Bovine Serum Albumin 

Inhibition of fructose-induced glycation of bovine serum albumin was evaluated on 

methanol and 70% acetone extracts of GT-fortified and unfortified apple products (Table 5.4).  

Methanol extracts were evaluated at times 0, 7, 24, and 45 d of storage.  The acetone:water 

(70:30, v/v) extracts were evaluated at 0 and 45 d of storage.  These were considered extreme 

endpoints, which would demonstrate the greatest effect of storage on inhibition of glycation.   

Among all methanol and 70% acetone extracts tested, there was a decrease in inhibitory 

activity following storage.  In the methanol extracts, GT-fortified apple products had about a 3-4 

fold greater AGE inhibitory activity than apple.  A 35% decrease in inhibitory activity occurred 

for unfortified apple samples over storage.  In GT-fortified apple extract from methanol, a 

significant decrease occurred between samples from 0 and 7 d of storage.  Inhibitory activity 

then increased with storage.  In 70% acetone extracts, GT-fortified apple products showed at 

least a two-fold increase in inhibitory activity compared to apple.  In unfortified apple products, 

a significant decrease in activity occurred during storage over 45 d.  In GT-fortified apple 

products, the decrease observed was not significantly different (p ≤ 0.05).  Inhibitory activity 

was also compared to catechin, which served as an external standard.  In evaluation, 0.216 

mg∙mL
-1

 of catechin was necessary to induce a 30% inhibitory effect on AGE formation.  
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In Vitro Antioxidant Activity 

 Total polyphenolic content by the Folin-Ciocalteu method, in vitro antioxidant capacity 

analysis by FRAP and DPPH radical scavenging activity, and estimation of inhibition of AGE 

were correlated to the total polyphenolic content (Figure 5.2) of 70% acetone.   Strong 

correlations were made for FRAP values (R = 0.96), DPPH radical scavenging activity (R = 

0.91), and anti-AGE activity (R = 0.98) with total polyphenolic content.   

   

DISCUSSION 

 GT-fortified and unfortified apple products evaluated over storage showed changes in 

physicochemical properties, phenolic content, antioxidant activity, and anti-glycation activity.  In 

the marketplace, intermediate moisture food products exist such as rolled oats, dried fruits, or 

grained nougats (36).  During transport and processing, dry powder mixes may also be 

inadvertently exposed to higher moisture conditions (37).  As new functional food formulations 

arise that include the fortification of conventional food items with antioxidant-rich extracts such 

as green tea extract, information is needed on issues concerning phytochemical stability and 

antioxidant and health properties.   It is also important to investigate how the functional 

ingredient will affect the physical or chemical properties of the food to which it is added.  This 

study showed such effects on product L*, a*, and b* color, and changes in nutritional quality 

through decreases in phenolic content, antioxidant activity, and anti-glycation properties through 

ability of extracts to inhibit formation of AGE.   

 During storage, the GT-fortified and unfortified apple products became noticeably darker 

in color.  The changes in L*, a*, and b* indicated that the products became darker and browner.  

This may have occurred due to the formation of Maillard reaction products (36), caramelization 
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or ascorbic acid degradation (38).  The pH of both treatments was pH 3-4.  In acidic 

environments of pH < 5, reducing sugars may react with amines to produce glycosylamines.  

These may then undergo an Amadori rearrangement to form products such as furan derivatives 

(36), which may develop brown color pigmentation.  These polymeric materials may also affect 

antioxidant properties (39).  5-Hydroxymethylfurfural is a Maillard reaction product that forms 

under acidic conditions, especially at pH 3-5 (40).  It is an indicator of deterioration of apple 

juice concentrate quality during storage (38).  

 In the production of GT-fortified and unfortified products, hot water GT extract was 

added to apple homogenate to provide the equivalent serving of a cup of green tea per serving 

(50 g) of freeze-dried apple product.  During freeze-drying, the fortified product retained about 

80% of its green tea catechin (GTC) content.  The fortification level was based on recovery of 

GTC after freeze-drying.  A 50 g serving of apple product is based on a similar serving size of 

equivalent consumer products found in the marketplace.  A serving of GT-fortified apple product 

included 330 mg of monomeric flavonoids and 120 mg of total procyanidins.  This content was 

estimated based on EGCG content of 120 mg, which is consistent with a typical cup of GT that 

contains 55-110 mg of EGCG (41).  The EGCG content was selected as the marker catechin, 

since it is often present as the predominant flavan 3-ol among green tea varieties, and has 

significant bioactive properties (10, 18).  

During storage through 45 d, most phenolic compounds degraded significantly.  

Degradation followed a pseudo-first-order kinetic model, which is consistent with other studies 

following green tea catechin degradation over storage (9).  The kinetic constant, k, is reported 

along with the correlation coefficient of the regression equation fit to model the degradation 

(Table 2).  Since one portion of the experimental objective involved modeling degradation over 
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storage, an estimate of phenolic content after 30 d of storage is also provided, including 95% 

confidence limits.   

 Several factors may have contributed to phenolic degradation, which included moisture 

content and availability (37), pH and ascorbic acid content (10), temperature (9), interaction with 

phenolic compounds (42), food matrix composition, and oxygen.  Phenolic degradation occurred 

among both methanol and acetone:water (70:30, v/v) extracts.  Aqueous acetone was selected as 

an extracting solvent, since it is known to also remove the procyanidin fraction from samples 

better than methanol or ethanol (43).  The availability of moisture for the IM-products with 

equilibrium moisture contents at 26.3% may have accelerated reaction rates.  Previous work in 

our laboratories (data not shown) showed a proportional relation between increasing aw with 

increasing rate of phenolic compound degradation in both GT-fortified and unfortified apple 

products.  This phenomenon is thought to occur because of increased mobility of molecules in 

response to greater water availability (37).  In the Maillard reaction, the highest reaction rates 

regarding substrate loss occur in the intermediate water activity range (36). 

 The stability of GTC is affected by pH.  In pH > 6, GTC readily degrade.  They show 

increasing stability at lower pH, with maximal stability between pH 3-4 during thermal 

processing and storage (10).  Apples are then suitable vehicles for GT delivery, since the pH of 

the apple products was about pH 3.6-3.7, which is suitable for maintaining GTC stability.  When 

degradation of GTC occurs, some catechin reactants may epimerize into an isomeric form.  

Epimerization may occur as a result of temperature and holding time during thermal processing 

(44).  For example, when EGCG is thermally processed, it may epimerize into GCG (10).   
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The epimerization process may occur among all GTC.  In degradation, the epimerized 

catechin may convert to a non-epicatechin form (9), which may help explain GTC degradation 

(Table 5.3).  Degradation and epimerization of EGCG may also occur co-currently.  Wang et al 

(9) found that at temperatures above 44°C, GCG epimerized faster to EGCG than the rate that 

EGCG degraded.  At temperatures above 98°C, the epimerization from GCG to EGCG became 

the dominant reaction pathway. 

The caffeine contents of GT-fortified and unfortified apple products was very stable 

through storage.  A 50 g serving of product would provide about 70 mg of caffeine, which is 

consistent with a cup of green tea infusion (41).  A typical 8-oz. cup of American-style brewed 

coffee may have 70 – 110 mg caffeine (45).  Methods are also available to naturally-decaffeinate 

green tea extract while retaining the polyphenolic content.  By following a basic hot-water 

steeping procedure, 83% of the caffeine from green tea infusion can be removed while retaining 

95% of total catechin content (46). 

 Most studies addressing the pH stability of GTC used beverage models for 

experimentation.  As functional foods are increasingly fortified with GT for its health benefits, 

the GTC are exposed to varying levels of pH and moisture content.  These levels are different 

from freshly brewed hot tea or acidified, shelf-stable beverages.  Very few studies have 

addressed these issues.  Ortiz et al (37) evaluated GTC dry beverage mixes with added 

ingredients including ascorbic acid, citric acid, and sucrose in controlled environments ranging 

up to 85% relative humidity.  They showed increasing rates of GTC degradation at higher water 

activities.  They also showed possible interaction between additive ingredients affecting GTC 

stability.   
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 Ascorbic acid was present in the GT-fortified and unfortified apple products, although the 

content degraded below the limit of detection by 10 d of storage.  How organic acids such as 

ascorbic and citric acids affect GTC stability has been studied in green tea beverages.  Chen et al 

(10) found that different beverage ingredients may interact and affect GTC stability.  Chen et al 

(42) found that ascorbic acid added to pH 7.4 buffer significantly improved GTC stability, where 

a dose-response effect was observed.  The ascorbic acid particularly affected levels of EGCG 

and EGC.  Chen et al (10) found that ascorbic acid acted as an antioxidant during the first month 

of green tea storage, but then acted as a pro-oxidant in subsequent months.  When GTC were 

added to solutions of just sucrose or sucrose with ascorbic or citric acids, the sucrose had little 

effect on GTC stability.  Alternately, ascorbic and citric acids were detrimental to stability in ≤ 2 

months, but where pH of systems tested was not reported (47).  No improvement of GTC 

stability was observed when evaluating citric acid (42).  Similar results were also observed using 

cocoa flavan 3-ols (48).     

Antioxidant Activity 

In vitro antioxidant activity was evaluated using the Folin-Ciocalteu reducing capacity 

method for total polyphenolic content, FRAP, and DPPH radical scavenging activity.  Among all 

analyses, GT fortification increased antioxidant activity for apple products.  For total 

polyphenolic content, little change in total activity occurred in samples over 45 d of storage.  The 

Folin-Ciocalteu reducing capacity of approximately 7,000-8,000 mg catechin equiv∙kg
-1

, dry 

weight for methanol and acetone:water (70:30, v/v) extracts of freeze-dried apple flesh was in 

agreement with other sources (3, 43, 49).   
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Several chemical reaction mechanisms may have occurred during storage of samples, 

including degradation of monomeric flavan 3-ols and phenolic acids, and formation of Maillard 

reaction intermediates and products.  Since the Folin-Ciocalteu method measures total oxidizable 

substances, the assay only provides a measure of total polyphenolic reducing capacity.  Whereas 

the activity of monomeric flavonoids may decrease, the concentration of corresponding epimers 

may have increased, or Maillard reaction products may have contributed antioxidant activity.  As 

tea is subjected to processing and storage, it may form brown-colored macromolecular products 

or intermediates that are products of oxidation and polymerization of monomeric flavan 3-ols, 

which can also exert antioxidant activity (50).  The depolymerization of procyanidin fractions 

from green tea extract or apples may also occur during storage, contributing more reactive 

substances for detection by analysis.    

Inhibition of AGE Formation 

 Extracts from methanol and acetone:water (70:30, v/v) of GT-fortified and unfortified 

apple products inhibited fructose-induced glycation of bovine serum albumin (Table 5.4).  The 

oxidation of cells is always occurring, and it is associated with chronic disease risk such as Type 

II diabetes or atherosclerosis (51-53).  People suffering from a disease such as Type II diabetes 

may suffer accelerated rates of cellular oxidation due to impaired physiologic states from insulin 

resistance or hyperglycemia, forming AGE (54).  A common medical biomarker is the status of 

hemoglobin A1C, which provides a measure of blood sugar control by evaluating the oxidation 

state of the human red blood cell (55).  When elevated levels of blood sugar are present in the 

blood, then theoretically accelerated rates of oxidation may occur.    
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The glycation process can occur by an autoxidation mechanism.  A reducing sugar reacts 

with a free amine group, creating a Schiff base.  When catalyzed by a free metal ion, the Schiff 

base may then convert into an Amadori product and form AGE and cross-linking proteins 

(Nakagawa et al, 2002).  In particular, fructose and glucose may catalyze the reaction of protein 

cross-linking at similar rates, but fructose is capable of catalyzing the formation of covalent, non-

disulfide linkages at a ten-fold rate over glucose (20).  Certain compounds are capable of 

chelating the free metal ion, such as ethylenediaminetetraacetic acid (EDTA) commonly used in 

food products, or polyphenolic compounds such as flavonoids (56) or tannins (57).  This may 

involve a mechanism for explaining how flavonoids may inhibit formation of AGE.   The cells of 

healthy individuals still undergo the glycation process, but the reaction occurring at an 

accelerated rate is associated with chronic disease risk.   

 Dearlove et al (58) demonstrated inhibition of AGE with extracts from spices and herbs.  

The polyphenols in these extracts were thought to inhibit the glycation reaction.  Nakagawa et al 

(2002) found that GTC containing a gallate moiety at the C-3 position (e.g. EGCG, GCG, and 

ECG) showed significantly greater antioxidative activity in preventing formation of AGE 

following a dose-response relationship than EGC, GC, EC, and C.  Similar more potent 

inhibitory activities occurred for catechins containing an α-hydroxyl moiety over a β-hydroxyl 

moiety at the C-3 position.   

Following a typical Western diet is considered pro-inflammatory, since it is often 

deficient in antioxidant-rich fruits, vegetables, and whole-grains.  Consuming a food product 

such as apples fortified with GTC may help increase daily antioxidant consumption, or may help 

provide a dietary intervention strategy for helping to manage the inflammatory risk associated 

with chronic disease.                            
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Abbreviations Used 

Ferric reducing/antioxidant power (FRAP); 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl radical 

scavenging activity (DPPH); Advanced glycation endproducts (AGE); Green tea (GT); (-)-

epigallocatechin gallate (EGCG); (-)-epicatechin (EC); (-)-epigallocatechin (EGC); (-)-

epicatechin gallate (ECG); (-)-gallocatechin gallate (GCG); (-)-gallocatechin (GC); (-)-catechin 

gallate (CG); (-)-catechin (C); Green tea catechins (GTC); Ethylenediaminetetraacetic acid 

(EDTA) 
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TABLES 

 

Table 5.1.  Titratable acidity, pH, soluble solids content and moisture content of apple 

and apple and GT products 

Quality index Sample 

 

Apple Apple & GT  

Titratable Acidity (g malic acid/100 g product, d.w.) 2.52
a
 ± 0.03 2.76

b
 ± 0.01 

pH 3.58 ± 0.01 3.72 ± 0.06 

Soluble solids (g sucrose/100 g product, d.w.) 74.08 ± 1.68 76.06 ± 1.21 

Moisture Content (%) 

  
          After freeze-drying 3.71

b
 ± 0.06 3.17

a
 ± 0.17 

          At equilibrium aw 0.7509 26.30 ± 0.07 26.29 ± 0.11 

Different letters within the same row indicate a significant difference using Tukey's 

HSD (p ≤ 0.05) 

Moisture content was evaluated both after freeze-drying and at the equilibrium aw of 

0.7509.  All other evaluations were performed on freeze-dried products. 
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Table 5.2. Rate constants for color variation and estimates for colorimetric parameters at the 

equilibrium aw of 0.7509 (C5 days) and after 30 days of storage at aw of 0.7509, at 30°C, in the dark (C30 

days) in IM apple and IM apple and GT.  

Colorimetric 

parameter 
Sample 

k      

(colorimetric unit*days
-1

) 
R C5 days 

 

C30 days 

L* 
IM Apple -0.178  0.033 -0.72 73  7 68  6 

IM Apple & GT -0.179  0.021 -0.86 70  4 65  4 

a* 
IM Apple 0.140  0.004 0.99 - 0.78  0.71 2.70  0.71 

IM Apple & GT 0.121  0.004 0.99 - 0.11  0.78 3.14  0.78 

b* 
IM Apple -0.147  0.024 -0.78 25.1  4.8 21.4  4.8 

IM Apple & GT - 0.098  0.01 -0.94 23.1  1.4 20.6  1.4 

Data were fitted to pseudo-zero-order kinetics: C = C0  k*t; p < 0.01. 
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Table 5.3. Rate constants for antioxidant degradation and estimates for antioxidant contents at the 

equilibrium aw of 0.7509 (C5 days) and after 30 days of storage at aw of 0.7509, at 30°C, in the dark (C30 

days) in IM apple and IM apple and GT.  

 

Analyte Sample k     (days
-1

) R 
C5 days             

(mg∙kg
-1

, d.w.) 

 

 

C30 days 

(mg∙kg
-1

, d.w.) 

 

EC 
Apple 0.034  0.002 -0.99 234 ± 66 100 ± 30 

Apple & GT 0.014  0.001 -0.97 770 ± 130 530 ± 90 

C 
Apple 0.072  0.012 -0.96 38 ± 11 0 

Apple & GT n.s. 

 

300 ± 23 300 ± 23 

EGC Apple & GT 0.011  0.001 -0.96 1900 ± 300 1500 ± 300 

EGCG Apple & GT 0.020  0.001 -0.99 2270 ± 320 1400 ± 200 

ECG Apple & GT 0.013  0.004 -0.79 473 ± 200 300 ± 159 

GCG Apple & GT 0.009  0.001 -0.96 510 ± 60 406 ± 40 

Caffeine Apple & GT n.s. 

 

1273  103 1273  103 

Chlorogenic acid 
Apple 0.006  0.001 -0.86 1130 ± 150 900 ± 150 

Apple & GT 0.007  0.001 -0.94 1130 ± 90 873 ± 90 

Ascorbic acid 
Apple 0.471  0.03 -0.99 12 ± 7 n.d. 

Apple & GT 0.542  0.04 -0.99 8 ± 3 n.d. 

Procyanidin B2 
Apple 0.055  0.004 -0.97 322 ± 140 83 ± 40 

Apple & GT 0.021  0.007 -0.82 372 ± 170 220 ± 100 

Total 

Procyanidins 

Apple 0.011  0.002 -0.93 1340 ± 370 1021 ± 270 

Apple & GT 0.011  0.001 -0.99 2300 ± 200 1730 ± 200 

n.s. = No significant degradation occurred during storage; n.d. = Concentration below limit of     

detection; reported values are average content ± SD over 45 days of storage 

Total procyanidins were determined by the vanillin assay 

Epicatechin (EC), catechin (C), epigallocatechin (EGC), epigallocatechin gallate (EGCG),     

epicatechin gallate (ECG), and gallocatechin gallate (GCG) 
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Table 5.4. Anti-AGE formation properties of IM apple and IM apple and GT 

Sample 

 

Storage 

time 

(days) 

Catechin equiv (mmol/kg d.w.) 

 

  

Extraction solvent 

  

Methanol 

Acetone:water, 

70:30 

Apple 

  

 

 

0 17.2
b
 31.3

d
 

 

7 13.2
a
  

 

24 11.4
a
  

 

45 11.2
a
 23.4

c
 

   

 

Apple and 

GT 

  

 

 

0 50.7
f
 75.2

g
 

 

7 44.8
e
  

 

24 46.8
ef

  

 

45 49.5
ef

 66.2
g
 

   

 

Different letters within the same column and sample indicate a significant  

difference using Tukey's HSD (p ≤ 0.05) 
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Figure Captions 

 

Figure 5.1. L*, a* and b* colorimetric parameters for IM apple ( ) and IM apple and GT (◊) as 

a function of storage time. Regression relationships are reported in Table 5.2. 

 

Figure 5.2. Correlation between total phenolics (evaluated by the Folin Ciocalteu reagent, 

mmol catechin equiv/kg d.w.),  FRAP (mmol FeII/kg d.w., ■, R = 0.96), DPPH radical 

scavenging activity (mmol trolox/kg d.w., ▲, R = 0.91) and anti-AGE activity (mmol catechin 

equiv/kg, ◆, R = 0.98). 
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Figure 5.1. 
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Figure 5.2.  
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CHAPTER 6.  PHYTOCHEMICAL STABILITY IN DRIED APPLE AND GREEN TEA 

FUNCTIONAL PRODUCTS AS RELATED TO MOISTURE PROPERTIES 
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ABSTRACT 

In this study, apple products with and without added green tea extracts were freeze-dried 

and stored for up to 45 days at 30°C in low and intermediate moisture environments (aw 0.11, 

0.22, 0.32, 0.57, and 0.75).  Kinetic models were developed for the decrease in select green tea 

and apple monomeric and polymeric flavanols, ascorbic acid, caffeine and total phenolics. 

Product moisture isotherms were made for each product. Glass transition temperature (Tg) at 

various moisture levels were measured by differential scanning calorimetry and water mobility 

by nuclear magnetic resonance (NMR).  Chemical changes were related to Tg, aw, and water 

mobility in the products.    

In general, phytochemical degradation occurred more rapidly at higher moisture contents, 

except for caffeine, total dihydrochalcones, and chlorogenic acid.  In the product containing 

apple with green tea, the content of epigallocatechin gallate, the predominant green tea catechin, 

decreased by 44% and 60% after 45 days of storage at aw of 0.57 and 0.75, respectively. 

Phytochemical degradation correlated with increasing aw, Tg, and NMR evaluation.  This study 

showed that, in general, storage at aw 0.75 most affected phytochemical stability and antioxidant 

properties.   

 

Keywords: apple, green tea, differential scanning calorimetry, nuclear magnetic resonance, 

water activity 
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1. Introduction 

 Consumption of green tea (GT) from the leaves and buds of Camellia sinensis originated 

in China over 2000 years ago.  Its components have been found to have anti-oxidative, anti-

mutagenic, anti-inflammatory, anti-cariogenic, anti-diabetic, anti-bacterial, and anti-viral 

properties, and may reduce the risk of coronary heart disease or cancer (Cabrera, Artacho & 

Gimenez, 2006; Zaveri, 2006).  Green tea is high in polyphenolic compounds, which are 

comprised mostly of monomeric and polymeric flavan-3-ols.  The predominant monomeric 

flavan-3-ols of green tea catechins include catechin (C), epicatechin (EC), epigallocatechin 

(EGC), epigallocatechin gallate (EGCG), and epicatechin gallate (ECG).  The antioxidant and 

processing stability of green tea catechins in beverages has been extensively studied (Chen, Zhu, 

Wong, Zhang & Chung, 1998; Chen, Zhu, Tsang & Huang, 2001; Yang, Hwang & Lin, 2007; 

Labbe, Tetu, Trudel & Bazinet, 2008; Wang, Zhou & Jiang, 2008). Ortiz et al (2008) evaluated 

the storage stability of GTC in dry beverage powder at different relative humidity.  In the 

marketplace, there is growing interest for utilization of green tea extract put into other types of 

food products. 

 Apples are also another important dietary source of nutrients and phytochemicals.  They 

are consumed fresh, dried, pureed, or in juice (Van der Sluis, Dekker, Skrede & Jongen, 2002; 

Guyot, Marnet, Sanoner & Drilleau, 2003; Deng & Zhao, 2008; Oszmianski, Wolniak, Wojdylo 

& Wawer, 2008).  The consumption of apples is associated with anti-oxidative, anti-

hypercholesterolemic, and anti-carcinogenic properties, and may reduce the risk of developing 

coronary heart disease, diabetes, or asthma (Boyer & Liu, 2004).  The polyphenolic content of 

apples includes procyanidins, hydroxycinnamic acids, dihydrochalcones, flavonols, flavan-3-ols, 
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ascorbic acid, and anthocyanins in the peel of red varieties (Guyot et al., 2003; Khanizadeh, 

Tsao, Rekika, Yang, Charles & Rupasinghe, 2008).          

 Moisture levels and moisture properties determine antioxidant stability in food systems, 

and also effect the color, flavor, or nutritional content (Bell, 2007).  For research studies, dried 

products are typically stored at different relative humidity in order to specify particular water 

activity (aw) levels in the product. This has allowed the development of mathematical models that 

predict changes in product chemical or physical properties over time with respect to moisture 

content (Welti-Chanes, Guerrero, Barcenas, Aguilera, Vergara & Barbosa-Canovas, 1999; Venir, 

Munari, Tonizzo & Maltini, 2007).  Differences in moisture content determines water mobility 

and the degree of plasticization of larger food molecules, which also affects rates of chemical 

reactions (Bell, 2007; Labuza & Altunakar, 2007).      

Differential scanning calorimetry (DSC) allows for analysis of parameters such as the 

glass transition temperature (Tg), which can then be related to moisture properties.  This helps in 

understanding how water affects the physical state of a material, which can then be related to 

other physicochemical attributes (Deng et al., 2008).  Dried products are often amorphous 

materials that exist in a glassy state below their Tg and in a rubbery, less solid-like state at 

temperatures greater than Tg.  At storage temperatures that are greater than the Tg, there is also 

greater molecular mobility and lower viscosity.  A plasticizer such as water can decrease the Tg 

(Welti-Chanes et al., 1999).  Moisture properties can thus influence phytochemical stability and 

antioxidant properties. 

   The state of water in a system may also be evaluated using nuclear magnetic resonance 

(NMR) relaxation techniques based on spin magnetization relaxation.  NMR may differentiate 

water as low- or high-molecular mobility based on relaxation properties (Choi & Kerr, 2003a; 
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Choi, Kim, Hanna, Weller & Kerr, 2003b).  This method of analysis allows for the evaluation of 

moisture mobility as related to chemical or physical changes in a food product, such as in bread 

staling (Van Nieuwenhuijzen, Primo-Martin, Meinders, Tromp, Hamer & Van Vliet, 2008) or in 

pharmaceuticals (Yoshioka & Aso, 2007).                                 

 Previous studies have shown the benefit of apple products fortified with green tea (GT-

apple) as a novel functional product with a more complete antioxidant profile. The objectives of 

this study were to evaluate properties related to water dynamics in dried apple and GT-apple 

samples stored at different relative humidities, and to determine how these are related to 

phytochemical stability. 

   

2. Materials and Methods 

2.1 Materials 

 Reagents for moisture isotherm development included lithium chloride, potassium 

acetate, magnesium chloride, sodium bromide, and sodium chloride, and were purchased from 

Sigma Aldrich (Milan, Italy).  Analytical standards of ascorbic acid, chlorogenic acid, caffeine, 

and phloridzin were purchased from Sigma Aldrich (Milan, Italy).  The standards of procyanidin 

B2, EC, C, EGC, ECG, GCG, and EGCG were purchased from Extrasynthese (Lyon, France). 

 

2.2 Preparation of Samples 

 Hot water green tea extract (GT) was prepared by extracting 25 g of dried tea leaves 

(Java Green Tea, Twinings, London, UK) in 500 mL of pre-heated 85°C deionized water for 5 

min.  The extract was then immediately cooled in an ice water slurry and filtered through 
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Whatmann no. 4 filter paper.  A portion of the GT extract was removed for HPLC analysis.  It 

was diluted 1:20 (v/v) with water:methanol (95:5, v/v) and acidified with 5% formic acid. 

 Fresh apples (Melinda, Revo, Italy) of the Golden Delicious variety were purchased at a 

supermarket.  The apples were peeled, cored, and quartered.  Apple quarters were randomly 

designated for either the control or experimental batches.  Each batch consisting of 2 kg of 

quartered apple pieces was then blanched for 4 min in 100°C deionized water.  Apples were then 

immersed in an ice water slurry and drained over paper towels.  Apple pieces were then pureed 

in a K 3000 Braun Multisystem blender (Braun, Kronberg, Germany) for 3 min.  After blending, 

384 mL of GT extract was added to the experimental apple batch and mixed thoroughly.  The 

apple and GT-apple samples were then spread onto stainless steel trays and freeze-dried (Lyoflex 

Edwards, Crawley, UK).   

 

2.3 Determination of Moisture Sorption Isotherms 

 Freeze-dried materials were ground in the food processor and sieved (800 µm).  Powders 

were then weighed into Petri dishes (0.141 g of powder/cm
2
) in duplicate and stored in 

desiccators at 30°C suspended over saturated salt solutions having different water activity (aw):  

lithium chloride (aw = 0.113), potassium acetate (aw = 0.216), magnesium chloride (aw = 0.324), 

sodium bromide (aw = 0.560), and sodium chloride (aw = 0.751).  The aw of saturated salt 

solutions were checked using an Aqualab water activity meter (Decagon Devices, WA, USA).  

The aw values were in agreement with those published by Greenspan (1977).  After samples 

reached equilibrium, their moisture content was determined after drying in a vacuum oven at 

70°C and 50 torr for 18 h (AOAC, 1998).    
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Plots of moisture content versus aw were fit to the Guggenheim-Anderson-de Boer (GAB) 

model: 

 



mo 
mokc aw

(1 k aw)(1 k aw  c k aw)
 (1) 

where mo is the monolayer moisture content, c is a factor associated with surface enthalpy, and k 

represents a multilayered moisture component (Labuza et al., 2007).   

 

2.4 Differential Scanning Calorimetry and Glass Transitions 

 About 10-15 mg of equilibrated apple or GT-apple was hermetically sealed into 

aluminum DSC pans.  Samples were then analyzed by a DSC 1 differential scanning calorimeter 

(Mettler-Toledo, Inc., Columbus, OH, United States).  This was equipped with StarE software, 

which uses first-derivative analysis to calculate the glass transition temperature including onset 

(Tgo) and midpoint temperatures (Tgm).  The thermal scanning profile consisted of equilibration 

of sample pans at 30°C for 2 min, cooling to -50°C at 5°C per min, holding at -50°C for 5 min, 

and then heating to 80°C at 5°C per min.  Scans were conducted under a nitrogen gas flush. 

 The Gordon and Taylor equation (Gordon & Taylor, 1952) was used to model the 

relationship between glass transition temperatures and moisture properties of samples: 

 



Tgo 
wsTgs  kwwTgw

ws  kww
 (2) 

 

where Tgo is the observed glass transition temperature, Tgs the glass transition temperature of 

amorphous dry solid, Tgw the glass transition temperature of amorphous water, k a constant, ws is 

the weight fraction of solids, and ww is the weight fraction of water (Welti-Chanes et al., 1999).  

For water, Tgw was taken as -135°C (Johari, Hallbrucker & Mayer, 1987; Welti-Chanes et al., 

1999). 



173 

 

 

2.5 Nuclear Magnetic Resonance Studies 

 H
1
 NMR analysis was conducted using a 20 mHz H

1
 NMR spectrometer (Resonance 

Instruments, Whitney, U.K.).  Each equilibrated sample was removed from its relative humidity 

chamber and transferred into 18 mm diameter NMR glass tubes to a height of less than 25 mm 

and then immediately sealed. 

 The methods of Choi, Kim et al (2003b) were followed with modifications.  The 

transverse spin-spin relaxation (T2) of protons was analyzed using the free induction decay (FID) 

and the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences (Ruan & Chen, 2001).  The 

acquisition parameters consisted of a 90° pulse set at 4.1 µs and a 2 s recycle delay.  The pulse 

length was 60 µs for the spacing at 90° to 180° (τ).  The analysis was conducted at 22°C.  FID 

curves were fit to a Gaussian model, while those from CPMG studies were fit with a multiple-

exponential model.    

             

2.6 Extraction of Samples for Chemical Analysis 

 For subsequent chemical analysis,  the extraction of samples was performed in 25 mL 

centrifuge tubes using 0.5 g of sample in 10 mL of methanol (Van der Sluis et al., 2002), 10 mL 

of acetone: water (70:30, v/v) (Vanzani et al., 2005), or 5 mL of 6% metaphosphoric acid 

(containing 1 g/L of sodium metabisulphite) (Vrhovsek, Rigo, Tonon & Mattivi, 2004).  The 

tubes were then vortexed for 2 min and subjected to centrifugation (10,000 × g for 10 min).  The 

supernatants were removed and filtered through Whatmann no. 4 filter paper.        
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2.8 HPLC Determination of Phenolic Compounds 

 The method of Tomas-Barberan et al (2001) was used to determine the concentrations of 

phenolic compounds.  Methanolic extracts were injected on a 250 × 4.6 mm i.d., 5 µ, Symmetry 

C18 reverse-phase column (Waters, Vimodrone, Italy).  The HPLC was coupled to a model 600 

HPLC pump and a model 2996 photodiode array detector, and online analysis was done with 

Empower software (Waters, Vimodrone, Italy).  Mobile phase stock solutions of water and 

methanol were acidified to 5% of formic acid.  A gradient elution mobile phase separation 

consisted of the following: phase A of water:methanol (95:5, v/v), phase B of water:methanol 

(88:12, v/v), phase C of water:methanol (20:80, v/v), and phase D of 100% methanol.  The 

gradient elution was adjusted as follows: (1)100% of A for 0-5 min, (2) a linear gradient to reach 

100% of B from 5-10 min, (3) 100% of B from 10-13 min, (4) a linear gradient to reach 75% of 

B and 25% of C from 13-35 min, (5) a linear gradient to reach 50% of B and 50% of C from 35-

50 min, (6) a linear gradient to reach 100% of C from 50-52 min, (7) 100% of C from 52-57 min, 

and (8) 100% of D from 57-60 min.  The flow rate was 1.0 mL/min.  The injection volume was 

20 µL using a Rheodyne loop.  The analysis was conducted at 22°C.  The eluent was monitored 

at 280 and 330 nm for detection. 

 The standards of EC, chlorogenic acid, phloridzin (phloretin 2’O-glucoside), and caffeine 

were used for identification of peaks by retention times and UV-vis spectra, and were used to 

build calibration curves.  EC, phloridzin, and caffeine were detected at 280 nm, while 

chlorogenic acid was detected at 330 nm.  The standards of C, EGC, GCG, ECG, and EGCG 

were used for identification of peaks by retention times and UV-vis spectra.  All peaks were 

detected at 280 nm.  Quantification was based on the calibration curve built from EC and relative 

response factors (Wang, Provan & Helliwell, 2003).  The peak for phloretin 2’O-xyloglucoside 
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was based on UV-vis spectra and literature data.  Detection and quantification occurred at 280 

nm using a calibration curve built from phloridzin.  The samples were analyzed in at least 

duplicate.   

 Peak concentrations for each analyte were fit to a pseudo-first-order kinetic model: 

ln = Ae
-kt    

(3)             

The reaction rate coefficient (k) was determined for each analyte at each storage aw.   

 

2.9 Determination of ascorbic acid content 

 The determination of the ascorbic acid content of extracts containing 6% metaphosphoric 

acid was conducted following the methods of Mannino and Pagliarini (1988).  The sample 

extracts were diluted as necessary by 6% metaphosphoric acid (containing 1 g/L of sodium 

metabisulphite).  The analysis occurred in a Waters model HPLC using a 300 × 7.8 mm i.d. Bio-

Rad Fruit Quality Analysis column.  An isocratic mobile phase of 1 mM sulfuric acid at 1 

mL/min flow rate was used.  Analyses were conducted at 22°C.  Detection of ascorbic acid 

occurred at 245 nm.  A calibration curve of ascorbic acid was made with pure standard.  

Ascorbic acid concentrations were also fit to pseudo-first-order kinetic models.      

 

2.10 Determination of Total Procyanidin Content 

 The determination of the total procyanidin content of samples required the following 

sample preparation steps.  Aliquots of 0.25 mL of 70:30 acetone: water (v/v) extracts were dried 

under nitrogen gas.  Samples were then reconstituted in 1 mL of 0.1 M phosphate buffer, pH 7.0 

and filtered with 500 mg Sep-pak C-18 cartridges (Waters, Vimodrone, Italy).  The retained 

components were eluted with 1 mL of methanol (Vrhovsek et al., 2004).  For extracts containing 
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green tea polyphenols, the removal of chlorophyll was also necessary.  GT-containing extract 

was mixed with hexane (1:1, v/v).  Once two phases had separated, the upper phase was 

discarded and the lower phase analyzed for procyanidin content. 

 The determination of the total procyanidin content of samples was conducted following 

the vanillin assay (Sun, Ricardo-da-Silva & Spranger, 1998).  The reaction mixture consisted of 

0.5 mL of filtered extracts from 70:30 acetone:water (v/v) or standard dissolved in methanol, 

1.25 mL of 1% vanillin in methanol, and 1.25 mL of 9 N sulfuric acid dissolved in methanol.  

The reaction mixture was held at 25°C until the maximum absorbance occurred at 500 nm.  The 

results were reported as mg of catechin eq per kg of dry product, based on the development of a 

calibration curve of catechin standard.          

    

2.11 Determination of Enzymatic Activity 

 Prior to determining  polyphenoloxidase (PPO) activity, 100 mg of sample was added to 

1 mL of buffer, which consisted of 0.03 M acetic acid, 0.14 M dipotassium phosphate, 1 M 

sodium chloride, and 5% (w/w) polyvinylpolypyrrolidone, pH 6.5.  Extracts were then 

centrifuged (10,000 × g for 10 min) and filtered through Whatmann no. 1 filter paper. 

 Polyphenoloxidase activity was determined following the methods of Alvarez-Parilla et 

al (2007).  The reaction mixture consisted of 100 µL of supernatant that was transferred into 900 

µL of 10 mM chlorogenic acid in filtered buffer.  The reaction mixture was then incubated at 

25°C.  The absorbance was measured and monitored at 400 nm.  A linear increase in absorbance 

was equated to the reaction rate. 
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The determination of peroxidase activity (POD) followed the methods of Ahn et al 

(2007).  Filtered supernatant (200 µL) was added to a reaction mixture containing 3.6 mL of 100 

mM phosphate buffer (pH 6.5), 100 µL of 640 mM guaiacol, and 100 µL of 400 mM hydrogen 

peroxide.  The reaction mixture was then incubated at 25°C, and the absorbance was 

continuously measured at 470 nm.  Reaction rate was measured from the linear increase in 

absorbance.     

 

3. Results and Discussion 

3.1 Moisture Content, aw and Glass Transition Temperatures 

 The moisture content, aw and glass transition temperature (Tgo) of apple and GT-apple 

samples are shown in Table 6.1. A moisture adsorption isotherm was developed for apple and 

GT-apple products, and the data fit with the GAB model (Fig. 6.1).  Moisture content increased 

with aw, and the curve was closest to a Type II isotherm, suggesting only modest hygroscopicity.   

From the GAB model, the factors mo, c and k for the apple and GT-apple were mo = 10.7 and 

10.2 g of water/100 g of dry product, c = 2.28 and 2.45, respectively, and k = 0.89 and 0.90, 

respectively.  The aw values corresponding to the monolayer moisture (mo) contents were aw = 

0.437 and 0.423 for apple and GT-apple, respectively.  The mo for fresh apples equilibrated at 

50°-70°C ranged from 16.8-10.7 g of water/100 g of solids (Moraes, Rosa & Pinto, 2008); 

typical values for c range from 1 to 20 and for k 0.7 to 1.0 (Labuza et al., 2007).   

Labuza and Altunacar (2007) provided a detailed discussion on moisture sorption 

isotherms.  When the equilibrium moisture content is below the mo, then the bulk of water 

present is bound or adsorbed to solids.  The rate of chemical reactions is often the lowest at 

moisture contents near the mo.  At equilibrium moisture contents greater than mo, additional bulk 
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phase water is present.  This provides a flowing solvent medium in which chemical reactants can 

interact.  For reactions that involve water, the reactant solubility may also increase, affecting the 

reaction rate.  Greater solubility is attained until a critical moisture content is reached above 

which the reactants are completely hydrated (Labuza et al., 2007).  At higher moisture contents, 

dilution of the reactants occurs and the reaction rate decreases (Bell, 2007).  As equilibrium 

moisture contents change at different aw, the effects of moisture mobility on plasticization of 

components in a material may also affect the physical state of the material.    

Examples of DSC curves obtained for GT-apple products equilibrated at different aw are 

shown in Fig. 6.2.  Evaluation of the Tg provides an indication at what range of temperature the 

phase transition occurs.  This is indicated by the onset (Tgo) and midpoint (Tgm) temperatures, as 

reported for the Tg at each aw (Table 6.1). Values for apple and GT-apple were not substantially 

different at a given aw. As moisture content and aw increased, Tg decreased from 8.72-10.28°C at 

0.113 aw to -38.76 to -39.15°C at 0.560 aw.  Decreasing Tg is often associated with increasing 

water content as the water serves to increase the relative free volume for motions of food 

molecules (Roos, 2007).  At the highest aw (0.751), a distinct Tg was not detected most likely 

because the transition was below -50°C.  There were no significant differences between apple 

and GT-apple treatments at the same aw for Tgo or Tgm. Acevedo et al (2006) found comparable 

Tg values for freeze-dried apple products stored at 70°C and equilibrated to similar relative 

humidity levels.    

All Tg values were below the storage temperature of 30°C, indicating that none of the 

samples were in the glassy state.  However, the difference in temperatures (30°C-Tg) is a 

measure of how much the material exhibits solid-like behavior. Mechanical properties including 
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viscosity () have been related to the difference between temperature T and the glass transition 

temperature Tg, through for example, the Williams-Landel-Ferry model: 

 





l n


g
 

17.44(T Tg )

51.6 (T Tg )
 (4) 

where g is the viscosity at the glass transition, typically on the order of 10
12

 Pas. 

The Tgo values were  also fit to the Gordon-Taylor equation (Eqn 3).  Tg values were 

well-fit by the model with k = 4.49 and 4.77 for the apple and GT-apple, and intercept = 24.58 

and 27.72°C, respectively (Fig. 6.3). The slope and intercept values were similar for GT-fortified 

and control apple products, and the model produced high correlation coefficients (0.98-0.99).  

 

3.2Nuclear magnetic resonance 

Equilibrated samples were analyzed by H
1
NMR using FID and CPMG pulse sequences. 

Curves for the FID runs are shown in Figure 6.4.  CPMG pulse sequences were only successful 

for samples at aw of 0.560 or 0.751. At aw ≤ 0.33, the signal decayed rapidly in under 50-100 µs. 

The curves were fit to Gaussian and exponential models.  Samples at aw  0.324 were well fit 

with a single component (Table 6.2).  For apple, the single 



T2
* values were 16.3, 23.6 and 31.6 µs 

at aw= 0.113, 0.216 and 0.324. For GT-apple, 



T2
* values were 12.7, 25.7 and 32.3 µs. While the 

very short decay times are indicative of solid relaxation, the increase in 



T2
* does suggest that 

those solid components were plasticized by the increasing presence of water.   

For samples held at aw of 0.560 and 0.751, the FID curves were better fit by a 2 

component model.  The fast decaying component (



T2a
* ) was 44.2 and 60.4 µs for apple (at 0.560 

and 0.751 aw), and 45.1 and 51.9 µs for GT-apple.  Again, this can be attributed to relaxation 

processes in the solid component with enhanced mobility due to the plasticization of water.  The 
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slower decaying component (



T2b
* ) was 305.6 and 526.1 µs for apple (at 0.560 and 0.751 aw), and 

255.2 and 834.2 µs for GT-apple.  This second component can be attributed to more mobile 

water not closely associated with larger molecules.  However, this water is still close enough to 

diffuse to and exchange molecular spins with those molecules within the relaxation time.  Thus, 

the relaxation times, in the range of 255-834 µs, are still much shorter than the 



T2
* times of 1-2 s 

typical of bulk water. 

Results for the transverse relaxation times can be related to the moisture isotherm data.  

That is, at aw ≤ 0.33 the NMR data showed only solid-like behavior in which water enhances the 

mobility of food components.  At higher aw, a second component was present indicative of a 

region of water with greater mobility.  Interestingly, the GAB models of the moisture isotherms 

showed that the aw values corresponding to monolayer moisture (mo) were 0.437 and 0.423 for 

apple and GT-apple, respectively.  According to the GAB theory, at m< mo, no more than a 

single layer of water is sorbed at molecular surfaces. Above mo, multiple layers of water exist 

that are not sorbed. Above the mo, greater molecular mobility and solubility of analytes can be 

expected due to the presence of excess water as solvent, until a dilution effect prevails once 

analytes are completely solubilized (Bell, 2007).   

 

3.3Phytochemical degradation 

 Table 6.3 shows the initial levels of antioxidants in apple and GT-apple. Apples had 

substantial levels of EC, C and procyanidins, as well as ascorbic acid and chlorogenic acid.  GT-

apple also had substantial levels of EGC, EGCG, ECG and GCG, as well as caffeine. 

Concentrations of these molecules were measured over 45 days of storage and fitted to a pseudo-

first-order kinetic model to determine the rate constant k (Table 6.4). Wang et al. (2008) also 
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found that green tea catechins followed a pseudo-first-order kinetic model. The antioxidants in 

apple and GT-apple showed varying levels of stability over storage with respect to aw.       

 For EC, k increased with increasing aw, both for apple (0.008-0.034 d
-1

) and GT-apple 

(0.009-0.014 d
-1

). In general, the rate of EC degradation was more rapid in the apple samples.  

Addition of GT also significantly increased the concentration of EC in samples (Table 3).  For 

catechin (C), the GT- apple products had greater stability throughout 45 d of storage than apple 

(0.006-0.072 d
-1

). Indeed, no significant change in C was measured in the GT-apple system. In 

apple products, degradation increased with higher aw.  The content of C was also initially lower 

in control apple products compared to GT-fortified apple products (56 versus 301 mg/kg).   

EC and C have been found in both apples and green tea (Wang et al., 2003; Hagen et al., 

2007).  When tea extracts were held at relatively high storage time and temperatures, EC 

decreased whereas C increased (Khokhar & Magnusdottir, 2002).  In this instance, a portion of 

EC may have epimerized to C.  Similar isomerizations may occur for other catechins, which may 

convert from the epi- to non-epimerized forms in response to exposure to sub-optimal 

temperature (Wang et al., 2008) or pH ≥ 5 (Chen et al., 2001; Ito et al., 2003).   

The compounds EGC, EGCG, ECG, and GCG are found primarily in green tea 

(Boschmann & Thielecke, 2007), and were added here in the GT–apple products.  Initial levels 

were 2066 (EGC), 2317 (EGCG), 548 (ECG) and 542 mg/kg (Table 6.3).  In general, the 

reaction rate constant increased with aw (Table 6.4).  EGCG and ECG generally degraded faster 

than EGC or GCG.  EGCG may have epimerized to GCG.  The EGCG-GCG epimerization 

pathway has shown temperature dependence.  In a green tea storage study conducted at 25°C for 

16 d, EGCG content decreased to 15% of initial levels, while GCG content increased to 0.5% of 

total monomeric flavan-3-ol compounds after 8 d, before decreasing thereafter (Wang et al., 
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2008).  GCG may also isomerize to EGCG, although this generally accounts for only a small 

fraction of EGCG content (Wang et al., 2008).    

EGCG represents approximately 60% of the total monomeric flavan-3-ol compounds, 

and thus is an important determinant of green tea quality (Cabrera et al., 2006).  At lower rates of 

degradation, especially at values less than k = 0.008, the pseudo-first order model did not fit well.  

Thus at aw=0.113, little change in EGCG occurred during storage. Ortiz et al (2008) found that 

monomeric flavan-3-ol compound stability was maintained in dried GT beverage powders stored 

at ≤ 43% relative humidity at 22°C for 3 months.  Stability varied with the presence of sugars, 

ascorbic acid, or citric acid.  Interaction with other phytochemicals or food additives may also 

affect chemical stability of flavan-3-ols (Chen et al., 1998; Chen et al., 2001; Ortiz et al., 2008).  

When ascorbic acid is also present, it can exert anti-oxidative properties (Chen et al., 1998), but 

then become a pro-oxidant during storage (Zhu, Hammerstone, Lazarus, Schmitz & Keen, 2003).  

In general, the stability of monomeric flavan-3-ols from green tea can also be affected by 

moisture content and the availability of moisture.  Degradation may proceed at higher moisture 

conditions when there is also greater mobility of reactants (Ortiz et al., 2008). 

Polymerized flavan-3-ol compounds include procyanidins (Hagen et al., 2007).  In this 

study, both the dimeric procyanidin B2 present in methanolic extracts and total procyanidin 

content present in the acetone:water (70:30, v/v) extracts were measured initially (Table 6.3). 

Green tea fortification significantly increased the content of total procyanidins over control apple 

products, but procyanidin B2 contents were similar.  Apple contained 498 mg/kg procyanidin B2 

and 1505 mg/kg total procyanidins, while GT-apple contained 507 mg/kg procyanidin B2 and 

2438 mg/kg total procyanidins.  The rate of procyanidin B2 degradation was 0.007- 0.053 mg/kg 

in apple and 0.011-0.023 mg/kg in GT-apple (Table 6.4).  For apples, no change in procyanidin 
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B2 was measured at 0.113 aw and for GT-apple at either 0.113 or 0.216 aw.  In general, k 

increased with increasing aw.  Degradation rates were higher for apple than GT-fortified apple 

products.   

For total procyanidins, there was similar stability maintained through storage at aw = 

0.113 and 0.216 for both GT-apple and control apple products.  In GT-apple products, rates of 

degradation increased with aw.   In apple products, no degradation occurred at aw below 0.33, but 

then increased to equivalent levels as in GT-fortified products at aw = 0.560 and 0.751.  

Procyanidins from apples include dimers such as procyanidin B2 (Hagen et al., 2007), and larger 

complexes with greater degree of polymerization (Hamauzu, Yasui, Inno, Kume & Omanyuda, 

2005).   

In this study, the stability of procyandins composed of polymeric or oligomeric flavan-3-

ol compounds was greater than monomeric flavan-3-ol compounds comprised of the catechins 

(Table 6.4).  Guyot et al (2003) postulated that the procyanidins are able to outcompete the 

catechins for electrophilic attack by o-quinones, thus participating to a greater extent in oxidation 

reactions.  Among the green tea catechins, EC has also been studied as an inhibitor to the 

Maillard reaction, where it may bind to sugar fragments thereby reducing concentrations of 

reactant sugars (Totlani & Peterson, 2005).  The Maillard reaction contributes to non-enzymatic 

browning and is comprised of a series of reactions that involve reaction of reducing sugars with 

free amino groups to produce a glycosylamine, which then reacts to form a Schiff base or 

Amadori product.  At pH < 5, polymerization of reactants may occur, forming melanoidins that 

possess a brown color (BeMiller & Whistler, 1996; Martins, Jongen & van Boekel, 2001).  In 

this study, both the apple and GT-apple products developed a browner color during storage (data 

not shown).  5-Hydroxymethylfurfural is a potential product of the Maillard reaction, which may 
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form at acidic pH < 4 (Gentry & Roberts, 2004) such as in Golden Delicious apple juice 

concentrate.   Caramelization and ascorbic acid degradation may also contribute to non-

enzymatic browning (Burdurlu & Karadeniz, 2003).   

Before the addition of green tea extract, the apple portions had undergone a blanching 

step.  This resulted in the denaturation of polyphenoloxidase and peroxidase enzyme, and no 

activity for either enzyme was found (data not shown).  These enzymes may otherwise contribute 

to enzymatic browning in fruit and vegetable products (Alvarez-Parrilla et al., 2007).  Since 

apples have a high concentration of reducing sugars (50.8%) (Acevedo et al., 2006), non-

enzymatic browning reactions may also occur.  In addition to availability and concentration of 

reactants, the Maillard reaction is also catalyzed by free metal ions.  Monomeric and polymeric 

flavan-3-ol compounds, such as those found in apples and green tea may also chelate and inhibit 

this reaction.  This occurs as flavan-3-ols bind to sugar fragments (Totlani et al., 2005), or to 

cations such as iron (Reznichenko et al., 2006).     

At low moisture conditions (aw ~ 0.1-0.4), the rate of the Maillard reaction proceeds at a 

relatively slow rate, but proceeds more rapidly at intermediate moisture conditions (~aw 0.6-0.8) 

(Fennema, 1996).  At moisture levels below mo, the concentration of reactants is very high, but 

solute mobility is limited due to limited hydration and low mobility.  At moisture levels above 

mo, the availability of water for hydration of reactants is sufficient to increase reaction rates.  

This also increases diffusion rates for reactants, and may enhance reactant solubility.  At a higher 

moisture level, a dilution effect on reactants results (Bell, 2007).  For freeze-dried apples stored 

at 70°C, rates of non-enzymatic browning peaked at 52% equilibrium relative humidity 

(Acevedo et al., 2006).  As non-enzymatic browning is a diffusion-controlled reaction, moisture 

was thought to enhance the ability of reactants to diffuse and interact.  At points above the mo, 
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structural collapse of samples can also occur, which reduces the number of pores and reaction 

sites available (White & Bell, 1999; Acevedo et al., 2006).  In this study, since samples were 

blanched, pureed, and freeze-dried, this is not considered to be as significant a factor in 

antioxidant degradation.             

  The addition of GT extract to apples also contributed caffeine (1,3,7-trimethylxanthine) 

to the products (Table 6.3). The caffeine in GT-apple products showed better stability than most 

other analytes evaluated (Table 6.4). Greatest changes in caffeine content were observed at low 

moisture.  For example, the reaction rate constants were k = 0.006, 0.003 and 0.004 d
-1

 at aw= 

0.113, 0.216 and 0.324, respectively.  At aw = 0.560 and 0.751, caffeine levels did not change 

through storage.  In a storage study of green tea powder beverage mix, Ortiz et al. (2008) found 

that caffeine remained stable through three months of storage at 22°C.     

 The initial contents of ascorbic acid in both apple and GT-apple products were similar, 

that is 118 and 120 mg/kg (Table 6.3).  The rate of ascorbic acid loss increased with aw for both 

products, particularly at aw above 0.324 (Table 6.4).  For apple, k ranged from 0.007-0.009 d
-1

 at 

aw 0.113-0.324, then increased to 0.058-0.471 d
-1

 at aw 0.560 and 0.751. Similar trends were 

found for GT-apple, with k ranging from 0.005-0.009 d
-1

 at lower moisture, and 0.049-0.542 d
-1

 

at aw 0.560 and 0.751.  Factors that contribute to ascorbic acid degradation include oxidizers, free 

metal ions as catalysts, and higher moisture contents (Bell, 2007).  Temperature is also a factor, 

where it may follow first-order degradation kinetics (Van den Broeck, Ludikhuyze, Weemaes, 

Van Loey & Hendrickx, 1998).         

 Fresh apples are an abundant source of chlorogenic acid (3-caffeoylquinic acid), which is 

of the trans-cinnamic acid family of compounds (Guyot et al., 2003).  The initial contents of 

chlorogenic acid in extracts of apple and GT-apple were 1061 and 1110 mg/kg (table 6.3).   



186 

 

Chlorogenic acid levels were quite stable for both apple and GT-apple at aw 0.113-0.324, with no 

significant changes detected (Table 6.4).  At intermediate moisture conditions of aw = 0.560 and 

0.751, values of k increased, but were still relatively low (0.002-0.006 d
-1

 for apple, and 0.004-

0.006 for GT-apple).  Chlorogenic acid is present predominantly in the flesh of apples and not in 

the skins (Hagen et al., 2007).  During 9-month storage at 25°C of apple concentrate processed 

by HTST, total hydroxycinnamate contents decreased by 36%, where chlorogenic acid was the 

predominant compound present (Spanos, Wrolstad & Heatherbell, 1990).  Guyot et al (2003) 

found that in the production of apple juice, oxidation of polyphenols was significantly more 

detrimental to stability of monomeric and polymeric flavan-3-ol compounds than to 

hydroxycinnamates.  One possible mechanism for the relative stability of chlorogenic acid, as 

compared to catechins, is that chlorogenic acid may react with other polyphenols, oxidizing to an 

o-quinone form.  This may then reversibly convert to its original state, whereas monomeric and 

polymeric flavan-3-ols may oxidize completely to form quinones (Cheynier & Ricardo da Silva, 

1991).  

 The total dihydrochalcones include compounds such as phloridzin and phloretin 

xyloglucoside  (Guyot et al., 2003).  Initial contents of total dihydrochalcones apple and GT-

apple were 135 and 142 mg/kg, respectively (Table 6.3).  Rates of total dihydrochalcone 

degradation were generally higher for GT-apple than apple products (Table 6.4).  With respect to 

moisture level, rates of degradation for GT- apple products were lowest at aw 0.216 and 0.324 

(0.007-0.009 d
-1

) and highest at aw 0.113 and 0.560-0.751 (0.012 d
-1

).  In apple products, where 

degradation rates were generally low (0.003-0.007 d
-1

), the reaction rate decreased with 

increasing aw.  In both sample treatments, k had greater magnitude at the lowest aw = 0.113.  

When evaluated in apple juice, Guyot et al. (2003) found that total dihydrochalcones were fairly 
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stable during storage.  In apple juice, phloridzin and epicatechin react to form orange-colored 

oxidation products.  These can contribute up to half of the juice color (Lea, 1984; Oszmianski & 

Lee, 1991).   

 

4.  CONCLUSIONS 

This study showed that changes in moisture content or mobility affected phytochemical 

degradation, and that delineation between low and intermediate moisture conditions around the 

monolayer moisture value had variable effects on phytochemical stability.  In a complex product 

such as apples fortified with green tea extract, multiple factors may affect the antioxidant status.  

Evaluation of product stability during storage is important when considering the production of 

consumer food products, as the antioxidant status may be affected.  Fortification of apples with 

green tea extract provided a new type of value-added product, which would provide 

complementary health benefits from apples and green tea phenolics.  
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Figure Legend 

 

 

Fig. 6.1.  Adsorption isotherm for ( ) apple and GT-apple (◊) products at 30°C 

Fig. 6.2.  DSC thermogram of GT-apple products equilibrated at different aw.   

Fig. 6.3.  Glass transition onset temperature (Tgo) versus moisture content for ( ) apple and GT-  

apple (◊) products.  GT-apple data fit by the Gordon-Taylor model (Eqn. 3). 

Fig. 6.4.  Free induction decay (FID) curves for GT-apple products at various aw. 
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Figure 6.1
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Figure 6.2 
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Figure 6.3 
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Figure 6.4
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Table 6.1.  aw, moisture content, and glass transition temperatures of apple 

and GT-apple products
 

aw Sample 

Moisture Content                   

(g water/100 g 

product, d.w.) 

Onset Temp 

Tgo 

Midpoint Temp 

Tgm 

0.113 
Apple 2.81 ± 0.03 8.72 ± 1.64 12.85 ± 0.70 

GT-Apple  2.63 ± 0.26 10.28 ± 1.39 13.67 ± 0.09 

0.216 
Apple 4.50 ± 0.07 -2.89 ± 0.36  -0.295 ± 2.15 

GT-Apple 4.76 ± 0.12 -3.05 ± 1.49 0.17 ± 0.10 

0.324 
Apple 6.87 ± 0.25  -15.15 ± 1.90  -11.77 ± 1.71 

GT-Apple 6.95 ± 0.23  -13.12 ± 0.76  -9.23 ± 0.57 

0.560 
Apple 14.95 ± 0.42  -38.76 ± 0.87  -34.67 ± 0.46 

GT-Apple 14.69 ± 0.18  -39.15 ± 1.67  -34.41 ± 0.19 

0.751 
Apple 26.44 ± 0.07 n.d. n.d. 

GT-Apple 26.09 ± 0.19 n.d. n.d. 

n.d. = not detectable;  

No significant differences (p ≤ 0.05) existed between apple and GT-apple  

   products within aw for moisture content, To, or Tm when analyzed using      

   Tukey’s HSD. 
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Table 6.2.  One and two component fits to H
1
 NMR 

FID curves for dried apple and GT-apple products 

  T*2a   T*2b  

aw % (µs) % (µs) 

Apple     

0.113 100 16.3   

0.216 100 23.6   

0.324 100 31.6   

0.560 48 44.2 52 305.6 

0.751 33 60.4 67 526.1 

     

GT-Apple     

0.113 100 12.7   

0.216 100 25.7   

0.324 100 32.3   

0.560 55 45.1 45 255.2 

0.751 48 51.9 52 834.2 
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Table 6.3. Initial concentrations of antioxidants in apple 

and GT-apple products immediately after lyophilization 

Antioxidant 

Apple      

(mg/kg, d.w.) 

GT-fortified 

apple          

(mg/kg, d.w.) 

EC 277
a
 ± 18 860

b
 ± 42 

C 56
c
 ± 4 301

d
 ± 17 

EGC n.d. 2066
e
 ± 157 

EGCG n.d. 2317
f
 ± 63 

ECG n.d. 548
g
 ± 28 

GCG n.d. 542
h
 ± 32 

Procyanidin B2 498
i
 ± 5 507

i
 ± 6 

Total Procyanidins 1505
j
 ± 257 2438

k 
± 89 

Caffeine n.d. 1429
l 
± 61 

Ascorbic acid 118
m

 ± 4 120
m

 ± 3 

Chlorogenic acid 1061
n
 ± 18 1110

n
 ± 41 

Total 

dihydrochalcones 135
o
 ± 7 142

o
 ± 7 

Different letters within the same row indicate a significant  

   difference (p ≤ 0.05) using Tukey's HSD. 
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Table 6.4. Reaction rate constants (k) for changes in bioactive 

compounds from apple and GT-apple products  

  

Apple GT-apple 

Antioxidant  aw  k (d
-1

) R
2
   k (d

-1
)     R

2
 

EC 

0.113 -0.008 0.94 -0.009 0.88 

0.216 -0.009 0.91 -0.010 0.96 

0.324 -0.013 0.98 -0.010 0.84 

0.560 -0.022 0.97 -0.013 0.90 

0.751 -0.034 0.99 -0.014 0.89 

C 

0.113 -0.006 0.83 n.c.   

0.216 -0.008 0.87 n.c.   

0.324 -0.022 0.87 n.c.   

0.560 -0.045 0.96 n.c.   

0.751 -0.072 0.99 n.c.   

EGC 

0.113 n.d. 

 

-0.006 0.55 

0.216 n.d. 

 

-0.007 0.67 

0.324 n.d. 

 

-0.007 0.74 

0.560 n.d. 

 

-0.010 0.87 

0.751 n.d. 

 

-0.009 0.86 

EGCG 

0.113 n.d.   -0.006 0.47 

0.216 n.d.   -0.009 0.83 

0.324 n.d.   -0.012 0.89 

0.560 n.d.   -0.013 0.92 

0.751 n.d.   -0.017 0.96 

ECG 

0.113 n.d. 

 

-0.011 0.79 

0.216 n.d. 

 

-0.012 0.81 

0.324 n.d. 

 

-0.016 0.95 

0.560 n.d. 

 

-0.017 0.98 

0.751 n.d. 

 

-0.014 0.83 

GCG 

0.113 n.d.   -0.005 0.54 

0.216 n.d.   -0.004 0.33 

0.324 n.d.   -0.003 0.41 

0.560 n.d.   -0.004 0.33 

0.751 n.d.   -0.009 0.96 

Procyanidin B2 

0.113 n.c. 

 

n.c. 

 0.216 -0.007 1.00 n.c. 

 0.324 -0.016 0.92 -0.011 0.85 

0.560 -0.039 0.99 -0.014 0.94 

0.751 -0.053 0.97 -0.023 0.67 
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Total  

Procyanidins 

 

0.113 

 

n.c.   

 

n.c.   

0.216 n.c.   -0.007 0.93 

0.324 -0.007 0.38 -0.010 0.97 

0.560 -0.014 0.54 -0.013 0.98 

0.751 -0.013 0.85 -0.013 0.70 

Caffeine 

0.113 n.d. 

 

-0.006 0.45 

0.216 n.d. 

 

-0.003 0.71 

0.324 n.d. 

 

-0.004 0.68 

0.560 n.d. 

 

n.c. 

 0.751 n.d. 

 

n.c. 

 

Ascorbic acid 

0.113 -0.007 0.94 -0.005 0.85 

0.216 -0.008 0.84 -0.006 0.97 

0.324 -0.009 0.96 -0.009 0.99 

0.560 -0.058 1.00 -0.049 0.97 

0.751 -0.471 0.97 -0.542 0.98 

Chlorogenic 

acid 

0.113 n.c. 

 

n.c. 

 0.216 n.c. 

 

n.c. 

 0.324 n.c. 

 

n.c. 

 0.560 -0.002 0.91 -0.004 0.72 

0.751 -0.006 0.99 -0.006 0.84 

Total 

dihydrochal-

cones 

0.113 -0.007 0.87 -0.012 0.83 

0.216 -0.006 0.49 -0.007 0.62 

0.324 -0.005 0.90 -0.009 0.69 

0.560 -0.003 0.95 -0.012 0.81 

0.751 -0.005 0.78 -0.012 0.84 

n.c. = no significant change over time  

  n.d. = below limit of detection 
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CHAPTER 7.  CONCLUSIONS 

 

 This dissertation focused on increasing the availability of functional food products for 

consumers, and evaluating the processing or storage stability, antioxidant activity, and health 

properties of polyphenolic compounds in functional products.  Functional ingredients were 

paired with basic, staple food products.  This was to provide value-added benefits by increasing 

the health-promoting properties of the food product, or to address certain dietary needs by 

delivering anti-metabolic syndrome or anti-diabetic properties.  This occurred through addition 

of complementary polyphenolic compounds.  The functional products were made from high-

proanthocyanidin sorghum bran extract and white grape juice formulated with spice bioactive 

compounds, and green tea extract added to apple products.  

 In the production of functional food products, variables including microbial reductions of 

liquid product using continuous-flow high-pressure throttling and the stability and antioxidant 

activity of phytochemicals in green tea-supplemented apple products were also evaluated.  This 

included analysis of how moisture mobility affected rates of phytochemical degradation.  

Thoroughly analyzing these aspects of food production are imperative to produce wholesome, 

safe food products that are stable through a specified time of storage.  Elucidation of possible 

mechanisms for product failure, such as loss of documented nutrients or phytochemicals with 

affects from moisture content or mobility, will aid in steps to recognize or mitigate these 

potential pitfalls.         
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