ABSTRACT
TRUONG, AN NGUYEN. Nutrient Retention in Continuous Flow Microwave Processing of
Fruit Purees Containing Particulates. (Under the direction of Dr. Gabriel Keith Harris.)
Apples are grown and consumed worldwide. Their consumption is associated with
health benefits, including decreased cancer, cardiovascular, and asthma risks. These health
benefits appear to stem from the antioxidant phytochemicals found in them. These
phytochemicals may also help preserve nutrients in complex food systems. The majority
(60%) of apples harvested are processed into applesauce or juice. This typically involves
harsh thermal treatments, such as hot-fill and hold or retort processes, which can degrade
heat-labile nutrients, thus reducing nutrient content and potential health benefits. Rapid
heating technologies, such as microwaves, can adequately heat foods to prevent pathogen and
spoilage microorganism growth, while maintaining nutrient content. This study investigated
the effects of two microwave heating systems, one batch and one continuous, on apple
nutrient retention and the effects of apples on complex food systems during processing and
short-term storage. In the first study, apple purees were formulated with peach and pineapple
purees and processed in a 2450 MHz household microwave oven (rapid heating) or in an
agitating hot water bath (slow heating) at 100 °C. Microwave samples were held at 100 °C
for 1, 2, and 3 minute hold times. Hot water bath samples were held for 4, 5, and 6 minutes.
Samples were analyzed immediately after processing or refrigerated for 2 days to quantify
the effects of a short storage on nutrient retention. After processing, purees were cooled in
ice water and analyzed for total phenols by the Folin Ciocalteu assay (FC), total antioxidant

capacity by the Oxygen Radical Absorbance assay (ORAC), and total ascorbic acid content
using HPLC.
No significant changes were observed in ascorbic acid concentration between fresh
and microwave processed samples over 1 to 3 minute hold times. Total phenolic content of
all samples remained the same or significantly increased. Peeled and unpeeled apple puree
and fruit cocktail all showed significant increases in total phenolics when compared to
unprocessed samples. Peeled fruit cocktail samples processed for 3 minutes had the highest
total phenolic content at 1509 μg gallic acid equivalents/g fresh weight. Both peeled and
unpeeled samples showed a 42% increase in total phenolics after processing. No significant
decreases in antioxidant activity were observed with any fruit cocktail samples. There were
significant decreases in all nutrients after a 2-day storage. In unprocessed fruit cocktail
samples, ascorbic acid degradation ranged from 72.6% to 82.5% after 2-day, refrigerated
storage. In processed samples, ascorbic acid degradation ranged from 10% to 61.5% with the
least degradation seen in peeled fruit cocktail samples processed for 1 minute in the
microwave system.
The second study utilized a 2450 MHz, continuous flow microwave processing
system to process diced and puree apple samples. The same nutritional analyses were
conducted in this study as in the first. In diced samples, total phenolic retention significantly
differed between some samples. Both processed and unprocessed puree samples showed no
significant difference when compared to processed diced samples treated with ascorbic acid.
The samples treated with ascorbic acid prior to processing all had significantly higher
retention than the untreated samples. Raw control samples had the lowest total phenolic

retention with only 511.3 μg gallic acid equivalents/g fresh weight. Microwave processed
aseptic apple puree had the highest ascorbic acid retention among all samples with 2459.4 μg
Gallic Acid equivalents/g fresh weight. The results of the study agreed with the literature
stating that ascorbic acid treatment is effective when combined with thermal processing in
nutrient retention. Puree samples had higher nutritional values than diced samples due to the
ease of extraction caused by increased surface area in the puree matrix during heating. These
studies demonstrated the viability of microwave processing for the preservation of apple
nutrients in both batch and continuous systems and the possibility that rapid heating methods
may release, rather than destroy nutrients from foods.
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Literature Review
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1.1 Introduction
Apples are an abundant fruit that are grown worldwide. With over 200 commercial
apple operations and 9,000 acres of apple orchards, North Carolina ranks 7th in apple
production in the United States (NCDA, 2014). In a given year, 4 million bushels of apples
can be produced. 40% of North Carolina apples are packaged and sold fresh and 60% are
processed mainly into apple juice and apple sauce (NCDA, 2014). There are many different
varieties of apples, however the 4 main varieties grown in North Carolina are Red Delicious,
Golden Delicious, Rome Beauty, and Gala (NCDA, 2014). Apples are attractive to
consumers and producers alike because of the potential health benefits, abundance, and
ability for use in many different food applications.

1.2 Apple Production and Consumption
Apples are a common fruit with many different varieties grown worldwide. China is
the world’s largest producer; producing over 37 million metric tons in 2012. The United
States is the second leading producer of apples producing 4.1 million metric tons in 2012
(UN FAO, 2014). Within the United States, the top apple producing states are Washington,
New York, Michigan, and Oregon producing 2.5 million, 571,000, 268,000, and 215,000
metric tons in 2010 (USDA ERS, 2014). North Carolina is 7th in apple production within the
United States, producing over 60,000 metric tons of apples in 2010 (USDA ERS, 2014).
The average American consumes roughly 44 lbs of apples in a given year. Of these
apples, approximately 18 lbs are consumed fresh while the rest are consumed in processed
products. Apples are typically consumed as apple juice, applesauce, or fresh. Over 7,500
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different varieties of apples are grown worldwide with over 2,500 varieties grown in the
United States. Of these many varieties, approximately 100 varieties are commercially grown
in the United States (USDA ERS, 2014). In North Carolina, the main commercial varieties
are Red Delicious, Golden Delicious, Rome Beauty, and Galas (NCDA, 2014).

1.3 Commercial Apple Processing
Among all apples produced worldwide, 60% are used for processing. The two main
products made from apples are apple juice and applesauce. Typical applesauce production
begins with receiving of the apples. At this point, apples are sorted and inspected; unusable
apples are discarded. Apples may be peeled or left unpeeled. Whole apples are then cut into
halves or slices and steamed to inactivate enzymes and soften the flesh prior to further
processing. The typical steaming process lasts for approximately 6 minutes, however this
time will vary depending on the firmness of different apple cultivars. Steamed apple pieces
are then sent through a pulper to produce a puree. The puree is then pushed through screens
to ensure a uniform particle size, typically 3 mm or less, and to remove any foreign debris
from the product. Other ingredients can also be added such as ascorbic acid, cinnamon,
vanilla, sweeteners, and other natural flavors. The puree is then heated to 150 °C for 5
seconds before packaging. The thermal treatment can be achieved in many different ways,
the most common being hot-fill-and-hold or retort processing. The applesauce can be
packaged into many different types of containers including cans, glass jars, aluminum
pouches, or single serve plastic cups. Bulk applesauce is typically packaged in large stainless
steel totes or aluminum bags and hermetically sealed (Arthey and Ashurst, 1996). The
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minimum heat treatment of an acid food, such as applesauce, with pH below 4.1 is 82.8 °C
for 0.1 min (Breidt et al., 2010). This ensures a 5 log reduction in E. coli O157:H7,
Salmonella, and L. monocytogenes. Conventional processing of apples is typically done
under much higher temperatures and longer times. Unfortunately, this harsh processing can
result in degradation of phenols, antioxidant capacity, and Vitamin C.

1.3.1 Role of Apple Cultivars in Processing
Different apple cultivars will have different uses. Some cultivars are better eaten
fresh, some are ideal for juice or cider, others are better made into applesauce or apple pie.
Cultivars will have many different physical and chemical characteristics. Within each
cultivar, apples can be graded and sorted. Apple appearance directly contributes to the
marketability of the fruit (Felicetti and Shrader, 2009). Therefore, the best looking apples
within a certain cultivar will be sold in grocery stores while the less visually appealing apples
will be sent for processing. However, apple appearance can be damaged in many ways during
harvest, transportation, storage, and packing. This damage can cause apple bruising, texture
changes, and browning resulting in lower commercial value (Alamar et al., 2008). Although
firmer apples may be more ideal for shipping and packaging, the firmness can affect
processing of the apples. Apple firmness can affect the flow properties of the applesauce
during processing and increase steam blanching time, needed to soften the flesh (Rao et al.,
1986).
Sweetness and flavor greatly vary between cultivars. Some cultivars such as Granny
Smith and Winesap are very tart. Other cultivars such as Golden Delicious, Fuji, and Gala are
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sweet. It is often is common to use many different cultivars when making processed apple
products, especially applesauce to provide adequate flavor and texture. Phenolic contents are
also important to processing and can vary greatly between cultivars. A lower phenolic
content, around 150 mg/ 100 g fresh weight are recommended to mitigate the browning
caused by deterioration of these phenolic compounds (Lykkesfeldt et al., 2014).

1.4 Phenolic Compounds
Phenols are a class of secondary metabolite compounds produced by plants in response
to stress. Secondary metabolite compounds are organic compounds that are not directly
involved in the normal growth, development, or reproduction of an organism. The lack of
this type of compound does not result in immediate death, but can affect long-term repair and
reduce an organism’s survivalibility. These compounds include phenolic acids, flavonoids,
flavonols, flavones, flavanones, flavanols, anthocyanins, isoflavones, and chalcones. Phenols
contain at least one hydroxyl group attached to an aromatic ring and are typically water or
alcohol soluble. Phenols have a variety of functions including antioxidant activity, chelating
metal ions, and formations of hydrogen bonds that can cause an astringent taste. These
functions are due to the chemical structure of the compounds. In plants, phenols serve as a
protective agent against ultraviolet light, oxidation, disease, and pests. For this reason,
phenols are typically found in high concentrations in the skins of fruits and vegetables. The
food industry is interested in phenols because of their potential health benefits, antimicrobial
resistance, and antioxidant activity that can be used to extend the shelf life of foods (Michels
and Frei, 2012).
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1.4.1 Phenolic Compounds in Apples
As in most fruits, the phenolic compounds in apples are found in high concentrations
in the peel. It has been shown that phenolics in apple skin showed a much higher degree of
contribution to the total antioxidant and antiproliferative activities than those in apple flesh
(Boyer and Liu, 2004) (Parr and Bolwell, 2000). Eberhardt found that 100 g of whole apple
extract has an antioxidant activity equivalent to 1,500 mg of vitamin C and can inhibit the
growth of colon and liver cancer cells in vitro in a dose dependant manner (Boyer and Liu,
2004). The main phenols found in apples are quercetin, procyanidin B2, chlorogenic acid,
epicatechin, and phloretin. A strong correlation was found between the concentrations of
phenolics and vitamin C with antioxidant activity (Eberhardt et al., 2000). (Table 1)

Table 1.1. Contributions of Major Antioxidants to the Total Antioxidant Activity of Apples
Phytochemical

Concn

EC50

Relative

Total antioxidant

Relative

Quercetin

13.20

0.56

3.06

40.39

34.7

Epicatechin

8.65

0.64

2.67

23.10

19.9

Procyanidin B2

9.35

0.72

2.36

22.07

19.0

Vitamin C

12.80

1.71

1.00

12.80

11.0

Phloretin

5.59

1.05

1.63

9.11

7.8

Chlorogenic

9.02

1.76

0.97

8.75

7.6

Total

58.61

116.22

100.0
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1.4.2 Apple Phytochemicals
Apples contain high amounts of flavanoids and other phytochemicals. The
phytochemical profile varies between apple cultivars and is dependent on factors such as
harvest, storage, and processing. The concentration also greatly varies between the skin and
the flesh of apples. The skin tends to have much higher concentrations of phytochemicals. A
great deal of research has been invested in antioxidant compounds in apples including
quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-rhamnoside, catechin,
epicatechin, procyanidin, cyanidin-3-galactoside, coumaric acid, chlorogenic acid, gallic
acid, and phloretin.
The apple peels mostly contain compounds such as procyanidins, catechin,
epicatechin, chlorogenic acid, phloretin, and quercetin. The flesh of the apple contains some
catechin, procyanidin, epicatechin, and phloretin, however the concentrations of these
compounds are much lower than those found in the skin. Quercetin is found exclusively in
the skin, while chlorgenic acid is found in higher concentrations in the flesh than the skin
(Wolfe et al., 2003). Due to the high concentration of phytochemicals found in the skin, it is
beneficial to include apple peel in processed apple products.

1.4.3 Quantification of Total Phenol Content
Total phenolic content has been of great interest in fruit and vegetable research for
many years. Phenolic compounds are highly correlated with antioxidant capacity of fruits and
vegetables. Therefore, quantification of total phenolic content is important to assess the
potential health benefits of a food. Currently, the Folin-Ciocalteu (F-C) method is a very
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common assay used for this purpose. The F-C assay is a colorimetric assay based on the
reduction reaction between the F-C reagent and the phenolic compounds (Lee et al., 2003).
Although the exact mechanism of the F-C reaction has not been completely understood due
to its complexity, it is thought that the F-C reagent involves sequences of reversible one or
two electron reduction reactions (Sanchez-Rangel et al., 2013). The reaction during the F-C
assay occurs at pH 10, which is reached by the addition of sodium carbonate. Under these
basic conditions, the dissociation of a phenolic proton leads to the formation of a phenolate
ion, which then reduces the F-C reagent (Huang et al., 2005).
A drawback to this method is that other non-phenolic compounds found in fruits and
vegetable extracts can interfere with the reduction reaction. These compounds can also lead
to reduction of the F-C reagent and allow the same blue color to form, thus skewing the
results for total phenolic content. Among the other reducing compounds present in foods,
ascorbic acid, dehydroascorbic acid, and reducing sugars have the highest interference upon
the F-C results (Huang et al., 2002). The presence of ascorbic acid causes a great deal of
interference in foods that have a high concentration such as orange, kiwi, and strawberry
(Everette et al., 2010). Despite these interferences, the F-C assay has been widely used and
accepted for quantification of total phenolic content in fruit and vegetables for many years.

1.4.4 Antioxidant Capacity
Antioxidant capacity is a measure of the ability to quench oxygen free radicals and
prevent further formation of free radicals. Free radicals are unstable molecules that have
unpaired valence electrons. These unpaired electrons make free radicals highly reactive
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towards other compounds because they can transfer the unpaired electron to other molecules.
This can lead to formation of undesirable compounds that can cause browning and off flavors
in food. It can also cause cell death at high concentrations. Synthetic antioxidants are
commonly used in the food industry. These include butylated hydroxytoluene (BHT),
butylated hydroxyanisole (BHA), and tert-Butylhydroquinone (TBHQ) (Lee and Kader,
2000). Naturally occurring antioxidants are also utilized if they are present in the food in
order to prevent off flavor formation due to oxidation. Antioxidant capacity is highly
correlated with total phenolic content, therefore it is important to retain a high level of
phenols throughout food processing (Pokorny et al., 2001). Due to increase consumer
demand for healthy, natural foods, products high in natural antioxidants can be marketed to
meet this demand (Xie et al., 1998).
In order to understand the availability of phenolics and antioxidant capacity to
consumers in a finished product, it is important to understand the degradation patterns of the
compounds. It has been found that antioxidants follow a pseudo first-order degradation
pattern in foods. Examples of such degradation are seen in antioxidant capacity in dehydrated
apples and Vitamin C content in citrus juice (Wootton-Beard and Ryan, 2011) (Lavelli and
Vantaggi, 2009). In the dehydrated apple study, the degradation was dependent on water
activity. Apples with higher water activities exhibited faster degradation rates of
antioxidants.
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1.4.5 Quantification of Antioxidant Capacity
The use of foods to protect other foods against oxidation is a new idea. Many
synthetic anti-oxidants are commonly added to foods (Lee and Kader, 2000). However, using
a combination of foods with high anti-oxidant activity to extend shelf life has not been
explored. In order to determine the ability of a food to protect against oxidation, it is essential
to understand how to quantify antioxidant capacity. A commonly accepted method of
quantifying antioxidant capacity is the oxygen radical absorbance capacity (ORAC) assay.
ORAC is widely accepted for measuring the antioxidant activity of phytochemicals (Huang et
al., 2002). During the ORAC assay, the free radical generator 2,2’-azobis(2-amidinopropane)
(AAPH) dihydrochloride decreases the fluorescence of a compound such as fluorescein.
Compounds within the food sample with antioxidant capabilities quench the APPH radicals
that are formed and slow down the fluorescence decay (Dhuique-Mayer et al., 2007). Hence,
the ORAC assay measures the interruption of free radical reactions by the absorption of
peroxyl radicals.
The United States Department of Agriculture (USDA) removed the USDA ORAC
Database for Selected Foods due to evidence that the values indicating antioxidant capacity
have no relevance to the effects of specific bioactive compounds, including polyphenols on
human health (http://www.ars.usda.gov/News/docs.htm?docid=15866). One of the main
reasons behind the removal of the ORAC Database was the misuse of the ORAC values by
food and dietary supplement manufacturing companies. Although ORAC is an in vitro assay
that may not directly quantify any health benefits within the body, antioxidant capacity is still
important to food manufacturers for the purpose of food preservation. This antioxidant
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capacity still prevents oxidation within the food product during storage. The prevention of
the oxidation minimizes off flavors and other degradation from occurring, thus extending the
shelf life of the food product. Food manufacturers commonly use synthetic antioxidants for
this reason and ORAC is a way to quantify the efficacy of antioxidants (Lee and Kader,
2000).

1.4.6 Polyphenol Oxidase Inhibition
The quality of fruits and vegetables perceived by the consumer is often attributed to
the color of the food. A brown or black pigment formed after cutting or slicing of a fruit is
generally undesirable. This browning can also decrease the nutritional quality of the food by
decreasing bio-availability of phenolic and antioxidant compounds. The browning reaction is
caused by two main endogenous enzymes found in most fruits and vegetables, polyphenol
oxidase (PPO) and peroxidase (POD). During processing, fruits and vegetables are cut,
sliced, or pureed. This disruption of the tissue destroys cells and releases the cell contents at
the sites of wounding causing mixing of substrates and enzymes (Prior et al., 2003). Among
these enzymes, PPO catalyzes the hydroxylation of monophenols to o-diphenols and the
oxidations of o-diphenols to o-quinones. Further reactions of the quinones leads to the
formation of brown pigments (Barbagallo et al., 2012).
Often times, food processors will add ascorbic acid during the process to inhibit the
oxidation via PPO. The ascorbic acid reduces the o-quinones back to the dihydroxy
polyphenols and has been used extensively in fruit and vegetable processing (Barbagallo et
al., 2012). During the reaction, the ascorbic acid is reduced to dehydroascorbic acid.
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However, the effect of ascorbic acid is only temporary because it is completely oxidized
upon addition and o-quinones could accumulate and lead to browning at a later time (Jang
and Moon, 2011). This is remedied in thermally processed fruit and vegetable products
because the thermal process inactivates the enzymatic activity, thus inhibiting browning.

1.4.7 Vitamin C
Ascorbic acid, more commonly known as vitamin C, is a low-molecular weight,
water-soluble compound that is known for its antioxidant capacity. It is an essential nutrient
in the human diet and is a cofactor in several enzymatic processes within the body, especially
collagen synthesis (Doll and Peto, 1981). Vitamin C acts as a reductant because it donates an
electron to a substrate while being oxidized. It is also known to regenerate vitamin E from its
oxidized state, thus allowing the indirect inhibition of lipid peroxidation (Doll and Peto,
1981). Deficiencies in vitamin C cause scurvy, which can be fatal if untreated. Some
symptoms of scurvy include impaired wound healing, gingivitis, and hemorrhages due to
impaired collagen biosynthesis. The recommended dietary allowance (RDA) for vitamin C is
75 and 90 mg/d for women and men, respectively. Vitamin C is clearly an important nutrient
that should be preserved during processing and storage of food.

1.5 Health Benefits of Apples
An extensive review article regarding apples and nutrition was published in 2004 by
Boyer and Liu. In many industrialized nations, cardiovascular disease and cancer are the
leading causes of death. It is believed that these diseases are caused primarily by a
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combination of genetics and personal choices such as smoking, exercise, and diet. It has been
estimated that a healthy diet can prevent up to 30% of known cancers (Finkelstein et al.,
2003). According to the Centers for Disease Control and Prevention, over 35% of American
adults and 17% of children are obese. Obesity can increase an individual’s risk for diseases
such as coronary heart disease, type 2 diabetes, hypertension, stroke, cancer, osteoarthritis,
respiratory problems, and infertility (NIH). In 2008 it was estimated that over $147 billion
were spent on obesity related health care costs (Block et al., 1992). A study in the 1990s
examined over 150 different epidemiological nutrition studies and found that 128 out of 156
studies showed that a fruit and vegetable rich diet had protective effects against many
different types of cancer (Malin et al., 2003). In the same study, it was shown that individuals
who consumed a diet low in fruits and vegetables could be twice as likely to develop cancer.
A study in China showed that women who consumed dark, yellow-orange vegetables and
citrus fruits had lower rates of breast cancer (Liu, 2003).
It is clear that a diet high in fruits and vegetables can help maintain health throughout
a person’s life. These protective effects are mainly due to phytochemicals, such as
flavonoids, carotenoids, isoflavonoids, and phenolic acids, contained in these foods9. It has
been suggested that phytochemicals have functions such as regulating inflammatory
responses, inhibiting cancer cell proliferation, and preventing lipid oxidation (Vinson et al.,
2001) (Hertog et al., 1993). Apples are a good source of flavonoids and phenolics, making up
22% of dietary phenolics consumed in the US (Feskanich et al., 2000). Apples also have the
highest concentration of free and bioavailable phenolic acids (Le Marchand et al., 2000).
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These findings have led the National Research Council to recommend a daily consumption of
5 servings of fruits and vegetables.

1.5.1 Cancer
A number of studies have examined correlations between apple consumption and
lower cancer risk. In the Nurses’ Health Study and the Health Professionals Follow-Up
Study, involving over 100,000 participants, fruit and vegetable intake was associated with a
21% decrease in lung cancer risk in women. Women who consumed at least 1 serving of
apples or pears per day showed a decrease risk of lung cancer (Hollman and Arts, 2000).
Another study in Hawaii showed that there was a 50 % decrease in lung cancer in
participants who consumed the most apples, onions, and white grapefruits. This study
examined 582 patients with lung cancer and 582 without lung cancer. The health benefits
were seen in both genders and across all ethnic groups studied. The reduced risk of lung
cancer in this study was associated with an increase in quercetin consumption. Both onions
and apples are high in quercetin and quercetin conjugates (Sesso et al., 2003).
A Finnish study that included over 10,000 men and women showed a strong, inverse
relationship between flavanoid consumption and lung cancer incidence. A follow up was
conducted 24 years later. It was observed that apples and onions made up 64% of the total
flavonoids in the Finnish diet. 95% of the total flavonoids consumed were quercetin. Since
apples are the main source of flavonoids in the Finnish diet, it was concluded that increased
apple consumption strongly correlates with a decrease in lung cancer incidence, especially
among young, nonsmokers.
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1.5.2 Cardiovascular Disease, Asthma, and Pulmonary Function
Apple consumption has been suggested to reduce risk of cardiovascular disease. The
Women’s Health Study surveyed nearly 40,000 women and included a 7 year follow up
determined that consumption of flavanoids decreased cardiovascular events by 35%. While
both apples and broccoli were linked with decreased risk of cardiovascular disease, apples in
particular were found to reduce this risk by 13-22% in women (Arts et al., 2001). A study in
Iowa examined the link between apple and wine consumption and cardiovascular disease
death. The study concluded that there was strong inverse correlation with consumption of
catechins and epicatechins, both found in apples, and coronary heart disease death. Although
Arts et al. found that catechins in tea were not associated with cardiovascular disease
prevention, it is thought that apple catechins are more bioavailable, and therefore more
functional within the body (Shaheen et al., 2001).
Apple consumption has shown an inverse relationship with asthma and a positive
correlation with general pulmonary health. A study from the United Kingdom surveyed 600
people with asthma and 900 people without asthma about their lifestyle and diet. Although
total fruit and vegetable intake showed a weak correlation with decreased asthma risk, a
strong correlation was seen in subjects who consumed more than 2 apples per week. Onion,
tea, and red wine consumption was not associated with asthma risk, suggesting that apple
flavanoids have an especially beneficial effect (Woods et al., 2003). A similar study in
Australia examined the effects of apple and pear consumption on asthma incidence and
bronchial sensitivity. It was found that apple and pear consumption was associated with a
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decreased risk, however total fruit and vegetable consumption was not associated with
asthma risk or severity (Escarpa and Gonzalez, 1998).

1.6 Continuous Flow Microwave Processing
Continuous flow microwave processing has emerged as a promising alternative to
conventional thermal processing techniques. It has been shown to improve food quality while
ensuring food safety. Microwave processing utilizes microwaves at different frequencies
exciting the polar molecules within a food. When an oscillating electric field is present,
permanently polarized dipolar molecules try to realign in the direction of the electric field.
This realignment occurs millions of times per second due to the high frequencies used for
microwave processing and causes internal friction of molecules, thus heating the material.
The increase in temperature of the product results in microbial destruction rendering the food
safe. This method has advantages over conventional processing techniques because instead of
using conductive and convective heat transfer to heat the product, it uses electromagnetic
energy resulting in volumetric heating. This technique reduces the need to over heat the
outside of a product in order to ensure that cold spots within the product are adequately
heated, preventing destruction of bioactive compounds and off flavors caused by over
cooking in conventional processing.
Microwave processing can be used in both batch and continuous flow systems. Both
types of systems are comprised of a microwave generator, a waveguide, and an applicator. In
an industrial food production system, the microwave generator is usually a magnetron. The
magnetron would then be attached to a metal wave guide that would direct the microwaves
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towards the applicator, where the microwaves would reach a sample (Figure 1.1). In order to
understand if a given sample would be appropriate for use in an industrial microwave, it is
essential to understand its dielectric properties, which characterize that particular material’s
ability to reflect, transmit, or absorb the microwave energy (Pascua Cubides, 2011).

Figure 1.1 Simplified Representation of Continuous Flow Microwave Processing System
(Coronel et al., 2005).

The ability of a material to be heated using a microwave system is understood by first
understanding dielectric properties. Dielectric properties can be separated into two main
attributes, dielectric constant and dielectric loss factor. The dielectric constant is the ability of
the material to store electric energy. The dielectric loss factor is the ability of the material to
convert the stored electric energy into heat. Interactions between the dielectric properties and
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a sample can be described using the loss tangent, utilizing both the dielectric constant and the
dielectric loss factor (Equation 1). In addition, depth of penetration, the distance (m)
required to dissipate 63% of the microwave energy, can be calculated using these measures
(Equation 2). This calculation can be used to understand the potential to achieve uniformity
in processing a sample (Sosa-Morales et al., 2010).

tanδ = ε”/ ε’

[1]

where ε’ and ε” are dielectric constant and dielectric loss respectively.
�� =

c
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Industrial microwave processing uses a frequency of 915 MHz and results in
increased penetration depth into the product, more even heating, and better control of the
pasteurization process than home microwave ovens. Another benefit of microwave
processing is the rapid come up time (the time it takes to reach the target processing
temperature). This is due to the highly efficient form of energy transfer. Industrial microwave
systems are often optimized for a specific matrix therefore resulting in extremely uniform
temperature distributions. Microwave processing results in faster, more uniform heating of
homogenous foods compared to conventional processing (Figure 1.2). Conventional
processing often results in the cold spot in the center of the tube because it relies on
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convective and conductive heat transfer from hot water or steam on the outside of the tube.
This heating results in over-processing of the product near the walls of the tube.

Figure 1.2 Difference in temperature profiles in (a) conventional and (b) microwave (Kitchen
et al., 2014).

Continuous flow microwave processing has been used in many different food
applications including apple juice, sweet potato puree, and tomato salsa (Pascua Cubides,
2011) (Coronel et al., 2005) (Steed et al., 2008). However, efficient microwave processing is
dependent on several factors based on different food matrices. The dielectric properties of
foods mainly depend on the chemical composition and to a lesser extent, physical structure.
Food typically contains a mixture of organic material, water, and salt. Dielectric loss tends to
increase with addition of salt at a given frequency. Dielectric properties of water vary
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between the free and bound states. Free water molecules tend to orient more freely than those
in the bound state (Ryynanen, 1995).

1.6.1 Heating in 2450 MHz Household Microwave Ovens
Industrial microwave processing systems are typically required to only heat one
material and can be optimized based on the type of material. This setup achieves maximum
efficiency in the transfer of power from the generator to the material to be heated resulting in
economical savings and repeatable, reliable results (Metaxas and Meredith, 1983). However,
table-top microwave ovens at home are designed to heat a variety of different materials. The
resulting trade off is a decrease in heating efficiency and repeatability.
Microwave applicators are designed based on the relationship between the wavelength
and size of the applicator’s cavity (Kitchen et al., 2014). A typical domestic microwave oven
has a rectangular cavity that is several times larger than the wavelength of the microwave
radiation. This design allows for the support of many different possible configurations of the
microwave field or modes. The precise configuration present at any given moment is a
function of the material that is placed in the cavity, its position in the cavity, and the
evolution of the material’s dielectric properties during heating (Kitchen et al., 2014). The
applicator in a domestic microwave oven is known as a multimode cavity. Heating
uniformity in this configuration is random due to the essentially random electric field pattern
created during each heating cycle (Kitchen et al., 2014). This study aimed to use a 2450 MHz
household microwave oven to mimic the rapid heating of industrial microwave processing
and compare the nutrient retention of microwave heating with conventional heating
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techniques.

1.6.2 Effect of Thermal Processing on Phytochemicals
Consumers are demanding more high-quality foods than in the past. Providing
nutritious, high-quality foods has caused an increase in novel food processing technologies.
Bhupinder et al. wrote a review on the effects of novel thermal processing on phytochemicals
(Bhupinder et al., 2013). Novel thermal processing technologies such as ohmic, microwave,
and radio frequency heating are promising alternatives to conventional thermal processing
methods. These processing methods rely on volumetric heating and increase the heating
efficiency therefore minimizing excessive cooking times and decreasing energy consumption
(Pereira and Vicente, 2010).
Many fruits and vegetables are consumed raw, however the demand for nutritious and
convenient foods results in the processing of these foods (Aquah and Ramaswamy, 2007).
The main objective for thermal processing is to achieve pathogen and spoilage
microorganism lethality in order to produce a safe food with extended shelf life.
Conventional thermal processing can achieve this objective, however nutrient retention and
overall quality are decreased during this step. In order to meet the consumer demand, novel
processing technologies are often employed. Although these novel technologies have some
advantages to overall quality, the main concern is the effect on bioactive phytochemicals.
Common food processing methods used to extend shelf life include vacuum drying, freeze
drying, cooking, blanching, pasteurization, and sterilization. These processes are typically
expected to affect the content, activity and bioavailability of bioactive compounds found in
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fruits and vegetables (Nicoli et al., 1999). However, thermal processing does not always
result in losses in nutritional value.

1.6.3 Ohmic Heating
Ohmic heating uses direct electrical resistance heating of a food product as an
electrical current passes through. The applicability of ohmic heating greatly depends on the
electrical conductivity of the food product. The energy dissipated within the food is given by
the equation Q=I2R where Q is the amount of energy dissipated, I is the current provided, and
R is the resistance of the food product. Typically, foods are good candidates for ohmic
heating because of the minimal free water with dissolved ionic salts57. Ohmic heating is used
in industrial plants producing tomato sauces, diced and sliced apricot, diced pears and apples,
low-acid vegetable purees, strawberries, diced and peeled tomatoes, and other vegetable
sauces (Leadley, 2006).
Ohmic heating has been shown to improve nutrient and color retention in many
applications. It has been shown to have a rapid come up time during a high-temperature
short-time process. A model food product containing 80% solid matter was heated from 25°C
to 129°C in approximately 90 seconds resulting in decreased over-processing (Zuber, 1997).
Ohmic heating has also been shown to have similar protective effects in other food matrices.
In beets, it was shown that ohmic heating reduced the leaching of betanine and betalamic
acid by one order of magnitude when compared to hot water blanching (Mizrahi, 1996). In
pea puree, ohmic heating was shown to inactivate peroxidase enzyme faster than hot water
blanching (Icier et al., 2006). Ohmic blanching of artichoke byproducts resulted in higher
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retention of total phenolics and Vitamin C at 85 °C than hot water blanching at 85 °C and
100 °C (Icier, 2010). During thermal pretreatments of carrot pieces, it was found that there
was no difference in β-carotene retention among conventional, ohmic, and microwave
treatments (Lemmens et al., 2009). There was also no difference on total phenolic content of
pomegranate juice when compared to conventional heating, however there was a decrease in
browning over conventional heating (Yildiz et al., 2009). Overall, ohmic heating is a viable,
alternative thermal processing method that has potential benefits in nutrient retention over
conventional heating methods.

1.6.4 Microwave Heating
Microwave heating boasts the advantage of rapid come up time, therefore minimizing
the loss of heat sensitive nutrients. Thermal sterilization of green asparagus using a 915 MHz
microwave and hot water combination system resulted in higher retention of total antioxidant
activity than pressurized hot water heating and retort processing (Sun et al., 2007). Another
study found that vacuum-microwave dried carrot slices decreased α- and β- carotene loss
when compared to conventional air drying (Lin et al., 1998). Studies examining the effects of
microwave on cauliflower, peas, spinach, and Swiss chard showed little to no decrease in
total phenolic content compared to boiling (Natella et al., 2010). In white potatoes, phytate
concentrations did not decrease after microwave heating (Phillippy et al., 2004). Phytate can
decrease the bioavailability of essential nutrients such as zinc, iron, calcium, and magnesium
in whole grains, nuts, and legumes (Weaver and Kannan, 2002).
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Microwave heating can also be used in the extraction of many compounds. In purple
fleshed sweet potatoes, extraction of anthocyanins using acidified electrolyzed water was
higher after microwave heating, 35.0 %, compared to without microwave heating, 7.8 % (Lu
et al., 2010). Microwave assisted solvent extraction (MASE) is an effective extraction
method for tea polyphenols and tea caffeine (Pan et al., 2003), extraction of phenolic
compounds from grape seeds (Hong et al., 2001) and extraction of total phenols in cranberry
press cake (Raghavan and Richards, 2007). Microwave-assisted extraction was also highly
efficient in anthocyanin extraction from Chinese purple corn cob (Yang and Zhai, 2010).
During apple puree processing, it is necessary to add ascorbic acid prior to microwave
heating in order to retain high phenolic contents. The rapid and uniform heating of the
microwave system minimizes phenolic oxidation by inactivating enzymes more quickly
(Oszmianski et al., 2008). It was found that microwave heat treatments of Fuji and McIntosh
apple mashes increased extraction of phenolics and flavonoids. This resulted in increased
concentations of total phenolics and flavonoids in the finished apple juice product (Gerard
and Roberts, 2004). Microwave roasted barley was found to have higher antioxidant activity
and total phenolic content than conventionally roasted barley (Omwamba and Hu, 2010).
A study of continuous flow microwave processing of purple-flesh sweet potato puree
using a 60 kW, 915 MHz system found that total phenolics increased and total monomeric
anthocyanins decreased slightly whereas the antioxidant activity did not change significantly
as a result of microwave processing (Steed et al., 2008). Similar results were found in the
continuous flow microwave processing of muscadine grape purees using a 100 kW, 915 MHz
system. Nesbitt and Frye varieties of muscadine grapes maintained high retention of total
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phenol content (140.7, 82.5 %) and antioxidant capacity (100.9, 90.7 %) after microwave
processing (Draut, 2012). Overall, microwave processing technology has shown to be very
protective of important phytonutrients.

1.6.5 Effect of Storage on Phytochemicals
After processing, most food products are stored in a warehouse or distribution center
prior to distribution to retailers and finally consumers. During this storage time, it is
important to understand the degradation of key nutrients and ways to mitigate this loss. In
processed apple products, the nutrients of concern are phenolics and ascorbic acid. Ascorbic
acid plays an important role in human nutrition and is added to many foods for its antioxidant
capacity. However, ascorbic acid is a relatively unstable compound and under less than ideal
conditions, can degrade easily (Lee, 1999). Ascorbic acid degradation can occur in both
aerobic and anaerobic conditions and depends on factors including oxygen, heat, light, and
time (Johnson et al., 1995) (Santos and Silva, 2008). It is well known that ascorbic acid
content declines during storage, especially in thermally processed foods (Uddin et al., 2002).
The degradation of ascorbic acid, specifically in apple puree, typically follows first-order
degradation kinetics (Palazon et al., 2009).
A study by Bosch et al., using apple based infant foods found that ascorbic acid
decreased during storage of 32 weeks. As the storage temperature increased, the rate of
degradation also increased (Figure 3). The degradation followed first order kinetics.
Interestingly, storage under anaerobic conditions at 4 °C showed no degradation over the 32
weeks (Table 2). Although promising, these results show a great discrepancy compared to
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other studies in the literature. Polydera et al. reported ascorbic acid degradation of up to 50%
in thermally pasteurized orange juice (80 °C, 30 s) and stored at 5 °C for 5 weeks. Similar
degradation was seen in unpasteurized lemon juice stored at 4 °C over 3 and 12 weeks
(Abbasi and Niakousari, 2007). However, the main difference in the study by Bosch et al.
and other studies in the literature, is that vacuum packaging was used by Bosch. With the
oxygen free atmosphere and low temperature, it seems that ascorbic acid degradation was
halted.
A study by Picouet et al., used 2450 MHz microwaves to process apple puree for 35
seconds. The processing time was minimal and it was found that nutrient content remained
unchanged after processing and decreased during storage. Ascorbic acid content decreased
with increased storage time and was oxidized into dehydroascorbic acid after a 15 day
storage at 5 °C. Total phenolics content also decreased during storage with 67.26% retention
after 14 days. It seems that the degradation of ascorbic acid, total phenolics, and other
phytochemicals occurs mainly during storage. With rapid heating technology such as
microwave processing, losses during processing are minimal.
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Figure 1.3. Ascorbic acid degradation during storage.

Table 1.2.
Ascorbic acid concentrations (mg/100 g) and percentage retention (%) during storage at
different times and temperatures (results are expressed as mean ± standard deviation, n = 3).
n.d.: Not determined (development of browning) (Bosch et al., 2013)
We
eks

0a
4b
8b
12b
c

16c
32d

4 °C1
mg/10
0g
88.1 ±
1.8
87.6 ±
1.1
82.2 ±
0.6
88.7 ±
3.2
94.1 ±
2.1
88.9 ±
0.5

25 °C2
%
100.0 ± 1.
81
99.4 ± 1.2
1

93.3 ± 0.7
2

100.7 ± 3.
61
106.7 ± 2.
33
100.9 ± 0.
61

mg/10
0g
88.1 ±
1.8
81.6 ±
1.0
77.1 ±
0.8
73.0 ±
1.3
74.8 ±
0.8
55.7 ±
1.29

37 °C3
%
100.0 ± 1.
81
92.6 ± 1.1
2

87.5 ± 0.9
3

82.9 ± 1.5
4

84.9 ± 0.9
5

63.3 ± 1.5

mg/10
0g
88.1 ±
1.8
65.2 ±
1.3
55.5 ±
0.4
55.4 ±
1.7
31.8 ±
0.8
n. d.

50 °C4
%
100.0 ± 1.
81
74.0 ± 1.5
2

63.0 ± 0.5
3

62.9 ± 2.0
3

36.1 ± 0.9
4

mg/10
0g
88.1 ±
1.8
51.7 ±
0.7
22.0 ±
0.9
7.3 ±
0.6
5.6 ±
0.5
n. d.

%
100.0 ± 1.
81
58.7 ± 0.8
2

25.3 ± 1.0
3

8.3 ± 0.74
6.4 ± 0.55

6
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1.7 Conclusion
Apples are a highly nutritious food that can be used as an ingredient in other food
products or consumed by itself. By utilizing the entire apple, naturally occurring bioactive
phytochemicals including phenolics, vitamin C, and antioxidant capacity can be preserved to
benefit the health of consumers. Preserving these compounds also helps to ensure product
quality during extended storage in terms of spoilage, flavor, and color. Due to the labile
nature of many of the compounds of interest, it is desirable to use novel thermal processing
technology to avoid over-processing and nutrient degradation. Continuous flow microwave
processing has been shown to minimize bioactive compound degradation in many different
food matrices due to the rapid and efficient heating mechanism. Research is required to
quantify the nutrient retention and application of microwave processing and its effects on
processed apple products. This study was designed to fill the gap in literature in determining
the effects of 2450 MHz microwave processing on puree and diced apple products.
Microwave processing was conducted on both batch and continuous flow systems and
directly compared to conventional processing methods.
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CHAPTER 2

Effects of Processing and Storage on Nutritional Quality of Fruit Cocktail Containing
Apple Puree
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2.1 Abstract
Apples are a highly nutritious food containing many beneficial bioactive compounds.
Conventional thermal processing methods can destroy many of these compounds. Rapid
heating technologies, such as microwaves, can adequately heat foods to prevent pathogen and
spoilage microorganism growth, while maintaining nutrient content. This study investigated
the effects of microwave and water bath heating systems, on apple nutrient retention and the
effects of apples on complex food systems during processing and short-term storage. Apple
purees were formulated with peach and pineapple purees and processed in a 2450 MHz
household microwave oven (rapid heating) or in an agitating hot water bath (slow heating) at
100 °C. Microwave samples were held at 100 °C for 1, 2, and 3 minute hold times. Hot water
bath samples were held for 4, 5, and 6 minutes. Samples were analyzed immediately after
processing or refrigerated for 2 days to quantify the effects of a short storage on nutrient
retention. After processing, purees were cooled in ice water and analyzed for total phenols by
the Folin Ciocalteu assay (FC), total antioxidant capacity by the Oxygen Radical Absorbance
assay (ORAC), and total ascorbic acid content using HPLC.
No significant changes were observed in ascorbic acid concentration between fresh
and microwave processed samples over 1 to 3 minute hold times. Total phenolic content of
all samples remained the same or significantly increased. Peeled and unpeeled apple puree
and fruit cocktail all showed significant increases in total phenolics when compared to
unprocessed samples. Peeled fruit cocktail samples processed for 3 minutes had the highest
total phenolic content at 1509 μg gallic acid equivalents/g fresh weight. Both peeled and
unpeeled samples showed a 42% increase in total phenolics after processing. No significant
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decreases in antioxidant activity were observed with any fruit cocktail samples. There were
significant decreases in all nutrients after a 2-day storage. In unprocessed fruit cocktail
samples, ascorbic acid degradation ranged from 72.6% to 82.5% after 2-day, refrigerated
storage. In processed samples, ascorbic acid degradation ranged from 10% to 61.5% with the
least degradation seen in peeled fruit cocktail samples processed for 1 minute in the
microwave system.
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2.2 Introduction
Apples are a nutritious fruit grown abundantly worldwide. North Carolina ranks 7th in
apple production in the United States with over 200 apple operations and 9,000 acres of
orchards. 40% of North Carolina apples are packaged and sold fresh and 60% are processed
mainly into apple juice and apple sauce (NCDA, 2014). Apples are attractive to consumers
and producers alike because of the potential health benefits, abundance, and ability for use in
many different food applications.
In many industrialized nations, cardiovascular disease and cancer are the leading
causes of death. It is believed that these diseases are caused by genetics and personal choices
such as smoking, exercise, and diet. It has been estimated that a healthy diet can prevent up
to 30% of known cancers (Doll and Peto, 1981). ). It is commonly believed that a healthy diet
high in fruits and vegetables can improve health. A study in the 1990s examined over 100
different epidemiological nutrition studies and found that in 128 out of 156 studies showed
that a fruit and vegetable rich diet had protective effects against many different types of
cancer (Block, 1992). In the same study, it was shown that individuals who consumed a diet
low in fruits and vegetables could be twice as likely to develop cancer. A study in China
showed that women who consumed dark, yellow-orange vegetables and citrus fruits had
lower rates of breast cancer (Malin, 2003). It is clear that a diet high in fruits and vegetables
can maintain health throughout a person’s life. These protective effects are mainly due to
phytochemicals, such as flavonoids, carotenoids, isoflavonoids, and phenolic acids, contained
in these foods (Boyer, 2004). It has been suggested that phytochemicals have functions such
as regulating inflammatory responses, inhibiting cancer cell proliferation, and preventing

40

lipid oxidation (Liu, 2003) (Vinson 2001). Apples are a good source of flavonoids and
phenolics. In the United States, apples are the largest source of phenolics in the diet where
22% of phenolics consumed from fruits are from apples (Hertog, 1993). Apples also have the
highest concentration of free and bioavailable phenolic acids (Feskanich, 2000).
Apples are typically processed using conventional thermal processing technologies
such as retort or hot-fill-and-hold (Arthey and Ashey, 1996). The minimum heat treatment of
an acid food, such as applesauce, with pH below 4.1 is 82.8 °C for 0.1 min (Breidt and
Sandeep, 2010). This ensures a 5 log reduction in E. coli O157:H7, Salmonella, and L.
monocytogenes. Conventional processing of apples is typically done under much higher
temperatures and longer times. Unfortunately, this harsh processing can result in degradation
of phenols, antioxidant capacity, and Vitamin C. Microwave processing has emerged as a
promising alternative thermal processing technology. The electromagnetic mechanism used
in microwave heating results in rapid, volumetric heating. Using this type of heating has been
shown to retain nutrients and improve texture and overall quality of processed foods
(Ryynanen, 1995). In other studies, microwave processing has been shown to improve
nutritional value and quality in products such as purple sweet potato puree (Steed et al.,
2009), Muscadine grape puree (Draut, 2012), orange sweet potato (Coronel et al., 2005), and
acidified vegetables (Koskiniemi, 2009).
Currently, there are some studies regarding continuous flow 915 MHz microwave
processing technologies and 915 MHz batch microwave processing technologies. However,
there is limited information in the literature concerning microwave apple processing and
household 2450 MHz microwave heating. In this study, multiple apple formulations were
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heated in the microwave oven for significantly longer periods of time, and was one of the
few studies to monitor real-time heating profiles using fiber optic temperature probes. The
study aimed to use a 2450 MHz home microwave oven to mimic the rapid heating of
industrial microwave processing and compare the nutrient retention of microwave heating
with conventional heating techniques.

2.3 Materials and Methods
2.3.1 Materials
A 2450 MHz, 1200 W Panasonic Inverter microwave oven (FISO MWS Microwave
Work Station, FISO Technologies, Quebec, Canada) was used in this study. The Microwave
Workstation was fitted with 8 fiber optic temperature probes (Model FOT-L; calibrated using
ice and boiling water; accuracy of 0.1 °C) and data was recorded in real-time using the
FISOCOMMANDER software installed on a computer that was connected to the microwave
oven via a RS-232 port. The fiber optic probes were introduced into the microwave oven
through a circular disc outside and on top of the microwave oven that rotates at the same rate
as the turntable to avoid tangling of the fiber optic cables (Fig. 2.1-3). This commercially
available microwave setup is unique in the real-time acquisition of temperature data. Along
with the use of multiple formulations and longer heating times, this study fills an important
gap in the literature.
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2.3.2 Ingredients
Fresh apples, frozen pineapple and peach pieces were provided by Wright Foods
(Troy, NC). The pineapple and peach pieces were received frozen and stored at -20 °C.
Apples were stored at 4 °C until processed. The apples used in this study consisted of
Jonathan, Jonagold, Fuji, and Golden Delicious varieties.

2.3.3 Packaging
Plastic cups used in microwave processing of fruit purees were provided by Mt. Olive
Pickles (Mt. Olive, NC). Foil pouches used in water bath processing of fruit purees were
provided by Aseptia (Raleigh, NC).

2.3.4 Chemicals
Sodium acetate, sodium phosphate, and sodium carbonate were obtained from Fisher
Scientific (Waltham, MA, USA). All other chemicals and solvents were purchased from
Sigma Aldrich (St. Louis, MO, USA). All of these chemicals and solvents were analytical
grade.

2.3.5 Sample Preparation
Fresh apples were washed and then peeled or left unpeeled based on formulation.
Apples were then cored and dipped into an acid bath (0.2% citric acid, 1% ascorbic acid) for
5 minutes to inactivate oxidative enzymes (Reference needed). After the acid treatment,
apple slices were blended in a Blixer 3 (Jackson, MS) for 1 minute until homogenized.
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Frozen pineapple and peach pieces were also blended for 1 minute until homogenized.
Individual ingredient purees were weighed into plastic cups or foil pouches based on
formulation. The 6 formulations were 100% pineapple, 100% peach, 100% peeled apple
puree, 100% unpeeled apple puree, peeled fruit cocktail, and unpeeled fruit cocktail. The
fruit cocktail samples consisted of 30 g of apple puree, 15 g of pineapple puree, and 15 g of
peach puree. All samples were refrigerated at 4 °C for 30 minutes prior to processing to
standardize initial temperatures for processing. All samples had a total net weight of 60 g.

2.3.6 Processing Conditions
Pureed, packaged formulations were heated in a microwave oven or water bath. Come
up time (the time needed to get from initial puree temperature to 100 °C) in the microwave
oven was 50 seconds and 5 minutes in the water bath. Samples were brought to 100 °C and
held for varying hold times. Microwave and water bath hold times were 1, 2, and 3 minutes.
Hold times were calculated after reaching target temperatures. Samples were immediately
placed in a salted ice water bath after processing to rapidly cool the product. After cooling, 3
g aliquots were taken for different analyses and stored at -80 °C until analysis. All samples
were processed in triplicate.

2.3.7 Experimental Design
The experiment was designed as a randomized block experiment. 6 different
formulations were processed in a 2450 MHz microwave oven at 100 °C for varying hold
times of 1, 2, and 3 minutes. Fruit cocktail samples were also processed in a water bath at 95

44

°C to mimic conventional processing. These samples were held for 1, 2, and 3 minutes.
Samples were then analyzed while additional samples were stored at 4 °C for 2 days to
determine the effect of storage on ascorbic acid concentration. Additional Samples of 0.2%
Ascorbic acid in water and fruit cocktail samples were also processed in the microwave and
water bath for hold times of 1, 3, 5, and 7 minutes to explore food matrix effects.

2.3.8 Extraction Parameters
In order to extract phenolic compounds, 3 g of sample was combined with 10 mL of
0.5 % acetic acid in methanol. The tube was then vortexed (Thermo Scientific – Maxi Mix II)
and allowed to rest for 10 minutes before centrifuging at 3000 rpm for 10 minutes (Thermo
Scientific Sorvall Legend RT Plus). The supernatant was then poured off into a 50 mL
conical centrifuge tube. The remaining sample was again mixed with 10 mL of 0.5 % acetic
acid in methanol. This process was repeated a total of 3 times. Extraction for ascorbic acid
was the same except 8% acetic acid, 5% metaphosphoric acid were used as the solvent.

2.3.9 Quantification of Total Phenolic Content
Total phenolics were determined using the Folin-Ciocalteu (FC) assay with gallic
acid as the standard. Samples were diluted using deionized water and 1M FC reagent was
added and mixed. After resting for 2 minutes, 20% sodium carbonate was added to the test
tubes, mixed, and allowed to react for 1 hour. 500 µL aliquots were taken from the test tubes
and added to a 96-well plate which was then read at 690 nm in a plate reader (EnSpire 2300
Multilabel Reader, Perkin Elmer, Waltham, MA, USA). The analysis was conducted at room
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temperature and results were reported as µg gallic acid equivalents/g fresh weight
(Malgalhaes, 2010).

2.3.10 Quantification of Total Antioxidant Capacity
Total antioxidant capacity was measured by the Hydrophilic- Oxygen Radical
Absorbance Capacity assay (H-ORAC) using a trolox standard. Samples and standards were
diluted using 0.075 M phosphate buffer. After addition of the samples and standard curve to
a 96-well plate, 70 nM fluorescein was added. After equilibration of the pipetted plate to
37°C for 15 min, 153mM 2,2'- azobis(2-amidinopropane) dihydrochloride (AAPH) was
added. An excitation wavelength of 483 nm and an emission wavelength of 525 nm were
used to tabulate oxygen radical absorbance capacity over a period of 90 min at 37°C in a
Tecan Safire plate reader (Tecan Group Ltd., Männedorf, Switzerland). Samples were tested
in triplicate and reported as µmol trolox equivalents/g fresh weight muscadine (µmol trolox
equiv/g FW) (Huang et al., 2002).

2.3.11 Quantification of ascorbic acid Vitamin C Content
Vitamin C content was quantified using High Performance Liquid Chromatography
(HPLC). A C18 column was used with a 25 min Isocratic method with a 0.6 mL/min flow
rate. The mobile phase was 20 mM potassium phosphate at pH 3. Each 300 µL Vitamin C
extract was treated with 300 µL of tris(2-carboxyethyl) phosphine (TCEP), a reducing agent
used to reduce dehydroascorbic acid into ascorbic acid. This allows for the quantification of
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total Vitamin C content in a sample (Chebrolu et al, 2012). After addition of TCEP, samples
were vortexed and allowed to react for 30 minutes before injection onto the column.

2.3.12 Statistical Analysis
Statistical analysis was conducted using a one-way analysis of variance (P<.05) on
SAS JMP 10 software (Cary, NC). Values are reported as means ± standard error of the
mean. All samples were processed in triplicate. Total phenolics and Total Antioxidant
Activity samples were measured in triplicate. Vitamin C samples were measured
individually.

2.4 Results and Discussion
Antioxidant activity, total phenolic, and ascorbic acid content in the apple
formulations as affected by 2450 MHz microwave oven processing were evaluated. The
retention of ascorbic acid is shown in Figure 2.4. Peeled fruit cocktail processed for 3
minutes had the highest ascorbic acid concentration at 1.94 mg/mL. There was a no
significant change observed in ascorbic acid concentration between fresh and processed
samples ranging from 1 to 3 minute hold times. Total phenolic content of all samples either
remained the same or significantly increased (Figure 2.5). Peeled and unpeeled apple puree
and fruit cocktail all showed significant increases in total phenolics when compared to
unprocessed samples. Peeled fruit cocktail samples processed for 3 minutes had the highest
total phenolic content at 1509 μg gallic acid equivalents/g fresh weight. In unpeeled fruit
cocktail, the highest concentration was found in samples processed for 2 minutes with 1411
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μg gallic acid equivalents/g fresh weight. Both peeled and unpeeled samples showed a 42%
increase in total phenolics after processing. There were no significant decreases in
antioxidant activity observed with any fruit cocktail samples (Figure 2.6). Slight increases
were seen with increasing processing time. These findings were not completely unexpected
as Picouet et al. (2009) found similar trends in Granny Smith Apple puree processed for 33
seconds in a 2450 MHz microwave oven. It is possible that the increased processing time
allowed for better extraction of phenolic compounds and higher antioxidant activity in vitro,
resulting in higher TP and AA values.
The effects of different processing methods, microwave and conventional water bath
heating techniques (Figure 2.7), on nutrient retention in apple formulations were examined.
Microwave processing is known for rapid come up times, which have been suggested to
retain quality and nutrients (Coronel et al, 2003; Gentry and Roberts, 2005). Ascorbic acid
was measured in this experiment because it is the most heat labile nutrient in the model food
system. Figures 2.8 and 2.9 show the effect of microwave and water bath processing on
ascorbic acid retention. Ascorbic acid concentrations did not significantly decrease with
increasing processing time in either processing method. In comparison to other processing
technologies, microwave processing shows great promise in nutrient retention. A study using
ohmic heating of Acerola pulp found that ascorbic acid content significantly decreased over
the 120 minute heating time (Mercali et al., 2014). The come up time was 13 minutes, which
is 12 minutes longer than the come-up time in the household microwave oven. The holding
temperature in the ohmic study was only 85 °C while the holding temperature in this study
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was 100 °C. The total heating time also affected the nutrient retention as the product was
heated for 2 hours while in this study the longest total heating time was only 6 minutes.
Ohmic heating has been shown to have similar protective effects in other food
matrices. In beets, it was shown that ohmic heating reduced the leaching of betanine and
betalamic acid by one order of magnitude when compared to hot water blanching (Mizrahi,
1996). In pea puree, ohmic heating was shown to inactivate peroxidase enzyme faster than
hot water blanching (Icier et al., 2006). Ohmic blanching of artichoke byproducts resulted in
higher retention of total phenolics and Vitamin C at 85 °C than hot water blanching at 85 °C
and 100 °C (Icier, 2010). During thermal pretreatments of carrot pieces, it was found that
there was no difference in β-carotene retention among conventional, ohmic, and microwave
treatments (Lemmens et al., 2009). There was also no difference on total phenolic content of
pomegranate juice when compared to conventional heating, however there was a decrease in
browning over conventional heating (Yildiz et al., 2009).
Continuous flow microwave heating has been shown in many studies to retain or
improve nutrient content. A study of continuous flow microwave processing of purple-flesh
sweet potato puree using a 60 kW, 915 MHz system found that total phenolics increased and
total monomeric anthocyanins decreased slightly wheras the antioxidant activity did not
change significantly as a result of microwave processing (Steed et al., 2008). Similar results
were found in the continuous flow microwave processing of muscadine grape purees using a
100 kW, 915 MHz system. Nesbitt and Frye varieties of muscadine grapes maintained high
retention of total phenol content (140.7, 82.5 %) and antioxidant capacity (100.9, 90.7 %)
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after microwave processing (Draut, 2012). Overall, microwave processing technology has
shown to be very protective of important phytonutrients.
The next experiment in the study was to determine the effect of storage on
degradation of ascorbic acid in the model food system. Figures 2.10, 2.11, 2.12, and 2.13
show the effect of a short, 2 day refrigerated storage on ascorbic acid concentrations in
microwave and water bath processed fruit cocktail puree samples. It is shown that there are
significant decreases in all nutrients after a 2-day storage. In unprocessed fruit cocktail
samples, ascorbic acid degradation ranged from 72.6% to 82.5% after 2-day, refrigerated
storage. In processed samples, ascorbic acid degradation ranged from 10% to 61.5% with the
least degradation seen in peeled fruit cocktail samples processed for 1 minute in the
microwave system. Similar results were reported by Bosch et al. (2013) with ascorbic acid
degradation in fruit-based infant foods. A storage study was conducted at different
temperatures over 32 weeks. It was found that above 4 °C, ascorbic acid concentration
decreased significantly. However at 4 °C in vacuum packaging, there was no loss of ascorbic
acid concentration. It was suggested from this study that the degradation of ascorbic acid
occurs during storage and is dependent on storage conditions including temperature and
dissolved oxygen within the sample.
Processed foods are typically consumed weeks after processing. During this storage
time, it is important to understand the degradation of key nutrients and ways to mitigate this
loss. However, ascorbic acid is a relatively unstable compound and under less than ideal
conditions, can degrade easily (Lee, 1999). Ascorbic acid degradation can occur in both
aerobic and anaerobic conditions and depends on factors including oxygen, heat, light, and
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time (Johnson et al., 1995) (Santos and Silva, 2008). It is well known that ascorbic acid
content declines during storage, especially in thermally processed foods (Uddin et al., 2002).
The degradation of ascorbic acid, specifically in apple puree, typically follows first-order
degradation kinetics (Palazon et al., 2009).Polydera et al. reported ascorbic acid degradation
of up to 50% in thermally pasteurized orange juice (80 °C, 30 s) and stored at 5 °C for 5
weeks. Similar degradation was seen in unpasteurized lemon juice stored at 4 °C over 3 and
12 weeks (Abbasi and Niakousari, 2007).
Another study by Landl et al. (2010) showed that both high pressure processing and
conventional thermal processing of apple puree retains ascorbic acid concentration and total
phenolics immediately after the process. After a 3-week storage, ascorbic acid was
significantly degraded while total phenolics in some samples were also degraded
significantly. Antioxidant activity in this study increased within the first month of storage,
suggesting that packaging conditions influenced the increase by affecting oxygen stability.
This suggests that storage may influence nutrient degradation more than the thermal process.
In order to determine the stability of ascorbic acid during processing, it is necessary
to test for matrix effects. Matrix effects could include the protection of a specific compound
in a natural food matrix. Thermal processing of the compound without the food matrix will
provide the information on the stability of the compound alone during heat treatments. Figure
14 shows the effect of microwave and water bath processing on ascorbic acid in water. It
shows that there are no significant decreases in ascorbic acid content with increasing
processing time ranging from 0 minutes to 7 minute hold times. However, the samples heated
using microwave had significantly higher ascorbic acid concentrations than the water bath
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samples. This data suggests that there are no matrix effects associated with ascorbic acid
retention in apple puree. Ascorbic acid outside of the natural matrix is also not degraded by
thermal processing.

2.5 Conclusion
Apple puree is a nutritious food product that has been associated with many health
benefits including reduced risk of cancer, heart disease, asthma, and increased pulmonary
function. These health benefits are thought to be due to the high concentration and
bioavailability of phytochemicals in apples and other fruits and vegetables. This study aimed
to explore the retention of these nutrients in order to retain the positive health benefits. Using
multiple formulations of apple and fruit cocktail puree along with real-time temperature
acquisition during household microwave heating for longer hold times fills an important gap
in literature.
The results of this study, in agreement with others in the literature, suggest that
processing of different formulations of apple puree does not significantly decrease nutrient
concentration. The concentration of some nutrients, such as total phenolics, significantly
increases with processing. This is most likely due to the extraction of these phenolic
compounds during the processing step. Extraction of these compounds allows for easier
chemical quantification and thus higher total phenolic values. Overall, it is shown that with
both microwave and conventional hot water processing of apple puree formulations, nutrients
are generally retained. The short storage in this study suggests that nutrient degradation is
mostly due to storage conditions such as temperature, time, and dissolved oxygen. A
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combination of rapid processing methods, such as microwave, and protective packaging and
storage conditions can lead to safe, nutritious apple products with much longer shelf life than
raw fruits.
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Figure 2.1 FISO Microwave Workstation
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Figure 2.2 Inside of FISO Microwave Workstation
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Figure 2.3 Fiber optic temperature probes inside of apple puree sample
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Figure 2.4 Effect of Extended Hold Times on Vitamin C content. Values with the same letter within each bar series are not
significantly different (p<0.05). Error bars represent the standard error of the mean.
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Figure 2.7 Water Bath Heating and Cooling Setups
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Figure 2.8 Effect of Heating Method on Ascorbic Acid concentration in unpeeled fruit cocktail. Values with the same letter within
each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.
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each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.

65

Ascorbic Acid (mg/mL)

2

a

0 Day

a

1

b

2 Day

a

a

b
0

0 Min

1 Min
Hold Time (min)

3 Min

Figure 2.10 Effect of storage on ascorbic acid concentration in microwave processed unpeeled fruit cocktail. Values with the same
letter within each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.
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Figure 2.11 Effect of storage on ascorbic acid concentration in water bath processed unpeeled fruit cocktail. Values with the same
letter within each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.
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Figure 2.12 Effect of storage on Ascorbic Acid concentration in microwave processed peeled fruit cocktail. Values with the same
letter within each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.
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letter within each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.
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CHAPTER 3

Effects of Processing on Nutrient Retention in Diced and Pureed Apple using a Novel
2450 MHz Stacked Continuous Flow Microwave Processing System
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3.1 Abstract

Apples are a highly nutritious food containing many beneficial bioactive compounds.
Conventional thermal processing methods can destroy many of these compounds. Rapid
heating technologies, such as microwaves, can adequately heat foods to prevent pathogen and
spoilage microorganism growth, while maintaining nutrient content. This study utilized a
2450 MHz, continuous flow microwave processing system to process diced and puree apple
samples. Puree samples were heated in the continuous flow microwave system. Samples
were heated to 80 °C, 90 °C, and 100 °C to simulate underprocessing, target processing
temperature, and over-processing. Once heated to temperature, samples cooled in either ice
water or room temperature water. Diced samples were prepared with and without ascorbic
acid treatment, brought to 100 °C and collected for analysis. Apple puree was used as the
carrier fluid. Samples were analyzed immediately after processing to quantify the effects of
thermal processing on nutrient retention. Samples were analyzed for total phenols by the
Folin Ciocalteu assay (FC), total antioxidant capacity by the Oxygen Radical Absorbance
assay (ORAC), and total ascorbic acid content using HPLC.
In diced samples, total phenolic retention significantly differed between some
samples. Both processed and unprocessed puree samples showed no significant difference
when compared to processed diced samples treated with ascorbic acid. The samples treated
with ascorbic acid prior to processing all had significantly higher retention than the untreated
samples. Raw control samples had the lowest total phenolic retention with only 511.3 μg
gallic acid equivalents/g fresh weight. Microwave processed aseptic apple puree had the
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highest ascorbic acid retention among all samples with 2459.4 μg gallic acid equivalents/g
fresh weight. The results of the study were in agreement with the literature stating that
ascorbic acid treatment is effective in maintaining nutrient retention in thermally processed
foods. Puree samples had higher nutritional values than diced samples due to the ease of
extraction caused by increased surface area in the puree matrix during heating. These studies
demonstrated the viability of microwave processing for the preservation of apple nutrients in
both batch and continuous systems and the possibility that rapid heating methods may
release, rather than destroy nutrients from foods.
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3.2 Introduction
Apples are abundantly grown worldwide. China is the leading producer of apples
(UN FAO, 2014). North Carolina is the 7th leading producer of apples in the United States
with 9,000 acres dedicated to over 200 orchards (NCDA, 2014). 60% of apples are used for
processed foods including apple juice, applesauce, and apple cider. The traditional processing
techniques used for most apple is harsh and results in nutrient and quality degradation. The
two main thermal processes used to make applesauce are retort and hot-fill-and-hold (Arthey
and Ashey, 1996). These processes rely on conductive and convective heat transfer from the
outside of the container towards the center. The slow nature of this process results in the
product near the wall of the container to be overprocessed decreasing quality and nutrient
content. Apples have high nutritional value and have been reported to decrease cancer,
cardiovascular disease, and asthma risks while improving pulmonary function (Liu, 2003)
(Vinson 2001) (Malin, 2003). In order to preserve these nutritional benefits, processing
techniques need to be aimed at preservation of important nutrients such as phenolic
compounds and ascorbic acid.
Novel processing methods such as ohmic and microwave processing are promising
technologies aimed at improving quality and nutritional value with rapid heating. Continuous
flow microwave processing has emerged as a promising alternative to conventional thermal
processing techniques. It has been shown to improve food quality while ensuring food safety.
Microwave processing utilizes microwaves at different frequencies exciting the polar
molecules within a food. When an oscillating electric field is present, permanently polarized
dipolar molecules try to realign in the direction of the electric field. This realignment occurs
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millions of times per second due to the high frequencies used for microwave processing and
causes internal friction of molecules, thus heating the material (Ryannen, 1995). The increase
in temperature of the product results in microbial destruction rendering the food safe. This
method has advantages over conventional processing techniques because instead of using
conductive and convective heat transfer to heat the product, it uses electromagnetic energy
resulting in volumetric heating. This technique reduces the need to over heat the outside of a
product in order to ensure that cold spots within the product are adequately heated,
preventing destruction of bioactive compounds and off flavors caused by over cooking in
conventional processing.
Industrial microwave processing uses a frequency of 915 MHz and results in
increased penetration depth into the product, more even heating, and better control of the
pasteurization process than home microwave ovens. Another benefit of microwave
processing is the rapid come up time (the time it takes to reach the target processing
temperature). This is due to the highly efficient form of energy transfer. Industrial microwave
systems are often optimized for a specific matrix therefore resulting in extremely uniform
temperature distributions. Microwave processing results in faster, more uniform heating of
homogenous foods compared to conventional processing. Continuous flow microwave
processing has been used in many different food applications including tomato salsa, orange
and purple sweet potato purees, acidified vegetables, and Muscadine grape puress (Pascua
Cubides, 2011) (Coronel et al., 2005) (Steed et al., 2008) (Koskiniemi, 2009) (Draut, 2012).
These microwave studies found that nutrients such as total phenolics and ascorbic acid were
either increased or retained. There was no significant decrease of antioxidant capacity.
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Currently, there are no diced apple products on the market in the United States. The
challenge of processing particulate, multiphase foods is the non-uniform heating between the
carrier fluid and the individual particles. In conventional thermal processing of multi-phase
foods, the non-uniformity of heating is due to the typically low convective heat transfer
coefficient at the surface of the particles and low thermal diffusivity within the particles
(Sandeep and Puri 2009). This non-uniform heating can lead to temperature differences
among the fluid and particles resulting in underprocessed foods. However, over-processing
of foods can result in decreased nutritional value and sensory value. Volumetric heating
technologies such as continuous flow microwave processing have been shown in many
studies to retain significant amounts of heat labile nutrients and maintain high sensory quality
(Coronel et al, 2003) (Gentry and Roberts, 2005).
This study aimed to use multiple 2450 MHz home microwave ovens to mimic the
rapid heating of industrial continuous flow microwave processing. This innovative
continuous flow microwave processing system has not been used on any foods. With the use
of the new technology and comparison of nutrient retention between diced and puree apple,
this study fills the gap in literature concerning multi-phase apple products and 2450 MHz
microwave processing.

3.3 Materials and Methods
3.3.1 Materials
Domestic Panasonic Inverter microwave ovens were modified to construct a
continuous flow microwave system (Figure 3.1). There were 13 microwaves in total, each at
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1250 W arranged into four stacks that included 4, 4, 3, and 3 microwaves, respectively. At
the center of each stack of microwaves, was a tube fitted into holes that were drilled into each
microwave oven. 3`` diameter holes were cut at the bottom and top of the oven. A glass tube
was placed first in order to protect and support the inner Teflon tube in which the test
materials were pumped using a Seepex MD-012 12 stage progressive cavity-dosing pump
(Seepex, Inc Enon, OH). The parts of the Teflon tube that were outside of the microwave
oven were connected to metal tubes and aluminum foil was used to wrap the metal tube
junctions to prevent microwave leaking. The microwave ovens were connected to the pump
with 1`` diameter tubes to create a closed-loop. In order to measure temperature of the test
materials, type-T thermocouples were placed at the exit of the pump, the inlet of each stack
of microwaves, the entrance of the cooling section and the exit of the cooling section.

3.3.2 Ingredients
Fresh apples and apple puree were provided by Wright Foods (Troy, NC). The apple
puree was stored at -20 °C and fresh apples were stored at 4 °C until processed. The apples
used in this study consisted of Jonathan, Jonagold, Fuji, and Golden Delicious varieties.
Microwave processed, aseptic apple puree was provided by Aseptia (Raleigh, NC). Hot fill
and hold apple sauce samples were Harris Teeter Unsweetened Applesauce and White House
Harvest Blend 100% Homegrown Apple Sauce, respectively.
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3.3.3 Chemicals
Sodium acetate, sodium phosphate, and sodium carbonate were obtained from Fisher
Scientific (Waltham, MA, USA). All other chemicals and solvents were purchased from
Sigma Aldrich (St. Louis, MO, USA). All of these chemicals and solvents were analytical
grade.

3.3.4 Sample Preparation
Fresh apples were washed and then cut into .8 mm slices using a french fry cutter.
Apples were then dipped into an acid bath (6% ascorbic acid) for 5 minutes to inactivate
oxidative enzymes (Barbagallo). After the acid treatment, apple slices were blended in a
Robocoupe (Jackson, MS) for 1 minute until a particle size of approximately 0.1 inches
(Figure 3.2). Half of the samples were dipped in the ascorbic acid solution after blending to
prevent oxidation. The samples that were not dipped into the acid solution were blended
immediately prior to processing.

3.3.5 Processing Conditions
Puree samples were heated in the continuous flow microwave system. The come up
time (the time needed to get from initial temperature to the desired processing temperature)
in the microwave system was approximately 7.25 minutes (Figure 3.3). Samples were heated
to 80 °C, 90 °C, and 100 °C to simulate underprocessing, target processing temperature, and
over-processing. Once heated to temperature, puree samples were taken in 50 mL centrifuge
tubes and then placed in either ice water or room temperature water to cool. The goal was to
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determine if a slower cooling rate had any effects on nutrient retention in the final product.
(Figure 3.4)
Diced formulations were heated in the continuous flow microwave system. Come up
time in the microwave system was also approximately 7.25 minutes (Figure 3.5). Samples
were brought to 100 °C and then collected for analysis. Diced apple samples were collected
using a kitchen colander and shaken to remove the puree, which was used as the carrier fluids
for the diced apple particles. Collected samples were immediately placed in a salted ice water
bath after processing to rapidly cool the product. After cooling, 3 g aliquots were taken for
different analyses and stored at -80 °C until analysis. All samples were processed in
triplicate.

3.3.6 Experimental Design
The first experiment was designed as a randomized block experiment. 6 different
samples were processed in a 2450 MHz continuous flow microwave oven system at 80 °C,
90 °C, and 100 °C. The second treatment was either ice water cooling or room temperature
water cooling. Control samples were not thermally processed. These samples were cooled
until room temperature was achieved. Samples were then frozen at -80 °C until analyzed
(Figure 3.2).
The second experiment in the study was also designed as a randomized block
experiment. 2 different formulations of diced apple were heated to 100 °C in the 2450 MHz
continuous flow microwave oven system. The two formulations were either dipped in
ascorbic acid or excluded from the ascorbic acid dip to determine the effect of ascorbic acid
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on nutrient retention after processing. Control samples were not thermally processed after
sample preparation. Carrier puree samples were also taken before and after thermal
processing. All prepared samples were then analyzed alongside commercially processed
apple puree samples (Figure 3.4).

3.3.7 Extraction Parameters
In order to extract phenolic compounds, 3 g of sample was combined with 10 mL of
0.5 % acetic acid in methanol. Diced apple samples were blended using a Tekmar
Tissuemizer (type SDT-1810; Tekmar Co., Cincinnati, Ohio, U.S.A.) to maximize surface
area for extraction. The tube was then vortexed (Thermo Scientific – Maxi Mix II) and
allowed to rest for 10 minutes before centrifuging at 3000 rpm for 10 minutes (Thermo
Scientific Sorvall Legend RT Plus). The supernatant was then poured off into a 50 mL
conical centrifuge tube. The remaining sample was again mixed with 10 mL of 0.5 % acetic
acid in methanol. This process was repeated a total of 3 times. Extraction for Vitamin C was
the same except 8% acetic acid, 5% metaphosphoric acid was used as the solvent.

3.3.8 Total Phenolic Content
Total phenolics were determined using the Folin-Ciocalteu (FC) assay with gallic
acid as the standard. Samples were diluted using deionized water and 1M FC reagent was
added and mixed. After resting for 2 minutes, 20% sodium carbonate was added to the test
tubes, mixed, and allowed to react for 1 hour. 500 µL aliquots were taken from the test tubes
and added to a 96-well plate which was then read at 690 nm in a plate reader (EnSpire 2300
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Multilabel Reader, Perkin Elmer, Waltham, MA, USA). The analysis was conducted at room
temperature and results were reported as µg gallic acid equivalents/g fresh weight
(Malgalhaes et al., 2010).

3.3.9 Total Antioxidant Capacity
Total antioxidant capacity was measured by the Hydrophilic- Oxygen Radical
Absorbance Capacity assay (H-ORAC) using a trolox standard. Samples and standards were
diluted using 0.075 M phosphate buffer. After addition of the samples and standard curve to
a 96-well plate, 70 nM fluorescein was added. After equilibration of the pipetted plate to
37°C for 15 min, 153mM 2,2’- azobis(2-amidinopropane) dihydrochloride (AAPH) was
added. An excitation wavelength of 483 nm and an emission wavelength of 525 nm were
used to tabulate oxygen radical absorbance capacity over a period of 90 min at 37°C in a
Tecan Safire plate reader (Tecan Group Ltd., Männedorf, Switzerland). Samples were tested
in triplicate and reported as µmol trolox equivalents/g fresh weight muscadine (µmol trolox
equiv/g FW) (Huang et al., 2002).

3.3.10 Vitamin C Content
Vitamin C content was quantified using High Performance Liquid Chromatography
(HPLC). A C18 column was used with a 25 min Isocratic method with a 0.6 mL/min flow
rate. The mobile phase was 20 mM potassium phosphate at pH 3. Each 300 µL Vitamin C
extract was treated with 300 µL of tris(2-carboxyethyl) phosphine (TCEP), a reducing agent
used to reduce dehydroascorbic acid into ascorbic acid. This allows for the quantification of
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total Vitamin C content in a sample (Chebrolu et al., 2012). After addition of TCEP, samples
were vortexed and allowed to react for 30 minutes before injection onto the column.

3.3.11 Statistical Analysis
Statistical analysis was conducted using a one-way analysis of variance (P<.05) on
SAS JMP 10 software (Cary, NC). Values are reported as means ± standard error of the
mean. All samples were processed in triplicate. Total phenolics and Total Antioxidant
Activity samples were measured in triplicate. Vitamin C samples were measured
individually.

3.4 Results and Discussion
The effects of continuous flow 2450 MHz microwave processing on antioxidant
activity, total phenolic, and ascorbic acid content in apple puree were studied. A novel
microwave processing system (Figure 3.1) that was recently developed was used in the study
to evaluate its efficacy and effect on nutrient retention of apple products. The retention of
ascorbic acid is shown in Figure 3.6. There was no significant difference among samples
heated to different temperatures. Cooling using ice water or room temperature water was not
a factor in ascorbic acid retention. In terms of total phenolics (Figure 3.7), the processed
apple puree samples all showed significant increases compared to unprocessed control
samples. There were no significant changes in total antioxidant activity (Figure 3.8). This
trend is commonly seen in microwave processing of fruit and vegetables (Pascua-Cubides,
2011) (Coronel et al., 2005) (Steed et al., 2009) Draut, 2012) (Koskiniemi, 2009). A study of
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continuous flow microwave processing of purple-flesh sweet potato puree using a 60 kW,
915 MHz system found that total phenolics increased and total monomeric anthocyanins
decreased slightly wheras the antioxidant activity did not change significantly as a result of
microwave processing (Steed et al., 2008). Similar results were found in the continuous flow
microwave processing of muscadine grape purees using a 100 kW, 915 MHz system. Nesbitt
and Frye varieties of muscadine grapes maintained high retention of total phenol content
(140.7, 82.5 %) and antioxidant capacity (100.9, 90.7 %) after microwave processing (Draut,
2012). These findings are also supported by Picouet et al. (2009) who found similar trends in
Granny Smith Apple puree processed for 33 seconds in a 2450 MHz microwave oven. It is
likely that the increased processing time allowed for better extraction of phenolic compounds
and higher antioxidant activity in vitro, resulting in higher total phenolics and ascorbic acid
values.
Another objective of this study was to compare the effects of different food matrices
on nutrient retention during continuous flow microwave processing. Diced apple samples
were used and compared to puree. Ascorbic acid, total phenolics, and antioxidant activity
were measured after processing (Figures 3.9, 3.10, and 3.11). Ascorbic acid retention
significantly differed between samples. Aseptic had the highest ascorbic acid content among
all samples with .246 mg/mL. Processed samples for both diced and puree were higher than
the unprocessed samples. Among commercial samples, ascorbic acid retention was highest in
microwave processed aseptic apple puree followed by hot fill samples. Retort applesauce
samples had the lowest nutrient retention of all samples. Total phenolic retention
significantly differed between some samples. Both processed and unprocessed puree samples
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showed no significant difference when compared to processed diced samples treated with
ascorbic acid. The samples treated with ascorbic acid prior to processing all had significantly
higher retention than the untreated samples. This trend is obvious when comparing
untreated, processed diced samples that had 576.1 μg gallic acid equivalents/g fresh weight
and treated, processed diced samples with total phenolics of 985.2 μg gallic acid
equivalents/g fresh weight. Raw control samples had the lowest total phenolic retention with
only 511.3 μg gallic acid equivalents/g fresh weight. Microwave processed aseptic apple
puree had the highest ascorbic acid retention among all samples with 2459.4 μg gallic acid
equivalents/g fresh weight. This was significantly higher than the Hot Fill and Retort
samples.
The importance of the ascorbic acid treatment prior to processing is evident based on
the results of this study. It is necessary to add ascorbic acid prior to microwave heating in
order to retain high phenolic contents. The rapid and uniform heating of the microwave
system minimizes phenolic oxidation by inactivating enzymes more quickly (Oszmianski et
al., 2008). It was found that microwave heat treatments of Fuji and McIntosh apple mashes
increased extraction of phenolics and flavonoids. This resulted in increased concentations of
total phenolics and flavonoids in the finished apple juice product (Gerard and Roberts, 2004).
It is common for food processors to add ascorbic acid during the process to inhibit the
oxidation by polyphenol oxidase. The ascorbic acid reduces the o-quinones back to the
dihydroxy polyphenols and has been used extensively in fruit and vegetable processing
(Barbagallo, 2012). During the reaction, the ascorbic acid is reduced to dehydroascorbic acid.
However, the effect of ascorbic acid is only temporary because it is completely oxidized
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upon addition and o-quinones could accumulate resulting in browning (Jang and Moon,
2011). This is remedied in thermally processed fruit and vegetable products because the
thermal process inactivates the enzymatic activity, thus inhibiting browning.

3.5 Conclusion
Apples are a nutritious food product that has been associated with many health
benefits including reduced risk of cancer, heart disease, asthma, and increased pulmonary
function. These health benefits are thought to be due to the high concentration and
bioavailability of phytochemicals in apples and other fruits and vegetables. This study aimed
to explore the retention of these nutrients in two different food matrices, puree and diced,
using a novel and innovative continuous flow microwave system.
The results of this study, along with others in the literature, suggests that processing
of different formulations of apple puree does not significantly decrease nutrient
concentration. The concentration of some nutrients, such as total phenolics, significantly
increases with processing. This is most likely due to the extraction of these phenolic
compounds during the processing step. Extraction of these compounds allows for easier
chemical quantification and thus higher total phenolic values. The results also show that the
innovative stacked 2450 MHz continuous flow microwave oven system has high efficacy in
thermally processing both diced and pureed apples. This system can provide a cheaper
alternative to industrial microwave processing at 915 MHz. It is ideal for small processors.
Overall, the new system has shown to provide the same benefits of continuous flow
microwave processing systems found in the food industry.
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Figure 3.1 Stacked 2450 MHz continuous flow microwave system. (Stack 1 of 4)
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Figure 3.2 Flow chart for puree sample experiment.
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Figure 3.3 Time-temperature profile of microwave processing of apple puree.
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Figure 3.4 Flow chart for diced apple sample experiment.
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Figure 3.5 Time-temperature profile of microwave processing of diced apple.
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letter within each bar series are not significantly different (p<0.05). Error bars represent the standard error of the mean.

94

ug GA/g fw

1500

b

1000

500

0

b

b

b

b

b

a

Raw

80 C Room Temp 80 C Ice Water 90 C Room Temp 90 C Ice Water

100 C Room
Temp

100 C Ice Water
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SUMMARY AND SUGGESTIONS FOR FUTURE WORK
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The results from this research suggest that both apple puree and diced apple are good
candidates for continuous flow microwave processing. Apples were chosen for this project
because they are a highly nutritious food found in abundance worldwide. In order to retain
the high nutritional value of apples, novel processing technologies must be used. During
conventional processing of these foods, many bioactive components such as phytochemicals
are destroyed. Microwave processing is a way to achieve the goal of nutrient retention while
also producing a safe food with desirable flavor, texture, and appearance.
Additional research would be required to further explore the potential of microwave
processed multi-phase fruit products as a potential food. Due to the increased demand of
consumers for convenient, healthy foods, sensory testing of formulations is necessary to
determine if the product is desirable and marketable to consumers. In addition to sensory
testing, optimization of blends of apple varieties or other fruits would aid in achieving this
goal. There were short storage studies conducted in this project, however extended storage
studies are required to determine the feasibility of these nutritional foods in the market. This
study suggested that the majority of nutrient loss occurs during storage rather than during
thermal processing. In conjunction with the storage study, additional research into the effects
of different packaging materials and storage conditions would help to fully understand the
effects of storage.
Finally, the main goal of developing a healthy food is to reap health benefits after
consumption. In order to further substantiate these nutritional claims, in vitro and in vivo
clinical trials are needed. It would be interesting to determine the health benefits from
microwave processed fruit products stored for varying amounts of time.
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Appendix A-Additional Data from Chapter 2 Study
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The following data was collected during the experiment in Chapter 2. This data is the
comprehensive data set that includes analysis of individual ingredients in the formulations.
These include pineapple, peach, peeled and unpeeled apple puree along with the previously
reported peeled and unpeeled fruit cocktail. All samples in this data were processed using a
2450 MHz household microwave oven for 0, 1, 2 and 3 minute hold times. Figures A.1, A.2,
and A.3 show Antioxidant Activity (AA), Total Phenolics (TP), and Vitamin C (VC). The
same trends seen in the data reported in Chapter 2 are seen in the individual ingredients. AA
(Figure A.1) and TP (A.2) significantly increase in processed samples compared to
unprocessed control samples. There are slight but insignificant increases in AA and TP with
increased hold times. In terms of VC, there are no significant decreases in VC content with
processing or increased holding time. This trend has been seen in many different microwave
processed foods. This shows that microwave processing is effective in retaining
phytonutrients. As stated in previous chapters, the degradation of these compounds seems to
occur during storage rather than during thermal processing.
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Figure A.1. Effects of Hold Time on Antioxidant Activity among different formulations.
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