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ABSTRACT

CHARACTERIZATION OF PROTEIN-POLYPHENOL INTERACTIONS BETWEEN
NOVEL PLANT PROTEINS (PEA AND HEMP) AND BLUEBERRY POLYPHENOLS WITH

RESPECT TO POLYPHENOL BINDING AND DELIVERY

Despite the numerous health benefits associated with polyphenols, dietary intake of this
class of compounds is low in the United States due to low intake of fruits and vegetables. It has
been shown that dairy foods (i.e. milk, yogurt) increase polyphenol bioavailability due to
polyphenols interacting with whey protein, enhancing polyphenol stability and uptake
throughout digestion. However, increasing concerns for sustainability and health have introduced
a variety of novel plant-based proteins as dairy alternatives. This study aimed to investigate the
abilities of edible pea and hemp protein isolates to form complexes with blueberry polyphenol
extract (BPE) and characterize the physical and biological functionalities of these complexes
compared to whey proteins. Protein/polyphenol solutions were analyzed using UV-Vis
spectroscopy to determine if complexation occurred. Secondary structures and binding affinities
were analyzed by far-UV CD Spectroscopy and fluorimetry, respectively. In vitro digestion was
performed to determine whether the protein profile changed in the presence of BPE via SDS-
PAGE and determination of free amino acids using the ninhydrin method. Protein isolates from
pea and hemp successfully formed complexes with BPE with binding affinities for the compound
similar to whey protein. Relative helicity of the hemp protein was higher than the other protein
sources and increased upon complexation with BPE. Furthermore, the SDS-PAGE profiles of all

the proteins were the same whether BPE was present or not and the free amino acid content

il



increased after digestion for the protein and protein/polyphenol solutions. Overall, complexation
of BPE with plant proteins was successful. Fluorescence quenching and changes to the secondary
structure of the proteins in the presence of BPE indicate that polyphenols were bound but the
mechanisms and structures responsible for complexation seem to vary between proteins. More
research is needed to determine the interactions that cause binding between the polyphenols and
the proteins and whether the bioavailability of the compounds will increase when bound to the
proteins in cell model and/or clinical study. This study provides a foundation for exploring the
effects of plant-based proteins on phytochemical functionality in complex, “whole food”

matrices.
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CHAPTER I

LITERATURE REVIEW

1.1 Introduction

Polyphenols are a class of biologically active compounds found in plant foods such fruits,
vegetables, coffee and chocolate. The main constituents of polyphenols are phenolic rings which
are attached in various ways to create the different classes. Some of the major classes of
polyphenols are phenolic acids, stilbenes and flavonoids (M. Abbas et al., 2016). Polyphenols are
not essential to human life like vitamins and minerals but are believed to contribute many
benefits to health. The quantity and type of polyphenols found in these foods contribute greatly
to their beneficial effects. Berries such as blueberries have been found to have high numbers of
polyphenols and are popular among many consumers making them valuable to study for their
benefits (Kang et al., 2015). One major complication with polyphenols is that they are not highly
bioavailable which limits the ability of the compounds to improve health. The aim of this review
is to discuss the health benefits of blueberry polyphenols and their bioavailability. Also, it
addresses the current solutions being studied to improve polyphenol bioavailability and why food
proteins specifically plant proteins, may be adequate to solve the issue naturally based on how

they are customarily consumed as a part of a food matrix.

1.2 Health Benefits of Consuming Blueberry Polyphenols
Polyphenols, which are a class of secondary plant metabolites, have gained interest in recent
years for providing additional health benefits from consuming fruits and vegetables. Some of the

most notable benefits have been the ability of these compounds to acts as antioxidants, reduce



the risk for metabolic syndrome, obesity, cardiovascular disease and inflammation. In general,
polyphenols consumed as a part of a Mediterranean diet were found to reduce the risk of
mortality in Spanish individuals by 37% as a part of a parallel-group, randomized, controlled
feeding trial that occurred over the course of about five years (Tresserra-Rimbau et al., 2014).
Moreover, various types of foods and drinks such as tea and berries have been shown to provide
these effects. Blueberries have been studied for their potential health effects because of their
popularity with consumers and high nutritional value (Kang et al., 2015).

Obesity is currently a major health concern in America. In 2015, approximately 75% of
Americans were overweight or obese, 41% being obese and these values are projected to grow
(Wang et al., 2020). Research continues to expand in this area to find solutions to this epidemic.
Blueberry polyphenols have been found to potentially reduce the risk for obesity and negative
outcomes associated with the disease. One study conducted on rats that consumed a high fat diet
in addition to a blueberry polyphenol extract for four weeks found that weight gain was reduced
by 6.7% in comparison to the high fat diet only group. Additionally, LDL cholesterol levels were
significantly decreased by the addition of polyphenols to the diet while HDL cholesterol
increased. Furthermore, factors of lipid metabolism such as PPARy, FAS and SREBP-1 were
downregulated as a result of consumption of the polyphenols (Jiao et al., 2019). Similarly, a
study conducted in rats, found that blueberry proanthocyanidins reduced visceral obesity and
weight gain (Morissette et al., 2020).

Researchers have investigated the effects of cranberries which have similar polyphenolic
constituents to blueberries, on conditions related to obesity in vivo. Cardiovascular disease
(CVD) and type II diabetes mellitus are diseases typically related to obesity that are also being

targeted for treatment. The study showed that consumption of cranberry polyphenols in humans



was able to increase insulin sensitivity which would reduce the risk for type II diabetes. Also,
HDL cholesterol increased, and the presence of C-reactive protein decreased which can dimmish
the potential for developing cardiovascular disease (Chew et al., 2019). Vascular function was
also found to improve in vivo after the consumption of a blueberry drink in healthy men. Flow
mediation dilation increased after intake, which could lead to decreased blood pressure and
reduced risk for CVD (Rodriguez-Mateos et al., 2013). Nonalcoholic fatty liver disease is
another condition typically associated with metabolic diseases such as obesity. Blueberry
polyphenols were found to reduce the production of triglycerides which could prevent or prolong
the first stage of the disease (Liu et al., 2011).

Polyphenolic compounds have also been cited to reduce inflammation in a number of
diseases including cancer and act as antioxidants to prevent some inflammatory responses from
occurring in the first place. Several studies have discussed the ability for blueberry polyphenols
to reduce the presence of inflammatory cytokines such as IL-6, TNF-a, IL-1 in vitro (ben
Lagha et al., 2015; Kang et al., 2015). Also, nitric oxide synthase and cyclooxygenase, enzymes
involved in lipopolysaccharide induced inflammation, have been found to be reduced in vitro
after treatment with blueberry polyphenol extract (Lau et al., 2009).

Studies have shown that blueberry polyphenols have the potential to reduce oxidative
stress in cardiomyocytes, erythrocytes and after exercise (Kang et al., 2015; Louis et al., 2014;
McAnulty et al., 2004). Furthermore, inflammation and oxidative stress are conditions associated
with the development of all cancers, therefore the disease may be mediated by the consumption
of blueberry polyphenols. One study found that crude fractions of blueberry polyphenols reduced
tumor growth in rats. Also, breast cancer cell metastasis was reduced as well as the severity of

lung tissues damage showing that blueberry polyphenols may be able to slow down the



progression of the disease (Yang et al., 2021). Despite the numerous benefits of blueberry
polyphenols discussed, many of these outcomes may not actually be observed in humans due to

the low intake and low bioavailability of these compounds.

1.3 Scope of Polyphenol Consumption in the United States (US)

Fruit and vegetables contain numerous health promoting compounds such as fiber,
vitamins, minerals and polyphenols. Although these benefits are well known, consumption of
fruits and vegetables remains low in the United States. The United States Department of
Agriculture recommends consuming 5 to 9 servings of fruit and vegetables a day, which many
Americans fall below (Tkacz et al., 2021). The National Health and Nutrition Examination
Survey (NHANES) from 2013-2016 found that about 70% of US consumers take in 4 servings or
less of fruit and vegetables on any given day and 37% consume 2 servings or less (Katherine
Hoy et al., 2020). As a result of low intake of fruits and vegetables, polyphenol consumption also
remains low in the US.

Polyphenol intake has been estimated to be around 800 to 1600 mg per day (Burkholder-
Cooley et al., 2016; Huang et al., 2020). This would be equivalent to around two to four servings
of fruit or vegetables per day, but this is not how many Americans obtain their daily polyphenol
intake (Zhong et al., 2017). Most polyphenol consumption comes from non-alcoholic beverages,
the main source being coffee. Coffee was found to make up around 40 to 65 percent of the
consumption of polyphenols, while fruits and vegetables made up only 15 to 20 percent
(Burkholder-Cooley et al., 2016; Huang et al., 2020). Furthermore, older, educated, non-
Hispanic white females with a normal BMI between 18.5-24.9 typically had higher intakes of

polyphenols than other groups (Huang et al., 2020). This parallels with groups that traditionally



have greater access to these foods and more education on nutrition (Gundersen et al., 2011).
Access to fruits and vegetables is limited for many individuals, which would hinder their ability

to be able to consume polyphenols despite their many health benefits.

1.4 Bioavailability of Polyphenols

The bioavailability of all polyphenols has been found to be between 5 to 10 percent in the
gastrointestinal tract, which indicates that most of the polyphenols consumed are not being fully
absorbed (Fang & Bhandari, 2010). In a clinical trial where participants consumed a blueberry
drink containing polyphenols equivalent to two servings of blueberries, only 1% of anthocyanins
were present in the plasma (Zhong et al., 2017). Likewise, another study in which human
subjects consumed a blueberry juice with similar phenolic composition, found that anthocyanin
content was also low in the plasma after intake. The absorption rate for two types of
anthocyanins, malvidin-3-glucoside and petunidin-3-glucoside, was measured in a cell model
and found to be 0.5% and 0.6%, respectively (Kuntz et al., 2015).

The lack of bioavailability of polyphenols in general is believed to result from pH changes,
enzymes and fluids throughout the gastrointestinal tract which impacts their solubility. Many
polyphenols tend have low solubility or permeability through the cell membrane. Their intestinal
impermeability may be due to lack of receptors to transport polyphenols which makes only low
molecular weight polyphenols able to diffuse through the membrane. Another factor that affects
the bioavailability of polyphenols is the transformation of these compounds by gut
microorganisms. During phase I and II metabolism of polyphenols, gut microorganisms alter the
structure of polyphenols which leads to them being excreted in the urine rather than being

transported to the small intestine where they can be absorbed (Annunziata et al., 2020). All of



these factors contribute to the lack of bioavailability of these compounds, but various strategies

are being investigated to improve their absorption.

1.5 Strategies for Improving the Bioavailability of Polyphenols
Nanodelivery systems have been the main strategy for trying to enhance the

bioavailability of polyphenols. These systems include the use of nanoemulsions, micelles,
microencapsulation, and lipid, polymeric, and silica nanoparticles (Z. Zhang et al., 2021). Fiber
has been a material researched to be used to form these delivery systems. One type of fiber that
has been studied is chitosan, which comes from the outer skeleton of shellfish, and has been
found to enhance the bioavailability and bioactivity of polyphenols such as quercetin and
curcumin in nanodelivery systems (Tang et al., 2020). Pectin, a fruit fiber, in a
nanoencapsulation system has been found to increase the release of bilberry anthocyanins into
the gastrointestinal tract (Oidtmann et al., 2012). Furthermore, chitin, a fiber found in the cell
wall of fungi and arthropods, were used to create microspheres that enhanced the amount of
anthocyanins delivered to the GI tract. When the polyphenols were also coated in ethyl cellulose,
it increased their delivery to up to 85% (Wang et al., 2017). Synthetic polymers including
poly(lactide-co-glycolide), polyethelene gycol, polycaprolactone and polylactide have also been
used to encapsulate resveratrol and found to increase uptake of the compound 7-fold in a cell
model. Another type of delivery system that has been used are liposomes which have also been
shown to increase bioavailability of polyphenols (Annunziata et al., 2020).

Many of the strategies currently being studied to enhance the bioavailability of polyphenols

are addressing the pharmaceutical and supplement industries, targeting methods such as



nanoencasuplation. Therefore, few approaches have been studied on whether the food matrix can

be used improve the bioavailability of these compounds.

1.6 Whey Protein as a Strategy for Delivering Polyphenols

Various types of proteins have been found to interact with polyphenols to be used in
nanodelivery systems. Some of these proteins include ferritin, gelatin, albumin, and collagen but
studies focusing on the effects of these compounds on bioavailability as a part of the food matrix
are limited (Z. Zhang et al., 2021). Whey protein is one of the most popular proteins currently
studied for its potential to increase polyphenol bioavailability. Several studies have shown that
whey proteins interact with many different types of polyphenols spontaneously (Meng & Li,
2021; Ni et al., 2020; Schneider et al., 2016). The complexes that are formed have been found to
have the same antioxidant activity as the polyphenols alone (Ming et al., 2020; Schneider et al.,
2016). One study even found that radical scavenging ability of chlorogenic acid was greater
when bound to whey protein than just chlorogenic acid alone (Jiang et al., 2018). Another study
that assessed the complexes as a part of a food matrix, found that cookies containing freeze dried
whey protein and blackcurrant complexes had greater antioxidant activity than the control
cookies. Furthermore, the cookies containing the polyphenol-protein complexes exhibited a
lower glycemic response which could help with blood glucose control in those with poor
regulation (Wu et al., 2021).

The complexation of whey protein and polyphenols has been found to improve
bioavailability and bioaccessibility in vitro. In an intestinal cell model, the binding of apple

polyphenols to whey protein increased the bioavailability of the polyphenols by approximately



15% (Li et al., 2022). Another study found that blueberry polyphenols and whey protein
aggregates would be able to deliver approximately two servings worth of polyphenols (Diaz et
al., 2020). Similarly, the bioaccessibility of sea buckthorn polyphenols complexed to whey
protein increased by 20% which indicates that the polyphenols would be more available for cell
processes (Ashwar & Gani, 2021).

Not only do whey protein-polyphenol complexes serve the potential to be beneficial to health
but they can also improve the functional properties of the foods that they are used in. Several
studies have shown that whey protein and polyphenol aggregates can act as food ingredients to
improve emulsification properties, solubility, stability and foaming capacity of a product (Meng
& Li, 2021; Thongkaew et al., 2014; Tian et al., 2021). Soy protein, one of the most well-known
and well researched plant proteins, also has exhibited similar outcomes when complexed with
polyphenols. Bioaccessibility of soy protein bound to polyphenols from a plant commonly
known as Russian tarragon, increased by 15% and the polyphenols were found to be eight times
more bioavailable (Ribnicky et al., 2014). Soy protein and polyphenols aggregates were also
found to maintain their antioxidant activity and produced hypoglycemic affects in rats (Djuardi
et al., 2020; Roopchand et al., 2013). All in all, whey protein is traditionally consumed as a part
of a dairy and fruit food matrix, which makes it a good candidate to help improve the

bioavailability of fruit polyphenols in its natural form.

1.7 Popularity and History of Consuming Fruit and Dairy
Yogurt is a popular way to consume dairy due to its convivence and nutritional value. The
yogurt industry is estimated to reach 9.1 million dollars by the end of 2021 and is expected to

grow another 2.5% (US Yogurt and Yogurt Drinks Market Report 2021, n.d.). Furthermore, one



of the most popular varieties of yogurt are fruit flavored and fruit containing yogurts which are
produced by adding fruit puree to the bottom or stirring it throughout (Chandan et al., 2017).
Since the introduction of yogurt, consumers have had a strong interest in consuming fruit
flavored yogurt. Nearly 50% of consumers were found to have a preference for purchasing a fruit
flavored yogurt beverage (Ryan et al., 1984). Fruit inclusions are preferred by US consumers in
their yogurt to offset the tart flavors present from lactic acid (Das et al., 2019). Additionally,
epidemiological studies have shown that consuming fruit and yogurt can reduced the risk for
obesity, type II diabetes, and cardiovascular disease which is believed to be caused by the
symbiotic affects from probiotics and fiber found in fruit but could potentially be due to other
compounds as well (Fernandez & Marette, 2017).

Smoothies are another popular way to consume dairy and fruit. In 2020, the global smoothie
market was worth 12.1 billion and is expected to reach just over 17 billion dollars by 2025
(Cano-Lamadrid et al., 2020). Smoothies have gained popularity due to consumer preferences for
ready to eat and on the go options (Tkacz et al., 2021). Also, smoothies are a convenient way to
increase the intake of fruits and vegetables considering one smoothie can have more than one
fruit or vegetables. Both of these food options have been customarily prepared with dairy, but in
recent years there has been an increase in consumption of plant-based alternatives for a multitude

of reasons.

1.8 History, Popularity and Consumer Reasons for Consuming Plant-Based Dairy
Alternatives
The plant-based food industry has grown drastically in the last decade. From 2017 to 2019,

the market for these food products grew 29% and is estimated to reach a market value of nearly 5



billion dollars (McClements & Grossmann, 2021). Plant-based dairy is one of the largest sections
of the plant-based foods market, making up approximately 40%. The market consists of milk,
yogurt, cheese, creamers and ice cream alternatives produced using a variety of different plant
sources such as almond, soy, and coconut (Alcorta et al., 2021). The consumption of plant-based
dairy dates back thousands of years. Soymilk has been estimated to be produced in China for the
past 2000 years, but commercial soymilk production began within the last 100 years (Mendly-
Zambo et al., 2021). Since its introduction, plant-based dairy has become a staple in many
households all over the world. In a 2020 survey of nearly a thousand households, it was
determined that 40% of households consume plant-based dairy on a regular basis. On the other
hand, dairy milk sales have decreased nearly 3 billion from 2013 to 2018 (Wolf et al., 2020).

People consume plant-based dairy for numerous reasons including health, ethical, and
environmental considerations. A global survey in 2019 found that 40% of consumers are trying
to reduce their consumption of animal protein. In the US, the number of vegans increased from
nearly 4 million in 2014 to 19.6 million in 2017. (Alcorta et al., 2021). Lactose intolerance and
milk allergy prevalence have also increased over the years. It is estimated worldwide that 75% of
people are lactose intolerant. Lactose intolerance results in gastrointestinal symptoms such as
bloating, flatulence, and abdominal pain after consumption of dairy products. Asian, Black, and
Hispanic populations are affected at a greater rate and the only solution is to avoid consumption
of lactose containing dairy products (Mikinen et al., 2015).

Consumers have a perception of plant-based milk being more sustainable than cow’s

milk. Almond-based products, which are preferred by many consumers, contradict this
assumption due to irrigation issues caused by the use of large amounts of water in the production

of almond milk. However, legume production has been shown to produce less greenhouse gas
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emissions than other agricultural sectors. Likewise, emerging plant protein sources, such as
microalgae, require less land for protein production in comparison to pork, chicken, and beef.
Even the Academy of Nutrition and Dietetics considers plant-based diets more environmentally
sustainable than other diets due to its use of fewer natural resources and decreased environmental
damage. In general, plant-based industries offer more environmentally friendly practices than
animal-based ones (Alcorta et al., 2021).

Lastly, one of the major reasons why people consume plant-based alternatives is for their
health. Reducing cholesterol is one the benefits most desired from the consumption of non-dairy
milk, and studies have shown that consumption of cow’s milk has been associated with increased
risk of certain cancers (Vanga & Raghavan, 2017). A review of plant-based diets has also found
that they were associated with decreased risk of cardiovascular disease (Satija & Hu, 2018).
Furthermore, a review of the nutritional content of four types of plant-based milks: almond, soy,
rice, and coconut found that overall, the milks were lower in calories, lack cholesterol, and have
a comparable mineral content to normal milk. The reduction of LDL cholesterol levels from
almond and soy milk is attributed to monounsaturated fatty acids which have a host of other
health benefits as well (Vanga & Raghavan, 2017). Overall, a healthful plant-based diet has been
associated with decreased risk of disease, which is why many consumers are moving towards

these products increasing the need for more research in this area.
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CHAPTER 11

STATEMENT OF PURPOSE

Polyphenols have been shown to have positive effects on human health. One of the major
pitfalls associated with their consumption, is that despite these benefits, many polyphenols are
not highly bioavailable (Fang & Bhandari, 2010). Numerous techniques have been studied to
help improve the bioavailability of these compounds, but few have taken into account how these
foods are consumed as a part of a food matrix. Polyphenols can interact and form complexes
with different types of dietary proteins which has led to improved bioavailability and
bioaccessibility (Z. Zhang et al., 2021). There is evidence to support that fruit and vegetables are
often consumed in mixed meals rather than as a snack or side on their own (Katherine Hoy et al.,
2020). Specifically, dairy and fruit have been consumed together in many food products such as
yogurt and smoothies. Therefore, assessing the interactions between dairy proteins and
polyphenols would be a viable option to try to investigate the potential for these proteins to aid in
the delivery of polyphenols when consumed as a part of a whole food. Consumers are moving
towards plant based dairy alternatives for health and ethical reasons (Alcorta et al., 2021)which
is why it is important to establish these relationships between plant proteins in addition to dairy
proteins.

The objective of this study was to determine whether commercially available protein
powders from whey and novel plant protein sources (pea and hemp) would form complexes with
blueberry polyphenol extract. Moreover, if complexation occurred, we sought to investigate the
affinities of each protein for polyphenols, and how complexation would affect the digestibility

and structural characteristics of the proteins. We hypothesized that all three protein types would

12



form complexes with blueberry polyphenols and that the proteins would remain digestible in the
presence of the compounds. Additionally, we expected the protein structure to change in the
presence of the phenolics and that the different protein sources would exhibit similar binding
affinities. The characterization of these interactions will act as a basis for future studies to
determine whether the bioavailability of blueberry polyphenols is improved by its complexation

with these proteins in a transepithelial cell model.
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CHAPTER III
MANUSCRIPT

3.1 Introduction
Polyphenols are a class of phytochemicals that have been shown to have to confer

beneficial effects on health. Berries such as blueberries (Vaccinium cyanococcus) contain high
levels of polyphenols specifically anthocyanins. Polyphenols present in blueberries have been
found to have protective effects against various diseases such as CVD, obesity, and cancer
(Chew et al., 2019; Jiao et al., 2019; Yang et al., 2021). Blueberries are second-most consumed
berry by Americans which makes them an important berry to study for their health effects (Kang
et al., 2015). Even though blueberry consumption is high, studies have shown that overall
consumption of polyphenols is low in Americans due to their low consumption of fruits and
vegetables (Huang et al., 2020). Furthermore, the functional foods market is growing as a result
of consumers being more interested in health-promoting foods, so research is also increasing in
this area to find ways to maximize the health benefits of certain foods (Devcich et al., 2007).

Although polyphenols have many health benefits, the bioavailability of many of these
compounds is typically low. The bioavailability for anthocyanins has been found to be between
0.7 and 1.1 %, which means most of the polyphenols consumed are not readily absorbed (Zhong
et al., 2017). Strategies for increasing intake have been explored, including incorporation of
polyphenol-rich foods into mixed meals. It has been shown that binding of these compounds to
macromolecules such as proteins in dairy foods may be able to improve their absorption.
Smoothies are a popular way to consume fruits and vegetables since consumers are able to reap
the benefits of these foods without the hassle of preparation. In 2020, the global smoothie market
was worth 12.1 billion and is expected to reach just over 17 billion dollars by 2025 (Cano-

Lamadrid et al., 2020). Smoothies are typically made of fruit and some liquid (juice or dairy
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milk) blended together and is a common way to consume dairy foods (Teleszko & Wojdylo,
2014). Additionally, yogurt, another dairy product typically flavored with fruit has gained
popularity in recent years for its beneficial effects on gut health. The spoonable and drinkable
yogurt industry is estimated to reach 9.1 million dollars by the end of 2021 and is expected to
grow another 2.5% (US Yogurt and Yogurt Drinks Market Report 2021, n.d.).

As these dairy foods become more popular, non-dairy alternatives are also being created
as consumers look for more health promoting and sustainable foods. A global survey in 2019,
found that 40% of consumers are trying to reduce their consumption of animal protein (Alcorta
etal., 2021). Moreover, some of the most commonly consumed non-dairy products are sourced
from oat, soy, almond and coconut. Although, there are several plant protein options on the
market, innovative plant sources are being studied considering the allergenicity and low
functionality of the types of proteins available currently. Pea and hemp proteins are novel plant
proteins being considered for use in these products due to their sustainability, lack of
allergenicity and high nutritional value (Gao et al., 2020; Mamone et al., 2019).

It has been established on multiple accounts that dairy protein specifically whey protein
can form complexes with polyphenols (Baba et al., 2021). Despite the fact that polyphenols have
been found to have a low digestibility and can demonstrate anti-nutritional effects against
proteins (Samiya et al., 2020), studies have shown that when bound to whey protein there is no
effect on the protein digestibility. A study conducted by de Morais et al. demonstrated that when
whey protein was digested with caffeic acid and epigallocatechin gallate (EGCG), there was no
profound difference in protein digestibility (de Morais et al., 2020). However, this phenomenon

has not been studied in the context of plant proteins with specifically blueberry phenolics which
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can provide a new perspective on how to improve the bioavailability of these compounds
maximizing their potential health benefits.

The goal of this study was to determine whether commercially available plant protein
powders from novel plant protein sources (pea and hemp) would form complexes with blueberry
polyphenol extract similarly to what has been observed for whey protein. Upon successful
complexation of the proteins and polyphenols, we aim to assess the affinities for the polyphenols
to bind the proteins and how binding would affect protein structure and digestibility. We
hypothesized that the pea and hemp proteins would form complexes with blueberry polyphenols
and that the proteins would remain digestible when bound to the compounds. Furthermore, we
expected the protein structure to change in the presence of the phenolics and that all three protein
sources would exhibit similar binding affinities. This research will guide future studies that
determine whether the bioavailability of blueberry polyphenols is improved by its complexation

with these proteins in a transepithelial cell model.

3.2 Materials & Methods
3.2.1 Polyphenol Extraction
3.2.1.1 Crude Blueberry Polyphenol Extraction

Powdered blueberries were purchased from Bulk Supplements (Henderson, NV) and
purified. The crude blueberry powder was mixed with 50% ethanol at a ratio of 1:5 (blueberry
powder: 50% ethanol). The pH of the solution was lowered to 3 using concentrated sulfuric acid
and then mixed for two hours. The ethanol was removed using rotary evaporation at 80°C. Once

cooled, the samples were frozen at -20°C for further processing.
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3.2.1.2 C18 Solid Phase Extraction

C18 solid phase extraction was performed to remove residual sugars and polysaccharides
from solution. The purified blueberry solution was diluted 1:1 using acidified water (1% acetic
acid in water). C18 solid phase extraction columns were conditioned with methanol then
acidified water, twice for each solution. The diluted blueberry solution was added to the column
and the solution was moved through the column using a vacuum. The column was washed thrice
with acidified water and then dried in preparation for elution. The column was eluted twice using
acidified methanol (1% acetic acid in methanol). The solvent was removed using rotary
evaporation at 80°C. The blueberry polyphenol extract (BPE) was diluted with ultrapure water

and frozen at -20°C. The samples were freeze dried and stored at -20°C for further analysis.

3.2.1.3 Determination of Total Phenolic Content

Total phenolic content of BPE was determined using the Folin-Ciocalteau assay. Freeze-
dried blueberry polyphenol extract was used to create a 1 mg/mL solution. A standard curve was
produced using gallic acid with concentrations ranging from 0 to 500 pg/mL. 10 uL of sample
and standard solutions were added to 790 uL of ultrapure water and 50 uL of Folin reagent
(Sigma-Aldrich, St. Louis, MO) and shaken for 5 minutes. After mixing, 150 uL sodium
carbonate solution at a concentration of 200 g/LL was added to each sample and the plate was
incubated at 37 °C. After incubation, absorbance was measure using a Bio-Tek UV-Vis plate

reader (Winooski, VT) at 765 nm.
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3.2.2 Protein Purification
3.2.2.1 Fat extraction using the Soxhlet Method

Pea protein powder (Bulk Supplements, Henderson, NV) and hemp protein powder (Fit
Hemp LLC, Melbourne, FL)) were defatted using Soxhlet extraction with hexane. Whey protein
isolate (Nutricost, Vineyard, UT) contained no fat, therefore did not require this procedure. The
Soxhlet extraction was performed for 8 hours. Rotary evaporation was used to determined how

much fat was extracted.

3.2.2.2 Alkaline Extraction-Isoelectric Point Precipitation

The protein extraction method was adapted from a by Shen et al (Shen et al., 2020).
Defatted pea and hemp protein powders underwent an alkaline extraction and isoelectric point
precipitation to isolate the protein and remove insoluble fiber. The whey protein isolate
contained no other ingredients, therefore did not require this procedure. The defatted protein
powders were dissolved in ultrapure water at a ratio of 1:15 (protein powder: water). The pH was
adjusted to 10 for the hemp protein and 9.5 for pea using 2 M NaOH. The solutions were then
stirred for 2 hours at 600 rpm. After stirring, the solutions were centrifuged at 4150 rpm for 20
minutes and the pellet was discarded. The collected supernatant was adjusted to a pH of 5 for the
hemp and 4.5 for the pea using 1.2 M HCI. The adjusted solutions were centrifuged once again
for 10 minutes at 4150 rpm. The precipitates were collected and resuspended in ultrapure water.
The pH was adjusted to 7 using 2 M NaOH, frozen at -20°C, and then freeze dried for further

analysis.
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3.2.2.3 Determination of Protein Content

Protein Concentration was determined using the BCA assay with the Pierce BCA Protein
Assay kit from Thermo-Scientific (Waltham, MA). All samples were prepared at a concentration
of 1 mg/ml and solubilized in 0.1 M NaOH. Assay was performed according to instructions
provided with the kit. A standard curve was generated using bovine albumin serum (BSA) with
concentrations ranging from 0 to 2 mg/mL. Absorbances were measured using a BioTek UV-Vis

plate reader at 562 nm.

3.2.3 Sample Preparation

Samples were prepared to mimic the conditions of a beverage with a single serving of
protein supplement (15 g protein) and the polyphenolic equivalent of 175 g of highbush
blueberries (1 cup; 490 mg polyphenols from BPE). Samples were prepared to contain pea, whey
or hemp protein alone or the forementioned proteins in addition to polyphenols. Samples had a
protein concentration of 1 mg/mL protein, unless otherwise stated and subsequently a
concentration of 33 ug/mkL of blueberry polyphenol extract, when the samples contained
polyphenols, to match the desired ratio of protein to polyphenols (30:1). All samples used a pH

6.8 10 mM phosphate buffer for the solvent, unless otherwise stated.

3.2.4 Turbidity Measurements

A Jasco V-730 UV-Vis Spectrophotometer (Talbot County, MD) was used to measure
the turbidity of whey, pea and hemp protein solutions and the respective solutions containing
blueberry polyphenols. Turbidity measurements were also taken over a range of different pH

values (2.0, 4.6, 6.8, 7.4) to assess the changes in complexation at food production and digestion
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related values. The values correlated to gastric, yogurt, duodenal/protein shake, and ileac pH,

respectively. Absorbance of the solutions were measured at a wavelength of 600 nm.

3.2.5 Circular Dichroism (CD)

A Jasco J-1100 Circular Dichroism Spectrophotometer (Talbot County, MD) was used to
measure the changes in secondary protein structure of whey, pea and hemp protein in solution
and when bound to blueberry polyphenols. The samples were prepared with a protein
concentration of 0.1 mg/mL and the protein and polyphenol. Measurements were taken at a
wavelength from 190 to 260 nm. The data was interpreted using the CD Plotting and Analysis

tool (CAPITO) (Wiedemann et al., 2013).

3.2.6 Fluorescence Spectroscopy

Fluorescence spectroscopy was performed to determine the binding affinities for
blueberry polyphenols binding to pea, whey and hemp proteins. Protein solutions were created at
a concentration of 0.5 mg/mL in the presence or absence of polyphenols. BPE controls were
produced for all polyphenol concentrations. The protein concentration remained the same in all
solutions, but polyphenol concentrations ranged from: 0.066 mg/mL, 0.033 mg/mL, 0.017
mg/mL (ideal ratio, 30:1), 0.008 mg/mL, 0.004 mg/mL. An Edinburgh Instruments
Spectrofluorometer FS5 (Livingston, UK) was used to measure the samples and the Flouracle
program was used for the data output. An emission scan was run with an excitation wavelength
of 280 nm and emission spectrum from 300 to 450 nm. The following emission scan parameters

were applied: dwell time 0.2, steps: 1 nm, # of scans: 3, all corrections applied. BPE controls
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were subtracted from each spectrum. Data was analyzed using Stern-Volmer plots and

calculation of Hill coefficients to determine the number of binding sites for each protein source.

3.2.7 Analysis of the Digestibility of Pea, Hemp and Whey Protein with Blueberry
Polyphenol Extract
3.2.7.1 In Vitro Digestion

An in vitro digestion was performed with solutions of pea, whey, and hemp protein in the
presence and absence of blueberry polyphenol extract. The pH of the solutions was adjusted to
approximately 2 using 1 M HCI to mimic the conditions of the stomach. Pepsin was added at a
concentration of 0.3 mg/mL and the samples were incubated at 37°C for two hours. After the two
hours, the pH was adjusted to 7.4 using 2 M NaOH which mimics the conditions of the small
intestine. Trypsin was added at a concentration of 0.3 mg/mL and the samples were incubated at
37°C for another four hours. Once the digestion was complete, the samples were boiled for 30
minutes to inactivate the enzymes. Aliquots of the of the pure solution and supernatant of the
solution were taken at the beginning and end of the digestion. The samples were stored at -20°C

until further analysis.

3.2.7.2 Determination of Free Amino Acids

The ninhydrin method adapted from Moore and Stein and Reyanaud et al. was used to
determine the free amino acid content of the digested samples (Moore & Stein, 1954; Reynaud et
al., 2020). Trione ninhydrin reagent (Pickering Laboratories, Mountain View, CA) was mixed
with the supernatant of the digested samples in a ratio of 1:1. The samples were heated for 16

minutes at 95°C. Once cooled to below 30°C, 50% ethanol was added at a ratio of 1:5 (ninhydrin
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reagent: 50% ethanol). Absorbance was measured using a BioTek UV-Vis Plate Reader at a
wavelength of 570 nm. L-leucine with concentrations ranging from 0 to 4 mM was used to

produce a standard curve.

3.2.7.3 Sodium Dodecyl Sulphate—Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Digested samples were analyzed using SDS-PAGE. Samples were mixed with 2X Tris
glycine loading buffer (Invitrogen, Waltham, MA) containing 5% beta-mercaptoethanol. The
prepared loading buffer and sample were added to a tube at a ratio of 1:1 and boiled for 10
minutes. The gel box was loaded with 1X tris glycine running buffer. Tris-glycine gels
(Invitogen, Waltham, MA) were used and 5 pL of Novex Sharp Pre-Stained Protein Standard
(Invitogen, Waltham, MA) was added to one well. The prepared samples were added at a volume
of 15 uL to the other wells. The gel was run at 165 V. After the gel finished running, it was
stained using Coomassie brilliant blue for an hour. The gel was then destained for four hours
using a solution of 50% methanol and 10% acetic acid. A second destaining step was performed
to rehydrate the gel for imaging using a solution of 20% methanol and 10% acetic acid

overnight. The gel was imaged using the UVP Bioimaging System (Upland, CA).

3.2.8 Statistical Analysis

All results are expressed as an average of triplicate measurements, unless otherwise
stated. Values are presented as the mean + standard deviation. Variance analysis was performed
using two-way ANOVA with Sidak’s multiple comparisons to compare the protein samples
without polyphenols to those containing polyphenols. One-way ANOVA with Tukey’s multiple

comparisons was used to compare the protein types to one another. GraphPad Prism v 9.3.1
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(GraphPad Software, Inc., San Diego, CA, USA) was used to perform all statistical analysis and

significant statistical difference was calculated at a p<0.05 level.

3.3 Results
3.3.1 Physical and Chemical Characterization of the Protein-Polyphenol Complexes

The total polyphenol content of the blueberry extract was determined to be 260.1 + 1.8
mg gallic acid equivalents (GAE) per g extract. The protein content of the hemp, pea and whey
protein powders were determined to be 73.8%, 50.4% and 69.7% respectively. The first analysis
that was performed were turbidity measurements to determine whether the proteins did form
complexes with the blueberry polyphenols. The addition of blueberry polyphenols to purified
proteins resulted in the formation of protein-polyphenol aggregates. The absorbance of all three
protein sources increased significantly in presence of blueberry polyphenol extract indicating
complexation. The difference in absorbance between the proteins alone and the proteins in the
presence of polyphenols is not equivalent to the polyphenol blank alone indicating that the
differences observed are as result of the polyphenols binding to the proteins. Moreover, hemp
protein increased the turbidity of the solutions when bound to polyphenols to a greater degree
than the pea and whey proteins.

Aggregate formation was found to be pH dependent for the pea and hemp proteins. At pH
4.6, pea protein exhibited the highest increase in turbidity indicating increased complexation
with BPE. At pH 6.8, the turbidity of the pea protein-BPE complexes decreased significantly due
to decreased complex formation. In contrast, the hemp protein exhibited the highest levels of
complexation at pH 6.8 and 7.4. Whey protein did not exhibit any pH-dependent changes in

complex formation.
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Figure 1. (A) Turbidity of pea, whey and hemp protein in the presence and absence of BPE
expressed as average absorbance at 600 nm. Values are expressed as mean + SD. Asterisks
indicate significant differences (p<0.05) based on 2-way ANOVA with Sidak’s multiple
comparisons. (B) Difference in turbidity between the whey, pea and hemp samples with or
without BPE added. Asterisks indicate significant differences (p<0.05) based on one-way
ANOVA with Tukey’s multiple comparisons.
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Figure 2. Turbidity of pea, whey and hemp protein in the presence and absence of BPE at pH
values related to digestion and food production expressed as average absorbance at 600 nm.
Values are expressed as mean + SD. Different letters in a column indicate significant differences
(p<0.05) based on one-way ANOVA with Tukey’s multiple comparisons.
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3.3.2 Polyphenol Binding Affects Hemp Protein Structure

Far UV-Vis circular dichroism was used to determine the secondary protein structures of
pea, hemp and whey protein isolates and how it changed when bound to blueberry polyphenols.
The relative helicity of the hemp protein increased significantly when bound to polyphenols.
Also, hemp protein exhibited a higher relative helicity when compared to pea and whey protein.
This indicates that hemp protein has a greater proportion of alpha-helices in its secondary
structure than the other protein types. In contrast, both pea and whey proteins did not show
significant changes in relative helicity when bound to BPE. The content of other secondary
protein structures such as beta sheets, beta-turns, and random coils was not measured but it can
be implied that other secondary structures were more prevalent in the whey and pea proteins.
Whey, pea and hemp proteins were found to adopt primarily unfolded structures based on
comparisons to the CAPITO circular dichroism database. This information could give more

insight on how the protein-polyphenol interactions could occur.
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Figure 3. (A) Smoothed CD spectra for hemp, pea, and whey protein in the presence and
absence of BPE and the comparisons of the protein secondary structures to the other proteins in
the CAPITO database (B) Differences in relative helicity between the protein types and the
proteins in the presence of BPE. Different letters in a column indicate significant differences
(p<0.05) based on one-way ANOVA with Tukey’s multiple comparisons.
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3.3.3 Binding Affinities Do Not Differ Between Protein Sources

Fluorescence spectroscopy was used to determine the binding affinities for all three
protein sources and whether any significant differences could be observed in their affinity for
binding blueberry polyphenols. All three protein sources showed fluorescence quenching when
in the presence of BPE. Fluorescence intensity decreased as the ratio of BPE to protein decreased
(figure 3) indicating increased binding of the extract to the protein. No shifts in peak
fluorescence emission were observed due to the binding of the blueberry polyphenols to the
proteins. Figure 4 shows the Stern-Volmer plot used to calculate the Stern-Volmer coefficient
(Ksv), modified Stern-Volmer to calculate binding affinity (Ka), and a plot to calculate the hill
coefficient (n). The binding affinity, hill coefficient and Stern-Volmer coefficient for pea, whey
and hemp proteins are displayed in table 2. There are no significant differences in binding
affinity or in the hill coefficient which indicates number of binding sites for the polyphenols to

the proteins.
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Figure 4. Quenching effect of BPE on protein fluorescence intensity in whey-BPE (A), pea-BPE
(B) and hemp-BPE (C) complexes as a function of BPE concentration.
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Figure 5. (A) Stern-Volmer plot for the fluorescence quenching of each protein by BPE. (B)
Modified form of a Stern-Volmer plot to calculate Ka (C) Calculation of Hill coefficient reveals
the number of binding sites for each protein.
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Table 1. Stern-Volmer constant (Ksv), binding affinity (Ka) and Hill coefficient (n) for
interactions between each protein and BPE, calculated based on Figure 4 graphs. Different letters
in a column indicate significant differences (p<0.05) based on one-way ANOVA with Tukey’s
multiple comparisons.

Protein Source Ko (10* Lemol™) Ka (10* L-mol™) n
Whey 1.319 £0.0002 3.026 £0.516 0.92 + 0.008
Pea 1.860 £ 0.0004 5.141 £2.163 0.99 £ 0.009
Hemp 1.211 £ 0.0006 4.842 +1.543 0.94 £ 0.001

3.3.4 Assessment of the Digestibility of Protein-Polyphenol Complexes

SDS-PAGE was used to identify the protein profile of the hemp, pea and whey purified
protein powder with and without BPE. Also, this technique was used to determine how the
protein profile changed after an in vitro digestion and if it was similar to when the proteins are
digested with polyphenols. The pea and hemp proteins digestion displayed a wide array of
different sized proteins ranging from 100 kDa to less than 10 kDa. The pea protein isolate had
bands for legumin (40-50 kDa), convillicin (~ 70 kDa) and lipoxygenase (~ 100 kDa) which are
some of the main types of proteins typically present in peas (Gao 2020). Similarly, the SDS-
PAGE of hemp protein isolate showed bands for edestin (20-35 kDa), villicin (40-50 kDa) and
albumin (~20 kDa) which are distinctive protein subunits typically observed (Mamone 2019).
The whey protein displayed characteristic bands for a-lactalbumin, B-lactoglobulin, and bovine
serum albumin between 60 and 70 kDa, slightly above 15 kDa, and between 10 and 15 kDa
respectively (Xu 2019). When polyphenols were added to the samples, they exhibited same SDS-
PAGE protein profile. After the digestion, there were only faint bands for low molecular weight
proteins visible for all three proteins between 10 to 15 kDa. The samples containing BPE

appeared to have similar bands to the samples without. The supernatant of the samples
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containing BPE were also run on the gel to see how much of the protein formed complexes with
the blueberry polyphenols. It appears that there is much more protein available than can complex
with BPE considering that the supernatant and suspension appear to have similar band density.
Hemp protein appears to have more complexation due to the fainter image of the supernatant but

this could also be due to the low solubility of the protein.
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Figure 6. SDS-PAGE of pea, hemp (A) and whey (B) proteins in the presence and absence of
BPE after in-vitro digestion. Abbreviations: Pre: pre-digestion, Post: Post digestion, PP: Pea
Protein Isolate, HP: Hemp Protein Isolate, WP: Whey Protein Isolate Susp: protein-polyphenol
suspension, Sup: protein-polyphenol supernatant. Samples containing only protein are taken
from the suspension.

The free amino acid concentration of the protein and protein-polyphenol samples were
measured before and after in vitro digestion to quantitatively assess whether digestion was
successful and how BPE affected the digestibility of the proteins. After digestion, the free amino
acid content of the protein and protein-polyphenol complexes increased significantly. The pre-

digestion free amino acid concentration was approximately 0.5 mM leucine equivalents for the

pea and whey solutions and around 0.4 mM leucine equivalents for the hemp solutions. After
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digestion, the free amino acid ranged between 1.5 mM and nearly 3 mM leucine equivalents. The
pea protein solutions in the presence and absence of blueberry polyphenols experienced the
greatest release of amino acids after incubation with the digestive enzymes while hemp protein
experienced the least. Furthermore, the free amino acid content is not significantly different
between the protein with or without polyphenols, demonstrating that the presence of polyphenols

does not affect digestion when applied at these ratios.
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Figure 7. Free amino acid content expressed as mM leucine equivalents of protein and protein-
polyphenol complexes before and after in vitro digestion. Asterisks indicate significant
differences (p<0.05) based on 2-way ANOVA with Sidak’s multiple comparisons. Number of
asterisks indicate significance of: **** (p<0.0001), ***(p<0.001), ** (p<0.01).
3.4 Discussion

The aim of this study was to establish and characterize whether pea and hemp proteins
can interact with blueberry polyphenols similarly to whey proteins. Also, the digestibility of all
three proteins in the presence of blueberry polyphenol was assessed to determine whether these
proteins could successfully act as delivery matrices to improve the bioavailability of these

compounds. Pea and hemp protein were found to successfully form complexes with BPE using

UV-Vis spectroscopy. The digestibility of the proteins was not impacted by the complexation
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with blueberry polyphenols because the release of free amino acids after in vitro digestion were
not significantly different between the samples with or without polyphenols.

To begin, powdered blueberry and commercially available pea and hemp protein powders
were extracted to create the polyphenol extract and protein isolates. The polyphenol content in
other papers that utilized solvent extraction to purify blueberry powder ranged greatly. Total
phenolic content was reported to be as low as 1.22 mg GAE per g and up to 702 mg/g GAE
(Grace et al., 2009; Jiao et al., 2018). The blueberry polyphenol extract used in this experiment
falls within this range at approximately 260 mg per gram GAE. The discrepancies in total
phenolic content may be due to slight changes in extraction protocol such as using microwave or
ultrasound assisted extraction and the use of different SPE or resin columns. Additionally, the
region, variety and season in which the blueberries were harvested in could contribute to the
diversity of the values. Moreover, the determined values for the pea and hemp protein powders
were lower than what was reported in the studies in which the extraction method this was
adapted from. However, there has been a wide range of protein yield reported in studies that have
used this method. For the hemp protein, isoelectric point precipitation has been reported to
produce isolates with a protein content of as low as 44.3% and as high as 94.6% (Malomo et al.,
2014; Teh et al., 2014). The pea protein also has had values reported protein isolate prepared
using this method to be around 80 to 85% (Boye et al., 2010; Gao et al., 2020; Stone et al.,
2015). These differences may be attributed to different sources of the proteins being used to
perform the extractions as well as different protein determination techniques. In this paper,
commercially available protein powders were used rather than the raw plant ingredient which

could have impacted yield. Also, many other studies used the Khejdhal method to determine total
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nitrogen in the protein isolates and therefore the percent protein whereas in this study a
colorimetric protein assay was used for protein determination.

To determine whether protein-polyphenol complexation occurred, turbidity of the
solutions was measured and found to increase when the proteins were in the presence of BPE.
Increased turbidity of a solution containing protein and polyphenols has been associated with the
formation of protein-polyphenol complexes numerous accounts (Seczyk et al., 2019; Ye et al.,
2013). In this study, the same phenomenon was observed. The hemp protein exhibited a greater
degree of change in turbidity when the polyphenols were bound. This may be due to the hemp
proteins forming a greater number of complexes with BPE in comparison to the other protein
sources. Although this may be possible, it does not appear to be the case considering that all
three proteins had similar affinities for binding the blueberry polyphenols as determined in the
fluorescence spectroscopy experiments.

Various factors can contribute to the likelihood for proteins and polyphenols to form
complexes. In this study, it was found that pea and hemp protein complex to BPE in a pH
dependent manner. This phenomenon was not observed for whey which is supported by other
studies which found that binding of green tea polyphenols to whey protein was not affected by
pH (Bels¢ak-Cvitanovi¢ et al., 2015). Pea protein and other legumes such as soy have been
shown to have the strongest protein-polyphenol interactions near, usually slightly above their
isoelectric point (Cuevas-Bernardino et al., 2018; Kosinska et al., 2011; X. Zhang et al., 2020).
The isoelectric point for pea protein is approximately 4.5 which may explain why increased
complexation was visible at pH 4.6 (Gao et al., 2020). The isoelectric point of hemp protein is
closer to pH 5 which might explain why the highest levels of complexation were observed above

this pH (Shen et al., 2020). Additionally, differences in amino acid composition and protein
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structure can result in various effects of pH on different proteins (Ozdal et al., 2013). The
secondary protein structures of pea and hemp were not similar according to the CD analysis
which may also be responsible for the differences in complexation at the varying pH values. This
data provides preliminary evidence on how polyphenol complexation with these proteins may be
altered throughout digestion and effect the delivery of the compounds as well as how they may
act functionally in a food product.

The proteins all exhibited a change in secondary structure as a result of binding of the
polyphenols also indicating complexation. Alpha helices appear to be involved in the binding of
blueberry polyphenols to hemp proteins, but other secondary structures seem to be involved for
pea and whey. This is supported by other papers which have reported that whey and pea protein
isolates contain a higher percentage of beta-sheets than alpha-helices which may be the main
structures responsible for binding polyphenols as well has a high proportion of random coils
(Abd El-Maksoud et al., 2018; Yan et al., 2020). Also, legumes such as pea and hemp, have been
found to have predominantly beta-sheets in their secondary structure (Malomo & Aluko, 2015;
Shen et al., 2020) although this has been reported to be pH-dependent for hemp protein (Malomo
et al., 2014) which could be why the hemp proteins in this study exhibited a change in relative
helicity in the presence of BPE. Furthermore, the presence of more beta sheets may indicate the
presence of a more open protein structure. Based on the CAPITO database, all three proteins
exhibited an unfolded protein structure. This supports the idea that all three proteins contain
more beta sheets in their secondary structures leading to a more open protein conformation. The
unfolded structure can increase the potential for proteins to bind to other molecules which may

be why these proteins tend to spontaneously bind to polyphenols (Garbuzynskiy et al., 2004).
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Additionally, due to the highly alkaline environment present when purifying the pea and hemp
proteins, there is potential that this structural conformation is due to denaturation.

The intrinsic fluorescence of all three proteins was quenched by the blueberry
polyphenols which is indictive of complexation. Intrinsic fluorescence of the proteins has been
attributed to the major fluorophore tryptophan (Cao & Xiong, 2017) and the binding of the
polyphenols to this amino acid is likely responsible for the quenching affect. No shifts were
visible mostly likely because the protein structure was already unfolded as determined by the
CAPITO analysis. Therefore, the tryptophan residues were already exposed allowing the
polyphenols to bind easily without requiring the protein structures to change. Traditionally, shifts
are observed due to the fluorophores being exposed as a change in polarity of the environment
alters the protein structure exposing those residues. Environmental factors such as pH and
temperature can cause these changes to occur (S. A. Abbas et al., 2013). The number of binding
sites for all three protein sources were close 1 indicating that there is most likely one type of
binding site responsible for binding BPE (Dai et al., 2019). Moreover, all three proteins appear to
have similar abilities to bind blueberry polyphenols and can bind a large range of concentrations
of blueberry polyphenols. Studies that have been conducted on the binding affinity of EGCG to
bind whey protein isolate, have reported slightly higher Ksv values (2.62 and 1.9 L-mol—1) (Cao
& Xiong, 2017; Chen et al., 2019) than these findings, so these proteins may have even higher
affinities for binding other types of phenolics as well. Lastly, at a ratio lower than 7.5:1 (protein:
polyphenols) the proteins may not be able to bind more polyphenols considering the fluorescence
intensity was extremely low at this ratio.

Whey, hemp and pea proteins were found to be fully digested after in-vitro digestion

visually through the analysis of SDS-PAGE which was later confirmed quantitatively. The
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decrease in higher molecular weight bands for all three proteins indicates that the proteins were
successfully digested. Additionally, the similarity between the protein profiles of the protein
samples in the presence and absence of BPE indicates that the polyphenols are not inhibiting
digestion at the ratio that they are being used in this paper. Moreover, comparable amounts of
free amino acids were released after digestion of the proteins in the presence and absence of
BPE. It was imperative that the protein digestibility was not affected by the polyphenols
considering polyphenols have been shown to inhibit digestion of other proteins. This is believed
to be as a result of the ability of polyphenols to inhibit the activity of digestive enzymes
(Cirkovic Velickovic, 2018). Other studies have shown that whey protein digestibility decreases
significantly when bound to polyphenols. In these studies, a ratio of 1:0.5 (whey protein:
polyphenols) is used which may be why these effects observed (de Morais et al., 2020; Xu et al.,
2019). This ratio of protein to polyphenols would be much greater than how much of these
compounds are customarily consumed together. In this study, a ratio of 30:1 (protein:
polyphenols) was used which is more similar to how these compounds would be consumed in a
food matrix.

Pea protein seems to have a comparable digestibility to whey protein whereas hemp
protein may require more time to be fully hydrolyzed. One study found that in beverages
formulated with milk or pea proteins, both proteins were digested to similar amounts. The release
of free amino acids from both protein drinks after in-vitro digestion were not significantly
different from one another (Streimikyté et al., 2020). Similarly, Hernandez et al. found that
garden pea and grass pea isolates had a similar free amino acid release after in vitro digestion to
whey protein. Furthermore, hemp protein which was found to be less digestible than pea protein

in this study has been reported to have a protein digestibility—corrected amino acid score
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(PDCAAS) value of 0.5 to 0.6. This is much lower than the score for animal proteins such as
whey which is about 1 (Shen et al., 2021). Despite this, there is potential for the protein
digestibility to be increased. When hemp and pea protein were used together in a protein
beverage, the protein digestibility increased significantly from the control indicating that the use
of various proteins could enhance its digestibility and nutritional value (Manus et al., 2021). The
results are promising that polyphenol consumption at levels present in a serving of berries would
not impact digestibility of the proteins which could allow for the proteins to be used as a delivery

mechanism for blueberry polyphenols.
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CHAPTER IV

CONCLUSIONS & FUTURE DIRECTIONS

In this study, the physical and chemical characteristics of whey, hemp and pea protein
and blueberry polyphenol complexes were assessed. Firstly, the hemp and pea protein isolates
were found to successfully formed complexes with the blueberry polyphenol extract similarly to
whey protein which has been established to occur in many other studies. Then, the change in
secondary structure in the presence of BPE was examined. Pea and whey protein displayed
similar changes in secondary structure due to complexation with BPE whereas hemp protein
exhibited a shift in its alpha helical structure. Furthermore, the binding affinities for the
polyphenols to all three proteins were not significantly different which indicates that they would
all have similar affinities for the compound. After the in-vitro digestion of the proteins with or
without polyphenols, the free amino acid content of all the solutions increased significantly
compared to before the digestion. This confirmed the success of the in-vitro digestion which also
visualized using SDS-PAGE. Also, release of free amino acid of the protein-polyphenol
complexes were similar to the proteins alone indicating that the polyphenols were not hindering
digestion, which provides evidence that these proteins can be used to improve polyphenol
bioavailability.

One major limitation of this study is that the purification of the protein powders and
blueberry powder do not fully represent how these compounds would interact as a part of a
whole food matrix. For future studies, it would be important to assess the whole protein powder
and the whole berry to see if the effects would be the same but for these preliminary studies it

was helpful to see how the protein and the polyphenols alone interact. Also, further processing of
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the circular dichroism would give more information on how the secondary structures change for
the protein as a result of polyphenol binding. Beta-sheets are a major structural component of all
three proteins so it would be important to assess how those structures change as well.

All in all, these results indicate that novel plant proteins may be effective delivery
mechanisms for blueberry polyphenols in whole food matrices. These current findings suggest
that due to the spontaneous nature of these interactions, when these foods (plant proteins and
blueberry polyphenols) are consumed together as a part of a meal or snack, there is potential for
these interactions to occur and in turn more polyphenols could be delivered to the small intestine
and absorbed. Future directions include assessing the bioavailability of blueberry polyphenols in
transepithelial cell model since this study has provided evidence that the delivery of polyphenols
to the small intestine could be enhanced as a result of binding to plant proteins. Eventually,
bioavailability will also be assessed in clinical trials by providing the protein/polyphenol

complexes as a part of a whole food such as a smoothie rather than through supplementation.
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