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Blueberries contain high levels of phenolic phytochemicals, such as anthocyanins,
flavonols, and procyanidins, with many reported health benefits. The objective of this
study was to enhance the biosynthesis of phytochemicals and extract phytochemicals
from blueberries.

The first part of this thesis examined whether a pre-harvest exogenous abscisic
application can positively affect fruit quality, antioxidant capacity and phytochemical
content of southern high bush blueberries (Vaccinium corymbosum). Abscisic acid
(ABA) is a plant growth regulator that has the potential to increase antioxidant capacity
and phenolic content of fruits and vegetables. Two varieties, Star and Windsor, were
tested with ABA water solutions of three concentrations (0, 200 and 400 ppm) using a
randomized complete block design. Results showed that ABA significantly increased the
firmness of berries in both varieties, suggesting a ripening delay effect. The effect was
more pronounced in Windsor variety as seen by a lower percentage of ripe and smaller
sized berries on ABA treated bushes. Overall, ABA delayed the ripening of blueberries,
but did not affect total phenolic content, antioxidant capacity, or the content of individual

phytochemicals in ripe blueberries.
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The second part of this thesis investigated the application of ultrasound assisted
water extraction in combination with resin adsorption technique to extract and
concentrate phenolic phytochemicals from blueberries. The ultrasound assisted hot
water method extracted more polyphenols then hot water alone. However, its extraction
efficiency was still lower than methanol. Static adsorption tests showed that FPX66
resin had a higher adsorption capacity and a greater desorption ratio than XAD 7HP or
XAD 4 resins. XAD 761 and XAD 1180 had the lowest adsorption capacity and
desorption ratio. Kinetic adsorption and isotherms tests revealed that FPX 66 had the
highest adsorption efficiency and required the shortest time to reach adsorption
equilibrium. Dynamic adsorption on a FPX 66 resin column demonstrated that
phytochemicals in blueberry water extract (WPB) started to break through after 16 bed
volumes of extract was loaded. A complete desorption was achieved using 3 bed
volumes of ethanol. The blueberry pomace after hot water extraction was extracted with
methanol and yielded the methanol-soluble blueberry phytochemicals (MBP). Sugars
were not detected in either WBP or MBP. 100 g of fresh blueberries yielded 1.22 g of
WBP and 1.39 g of MBP. The recovery rate of total phenolics was 69.5% in WBP and
0.52% in MBP.

In short, pre-harvest application of abscisic acid was ineffective in enhancing the
phytochemical biosynthesis in blueberries. An extraction and concentration method was
developed to successfully produce concentrated sugar-free phytochemical extracts from
blueberries. These extracts were suitable for use as dietary supplements for people with

glucose intolerance or diabetes.
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CHAPTER 1
LITERATURE REVIEW

Introduction

Fruits and vegetables are known to help with disease prevention and are
beneficial to maintaining a healthy lifestyle. Fruits with a high content of phytochemicals
have been researched in order to determine their potential health benefits.
Phytochemicals are known to assist in the prevention of many different diseases
including cancer, cardiovascular disease and diabetes. Phytochemicals are also known
to help in the scavenging capabilities of oxidative free radicals, which are known to lead
to the development of several chronic diseases (Hooper & Cassidy, 2006). Currently,
research is focusing on the effect that berries, specifically blueberries, have on the
human diet. Berries in general are low in calories and contain a number of antioxidants.
They include vitamins C and E and other important micronutrients such as folic acid,
calcium, alpha and beta carotene, and lutein (Basu, Rhone & Lyons, 2010). Blueberries
have been shown to contain these health promoting effects as well as having one of the
highest antioxidant capacities of all fruits and vegetables commonly consumed
(Harborne & Williams, 2000). This has led to numerous research studies investigating
the effect that blueberries have on the human health system.

According to the US Highbush Blueberry Council, the average fresh berry contains
around 10.65 g of sugar per 100 g of blueberry (USHBC, 2012). There are over 8.3
million people in the US with sugar limitations from diabetes, (CDC, 2011) who would
not be able to enjoy the numerous health benefits associated with the consumption of

fresh blueberries. Currently, research is being conducted to determine the effect that
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blueberries have on the prevention of illnesses stemming from diabetes, as well as
methods to create all natural, calorie-free, sugar-free extracts from fresh blueberries.

Phytochemical composition in blueberries

Blueberries contain a variety of phytochemicals, including several beneficial
nutritional compounds such as flavonoids and phenolic acids. These phenolic
compounds are shown to have numerous biological effects, which include antioxidant
and anticarcinogenic properties. Blueberries have been identified to have several
different flavonoids; the most commonly found are anthocyanins and flavonols (Cho,
Howard, Prior & Clark, 2004). Research has shown that consumption of flavonoids has
preventative effects against heart disease, stroke, and lung cancer (Zheng & Wang,
2002). Flavonoids are polyphenolic compounds, which have a C15 base skeleton and
represent the majority of secondary metabolites found in plants.

Flavonoids naturally occur in plants as a way to prevent oxidative stress. The
oxidative stress is caused by the promotion of several free radicals. Free radicals can
form throughout the environment and are necessary in some situations. Free radical
formation can occur either from within our own body through intracellular mechanisms
or through external environmental conditions. Internally, free radical formation is
believed to be caused by autoxidation, along with the reduction of smaller molecules
such as thiols and flavins. Externally, free radical formation can occur through exposure
to environmental pollution, smoking, organic solvents, and pesticides (Freeman &
Crapo, 1982). The formation of free radicals is unavoidable but their effects can be
reduced by diet choices. Research has led us to believe that the consumption of foods

rich in flavonoids may lead to the reduction of these chronic diseases. Since flavonoids
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are rich in antioxidants, their free radical scavenging ability can help reduce the damage
caused by the production or consumption of free radicals in the body (Cho et al., 2004).

Anthocyanins are commonly found in many produce products with over 600
known, naturally occurring anthocyanins identified (Andersen & Markham, 2006). In the
food industry, anthocyanins have become a popular way for companies to add an “all
natural” claim on their product by using them as food colorants. Also, the numerous
health benefits, including prevention of heart disease and cancer, are believed to be
caused by the anthocyanins’ rich antioxidant capacity (Macheix, Fleuriet & Billot, 1990).

Phenolic acids are known to be high in antioxidant capacity like their counterparts,
flavonoids (Rice-Evans & Miller, 1996). They are found in high numbers in blueberries
and aid in the numerous heath benefits that blueberry phytochemicals have to offer.
Different phenolic acids are found in different varieties of blueberries. Also, depending
on the time of year and the age of the blueberry, analysis will show different
concentrations of phenolic acids. Some common phenolic acids in blueberries are
chlorogenic acid, gallic acid, caffeic acid and ferulic acid; all of which have the potential
to be free radical scavengers once ingested in the body (Sellappan, Akoh & Krewer,
2002).

Health Benefits of Blueberry Phytochemicals

There are several health benefits of including blueberries in the diet. Aside from
their extremely high antioxidant capabilities, they also contain additional nutrients that
aid in maintaining a healthy immune system. According to the USDA, a serving of
blueberries (184 g) contains 14 mg or about 25% of your daily requirements for vitamin
C. Blueberries are also a good source of fiber. Besides regulating a healthy immune

system, fiber has been shown to improve heart health by maintaining good cholesterol
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(USDA, 2006). According to the National Academy of Sciences, blueberries are also an
excellent source of Manganese, which is known to improve the metabolism of proteins,
fats and carbohydrates (IOM, 2001) .

There has also been some research done on the effect that phytochemicals have
on the reduction of coronary heart disease as well as a reduction in the prevalence of
cancer (Hertog M. & et al., 1995). The ingestion of flavanols has been known to have
some anti-carcinogenic and anti-atherogenic effects. For example, research has shown
that delphinidin and malvidin glycosides have been known to cause cell death in
leukemia HL60 cells, as well as show a reduction in HCT116 cells, which are known to
cause colon cancer (Youdim, McDonald, Kalt & Joseph, 2002).

Although blueberries have been shown to help prevent several diseases (Hooper
et al., 2006), research linking the health benefits of blueberries to diabetes has been
limited. Diabetes affects over 143 million individuals worldwide and it is estimated by the
year 2030, there will be over 200 million individuals diagnosed with type 2 diabetes.
Diabetes itself is associated with the damaging effects caused by oxidative stress. The
most likely source of oxidative stress in diabetics is hypoglycemia (low blood sugar) and
dyslipidemia (high blood cholesterol).

Diabetes in the U.S.

According to the 2011 National Diabetes Fact Sheet collected by the Centers for
Disease Control and Prevention (CDC) over 25.8 million children and adults have been
diagnosed with diabetes in this country alone. That is almost 8.3% of the total US
population. This does not include the over 57 million individuals that are pre-diabetic.

The majority of these individuals is overweight and can prevent becoming diabetic by
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changing their lifestyle. The most common diabetic patients are adults aged 20 and
above with the majority, about 27%, being over the age of 60.

According to the same survey, diabetes was the 7" leading cause of death. These
deaths stem from the disease itself or complications caused by the disease. Research
has shown that diabetic individuals are 2 to 4 times more likely to suffer a stroke as well
as develop heart disease. Individuals with diabetes reported elevated blood pressure
(greater than or equal to 130/80) and/or were being prescribed medication for
hypertension. Another complication related to diabetes is blindness — diabetic
retinopathy has been shown to create 12,000-24,000 additional cases a year. Also,
between 60-70% of patients with diabetes are shown to have mild to severe damage to
their nervous system, and over 60% of diagnosed individuals had to have some form of
non-traumatic lower-limb amputations.

Diabetes can also be a financial burden as well. In 2011, total costs associated for
the patients diagnosed with the disease were over $170 billion. This was not including
the over $40 billion in costs associated with undiagnosed or pre-diabetic patient
complications. These costs are about 2.3 times higher than someone who is not
diabetic (CDC, 2011).

How Blueberries Can Be Used to Help Those with Diabetes

The most common form of diabetes is type 2 diabetes, which is caused by the
development of insulin resistance. Insulin is produced in the pancreas. This insulin
secretion is necessary to prevent fat breakdown in the adipose tissue and to promote
the storage of glucose in the liver. Adipose tissue develops from the over consumption
of fats in the diet and is stored the stored form for later energy use. A breakdown of this

fat will prevent the proper storage of energy. Those with insulin resistant type 2 diabetes
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will usually have an increase of circulating fatty acids and increased glucose in the liver
(Shulman, 2000).

Diabetes itself is associated with the damaging effects that oxidative stress can
cause. The most likely source of oxidative stress is hypoglycemia (low blood sugar) and
dyslipidemia (high blood cholesterol). Both of these conditions aid in the development of
type 2 diabetes by inducing inflammatory-immune responses. These responses occur
when a person becomes ill and free radical formation occurs. The creation of these
unnecessary free radicals is what is believed to be the cause of some of the
complications associated with type 2 diabetes (Baynes & Thorpe, 1999; Pickup, 2004).
These free radicals have been known to be reduced by the addition of antioxidants in
the diet. Antioxidant rich foods are ones that contain high amounts of flavonoids,
carotenoids and ascorbic acid. These ingredients are commonly found in most berries
and are found in high concentrations in blueberries. These components are known to
inhibit free radicals by several different reaction enzymes (Manach, Mazur & Scalbert,
2005).

Both type 1 and type 2 diabetes are known to have a negative effect on pancreatic
B-Cells. These cells are very important, as they control the creation and release of
insulin into the body from the pancreas. Diabetes affects the ability of these B-Cells to
properly function, by gradual reduction (type 2) or completely destroying them (type 1).
A study looking at the anti-diabetic properties of Canadian lowbush blueberry found that
blueberry extracts were shown to have positive effects when it came to altering these B-
Cells. Research shows that blueberry fruit extracts had a positive effect on the

proliferation of these B-Cells. These results lead to the belief that the extract could help
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prevent the deterioration of these B-Cells, resulting in reduced cell destruction in
advanced cases of type 2 diabetes (Martineau et al., 2006b).

Glucose-stimulated insulin secretion (GSIS) in pancreatic B-Cells is important for
regulating the blood sugar levels in the human body. GSIS is dependent on a series of
factors, such as coordinated glucose uptake and oxidative metabolism (Norlin, Ahlgren
& Edlund, 2005). In a diabetic patient GSIS is impaired, and, depending on the type of
diabetes, will either secrete too much or not enough insulin into the blood stream.
Studies showed that the leaf and stem extracts of blueberries have positive effects for
diabetic patients by improving GSIS. Stem and leaf extracts showed an increase in
maximal insulin secretion, as well as a leftward shift in the glucose-insulin dose-
response curve. These are two very important factors experts review when determining
the effectiveness of almost any medication prescribed to diabetic patients. By increasing
insulin secretion, along with shifting the dose response curve, patients will begin to see
a decrease in the chances of inducing hypoglycemia, one of the largest concerns for
diabetic patients (Bailey, 1999).

Diabetic patients have several complications relating to their vision. In some recent
studies, blueberries have been shown to help increase vision in impaired individuals.
This is possible because blueberries help in the generation of retinal pigments, which
has led to the improvement of night vision. Also, blueberries allow for increased
circulation in the capillaries of the retina, therefore improving vision. In a study by Head
in 2001 found that subjecting individuals to a diet in anthocyanins, individuals on the diet

that included anthocyanins had an increase in their ability to see visual purple. This is
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an important light pigment, as it helps convert the light that is seen into signals the brain
can interpret (Camire, 2000; Head, 2001).

Latest Research

Diabetes is associated with high occurrences of oxidative stress specifically due to
the hyperglycemia and hyperlipidemia. These lead to the body inducing an inflammatory
immune response as well as oxidative stress. When oxidative stress occurs, free radical
production ensues, which is believed to be one of the factors leading to complications
relating to adult onset type 2 diabetes (Baynes et al., 1999; Pickup, 2004). Recently,
metabolites from blueberry polyphenols produced by gut flora have been shown to
decrease this inflammation in vitro, which was measured by prostanoid production.
When exposed to these beneficial metabolites, a positive immune response was shown
in human endothelial cells. The anthocyanin metabolites reduced TNF alpha expression
and oxidative damage (Boyle & Leone, 2008; Hou, Yanagita, Uto, Masuzaki & Fuijii,
2005; Youdim et al., 2002).

In a study by Vuong and others (2009), the researchers looked at the effects of
blueberry juice in vivo comparing biotransformed blueberry juice to a non-blueberry
juice. Biotransformed juice was prepared by taking fresh, low-bush blueberries and
inoculating the samples with Serratia accinii bacteria. The samples were allowed to
ferment for four days and then were put through a sanitation and purification method.
The non-blueberry juice was a mixture of water, glucose, fructose, maltose, and sucrose
matching the 7.9% w/w volume of known sugar contained in the blueberry juice.

The study showed several promising results including that the blueberry juice diet
significantly reduced the cumulative food intake of the mice when compared to the

control and non-blueberry juice groups. All of the mice in the diabetic control group and
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the non-blueberry juice group showed high non-fasting glycemia levels (at or above
20mM). However, only 20% of mice on the blueberry-juice diet showed non-fasting
glycemia levels at or above 20 mM, suggesting that the biotransformed blueberry juice
may positively impact non-fasting glycemia levels in diabetic patients (Vuong et al.,
2009).

Several studies and models have been done investigating the effects of
antioxidant rich fruits on diabetic patients. A 2009 study by Grace and others
investigated the effect of blueberry in vivo. C57b1/6J diabetes induced mice were used
for the testing. Labrasol, an approved drug carrier, was combined with two different
types of extracts; a phenolic rich extract as well as an anthocyanin-enriched fraction.
Researchers found that when phenolic rich blueberry fractions were administered blood
glucose levels decreased by 33%. The anthocyanin rich fractions did even better,
decreasing blood glucose levels by 51% when compared to the control (Grace et al.,
2009). Research focused in the area of anthocyanin rich fruit is not just limited to
blueberries. In a study by Tsuda and others in 2003, anthocyanins from purple corn
were investigated to see if there was any effect on obesity on the same mice model.
Results showed that mice fed a high fat diet combined with concentrated anthocyanins
from purple corn, showed a decrease in serum levels of glucose, insulin, and leptin
concentrations when compared to the high fat control diet. The same group later
showed gene expression of adiponectin was shown to be up-regulated in white adipose
tissue for those mice fed a diet with added anthocyanins. This led researchers to

believe that there was a possibility that anthocyanins from purple corn could in fact
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reduce the risks of obesity and diabetes (Tsuda, Horio, Uchida, Aoki & Osawa, 2003;
Tsuda et al., 2004).

This idea led to research investigating the effects of whole blueberries along with a
concentrated anthocyanin extract on obesity and diabetes. The study was set up very
similar to the above study as they also used C57b1/6J mice and fed them high fat diets.
Results indicated that those mice on a low fat diet saw no significant change in weight
gain or body fat. However, mice on a whole blueberry high fat diet showed an increase
in body weight, body fat and epididymal fat weights when compared to the high fat
control diet. Anthocyanins fed as a whole blueberry showed negative effects. However,
when an extraction and concentration method for anthocyanins was employed and
placed in the diet, a reduction in obesity was noted (Prior, Wu, Gu, Hager, Hager &
Howard, 2008b).

Conclusion and Research Objectives

Blueberries have been deemed the king of ‘superfruits’. With their numerous
health benefits and disease preventing abilities, it is clear why the research world has a
vested interest in blueberries. As previously mentioned, blueberries are full of
phytochemicals with high amounts of anthocyanins, flavonoids, and phenolic acids.
These components along with the numerous other nutrients contribute to the
blueberries’ overall health benefits.

Blueberries are not a perfect food by any means. Currently, natural sugars prevent
those that are sensitive to sugar (i.e., diabetic patients) from enjoying the benefits of
blueberries. It is important to note, blueberries are known to have numerous anti-
diabetic effects and could help reduce the complications diabetes has on the body

(Martineau et al., 2006a). With over 27% of this country either diabetic or pre-diabetic,
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there is a large population that cannot enjoy the benefits this fruit has to offer. Currently
food chemistry research is focusing on developing a method to extract and purify
phytochemicals from blueberries while excluding the sugars. This research would allow
diabetic patients to receive the anti-diabetic effects without the consumption of sugar.
With new health advances occurring daily and a rise in popularity of natural foods,
it is no surprise that superfruits such as blueberries are being studied. Although not
much research has been completed on the health benefits of blueberries specifically,

the curiosity is there and the avenues for exploration are immense.

There were two research objectives for this thesis:

1. To determine if an exogenous treatment of abscisic acid affects phytochemical
content in two varieties of southern high bush blueberries.

2. To use power ultrasound assisted hot water extraction along with resin adsorption

technology to produce sugar-free blueberry extracts.

22



CHAPTER 2
EFFECTS OF EXOGENOUS ABSCISIC ACID ON FRUIT QUALITY, ANTIOXIDANT
CAPACITIES, AND PHYTOCHEMICAL CONTENTS OF SOUTHERN HIGH BUSH
BLUEBERRIES

Introduction

Blueberries have a high content of phytochemicals, including anthocyanins,
flavonols, and phenolic acids. They are known to prevent cancer, cardiovascular
diseases, diabetes, and scavenge oxidative free radicals (Hooper et al., 2006). Abscisic
acid (ABA) is a plant growth regulator discovered in the 1950’s. ABA affects plant
growth in numerous ways including seed maturity or dormancy, as well as vegetative
tissue reactions when placed under environmental stress (Baumann, 2010).

Previous studies have shown that exogenous ABA application affects growth and
phytochemical biosynthesis in several fruits and vegetables. The capacity of ABA to
increase the phytochemical content is of particular interest for food and nutritional
sciences as it increases the nutritional value of fruits and vegetables. In a recent study
involving greenhouse red and green leaf lettuces, exogenous ABA application
significantly increased the anthocyanin content in red leaf lettuce along with the
contents of chlorophyll b and total carotenoids in green leaf lettuces when compared to
the control (Li, Zhao, Sandhu & Gu, 2010). Exogenous ABA was found to stimulate
anthocyanin biosynthesis and increase the content of phenolic compounds in Noble
muscadine grapes, but not in the Alachua muscadine grapes (Sandhu, Gray, Lu & Gu,
2011). The effect of ABA on phytochemical rich berries such as southern high bush
blueberries is not known. It was hypothesized that an exogenous application of ABA on
blueberries may have a positive impact on their antioxidant capacity as well as their

phytochemical content. The present study was designed to test these hypotheses by
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evaluating the effects of the exogenous ABA on the yield, quality, antioxidant capacities,
and phytochemical contents of southern high bush blueberries (Vaccinium
corymbosum).

Materials and Methods
Chemical Reagents.

AAPH (2,2’-azotis(2-amidinopropane)) was a product of Wako Chemicals Inc.
(Bellwood, RI). 2,2-Diphenyl-1-picrylhydrazyl (DPPH), Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), and cyanidin 3-rutinoside were purchased from
Sigma-Aldrich (St. Louis, MO). Folin-Ciocalteu reagent, Tween 20, quercetin,
chlorogenic acid, and other chemicals were products of Fisher Scientific (Pittsburg, PA).
Standards of the 3-O-B -glucosides of pelargonidin, cyanidin, peonidin, delphinidin,
petunidin, and malvidin were purchased from Polyphenols Laboratories (Sandnes,
Norway). The S-abscisic acid was received as a gift from Valent BioSciences
Corporation (Libertyville, IL).

ABA Applications.

ABA treatments on blueberries were conducted in an experimental orchard in
Citra, Florida. Five-year old Star and Windsor varieties of southern high bush
blueberries of the same size and growing conditions were used. The experiment was
arranged in a randomized complete block design with 12 replications. There were three
plants per block that were given an ABA treatment in three concentrations [0 (control),
200, and 400 ppm]. ABA was dissolved in water that contained 315 pL/L of Tween 20
as a wetting agent. Control solution contained water with Tween 20. ABA or control
solutions were sprayed on berries until run-off using a garden sprayer. About half of the

leaves were also wetted after the spray. Bushes used in this experiment were separated
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by at least one guard plant. The first spray was carried out on April 5, 2010 when the
berries were in a growing stage of “green mature.” The second spray was performed on
April 28, 2010 when the berries were in the same growing stage with 5-10% of the
berries being green with a pink hue. The third spray followed on May 6, 2010 when 40-
70% of berries on the bushes showed a similar pink hue. The first sampling was done
on May 6, 2010 before the third ABA spray. Eight clusters of berries were randomly
picked from each bush. Half of the clusters were picked from one side of the row and
the other half were from the opposite side. The second sampling was done on May 12,
2010 using the same sampling protocol. The total numbers of berries, number of ripe
and unripe berries on a cluster were recorded. Ripe and unripe berries were separated
and analyzed for weight, color, and firmness. Ripe berries were freeze-dried and
analyzed for total phenolic content, antioxidant capacity, and phytochemical content.

Polyphenol Extraction.

Blueberries were freeze-dried and extracted one month later using the following
method. Freeze dried ripe blueberries (0.25 g) were weighed into 30 mL screw-capped
glass tubes and 20 mL methanol: water: acetic acid (85:15:0.5, v/v/v) was added as an
extraction solvent. The tubes were vortexed for 30 sec. and sonicated for 5 min, and
kept at room temperature in dark for 20 min and vortexed again for another 30 sec. The
tubes were centrifuged at 3,000 rpm for 10 min. Supernatants were decanted out and
kept at -20°C until further analysis.

Folin-Ciocalteu Assay.

Total phenolic content was determined by the Folin-Ciocalteu assay. Blueberry
extracts were mixed with diluted Folin-Ciocalteu reagent and 15% sodium carbonate.

Absorbance at 765 nm was measured on a SPECTRAmax 190 microplate reader
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(Molecular Devices, Sunnyvale, CA) after 30 min of incubation at room temperature.
Gallic acid was used to generate a standard curve. Results of total phenolic content for
blueberries were expressed as milligram gallic acid equivalent per gram of fresh
blueberry samples (mg GAE/Q).

Oxygen Radical Absorbance Capacity (ORACk.) Assay.

Blueberry extracts were incubated with fluorescein as a free radical probe and
AAPH as a free radical generator (Prior et al., 2003). The kinetics of fluorescein
degradation was read on a Spectra XMS Gemini microplate reader (Molecular Devices,
Sunnyvale, CA). 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was
used to generate a standard curve. The results of the antioxidant capacity of blueberries
were expressed as pumol Trolox equivalent per gram of fresh blueberry samples (pmol
TE/Q).

DPPH Assay.

The DPPH (2,2-diphenyl-1-picrylhydrazyl) scavenging activities of freeze dried
blueberries were measured using a published method (Brand-Williams, Cuvelier &
Berset, 1995). Twenty milligrams of DPPH was dissolved into 100 mL of methanol to
make a DPPH stock solution. DPPH working solution was freshly prepared by mixing
3.5 mL DPPH stock solution and 6.5 ml methanol. Absorbance at 515 nm was
measured on a SPECTRAmax 190 microplate reader (Molecular Devices, Sunnyvale,
CA). The initial absorbance of DPPH working solution was between 0.9-1.0. The
blueberry extracts (50 uL) were added to 950 puL DPPH working solution and samples
were kept at room temperature in dark for 60 min. Trolox solutions from 100-1000 puM

were added to DPPH working solution as standards. The results of the DPPH
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scavenging activity of blueberries were expressed as pumol Trolox equivalent per gram
of fresh blueberry sample (umol TE/g).

Texture and Color Analysis.

Textural analysis of blueberries was performed using the TA.XT Plus Texture
Analyzer (Texture Technologies Corp., Scarsdale, NY). Blueberries were compressed
using a flat probe from 25 mm distance at a speed of 10 mm/s with a 1 g contact force.
Maximum peak force was obtained from five readings of duplicated samples. Color
analysis was run using a machine vision system consisting of a light box (Luzuriaga,
Balaban & Yeralan, 1997), a Nikon D200 digital color camera and a Nikon DX 18-
200mm VR Il Lens (Nikon Corp., Tokyo, Japan) connected to a computer through a
USB cable, using Lens Eye Software (Gainesville, FL). The light box used 2 fluorescent
light bulbs (Lumichrome F15W1XX, color temperature = 6500 K, color retention
index=98, Lumiram, Larchmont, NY) emulating the D65 illumination (natural daylight at
noon). Diffuse light inside the box was obtained by using a Polycast acrylic nr 2447
plastic sheet (Faulkner Plastics, Gainesville, FL) between the fluorescent bulbs and the
sample space. The camera settings were as followed; exposure mode: /8, aperture,
shutter speed: 0.5 sec: 0 exposure value, exposure compensation: 0 exposure value,
sensitivity: 250 ISO, color temperature: 5600 K, hue adjustment: -6°. Color analysis was
performed using Lens Eye software (Engineering & Cyber Solutions Inc., Gainesville,
FL) using Visual Basic for Windows (Microsoft, Redmond, WA). The blueberry samples
were placed at the bottom of the light box and a picture was captured from the digital
camera set on a tripod facing the samples at the bottom of the light box. The captured
images (1000 x 669 pixels) taken with the MV system were calibrated with a Labsphere

(North Sutton, NH) standard blue plate (L" = 58.24, a' =-4.74, b = -42.44). The images
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were 24-bit color, meaning that in the red, green, blue (RGB) color space, each color
axis was represented by 8 bits or 2% = 256 different values. Using the LensEye software,
first the RGB values of every pixel of a sample image were read, then this color
information was converted to the L*, a*, and b* values, and averaged for each blueberry
sample. A threshold was established to determine the ripeness stage using the average
b* values of each sample.

HPLC-ESI-MS" Analyses of Phytochemicals.

An Agilent 1200 HPLC system consisting of an autosampler, a binary pump, a
column compartment, a diode array detector and a fluorescent detector (Agilent
Technologies, Palo Alto, CA) was interfaced to a HCT ion trap mass spectrometer
(Bruker Daltonics, Billerica, MA). Samples were centrifuged at 17,000 rpm for 10 min
using an AccuSpin Micro 17 Centrifuge System (Fisher Scientific, Pittsburg, PA). The
supernatant was removed and 10uL of sample was injected. An Agilent Zorbax
Stablebond SB-C18 column (250 mm x 4.6 mm, 5 uym particle size, Agilent
Technologies, Palo Alto, CA) was used for the separation of phytochemicals. The binary
mobile phase consisted of (A) formic acid: water (5:95 v/v) and (B) methanol. For the
analysis of flavonols, chlorogenic acid derivatives and anthocyanins, a 70-min gradient
was used and adapted from (Cho et al., 2004). The gradient is described as follows: 0
min-5% B, 2 min-5% B, 10 min-20% B, 15 min-20% B, 30 min-25% B, 35 min-25% B,
50 min-33% B, 55 min-40% B, 60 min-60% B, 65 min-70% B, 70 min-5% B isocratic;
followed by 5 min of re-equilibration of the column before the next run. The detection
wavelength was 520 nm for anthocyanins, and 360 nm for chlorogenic acid and
flavonols. Electrospray ionization in alternating mode was performed using nebulizer 30

psi, drying gas 11 L/min, drying temperature 300°C, and capillary of 4000 V allowing
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compounds to be detected in both positive and negative mode in the same run. The full
scan mass spectra of the anthocyanins was recorded from m/z 350 to 650. Auto MS?
was conducted with 100% compound stability and 100% trap drive level. An external
standard mixture of 3-O-f - glucosides of delphinidin, cyanidin, petunidin, pelargonidin,
peonidin and malvidin was used to quantify anthocyanins. Pure compounds of
Chlorogenic acid, rutin, myricetin, quercetin, and kaempferol were used as external
standards to quantify chlorogenic acid and flavonols. Data was analyzed using
Chemstation software (Version B. 01.03, Agilent Technologies, Palo Alto, CA).
Blueberry phytochemicals were identified on the basis of full scan and product ion mass
spectra, UV/vis spectra on diode array detector, and comparison with published papers
(Cho et al., 2004).

Statistical Analyses.

Data were expressed as mean * standard deviation. One-way analyses of
variance with Tukey-Kramer HSD comparison of means were performed using JMP
software (Version 8.0, SAS Institute Inc., Cary, NC). Dunnett’s test was used to
compare ABA treated samples with controls. A difference of p < 0.05 was considered as
significant. A difference of 0.5<p<0.1 from Dunnett’s test was described as a trend.

Results
Berry Quality.

Blueberries grow in small clusters of 9-12 berries. About 65% and 75% of berries
on clusters were ripe for Star variety at first and second sampling, respectively (Table 2-
1). Ripening of blueberries is characterized by a significant size and weight increase,
firmness decrease, and development of blue/purple color. ABA at 400 ppm significantly

decreased the percentage of ripe berries on Star variety at second sampling when
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compared to the control (p = 0.05). A significant decrease in the percentage of ripe
berries was observed on Windsor variety treated with 200 ppm or 400 ppm ABA at first
sampling, indicated a delay in ripening. The delay of ripening was also observed for Star
at first sampling and Windsor at second sampling, however, the differences were not
statistically significant. ABA significantly decreased the average weight of all berries on
the cluster for Windsor compared to the control. There was also a significant decrease
in the average weight of ripe berries for Windsor at second sampling, suggesting ABA
may decrease berry yield. ABA significantly increased the firmness of all berries for both
varieties but only during the first sampling. This was consistent with ABA’s inhibitory
effects on berry ripening.

Ripe blueberries have a blue-purple color and give a negative b* value using the
L*, a*, and b* color scale. Unripe berries are yellow-green and give a positive b* value.
Table 2-1 shows that b* values increased for all berries on clusters in both Star and
Windsor. A trend (p = 0.09) of delay in color development was observed only in the 400
ppm treated Star berries at the first sampling. Nevertheless, ABA treated ripe berries
had higher b* values than control ripe berries on Star variety. Similar effects were also
observed on Windsor variety, but only during the second sampling. It appeared that in
most of the berries, ABA made the ripe blueberries less blue than the controls (Table 2-
1). Because the blue color of berries is caused by anthocyanins in the skin, this may
have suggested a decrease of anthocyanin content.

Total Phenolic Content and Antioxidant Capacity.

There was no significant difference in the phenolic content or antioxidant capacity

(measured by ORAC or DPPH) in control and ABA treated samples of both the varieties
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at the first sampling (Table 2-2). During second sampling, there was a significant
decrease in antioxidant capacity measured by DPPH assay in 200 ppm and 400 ppm
ABA treated samples for both varieties. Such decrease was consistent with a trend of
decrease in total phenolic content in 400 ppm ABA treated Windsor variety (p=0.06).
However, such trend was not observed in ORAC. No significant difference in total
phenolic content or ORAC was shown for Star variety at second sampling.

Phytochemical Identification and Quantification.

Twelve anthocyanins, a hydroxycinnamic acid, and five flavonols were identified
and quantified in ripe berries of Star variety using HPLC-ESI-MS" (Figure 2-1). Ripe
berries of Windsor variety contained ten anthocyanins, a chlorogenic acid, and two
flavonols. Malvidin 3-arabinoside, delphinidin 3-galactoside, and malvidin 3-galactoside
were the major anthocyanins in Star variety. They contributed to 23%, 16%, and 15% of
total anthocyanin content. Cyanidin 3-glucoside was the major anthocyanin in Windsor
variety and accounted for 44% of total anthocyanins. Chlorogenic acid was the most
abundant non-anthocyanin phenolic compound in both varieties. ABA application did not
affect the contents of anthocyanins, flavonols, or chlorogenic acid in both the varieties at
each sampling time (Tables 2-3 and 2-4).

Discussion

Two varieties of southern high bush blueberries were used for ABA applications.
The berries were sampled twice i.e., after second and third ABA applications,
respectively. The impact of ABA on berry quality appeared to be both sampling time and
variety dependent. There was a clear effect of ABA to delay fruit ripening of southern

high-bush blueberries. A significant ripening delay was observed in Windsor variety

31



during first sampling. This was reflected by a higher percentage of unripe berries and
greater firmness of all berries on the clusters.

Blueberry is a non-climacteric fruit whose ripening is regulated by abscisic acid
(Zhang, Leng, Zhang & Li, 2009). Endogenous ABA is associated with accelerated
ripening because ABA increases rapidly at the beginning of fruit ripening and has a high
correlation with the accumulation of sugar, reduction of acid, and production of fruit
pigments (Sun, Zhang, Ren, Qi, Zhang & Leng 2010). The ripening delay effects of
exogenous ABA can be attributed to its function to inhibit plant growth. ABA inhibits
photosynthetic CO, assimilation by inducing stomatal closure or the activity of ribulose
1,5-biophophate carboxylase (Seemann & Sharkey, 1987). The photosynthetic
inhibitory effect of exogenous ABA may also explain the significant decrease in the
weight of ripe berries for the Windsor variety. This observation was consistent with a
previous study which showed that exogenous ABA significantly decreased the yield of
lettuce (Li et al., 2010).

ABA consistently accelerated ripening of climacteric fruit, such as banana or
tomatoes, by enhancing ethylene synthesis or the sensitivity of fruits to ethylene (Jiang,
Joyce & Macnish, 2000; Zhang, Yuan & Leng, 2009). However, the effect of ABA in the
ripening of non-climacteric fruits appeared to be crop and variety specific. ABA did not
impact fruit ripening on Muscadine grapes (Vitis rotundifolia), but it was reported that
Vitis vinifera treated with ABA ripened faster than control (Giribaldi, Gény, Delrot &
Schubert, 2010). Such discrepancy of ABA on ripening could be explained by ABA’s
different functions in different crops and at different growing stages of the same crops.

Timing and dose of ABA application are also important factors (Walton, 1980). There
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was a significant trend for ABA to increase in the firmness of all berries on clusters
during the first sampling on both varieties. However, it did not affect the firmness of all
berries during second sampling or the firmness of ripe berries. Increase of firmness of
all berries was consistent with a delay in ripening. These results agreed with a previous
study which showed that texture of ABA treated blueberries was not significantly
different from controls (Hussin & Basiouny, 1984).

ABA did not affect total phenolic content of ripe berries. A similar observation was
also made about the effects of ABA on phenolic content of low bush blueberries. ABA
had no impact on the antioxidant capacity of ripe blueberries measured using ORAC.
However, ABA decreased the antioxidant capacity measured by DPPH for both varieties
but only at the second sampling. Compared to the low bush blueberries, there was a
considerable decrease in the number of anthocyanins in the southern high bush
blueberries (Prior, Lazarus, Cao, Muccitelli & Hammerstone, 2001). This was consistent
with a study in which low bush blueberries were shown to have 38% more anthocyanins
and 54% higher ORAC values (Kalt, Ryan, Duy, Prior, Ehlenfeldt & Vander Kloet, 2001).
The antioxidant capacity measured by DPPH was much lower than that measured by
ORAC. This was because DPPH and ORAC methods used different chemistry and
mechanisms to measure antioxidant capacity. ORAC assay applies a competitive
reaction scheme, in which antioxidant and substrates compete for thermally generated
peroxyl radicals through the decomposition of azo compounds. DPPH assay measures
the capacity of an antioxidant in the reduction of an oxidant, which changes color when

reduced (Huang, Ou & Prior, 2005). The lower values for DPPH could be attributed to
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the fact that those antioxidants that react quickly with peroxy radicals will react even
slower or may not react with DPPH due to steric inaccessibility.

ABA application did not affect anthocyanin, flavonol, and chlorogenic acid contents
of ripe blueberries. These observations contradicted other studies in which ABA
significantly increased the anthocyanin content in red-leaf lettuce and red grapes (Jiang
& Joyce, 2003; Kondo, 1997; Li et al., 2010; Peppi, Fidelibus & Dokoozlian, 2006;
Sandhu et al., 2011). These results however, agreed with those on lowbush blueberries
where an ABA application showed no impact on anthocyanin content (Forney, Kalt,
Abrams & Owen, 2009; Percival, 2007). ABA stimulated anthocyanin biosynthesis in
crops because it induced the expression of several enzymes in the flavonoid
biosynthetic pathway (Gagné, Cluzet, Mérillon & Gény, 2011). Fruit ripening is also
accompanied by a rapid increase in the activity of these enzymes. This is evident for
blueberries because the green berries turned dark blue and became ripe within three
weeks. A major effect of ABA on blueberries appeared to be a ripening delay. This may
have counteracted any capacity of ABA to increase enzyme expression for flavonoid
biosynthesis. As a net effect, we saw no impact of ABA application on total phenolic
content, antioxidant capacity, or flavonoid content of ripe berries.

Conclusions

ABA had a clear trend to delay the ripening of southern high bush blueberries and
decreased berry yield in Windsor variety. ABA application did not affect total phenolic
content, antioxidant capacity, or flavonoid content of ripe berries in Star variety. It
showed a trend to decrease total phenolic content and antioxidant capacity of ripe
berries in Windsor variety. The effects of ABA on berry quality were variety dependent

and also varied according to sampling time
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Table 2-1. Fruit quality of blueberries as affected by ABA treatments

Variety Treatments Fercentage of YWelght of all Welght of Firmness of all Firmness  b* walue (All b* value
ripe berries on berries on ripe berries berries on of ripe berries on a (Ripe
Clusters clusters on clusters Clusters berries on ClLSter) berries on a
(%) (o/berny) (ofberry) (kg of Force) cluster cluster)
(ka]
Star 1% Sampling VWater control B8 +17.0° 1.5+05° 21+02° 08+01° 06+02° 10+46° 772070
200 ppm ABA 586 +163° 1.5+0.2° 21+03° 0a+03° 06+017 33+53° 70+086 °
400 ppm ABA 615 +143° 1.4+0.2° 20+03° 12+05° 07+02°7 40+47° £8+x10F
Star 2™ Sampling YWater control T71+£820° 1L6+02° 23+03° 0 +01° 06+01° -28+25° BE+£05°
200 ppm ABA T25+133° 1.6+0.2° 22+02° 0g+07° 05+01% 08+32%* 78x05°
400 ppm ABA 654 +114% 1.5+0.3° 23+03° ng+£03° 0601 14x08° BA+06°
Windsor 1% Sampling  Water control 2h4+930° 1.2+0.2° 20+x02° 12+x04° 04+01° 1Mo+37* -£3x10°
200 ppm ABA 199+153° 0.9+0.2° 1.7+03° 1506 06+02% 172+28° -52x05°
400 ppm ABA 173 +£101° 0.8+02°" 16+086° 20+05° 06+01% 173+26° -57+10°
Windsor 2™ Sampling  Water control 591 +134° 1.3+02° 23+03° 07+02° 05+02° 26+40° 75+04°
200 ppm ABA 544 +98° 1.2+£0.2%" 21+£03 % 08+02° 05+£01° 34+20° 58+x04°
400 ppm ABA 478 +174° 1.0+0.2° 18+02° 09+04° 05+01°7 53+4858° B53+04°

Data are mean + standard deviation for n=8. Means with different letters denotes significant differences (p < 0.05) using Tukey-Kramer HSD pair-wise test. # p=0.05 * p=0.09, using Dunnett’s Test.
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Table 2-2. Total phenolic content and antioxidant capacities of ripe blueberries as affected by ABA treatment

Wariety Treatments Total phenolic content ORAC DPFPH
{tng GAE/g) {(umol TE/g) {pmol TE/g)
Star 1% Sampling Water Control 31+05° 808 +200° 260 +583°
200 ppm ABA 28+04 ° 764 +129° 212+50°
400 ppm ABA al1+05° B48+205° 235+73°
Star 2" Sampling Water Control A6+07° 880 +350° 266 +17°
200 ppm ABA 28+16° 787 +142° 182 +33°
400 ppm ABA A0+05° T78+146° 206+36°
WWindsor 1 Water Control 33+£07° 594 +274° 244 +47°
Sampling 200 ppm ABA 35+10° 656 +263° 221487
400 ppm ABA 24+05° 482 +186° 221+48°
Windsor 2™ Water Control 44+12° Bra+277° 263+872°
Sampling 200 ppm ABA 3g+03° 59 +213° 229+23°%®
400 ppm ABA AT+057 Tr4+384 ° 181 +60°

Data are mean + standard deviation for n=8 for 1st sampling and n=5 for 2nd sampling (block 1-4 plus a pooled sample
from block 5-8). For each variety, means within a column followed by the same letter are not significantly different at p <
0.05. Results are on a fresh weight basis. * p=0.06 using Dunnett’s Test.
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Table 2-3. Content of anthocyanins, flavonols, and chlorogenic acid in ripe berries of Star variety as affected by ABA

treatment

Treatments

Water Control

1st Sampling

200 ppm ABA

400 ppm ABA

Water Control

Znd Sampling
200 ppm ABA

ADD ppm ABA

Anthocoyanins

delphinidin 3-galactoside
cyanidin 3-galactoside
delphinidin 3-arabinoside
petunidin 3-galactoside
cyanidin 3-arabinoside
pecnidin 3-galactoside
petunidin 3-arabinoside
malvidin 2-galactoside
malvidin 3-glucoside
malvidin 3-arabinoside
petunidin 3-acetyglucoside

IWalvidin 3-acetylglucoside
Total Anthocyanins

Flavencls/Phenelic Acids

chlorogenic acid
quercetin 3- galactoside
quercetin 3- glucoside
guercetin xylose
myricetin rhamnose

rutin

Total Flavonels

2453 £ 1113°
4545 + B.3°
156.1+ 5B.6°
125.1+ 38.7°
357 +122°
51.7+95°
Bl1.0+ 158°
351.6 + 1461 °
B0.4 £ 10:1°°
233.2+ B3B"
404 +157°
770 +130°

1513.7+ 42787

176.5% 425"
4374957
31.8+ 10.5°
z5.7+ 7.9°
402+ 125°
245+ 987

165.9 +48.4°

Z18.0 £ BzD "
447 £ 111 °
137.7+ 391 °
1141 + 295°
352+12.8°
502+ 12.0°
747+ 1217
3231+ 138.0°
7404 13.4°
21504 77.3°
365+ 16.1°
3.2+ 166"

14158 +323.4°

1641+ 2987
4114+ 193°
291+ 10.3°
237+ 7.8°
368+ 1227
208+ 887

151.3 +48.5°

278.1 £ 14247
Ez4 % 10.0°
179.5+83.0°
1445+ 55.2°
ADE+ 125°
G0+ 3.4°
93.3+253°
431.843217.1°
921+ 12.2°
2B0LD£117.3°
4384+ 157°
B4.4+ 129"

1279.5 + 28587

161.8+ 53.87
496+ 1457
326+ 11.47°
27.4+ 877
427+ 1337
253+ 397

177.6 +56.8"7

252.7+32.7°
357+ 1.87°
150.7 £ 201 °
12204167 °
25.7+15°
428 +7.0°
778+ 114°
4072 £121.3°
66.1+8.5"
305.5 £105.1°
23.7+15°
57.3+ 58"

1568.2+2/%9.2 °

289.7+90.5 °
416+ 407
259+ 1.3°
19.9+ 15"
313+ 52"
159+ 1.2°

I+

134.7 +9.8°

419.4 £3937°
37.5+17°
162.5+ 11.0°
133.5+£157°
Z5.8+17°
450453°
B6.1% 11.7°
4543411487
GB.4+ 347
339.3+916°
236+ z5°
S84+ 7.8°

1675. 9+ 2840

z45.8+ B0.9 °
IRE+z25"°
253+15°
19.z+13°
314517
151 +0.9°

127.7+71°

a

3709 +3459°
41.7 £ 9.0°
163.6+40.2 "
1322 +159"°
Z8.5 +5.5°
k4 817
B5.z+ 89°
4355 +31.3°
9.3+ 75"
3200 +915°
236+ 2.9°
5.4+ 546"

1611.1 £ 269.2

Z94.9 % 758
396+ 66
ZBE+ 337
19.6+ 2.47
3.2+ 487
1600+ 1.37

133.3 + 16.5°

Data are mean + standard deviation for n=8 for 1st sampling and n=5 for 2nd sampling (block 1-4 plus a pooled sample
from block 5-8). For each variety, means within a column followed by the same letter are not significantly different at p <
0.05. Results are represented as pg/g fresh weight basis.
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Table 2-4. Content of anthocyanins, flavonols, and chlorogenic acid in ripe berries of Windsor variety as affected by ABA

treatments
L=t Sampling 2nd Sampling

Trestmants Watar Cant ral 200 ppm AEA 400 pp AEA Water Cartial 200 ppm AEA 200 ppr AES
Anthacyanin:s

peanin 3galactasida 2405 +35 3" 245 B+ 13627 1245+ 715" 3233+ 7a.8° 28R 7+ 5287 3483+ 401
cvankdin 3-glucosida 219 B+ 1E1" 8157+ 330” a3L7+ 21" 8050+ 44.57 Raagt 203’ B2a5+ 333°
dalphimdin 3-arabinosida 15LE+ 512" Lsg: 7227 1288+ 382" 2148+ 54.37 2340+ 408" 2167+ 426"
paturndin3-arabinosida 541 B.2°" 524+ 125" 484+ 36" sz 13z’ 54.0% 134" 5lBx 112"
cyanidin 3-arabinaside 1512+ 511" 1855+ 720" 1285+ 381" 214.3+ 54.2° 2334+ 405" 2lB.2 + 495 "
paonidin 3-glucosida 1418 £ 480" 1487+ B2.7 " 1187+ 347" 17l8+ 415" 1850+ 248" 1777+ 548"
patumidin 3-arabinosida 370+ W00" B8t 129" 343+ 85" 3L+ RO" 33.2+ 824" 3jlat+ 82 "
ma kidin 3-glucasida 57 btB5" 5B.8+ 148" 53.2+ BB" 570+ 124" BEB4A+ 230" B2.7+ 123"
paanidin-3-arabnazice 7B.lt LFo” reat 2a.8” BF.2tem’ rt 234" 1041+ 168" e4+ 198"

ma ke 3-aabinasida

Tatal Anthacyanins.

FlavonokEfFhanolie Acick

chhkaragank

acud

fuartatin 3-galactasida

uarcatinay ksa

Total Flavonok

327B£ 17LA "

2057 + 414 87"

2%Ll.3+ BOOT
529+ 90"
248+ ba"

TTT+153"

338 B+ 20L8°

20R5 3+ 55887

2515+ 516"
4.7+ 159"
a0+ 87"

Tipt22o”

2388+ 1314°

1ARZ 3 + 3008 "

2Bt BBE "
508+ BO”
230t 55"

7Is+111”

BB Bt 14B S

24233 +3p1.2"

3982+ 1365 "
513+ 172"
m1l+52"

713+ 2247

50+ 743"

25473+ 23B5°

2933+ BRI
485+ 114"
157+ 47"

G622 +16.07

s03.b+ L05.1°

25254+ 20217

3o32z:llaan’
433+ 243"
1%kt BL"

Tooxa0z2"

Data are mean + standard deviation for n=8 for 1st sampling and n=5 for 2nd sampling (block 1-4 plus a pooled sample
from block 5-8). For each variety, means within a column followed by the same letter are not significantly different at p <
0.05. Results are represented as pg/g fresh weight basis
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Figure 2-1. HPLC chromatograms phenolic compounds in blueberries of Star variety.
A) 360 nm detection. B) 520 nm detection. Peaks were identified using mass
spectrometry. (1) chlorogenic acid, (2) quercetin 3- galactoside, (3) quercetin
3-glucoside,(4) quercetin xyloside, (5) myricetin-3-rhamnoside, (6) rutin, (7)
delphinidin 3-galactoside, (8) cyanidin 3-galactoside, (9) delphinidin 3-
arabinoside, (10) petunidin 3-galactoside, (11) cyanidin 3-arabinoside, (12)
peonidin 3-galactoside, (13) petunidin 3-arabinoside, (14) malvidin 3-
galactoside, (15) malvidin 3-glucoside, (16) malvidin 3-arabinoside, (17)
petunidin 3-acetyglucoside, (18) malvidin 3-acetylglucoside.
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CHAPTER 3
EXTRACTION AND CONCENTRATION OF PHYTOCHEMICALS FROM
BLUEBERRIES USING ULTRASOUND ASSISTED EXTRACTION AND RESIN
ADSORPTION

Introduction

Fresh blueberries are known to have a higher antioxidant capacity than other fruits
(Prior et al., 2007; Wu, Beecher, Holden, Haytowitz, Gebhardt & Prior, 2004).
Phytochemicals from blueberries are shown to lower blood cholesterol (Prior et al.,
2009) and prevent cancers and atherosclerosis (Adams, Phung, Yee, Seeram, Li &
Chen, 2010) (Wu et al., 2010). Research suggested that phytochemicals extracted from
blueberries were more effective than whole fruits in preventing body weight gain (Prior,
Wu, Gu, Hager, Hager & Howard, 2008a). There is a consumer demand for
concentrated blueberry phytochemicals in the form of a dietary supplement to boast
antioxidant intake. Blueberries contain 10.8 g of sugar per 100 g of fresh berries. About
8.3% and 35% of the US population are diabetic or pre-diabetic (CDC, 2011). This
group of consumers can benefit from a concentrated phytochemical product from
blueberries with little or no sugar content.

Resin adsorption technology is being explored to concentrate polyphenols as well
as for the removal of sugars (Kammerer, Gajdos Kljusuric, Carle & Schieber, 2005).
Synthetic resins allow adsorption of polyphenols from aqueous solution via hydrophobic
binding and aromatic stacking. They desorb phytochemicals in organic solvents, such
as methanol or ethanol. Because sugars do not interact with resins, they can be easily
removed by water elution. Ultrasound was investigated to increase the extraction
efficiencies. Polyphenols entrapped in the plant matrix were effectively released by

ultrasound in a previous study (Chemat, Zill e & Khan, 2011). In the present study, the
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high extraction capacity of ultra sound was coupled with the concentration capacity of
resin adsorption to produce concentrated phytochemical extracts from blueberries.
Materials and Methods

Chemicals

AAPH (2,2’-azotis(2-amidinopropane)) was a product of Wako Chemicals Inc.
(Bellwood, RI). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), and
cyanidin 3-rutinoside were purchased from Sigma-Aldrich (St. Louis, MO). Folin-
Ciocalteu reagent, chlorogenic acid, and other chemicals were products of Fisher
Scientific (Pittsburg, PA). Amberlite resins (XAD 761, XAD 4, XAD 1180, XAD 7HP, and
FPX 66) were products of Rohm Hass (Philadelphia, PA). Chemical and physical
properties of these resins are summarized in Table 3-1.
Pre-Treatment of Resins

Resins were suspended in DI Water to expand the beads before packed in a glass
column (I.D. x L: 22 x 350 mm). Ethanol (140 mL) was used to wash the column with a
flow rate of 400 mL/hr. Column was washed with water until the eluent was clear. The
resin was then eluted with 140 mL of 4% HCI followed with distilled water until pH of the
eluent was about 7.0. The column was the washed with 140 mL of 5% NaOH followed
by distilled water until the eluent reached a pH of 7.0. After pre-treatment, the resins
were ready to be used. A sample of the pre-treated resins were weighed into uncovered
trays and placed in an oven and kept at 60°C for 24 hr. Weight loss was calculated as
moisture content.

Extraction of Phytochemicals from Blueberries

The extraction and concentration of blueberry phytochemicals is depicted in figure

3-1. Frozen southern high bush blueberries (160 g) were mixed with 400 mL of hot
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water (40°C, 60°C, or 90°C, acidified with 0.5% v/v acetic acid) and blended for 1
minute in a blender. An ultrasound probe was placed into the blueberry mash and
mixture was sonicated at 100% amplitude for O or 5 min. The extraction mixture was
filtered through cheese cloth to separate water extract and pomace. The pomace was
re-extracted with an additional 400 mL of acidified water by using ultrasound. The water
extracts were combined and filtered through Whatmann No. 4 filter papers.

The blueberry pomace after ultrasound assisted water extraction was extracted
using a methanol/acetic acid (97.3:0.3, v/v). One gram of blueberry pomace was
combined with 10 mL of extraction solvent and vortexed for 30 sec. Samples were kept
in darkness for 20 min and then centrifuged for 10 min at 20°C and 3,200 rpm. The
supernatant was removed and collected.

For comparison, frozen blueberries were also extracted using organic solvents.
Frozen blueberries (160 g) were blended with 400 mL of methanol/acetic acid (99.7:0.3,
v/v) for 1 min. Samples were then vortexed for 30 sec and kept in the darkness for 20
min. Samples were then centrifuged for 10 minutes at 20°C at 3,200 rpm. Ultrasound
was not used for organic solvent extraction.

Final extracts (WPB and MPB) were dried under vacuum conditions for 24 hr to
ensure complete removal of organic solvents (Thermo Scientific Savant ISS110 Speed
Vac. Concentrator; Waltham MA).

Static Adsorption/Desorption Testing

Pre-treated hydrated resin (1 g) and 25 mL of blueberry water extract were added
to a 250-mL flask with stoppers and wrapped in aluminum foil. Flasks were placed in a
water bath shaker (Stovall Life Sciences Inc.; Greensboro, NC) at a rate of 45 rpm.

Adsorption was continued at room temperature for 24 hr to ensure the adsorption
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equilibrium was reached. For static desorption testing, the phytochemical-laden resins
were washed with 25 mL DI water in a flask. After the rinsing water was discarded, 50
mL of 95% ethanol was added in the flask. The flask was placed on a water bath shaker
for 24 hr at room temperature at a rate of 45 rpm. Adsorption and desorption ratios and
capacities were calculated using the following equations

Adsorption Ratio:

A(%) = o= 3-1
0

Adsorption Capacity

—c _ Vi) }
e = Co —Ce x a-mw 3-2

Where A is the adsorption ratio (%) and ge is the adsorption capacity (mg/g dry
resin) at equilibrium. C, and C. are the initial and equilibrium concentrations of the
blueberry extract solutions (mg/L). M is the moisture content of the resin (%) where as
W is the initial weight of the resin being used (g). V; is the volume (mL) of blueberry
extract used.

Desorption Ratio

Vg
(Co _Ce)Vi

D% = C, x 100 3-3

Desorption Capacity

_ Va -
qq = Cqx AW 3-4

% Recovery

_ C4qVyq
T CoVo

R x100% 3-5

Where D is the desorption ratio (%), qqis the desorption capacity (mg/g dry resin),

and R is the % Recovery (%) after desorption is complete. Cqis the concentration of

43



blueberry in the desorption solution (mg/L). Vqis the volume of the desorption solution
(mL). Co, Ce¢, M, W, and V; are the same as above.

Adsorption Kinetics

Pre-treated resin (1 g) was mixed with 25 mL of blueberry water extract in a flask
and placed on a water bath shaker. An aliquot of supernatant (1 ml) was obtained every
30 min for the first 6 hr and then every 60 min from 6 to 12 hr. Adsorption kinetics were
evaluated using the pseudo first and second order models.

Pseudo-First-Order-Model

In(qe — q¢) = Inge — kgt 3-6

Pseudo-Second-Order-Model

t 1 1
Lo Ly 3-7
qt ksqé de

Where k; is the rate constant of the pseudo-first-order-model and ks is the rate
constant of the pseudo-second-order-model. Where qg; (mg/qg) is the amount of
adsorbate adsorbed at time t where (e is the adsorption capacity at equilibrium.

Adsorption Isotherms and Thermodynamics

FPX 66 resin was selected for adsorption Isotherms and thermodynamics testing.
Hydrated resin (1 g) was added to blueberry water extracts of different concentrations.
Temperature was set at 25, 35, or 45°C. The equilibrium adsorption isotherms for total
phenolics and total anthocyanins were determined using Langmuir and Freundlich
equations.

Langmuir Equation

__ dmCe 3-8

qe - K1+ Ce
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Where K and a, are equilibrium constants of the Langmuir Equation in which
plotting Ce¢/ge results in a straight line having the slope of g/K_and an intercept of 1/ K.

Freundlich Isotherm

e = KFCel/n 3-9

Where by potting log ge vs log Ce and a constant Kg and an exponent of 1/n can
be calculated.
Dynamic Adsorption/Desorption Testing

A glass column with a fritted disk (1.D. x L, 19 x 400 mm) was loaded with FPX 66
resin with a resin bed volume of 30 mL. Blueberry water extract was loaded into this
column using a flow rate of 2, 5 or 10 BV/hr, respectively. The adsorbate-laden column
was then washed with DI water (150 mL) to remove sugars and other compounds that
did not absorb on the resin. Phytochemicals were desorbed using 95% ethanol at a flow
rate 2, 4, or 6BV/hr, respectively. Eluent was collected at each 30 mL and analyzed for
total anthocyanins.

Folin-Ciocalteu Assay

Total phenolic content was determined by the Folin-Ciocalteu assay. Blueberry
extracts were mixed with diluted Folin-Ciocalteu reagent and 15% sodium carbonate.
Absorbance at 765 nm was measured on a SPECTRAmax 190 microplate reader
(Molecular Devices, Sunnyvale, CA) after 30 min of incubation at room temperature.
Gallic acid was used to generate a standard curve. Results of total phenolic content for
blueberries were expressed as milligram gallic acid equivalent per gram of fresh

blueberry samples (mg GAE/qg).
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Total Anthocyanin Content

Total anthocyanin content was measured by using a pH differential assay (Giusti &
Wrolstad, 2001). Absorbance at 520 nm and 700 nm were measured on a Life Science
UV/Vis spectrophotometer (DU 730, Beckman Coulter, Fullerton, CA) after 15 min of
incubation at room temperature. Absorbance (A) was calculated using (A520 — A700)
pH 1.0 — (A520 — A700) pH 4.5. Total anthocyanin content (mg Cy-G/g) was calculated
using (A x 449.0 x 80 x 1000) / (29740 x 1) for blueberry and were expressed as
milligram cyanidin 3-glucoside equivalent per gram of fresh blueberry (mg Cy-G/g).
Total Procyanidin Content

Total procyanidin content was determined using 4-dimethylaminocinnamaldehyde
(DMAC) colorimetric method (Prior et al., 2010) . An aliquot of 70 pl of blueberry extract
was mixed with DMAC solution (0.1%, 210 pl) in a 96-well plate. Epicatechin series
dilutions with concentrations ranging from 0-50ug/ml were used to generate a standard
curve. Absorption at 640 nm was measured on a microplate reader (SPECTRAmax
190, Molecular Devices, Sunnyvale, CA) after 30 min of incubation in darkness. Results
of total procyanidins were expressed as micrograms epicatechin equivalents per
milligram of sugar-free extract (ug epicatechin/g).

Oxygen Radical Absorbance Capacity (ORACF ) Assay

Blueberry extracts were incubated with fluorescein as a free radical probe and
AAPH as a free radical generator (Prior et al., 2003). The kinetics of fluorescein
degradation was read on a Spectra XMS Gemini microplate reader (Molecular Devices,
Sunnyvale, CA). 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was

used to generate a standard curve. The results of the antioxidant capacity of blueberries
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were expressed as umol Trolox equivalent per gram of fresh blueberry samples (pmol
TE/Q).

HPLC Analyses of Phytochemicals and Sugars

An Agilent 1200 HPLC system consisting of an autosampler, a binary pump, a
column compartment, a diode array detector and a refractive index detector (Agilent
Technologies, Palo Alto, CA) was interfaced to a HCT ion trap mass spectrometer
(Bruker Daltonics, Billerica, MA). Samples were centrifuged at 13300 rpm for 10 min
and 10puL supernatant was injected for phytochemical analysis. A Zorbax SB-C18
column (250 mm x 4.6 mm, 5 ym particle size, Agilent Technologies, Palo Alto, CA)
was used for the separation. The binary mobile phase consisted of (A) formic acid:
water (5:95 v/v) and (B) methanol. For the analysis of flavonols, chlorogenic acid
derivatives and anthocyanins, a 70-min gradient was adapted from a published paper
(Cho et al., 2004). The gradient is described as follows: 0 min-5% B, 2 min-5% B, 10
min-20% B, 15 min-20% B, 30 min-25% B, 35 min-25% B, 50 min-33% B, 55 min-40%
B, 60 min-60% B, 65 min-70% B, 70 min-5% B isocratic; followed by 5 min of re-
equilibration of the column before the next run. The detection wavelength was 520 nm
for anthocyanins, and 360 nm for chlorogenic acid and flavonols. Electrospray ionization
in alternating mode was performed using nebulizer 30 psi, drying gas 11 L/min, drying
temperature 300°C, and capillary of 4000 V allowing compounds to be detected in both
positive and negative mode in the same run. The full scan mass spectra of the
anthocyanins was recorded from m/z 350 to 650. Auto MS3 was conducted with 100%
compound stability and 100% trap drive level. Pure compounds of chlorogenic acid,
rutin, myricetin, quercetin, and kaempferol were used as external standards to quantify

chlorogenic acid and flavonols. Cyanidin 3-rutinoside was used as an external standard
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for the quantification of anthocyanins. Data was analyzed using Chemstation software
(Version B. 01.03, Agilent Technologies, Palo Alto, CA). Blueberry phytochemicals were
identified on the basis of full scan and product ion mass spectra, UV/VIS spectra on
diode array detector, and comparison with published papers (Wu & Prior, 2005) (Cho et
al., 2004).

Sugar analysis was conducted using a Resteck ultra amino column (5 um, 250 x
4.6mm). Acetonitrile: water (65:35 v/v) was used as the mobile phase at a constant flow
rate of 1.0 mL/min. The column temperature was maintained at 30°C and 5 pL of
sample was injected. Calibration curves were constructed using pure standards of
glucose and fructose.

Statistical Analyses

Data were expressed as mean * standard deviation. One-way analyses of
variance with Tukey-Kramer HSD comparison of means were performed using JMP
software (Version 8.0, SAS Institute Inc., Cary, NC). A difference of p < 0.05 was
considered as significant.

Results and Discussion
Extraction of Polyphenols Using Power Ultrasound

Blueberries contain anthocyanins, procyanidins, and flavonols. Anthocyanins are
water soluble, whereas procyanidins and flavonols are partially water soluble. Aqueous
alcohol or acetone is commonly used to extract polyphenols. However, the use of
organic solvents faces safety and environmental issues. We sought to use water as an
extraction solvent and improve its extraction efficiency with higher temperature and

ultrasound.
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Water alone at 40°C, 60°C, 90°C extracted similar amounts of total phenolics and
total procyanidins from frozen fresh blueberries (Table 3-2). Water at 90°C extracted
more anthocyanins than did water at 40°C or 60°C. Sonication drastically enhanced the
extraction efficiently of polyphenols by water at all three temperatures. The amount of
total procyanidins or total anthocyanins extracted by 90°C water was doubled by
sonication. Sonication assisted hot water extraction at 90°C showed the highest
extraction efficiency out of all hot water methods but it’s overall efficiency was still less
than that of methanol.

The total anthocyanin content of blueberries in the present study was 1.45 mg/g
using methanol extraction and a pH differential method. This concentration was similar
to those reported in a published study (1.28-1.87 mg/g) (Rodriguez-Mateos, Cifuentes-
Gomez, Tabatabaee, Lecras & Spencer, 2011). Total phenolic content (2.22 mg/g) was
comparable with previously reported values (2.61-5.33 mg/g) in high bush blueberries
(Sellappan et al., 2002).

Power ultrasound was known to increase extraction efficiency by form of a
cavitation bubble in the extraction medium. These bubbles are generated on the plant at
the material surface. A compression cycle during sonication causes the bubble to
collapse that creates a micro-jet toward the plant surface. It ruptures the cell wall of the
plant and releases cell content into the medium (Chemat et al., 2011).

Static Adsorption and Desorption

Adsorption and desorption behavior of anthocyanins in resins are depicted in
Figure 3-2. Amberlite resin FPX 66 and XAD 1180 had an adsorption ratio at 99.8% and
96.7%, respectively (Figure 3-2 A). XAD 761 showed the lowest at 79.8%. XAD 7HP

was determined to have the highest adsorption capacity (25.8 mg/g) with FPX 66 and
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XAD 1180 following at 24.1 and 23.9 mg/g, respectively. XAD 4 had the lowest
adsorption capacity at 17.9 mg/g when compared to the other resins that was not
expected as XAD 4 had the highest surface area out of all the resins at 700 m%g.
However, XAD 4’s pore envelope size was the smallest at 100 A that may explain its
low adsorption capacity. Previous research suggested that the surface area in
combination with pore size were main determining factors in predicting the adsorption
capacity (Xu, Zhang, Chen, Wang & Anderson, 1999). In desorption tests, FPX 66 and
XAD 761 had a higher desorption ratio (121.1% and 119.9%) and greater recovery than
the other three resins. Both FPX 66 and XAD 761 have large particle sizes at 0.75 mm
and 0.70 mm, respectively. Resins with larger particle sizes tend to have higher mass
exchange rates allowing more material to be transferred to and from the resin, therefore
increasing the desorption ratio and recovery (Bathen & Breitbach, 2001; Worch, 1990).

Figure 3-3 describes the adsorption and desorption behaviors of total phenolic
content. XAD 761 had the highest adsorption ratio as well as the highest adsorption
capacity at 88.6% and 53.4 mg/g respectively. XAD 7HP had the lowest adsorption ratio
at 70.6%, whereas FPX 66 and XAD 4 were between. In contrast to a high adsorption
ratio, XAD 761 had the lowest desorption ratio of 21.0% and a recovery of only 16.5%.
This suggested that significant amount of polyphenols were adsorbed irreversibly on
XAD 761. FPX 66 was the most efficient resin in desorption with recovery of 82.5% and
a desorption ratio of 114.9%.

Figure 3-4 shows adsorption and desorption behaviors of total procyanidins. FPX
66, XAD 1180 and XAD 4 showed the highest adsorption capacity and adsorption ratio.

XAD 1180 had the lowest recovery and desorption ratio out of all the resins. FPX 66
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and XAD 7HP had a recovery of 80.4% and 75.6% and a desorption ratio of 92.4% and
89.8% respectively. FPX66, XAD 7HP and XAD 4 were all consistently more efficient at
adsorption and desorption than other two resins, hence they were chosen for further
kinetic tests.

Adsorption kinetics

Figure 3-5A shows the adsorption kinetics of anthocyanins on three resins. FPX
66 and XAD 7HP reached equilibrium at approximately 6 hr, which was faster than XAD
4 (about 8 hours). At equilibrium, FPX 66 had higher adsorption capacity than XAD 7HP
or XAD 4. Regression of kinetic data using pseudo first order model rendered straight
lines between log (ge-q:) and time (Figure 3-5B). The correlation coefficients lie between
0.954-0.988 (Table 3-3). Regression of kinetic data using pseudo second order models
resulted straight lines between t/q; and time. The correlation coefficients were 0.987-
0.997 (Table 3-3). The pseudo first order model describes the initial stages of the
adsorption process. The pseudo second order model is more useful to predict and
describe the entire adsorption process. The pseudo second order model appeared to be
better than pseudo first order in describing the adsorption kinetics of anthocyanins on
resins. Similar observations were made in previous studies using Amberlite resins
(Abdullah, Chiang & Nadeem, 2009).

Figure 3-6A illustrates the adsorption kinetics of total phenolics on resins.
Adsorption capacity of FPX 66 and XAD 7HP increased sharply within the first 3 hr,
whereas a gradual increase was seen on XAD 4. At 6 hr both the FPX 66 and XAD 7HP
resins reached equilibrium with FPX 66 having a higher adsorption capacity. At the end
of 720 min XAD 4 matched the adsorption capacity of FPX 66. Regression of kinetic

data using pseudo first and second order models is depicted in Figure 3-6B and 3-6C.
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The adsorption kinetics of procyanidins appeared to be different than anthocyanins
(Figure 3-7A). FPX 66 had the lowest adsorption capacity when compared to the other
two resins. XAD 7HP showed the highest adsorption capacity for procyanidins. This
may be explained by the fact that procyanidin compounds are much larger than
anthocyanins and need a larger pore diameter for adsorption. With surface area and
pore diameter being inversely proportional to one another, we can conclude that XAD
7HP having the smaller surface area of the three resins tested would in turn have a
larger pore diameter and therefore, be more susceptible to the diffusion of the larger
procyanidin compounds than the other two resins (Worch, 1990). Regression of kinetic
data using pseudo first and second order models is depicted in Figure 3-7B and 3-7C.
Rate constants and correlation coefficients based on total phenolics, total anthocyanins
and total procyanidins are shown in Table 3-3.

Adsorption isotherms and thermodynamics of FPX 66 resin

Figure 3-8A shows the adsorption isotherms of anthocyanin on FPX 66 at 25°C,
35°C, and 45°C). Data was regressed according to the Langmuir (Figure 3-8B) and
Freundlich isotherms equations (Figure 3-8C). Equation constants and correlation
coefficients are listed in Table 3-4. The Langmuir and Freundlich isotherms are the most
common models for exploring adsorption equilibrium data. The Freundlich model
assumes that the surface of the resin is heterogeneous in nature that is characterized
by sorption sites at different energies. This describes the adsorption behavior of a
monomolecular layer as well as a multi-molecular layer. The Langmuir model describes
a monolayer adsorption with energetically identical sorption sites as well as without
mutual interactions between the adsorbed molecules (Duran, Ozdes, Gundogdu &

Senturk, 2011). The correlation coefficients in Table 3-4 showed that the Langmuir
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Model was a better fit for the data, suggesting that adsorption of anthocyanins was
endothermic in nature (Gokmen & Serpen, 2002). Results based on total anthocyanins
show the maximum adsorption capacity (ge) remains consistent implying that
temperature did not affect the adsorption capacity. However, the K, values decrease as
temperature increases suggesting adsorption of anthocyanins was decreased as
temperature rose. Degradation of the heat sensitive anthocyanins at higher
temperatures may explain these results.

Adsorption isotherm of total phenolics and are shown in Figure 3-9. In contrast to
the isotherm data on anthocyanins, both the Langmuir equation and Freundlich
equation fitted the data very well (Figure 3-9 B,C and Table 3-4). The maximum
adsorption capacity (ge) of total phenolics as well as the K. values were not affected by
an increase in temperature. For both anthocyanins and total phenolics, FPX 66 Resin
had the highest adsorption efficiency at lowest temperature (25°C) (W. L McCabe J.C.
Smith, 1993).

Dynamic Adsorption/Desorption on FPX 66 Resin

When blueberry water extract was loaded into a FPX 66 resin column, no
anthocyanins could be detected in the eluent at the beginning (Figure 3-10). After more
extract was loaded, the resins in column slowly reached adsorption saturation.
Anthocyanins started to breakthrough and would appear in the eluent. Breakthrough
volume is defined as the volume of extract loaded on the column when the
concentration of anthocyanins in the eluents is 5% of that in water extract. At a flow rate
of 10 BV/hr and 5 BV/hr, the breakthrough volumes were 8 BV and 16 BV, respectively.
At a flow rate of 2 BV/hr, breakthrough was not reached after 23 BV of extract was

loaded on the column. The adsorption ratios of anthocyanins were 98.2%, 89.3%, or
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82.2%, respectively, using a flow rate of 2BV/hr, 5BV/hr, or 10 BV/hr. Similar results
were reported in an earlier study that investigated the adsorption of lycopene on resins
(Liu, Liu, Chen, Liu & Di, 2010). The contact time between anthocyanins and resin
became shorter when the flow rate increased. Shorter contact time subsequently led to
a less complete adsorption (Ma et al., 2009). Results suggested that 5 BV/hr was a
suitable flow rate as it allowed for maximum adsorption of phenolic compounds in the
shortest amount of time.

Ethanol (95%, v/v) was used to desorp polyphenols from column using a flow rate
of 2, 4, or 6 BV/h (Figure 3-11). Regardless of flow rate, a complete desorption of
anthocyanins were achieved with less than 3 BV of ethanol. In this case, one should
choose the highest flow rate (6 BV/hr), because this would result in the shortest time
used for desorption.

Phytochemical and Sugar Composition in Extracts

Hot water extract of blueberries contained fructose and glucose. Sugar was not
detected in WBP or MBP using HPLC analysis. Concentration of anthocyanins,
flavonols and chlorogenic acid are shown in Table 3-5. Individual anthocyanin content in
WBP was higher than in MBP and fresh blueberries. The WBP contained 100 times
more chlorogenic acid than in the fresh berries and MBP. WBP also contained more
flavanols than both the control and MBP extract.

Yield and Recovery of Polyphenols

WBP and MBP had a yield of 1.22 g/100 g berries or 1.39 g/100 g berries,
respectively (Table 3-6). The ORAC of the WBP was about 100 fold of fresh blueberries
and about 300 fold of that of the MBP. The total phenolic content in WBP was about 100

fold of that in fresh blueberries. Interestingly, total phenolic content in fresh berries was
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higher than that of MBP, suggesting majority of phenolic compounds were extracted into
WBP. This was consistent with the extraction data. The total anthocyanins followed
similar trend to those of total phenolic compounds.

Total procyanidin contents were concentrated by 100 fold in WBP when
compared to fresh berries. The recovery rates of total phenolics were 69.5% in WBP
and 0.52% in MBP. About 90% of total anthocyanins were recovered in WBP.

Conclusion

Application of ultrasound assisted extraction and resin adsorption yield two
concentrated phytochemical extracts from fresh blueberries.. Antioxidant capacities,
total phenolic, anthocyanin contents in the WBP extract were much higher than in the
fresh blueberries. The MBP yielded lower values when compared to fresh berries
suggesting the majority of compounds were extracted into the WBP. Sugars were not
detected in either of these extracts; thus products are suitable as a dietary supplement

for over 40% of the US with diabetes or pre-diabetes.
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Table 3-1. Chemical and physical properties of resins

Surface area

Resins Cherical matrix (/) Particle size [mm)  Pore envelope (&)

Crosslinked

XAD 4 rossinte 750 0.3-1.2 100
aram atic polme r

waDy HP CmSSIm_kEd s00 0.6 450
arom atic polvmer
Crosslinked

xaD Tal formophenolic 200 0.7 a0
pokrer

xaD 1180 Cmss“r!kEd =00 0.2-1.9 400
aromatic polymer
Crosslinked

FPX 66 rossinte 700 0.60.75 200-250

aromatic polymer
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Table 3-2. Extraction efficiency of different solvents under different extraction

conditions

Extraction Solvent

Total Phenolic
extracted (GAE
mg/g berry)

Total Procyanidin
extracted (ug
epicatechin/ g

Total
Anthocyanin
extracted (mg
Cy-G/g berry)

Methanol: acetic acid (99.7:0.3 v/v, 400 mL, 2224026 76.4+0.31° 1.45+0.45%
160 g berries)
Hot water (400 mL+400 mL, 160 g berries)
40°C 1.87+0.01° 51.1+0.15°¢ 0.46+0.04°¢
60°C 2.15+0.06 ™ 50.7+5.03 ¢ 0.61+0.05°¢
90°C 2.14+0.01" 51.1+2.00°¢ 0.82+0.02"
Hot water (400 mL+400 mL, 160g berries, 5
minute sonication)
40°C 2454014 ° 62.0+1.72°¢ 1.16 + 0.06 ***
60°C 3.36+0.17 ° 1.60+0.43°
90°C 3.77+0.19 ° 1.86 +0.05°

Results are mean * standard deviation of two determinations on fresh weight basis.
Different superscripts in each column indicate the significant differences in the mean at

p <0.05.

57



Table 3-3. Pseudo first and second order rate constants of resins calculated on the
basis of total phenolics, total anthocyanins and total procyanidins

Resins Ke Je Correlation
Coefficient (R?)

Pseudo first order

Total Phenolics FPX 66 0.005 1.49 0.934
XAD 4 0.003 1.77 0.975

XAD 7HP 0.004 1.51 0.979

Total Anthocyanins  FPX 66 0.004 1.19 0.988
XAD 4 0.003 1.50 0.959

XAD 7HP 0.004 1.21 0.954

Total Procyanidins FPX 66 0.003 0.220 0.908
XAD 4 0.003 0.248 0.942

XAD 7HP 0.003 0.054 0.923

Pseudo second order

Total Phenolics FPX66 1.02x10* 68.0 0.993
XAD4  4.50x10* 56.5 0.999

XAD 7HP 6.61x10* 58.8 1.000

Total Anthocyanins  FPX 66 0.032 1.37 0.996
XAD 4 0.003 2.07 0.987

XAD 7HP 0.018 2.01 0.997

Total Procyanidins FPX66 1.09x10° 33.6 1.000
XAD4 1.60x10* 34.1 0.989

XAD 7HP 8.90x10* 23.3 0.998
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Table 3-4. Langmuir and Freundlich equation constants on Amberlite FPX 66 resin

Freundlich
T o L irE . R2 R?
emperature C angmuir Equation Equation
FPX 66 Total Anthocyanins
14.8 C, 0.025
25 =—° 0.997 q.=0.091C. 0.142
9e=T18+ , a
14.4 C,
35 = 0.998 Q.=0.176 C,>** 0.767
9e = 0731+ C, a
13.5C, 0.086
45 =— ° 0.995 @.=0.115C. 0.888
9e = 0386 + C, a
FPX 66 Total Phenolics
10.7 C
25 Qo = ———r 0.922 .= 0.459 C,>°" 0.942
0.011 + C,
9.76 C,
35 = — 0.922 .= 0.506 C,>’® 0.882
9e = 0010+ C, a
16.8C
45 Qo = ————— 0.964 Q.= 0.529C. % 0.883
0.014 + C,
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Table 3-5. Content of individual phenolic compounds in fresh blueberries, WBP, and

MBP
Fresh Blueberries WEP MWBP
(uz /g blueberry] (me/g (ug /g Extract]
extract)

Anthocyanins
peonidin Fgalactoside 254 £ 04868 4261 3082 754+ 0378
cyanidin 3zlucoside 25,2+ 090k 442+ 0,21+ 4,21+ 0456
peonidin Farabinoside 119+ 0.15b 2271 0,929 59,91+ 3080
petunidin 3-galactoside 155 + 1.52b 2.4+ 0857 41,4+ 3gab
cyanidin 3Farabinoside 11.6+ Ot 2191 0103 4,16+ 0.91°b
peonidin 3galactoside 29,1+ 0536k 4,49+ 0,329 4,46+ 0,956
petunidin Farabinoside 59,5+ 0.1k 108+ 0,712 221+ 4,478
malvidin Fgalactoside 574 £ 530°b 70,3+ 1,920 33+ 1466
malvidin 3glucoside 335t 3.3°8 4,32+ (0,10 450+ 1.008
malvidin 3-arahinoside 188+ 2.81b 5.7+ 1.40° 37.3+ 7660
Total Anthocyaninz 1450 £ 16.8 21204 117 564 +117
Chlorozenic Acid and Flavonols
chlorogenic acid 16,2+ 38560 1.45+ 0,103 132+ 3,748
myricetin 3-rhomiside 380+ 0178 020 001 347+ Fxloth
guercetin 3glucoside 385+ 0026 0,19+ 00132 MDD
myricetin 3alucoside 5.04 + 053¢ 044 + 0,093 3271+ 0208

Data are mean + standard deviation for three determinations. For each extract, means
within a column followed by the same letter are not significantly different at p < 0.05. ND

= Below Detectable Limits.
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Table 3-6. Yield, ORAC, total phenolic content in fresh blueberries, WBP and MBP

Fresh WBP MBP
blueberries
Yield (g/100 g Fresh Blueberries) - 1.22+0.01 1.39+0.76
ORAC Values (umole Trolox eq/g) 68.3+0.71 7660 + 1.09 22.4+0.22
Total Phenolic Content
g7+ .12 215+ 2.1 1.42 £0.01

(mg GAE/g extract) 3 0 > 3 0.0
Recovery rate of total Phenolic, % - 69.5% 0.52%
Total Procyanidin Content 0.108 + 5x10° 2.3740.02 0.08 £ 2x10°®
(ug epicatechin/g extract)
Recovery of total procyanidin, % - 26.7% 1.03%
Total Anthocyanin Content 1.86 £ 0.05 139+ 1.01 0.9240.03
(mg Cy-G/g extract)
Recovery of total anthocyanins, % - 91.5% 0.69%

Data are mean * standard deviation for four determinations
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Frozen Blueherries
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phytochemicals [WEP) phytochemicals [WBP)

Fhytachemical and sugar analysis

Figure 3-1. Flow chart for the extraction and concentration of blueberry phytochemicals.
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Figure 3-2. Static adsorption and desorption results based on total anthocyanins. A)
static adsorption capacity and rate of total anthocyanins. B) static desorption
capacity and rate of total anthocyanins. Results are mean of three
determinations. Different upper-case letters indicate significant differences of
bars (p < 0.05). Different lower-case letters indicate significant differences of
lines (p < 0.05).
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Figure 3-3. static adsorption and desorption results based on total phenolics. A) static

adsorption capacity and rate of total phenolics. B) static desorption capacity
and rate of total phenolics. Results are mean of three determinations.

Different upper-case letters indicate significant differences of bars (p < 0.05).
Different lower-case letters indicate significant differences of lines (p < 0.05)
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Figure 3-4. Static adsorption and desorption results based on total procyanidins. A)
static adsorption capacity and rate of total procyanidins. B) static desorption
capacity and rate of total procyanidins. Results are mean of three
determinations. Different upper-case letters indicate significant differences of
bars (p < 0.05). Different lower-case letters indicate significant differences of
lines (p < 0.05).
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Figure 3-5. Kinetic curves of total anthocyanins on Amberlite resin FPX 66, XAD 4, and
XAD 7HP. A) adsorption kinetic curve. B) pseudo first order kinetic curve. C)
pseudo second order kinetic curve.
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Figure 3-6. Kinetic curves of total phenolics on Amberlite resin FPX 66, XAD 4, and
XAD 7HP. A) adsorption kinetic curve. B) pseudo first order kinetic curve. C)
pseudo second order kinetic curve.
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Figure 3-7. Kinetic curves of total procyanidins on Amberlite resin FPX 66, XAD 4, and
XAD 7HP. A) Adsorption kinetic curves. B) Pseudo first order kinetic curve. C)
Pseudo second order kinetic curve.
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Figure 3-8. Adsorption isotherms and thermodynamics of total anthocyanins on

Amberlite resin FPX 66. A) adsorption isotherms curve. B) Langmuir isotherm
regression curve. C) Freundlich isotherm regression curve

69



>

50
45

40 //},

35 e
30 / -25°
25 «+35°

20 o
4
15 5

10

Adsorption Capacity mg/g

0 50 100 150 200 250 300 350 400 450 500

Concentration of Extract mg/mL
35

B 30 )/

25
«25°

m35°
15 45°

10

20

Ce/qge

0 100 200 300 400 500

1.8
1.6

C 1.4

1.2

«25°
~ =35°
45°

0.8
0.6
0.4
0.2

logge

1.8 2 2.2 2.4 2.6 2.8 3
log Ce

Figure 3-9. Adsorption isotherms and thermodynamics of total phenolics on Amberlite
resin FPX 66. A) Adsorption isotherms curve. B) langmuir isotherm
regression. C) Freundlich isotherm regression.
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Figure 3-11. Dynamic desorption curves of total anthocyanins on Amberlite resin FPX
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Figure 3-12. HPLC chromatogram of sugars in hot water extract using reflective index
detection. Peak 1 and 2 were fructose and glucose, respectively.
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Figure 3-13. HPLC chromatogram of anthocyanins in sugar-free resin produced
blueberry extract at 520 nm detection. Peaks were identified using mass
spectrometry. 1) peonidin-3-glucoside, (2) cyanidin 3-galactoside, (3)
peonidin 3-arabinoside, (4) petunidin 3-galactoside, (5) cyanidin 3-
arabinoside,(6) peonidin 3-galactoside, (7) petunidin 3-arabinoside, (8)
malvidin 3-galactoside, (9) malvidin 3-glucoside, (10) malvidin 3-arabinoside.
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CHAPTER4
FINAL CONCLUSIONS

ABA had a clear trend to delay the ripening of southern high bush blueberries and
decreased berry yield in Windsor variety. ABA application did not affect total phenolic
content, antioxidant capacity, or flavonoid content of ripe berries in Star variety. It
showed a trend to decrease total phenolic content and antioxidant capacity of ripe
berries in the Windsor variety. The effects of ABA on berry quality were variety
dependent and also varied according to sampling time.

Application of ultrasound assisted extraction and resin adsorption yield two
concentrated phytochemical extracts from fresh blueberries. Antioxidant capacities, total
phenolic, anthocyanin contents in the WBP extract were much higher than in the fresh
blueberries. The MBP yielded lower values when compared to fresh berries suggesting
the majority of compounds were extracted into the WBP. Sugars were not detected in
either of these extracts allowing the products to be suitable as a dietary supplement for
those with diabetes or pre-diabetes.

Future development in this area could turn a low value, late season blueberry into
a high margin blueberry extract. This product would not only be applicable to those with
diabetes but could also be marketed to the general public. Next steps would be to scale
up to a pilot size production level and develop a cost effective product development
process. Final product evaluation would also be necessary to fully understand the
impact the extract has on the human body. Sensory testing as well as glycation testing
would be beneficial to understand the full capacities of this newly developed blueberry

extract.
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