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ABSTRACT

Haskap leaves (Lonicera caerulea) are an agricultural residue from haskap plants and are
expected to become more abundant as interest grows in haskap berries as a commercial
crop in Canada. Although haskap berries are mainly associated with health-promoting
benefits, haskap leaves are also a source of bioactive compounds, such as chlorogenic acid
(CGA) and flavonoids. The conventional extraction techniques used with biological
materials present certain drawbacks such as the use of toxic solvents, high temperatures,
and long extraction times. This thesis investigates aqueous two-phase systems (ATPS) for
the recovery of bioactive compounds from haskap leaves and the development of novel
biobased pea protein films. In view of possible food and health product applications,
different ATPS comprised of generally recognized as safe (GRAS) components were
studied: ammonium sulphate/ethanol, sodium dihydrogen sulphate/ethanol, glucose/1-
propanol, and maltose/1-propanol. The results showed that salt/ethanol aqueous two-phase
extraction (ATPE) had higher extraction efficiencies than sugar/propanol ATPE. Sodium
dihydrogen phosphate/ethanol ATPE had maximum extraction efficiency at 93.9% for
CGA, 96.8% for flavonoids, and 97.8% for total phenolic content (TPC). Recycling of the
ATPE phase-forming components was also examined to increase the overall process
sustainability and economics. With two recycling stages, the extraction efficiency of the
ATPE systems were maintained. Aqueous two-phase flotation (ATPF) was then
investigated with salt/alcohol systems by integrating air bubbles and ATPE. Ammonium
sulphate/ethanol ATPF increased the partition coefficient from 9.6 to 29.6 for CGA, 23.1
to 62.4 for flavonoids, and 161.6 to 231.4 for TPC. Haskap leaf extracts obtained from
ATPE and ATPF consisting of bioactive compounds, ethanol, water, and residual salt were
then directly incorporated into pea protein films. Some film formulations with haskap leaf
extracts showed improved water vapour permeability and flexibility. Pea protein isolate
(PPI) films with sodium phosphate extracts showed the best potential for development as

a packaging material for alcoholic and aqueous food products.

xii



ANOVA

AS

ATPE

ATPF

ATPS

CA

Cs

CGA

DPPH

DSC

DW

EAB

EE

FW

GAE

GRAS

H/D

HPLC

LIST OF ABBREVIATIONS AND SYMBOLS USED

Analysis of variance

Ammonium sulphate

Aqueous two-phase extraction

Aqueous two-phase flotation

Aqueous two-phase system

Citric acid

Concentration of bioactive compounds at bottom phase
Chlorogenic acid

Concentration of bioactive compounds at top phase
Overall desirability

Individual desirability
2,2-diphenyl-1-picrylhydrazyl

Differential scanning calorimetry

Dry weight

Elongation at break

Extraction efficiency

Fresh weight

Gallic acid equivalents

Generally recognized as safe

Height-to-diameter ratio

High-performance liquid chromatography

xiil



k Partition coefficient

LLE Liquid-liquid equilibrium

MA Malic acid

Mbpottom Mass of target compounds at bottom phase
Miop Mass of target compounds at top phase
Miotal Total mass of target compounds in both top and bottom phases
NMR Nuclear magnetic resonance

pKa Negative log of the acid dissociation constant
PPC Pea protein concentrate

PPI Pea protein isolate

R’ Regression coefficient

RE Rutin equivalents

RH Relative humidity

RSA Radical scavenging activity

RSM Response surface methodology

Ry Volume ratio

SEM Standard error of mean

SP Sodium dihydrogen phosphate

SPE Solid phase extraction

Ta Denaturation temperature

T, Glass transition temperature

TLL Tie line length

Tn Melting temperature

Xiv



TPC

TS

uv

Vg

Vr

WVP

WVTR

Xz

Ys

Yr

AHg

AHn

Total phenolic content

Tensile strength

Ultraviolet

Volume of bottom phase

Volume of top phase

Water vapour permeability

Water vapour transmission rate

Weight fraction of salt or sugar at the bottom phase
Weight fraction of salt or sugar at the top phase
Weight fraction of alcohol at the bottom phase
Weight fraction of alcohol at the top phase
Enthalpy of denaturation

Enthalpy of melting

XV



ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr. Su-Ling Brooks, for her guidance, support, and
dedication during the course of my PhD program. Due to the pandemic, she has made the
transitions as smooth as possible to get us back into the laboratory space. Furthermore, I
acknowledge the Natural Sciences and Engineering Research Council for the financial
support of my graduate studies and this project. I would also like to thank my supervisory
committee, Dr. Azadeh Kermanshahi-pour and Dr. Junzeng Zhang, who provided advice
and guidance in the research project. I am also thankful to Roumiana Stefanova who gave
me helpful guidance on HPLC, NMR, and SPE.

I 'am also grateful to Dr. Evie Kemp, Cynthia Swinimer, and volunteers who have
assisted in collecting the haskap leaves. I have always looked forward to the idyllic
countryside field trips. I would like to also thank our departmental technicians John Pyke,
Dean Grijm, and Scott MacKinnon who are always ready to help, be it some equipment
that needs a quick fix or retrofitting them. Not forgetting our graduate coordinator Dr.
Suzanne Budge and PEAS administrative team Julie O’Grady and Paula Colicchio who
make the overall journey a smoother one. I would also like to thank our collaborators at
Cape Breton University who helped with some analysis when we had limited access to
facilities during the pandemic.

Finally, I want to thank my parents, family, and friends both near and far for their

support, encouragement, and for keeping yourselves safe during these times.

XVi



Chapter 1 : General Introduction

Haskap plants (Lonicera caerulea) are grown commercially for their berries which are
considered “superfruits” as they are rich in antioxidants and have higher anthocyanin and
ascorbic acid content than blueberries (Celli et al., 2014). Native to northern boreal forests
in Asia, Europe, and North America (Bors, 2009), haskap plants thrive in North America
as they can withstand severe cold climates and are resistant to temperatures below —40°C
(Ochmian et al., 2008). The haskap industry is expanding rapidly in Atlantic Canada and it
has been estimated that this business could fetch $500 million annually in the next five
years (O’Connor, 2018). The commonly grown varieties in Nova Scotia, Canada, are
Indigo Gem, Berry Blue, and Tundra (Theshiulo, 2018) and it is expected that berry yields
of 2 to 5 kg per plant can be obtained after 8 to 15 years of growth (Dawson, 2017). While
berries are the primary crop, haskap leaves could provide a potential source of revenue as

they are currently an underutilized resource.

Commercially harvested berries such as haskap, blueberries, blackberries and raspberries
(Hakkinen et al., 1999; Hummer et al., 2012; Pimpao et al., 2013) are rich in bioactive
compounds such as anthocyanins, phenolic acids, flavonols, flavonoids, and iridoids
(Kucharska et al., 2017; Oszmianski et al., 2011; Tian et al., 2018). Many of these bioactive
compounds have positive effects on human health and demonstrate antioxidant,
antibacterial, anti-obesity, anti-diabetic, and anti-inflammatory properties (Kowalska &
Olejnik, 2016; Nile & Park, 2014; Pereira et al., 2016; Shi et al., 2017). Similarly, research
has shown that leaves from berry-producing plants such as haskap, blueberry, blackberry
and raspberry contain various bioactive compounds such as hydroxycinnamic acids,
flavonoids, flavonols, proanthocyanidins, tannins and triterpenes (Ferlemi & Lamari, 2016;
Oszmianski et al., 2011) and some studies have reported that the leaves can have
significantly higher levels of bioactive compounds compared to the berries (Ehlenfeldt &
Prior, 2001; Lopez de Dicastillo et al., 2017). The high concentration of bioactive
compounds in the leaves has been attributed to protection against herbivores and pathogens,
whereas the lower concentrations present in mature berries are to attract animals to

consume and disseminate the seeds (Dawson, 2017). Although mulberry leaves have been



used as a traditional Chinese medicinal tea (Kobayashi et al., 2010; Wilson & Islam, 2015),
the leaves from berry plants are generally perceived as by-products or agricultural residues
(Bujor et al., 2019; Zhu et al., 2013). For example, haskap leaves are typically left under
the plants as mulch after shedding their leaves every autumn (C. Swinimer, personal
communication, May 4, 2018). As studies have indicated that haskap leaves are rich in
bioactive compounds such as chlorogenic acid, loganin, secologanin, quercetin-3-
sambubioside, quercetin-3-rutinoside, and quercetin-3-glucoside (Bonarska-Kujawa et al.,
2014; Dawson, 2017; Oszmianski et al., 2011), there is the potential to extract these

valuable compounds from this underutilized agricultural resource.

Conventional extraction methods such as Soxhlet extraction (Szakiel et al., 2012) and
maceration (Raudsepp et al., 2010), and assisted extractions such as ultrasonication and
microwave (Routray & Orsat, 2014) have been used to extract bioactive compounds from
berry leaves. The drawbacks of these techniques are the use of toxic solvents such as
methanol and hexane (Tabera et al., 2004), high extraction temperatures, lengthy extraction
times (Luque de Castro & Priego-Capote, 2010), and the need of specialized parts such as
ultrasound transducer and magnetron (Routray, 2014). In recent years, the importance of
designing processes in accordance with the Principles of Green Engineering has been
recognized (Anastas & Zimmerman, 2003), and there is a need to find alternative extraction
processes that are more sustainable. For example, extraction techniques using an aqueous
two-phase system (ATPS) provide a more environmentally friendly alternative and
involves a simpler set-up than other methods. An ATPS is formed with two aqueous
components such as polymer/polymer, polymer/salt, ionic liquid/salt, or alcohol/salt (Hatti-
Kaul, 2000), forming two phases (top and bottom) once equilibrium has been reached. In
keeping with the Principles of Green Engineering (Anastas & Zimmerman, 2003), ATPS
phase-forming components can be selected to be less toxic and generally recognized as
safe (GRAS). Aqueous two-phase extraction (ATPE) occurs when leaves are added and
the target compounds selectively partition to either phase in the ATPS. This technique
integrates equilibration, phase separation, and concentration of solutes in a single step
(Hatti-Kaul, 2000). ATPE can achieve phase separation at a rapid rate and it can occur at

low temperatures (Hou et al., 2018; Leong, Ooi, Law, Julkifle, & Show, 2018). In



comparison to the conventional Soxhlet extraction, ATPE does not require long extraction
time and is effective at relatively lower extraction temperatures. These features align with
the Principles of Green Engineering where processes should be designed to maximize
energy and time efficiency (Anastas & Zimmerman, 2003). ATPE also allows the use of
less toxic components where this corresponds with the Principles of Green Chemistry
where the use of safer solvents are recommended (Tang et al., 2005). The ATPE process
features low interfacial tension and high water content which create a gentle aqueous
environment to preserve the properties of the biomolecules (Grilo et al., 2016). Studies
have shown that ATPE achieved a higher purity (Zhang et al., 2013) and yield (Fu et al.,
2019; He et al., 2016) of bioactive compounds when compared to conventional extraction

methods.

Scaling up ATPE has some associated drawbacks which include the high salt
concentrations involved (Rosa et al., 2009) and post-use handling of the phase-forming
components (Soares et al., 2015). In view of these issues, researchers have explored the
effect of recycling the phase-forming components from ATPE on extraction efficiencies
(Tan et al., 2014) and extraction yields (Cheng et al., 2016). In addition, aqueous-two phase
flotation (ATPF) is another approach that can be used to increase extraction efficiency and
to aid in scaling up the process. This bubble-assisted method involves the addition of an
ATPS into a flotation column and the introduction of air at the bottom of the column (Leong,
Ooi, Law, Julkifle, Ling, et al., 2018; Pakhale et al., 2013). The surface-active biomolecules
selectively adsorb onto the rising bubbles and this improves mass transfer of the bioactive
compounds to the top phase (Lee et al., 2016). Studies using ATPF have shown increased
partitioning behavior and extraction efficiency (Lee et al., 2016; Padilha et al., 2017) when
compared to the ATPE process without bubbles.

Along with the demand for more sustainable manufacturing and extraction processes,
consumers have shown a preference for more sustainable products made from renewable
resources, due to their reduced environmental impact (North & Halden, 2013) and lower
risk to human health (Halden, 2010). Bio-based films are an example of a more sustainable

alternative to plastic packaging (Jiménez et al., 2012; Singh et al., 2019; Vieiraet al., 2011),



and they are typically made of biopolymers such as proteins (Salgado et al., 2010; Talens
& Krochta, 2005) and starches (Lumdubwong, 2019; Nouri & Mohammadi Nafchi, 2014)
instead of petroleum-derived compounds. Films developed from pea proteins are a
potentially sustainable solution for creating value-added materials, enhancing pulse
utilization and creating new market opportunities (Acquah et al., 2020; Choi & Han, 2001).
This is especially important for Canada, which is the largest producer and leading exporter
of dry peas (Abdel-Aal et al., 2018; Chan et al., 2019; Pulse Canada, 2019), producing
3,580,700 tonnes of dry peas in 2018 (Food and Agriculture Organization of the United
Nations, 2018).

Various bio-based and edible films can be made into functional films by incorporating
extracts from natural products into the formulations (Marcos et al., 2014; Wang et al.,
2012b). Functional films with bioactive extracts may have added antioxidant (Han et al.,
2018; Medina Jaramillo et al., 2015) and antimicrobial (Kanmani & Rhim, 2014;
Sivarooban et al., 2008) properties which could make them suitable as active packaging for
food products. Functional films have been formed using aqueous and alcoholic extracts
(Bonilla & Sobral, 2016; Musso et al., 2019; Wang et al., 2012a); however, there have been
no studies incorporating bioactive extracts from ATPE or ATPF into films. Researchers
have shown that having salt in the film may affect its mechanical properties (Frohberg et
al., 2010; Stolte et al., 2012) and overall hygroscopicity (Sdngerlaub et al., 2013). Therefore,
incorporating bioactive extracts with ATPS components from alcohol/salt systems may

have an effect on the film properties and functionality.

Thus, the overall goal of this project was to develop a sustainable approach for producing
pea protein-based functional films using haskap leaves as an underutilized, renewable
resource, where ATPE and ATPF would be investigated as environmentally friendly
extraction methods. It was hypothesized that the haskap leaf extracts obtained from ATPE
and ATPF could be incorporated into the pea protein films and would result in added
functional properties. The specific research objectives were to:

1) Investigate ATPE for the extraction of bioactive compounds from haskap leaves

using GRAS components (salt/ethanol and sugar/propanol);



i1) Evaluate the feasibility of recycling the ATPE phase-forming components;

1i1) Investigate ATPF for the bubble-assisted extraction of bioactive compounds
from haskap leaves;

iv) Develop novel pea protein functional films by incorporating haskap leaf

extracts from ATPE and ATPF, and to characterize the resultant film properties.

The thesis is outlined in the following paragraphs. In Chapters 3 to 6 which follow a
manuscript style, the background of each study is presented, followed by the experimental

work, research results, conclusions, and recommendations.

Chapter 2 is a literature review of haskap leaves, explaining their origins and cultivars in
Nova Scotia, the bioactive compounds present in berry leaves and haskap leaves, extraction
methods of the bioactive compounds, concepts of ATPE and ATPF, factors affecting
partitioning, recycling strategies, formation of functional pea protein films, and some

commonly assessed properties of films.

Chapter 3 compares the performance of salt/ethanol and sugar/propanol ATPE for the

extraction and concentration of bioactive compounds from haskap leaves.

In Chapter 4, recycling is evaluated based on the performance of food-compatible ATPE
systems (i.e. salt/ethanol and sugar/1-propanol ATPE systems) for the extraction and
concentration of bioactive compounds from haskap leaves, as a means of increasing

sustainability.

Chapter S5 compares the performance of ATPF in two salt/ethanol systems, namely
ammonium  sulfate = (NH4)>SOs/ethanol and sodium dihydrogen phosphate
NaH;POu4/ethanol, for the extraction and concentration of bioactive compounds from

haskap leaves.

Chapter 6 presents the development of pea protein functional films using haskap leaf

extracts from ATPE and ATPF, and characterization of the resultant films.



Chapter 7 then concludes by providing an overall summary of this work with

recommendations for future research.



Chapter 2 : Literature Review

2.1 Haskap Plants

Haskap plants (Lonicera caerulea) are native to Japan, North Eastern Asia, and Siberia
(Naugzemys et al., 2007). There are various names for haskap such as blue honeysuckle,
honeyberry, and haskappu. The Japanese indigenous Ainu community uses ‘haskappu’
which translates to ‘little things on top of the branches’ where haskap products have been
associated with traditional remedies for eternal youth and longevity (Lefol, 2007). Haskap
plants are deciduous shrubs and can grow to 2 meters or more in height (Hummer et al.,
2012). They require bees for cross-pollination to produce pale yellow flowers which
eventually develop into haskap berries. Appearing as a cross between blueberries and
grapes, the colour of these berries ranges from dark blue to purple and they appear oval or
long and thin. The leaves have an oval to elongated shape and are about 3 to 5 cm in length.
This berry crop has gained commercial interest in North America in the past decade as the
haskap plant can withstand severe cold climates, undergoes early fruiting and ripening, and
suitable for mechanized harvesting (Hummer et al., 2012). Breeding strategies by inter-
crossing different haskap varieties led to increased plant vigour, resistance to mildew, and
improved berry flavor (Bors, 2009). Indigo Gem, Berry Blue, and Tundra are common

varieties grown in Nova Scotia, Canada (Iheshiulo, 2018).

Similar to most berries, haskap berries can be eaten fresh or processed into dried berries,
fruit powders, jams, juices, syrups, and wine. The berries can also be used to develop new
food products such as ice cream, pastries, and puffed snacks (Liu et al., 2009). Haskap
berries have higher ascorbic acid and anthocyanin content than other berries such as
blueberries (Celli et al., 2014). Anthocyanins are categorized as flavonoids and they
provide the berries with pigments (Khoo et al., 2017); moreover, flavonoids are known to
have anti-inflammatory (Maleki et al., 2019), anticancer (Raffa et al., 2017), and
antioxidant properties (Pietta, 2000). These perennial shrubs shed their leaves every

autumn, resulting in an abundance of leaves. The leaves are presently not used for any



specific purpose and are an agricultural residue, left under the plants as mulch (C. Swinimer,

personal communication, May 4, 2018).

2.2 Bioactive Compounds in Berry Leaves

Studies have shown that bioactive compounds are present in the leaves of many berry plants,
and that some berry leaves have significantly higher levels of bioactive compounds in
comparison to the fruits (Bonarska-Kujawa et al., 2014; Oszmianski et al., 2011). For
example, highbush blueberry leaves (Vaccinium corymbosum L.) were reported to have an
average of 490 umol of Trolox equivalents (TE)/g fresh weight (FW) and phenolic content
of 45 mg gallic acid equivalents (GAE)/g FW, whereas the berries had 15.9 pmol TE/g FW
and 4.2 mg GAE/g FW (Ehlenfeldt & Prior, 2001). Additionally, murta leaves (Ugni
molinae Turcz.) had 110 to 130 mg GAE/g, resulting in approximately four times higher
phenolic content than the fruits with 23 to 34 mg GAE/g dry fruit (Lopez de Dicastillo et
al., 2017). The complementary antioxidant assays that were performed, such as oxygen
radical absorption capacity (ORAC), ferric reducing antioxidant power (FRAP), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and Trolox equivalent antioxidant capacity (TEAC),
supported the results that the leaves showed higher antioxidant activity than the fruits. In
cranberry plants (Vaccinium macrocarpon L.), 24 and 39 phenolic compounds were
identified in the leaves and fruits, respectively. It was reported that flavonols were the
main phenolic group in leaves, whereas anthocyanins were abundant in the fruits, and that
the total polyphenol content in cranberry leaves averaged 320 mg/g dry matter compared
to 117 mg/g dry matter for the fruit (Oszmianski et al., 2016). Haskap leaves have on
average 7 times higher chlorogenic acid (CGA), 6.5 times higher total quercetin, and 15
times higher total iridoid concentrations in leaves at the end of the season than in the berries
sampled at harvest maturity (Dawson, 2017). It was shown that these concentrations varied
throughout the growing season according to the physiological needs of the plants, as these
compounds aid in resisting pathogens, deterring herbivores, producing lignin, and

protecting against ultraviolet light.



In haskap leaves, the bioactive compounds that are commonly present include flavonoids
such as quercetin and phenolic acids such as CGA and gallic acid (Bonarska-Kujawa et al.,
2014; Dawson, 2017; Oszmianski et al., 2011). The core structure of a flavonoid is a carbon
skeleton consisting of 15 carbon atoms arranged in three rings, Ce-C3-Cg (Pietta, 2000).
There are many classes of flavonoids such as flavones, flavanones, isoflavones, flavonols,
flavanonols, flavan-3-ols, and anthocyanidins. Figure 2.1 shows the chemical structure of
a representative flavonoid, quercetin-3-rutinoside. It is also commonly known as rutin.
Flavonoids have various ecological roles in plants, and they contribute to shades of blue,
scarlet, and orange which attract pollinating insects (Khoo et al., 2017). Some astringent
flavanols also function as a defense system against insects and their UV-absorbing
properties protect plants from UV radiation of the sun (Agati et al., 2011). Additionally,
flavonoids have antioxidant (Wu et al., 2015), anti-inflammatory (Maleki et al., 2019), anti-
cancer (Ren et al., 2003) properties.

CH,

Figure 2.1 Chemical structure of quercetin-3-rutinoside (ChemAxon, 2019)

Chlorogenic acid (CGA) is a phenolic acid commonly found in coffee and tea. Figure 2.2
shows the chemical structure of chlorogenic acid. There are a few isomeric forms of CGA

such as 3-CQA (caffeoyl quinic acid), 4-CQA, and 5-CQA (Naveed et al., 2018). CGA as



one of the most common dietary polyphenolic compounds has been associated with anti-
diabetic, anti-obesity, antioxidant, anti-inflammatory, anti-hypertension, and antimicrobial
properties (Naveed et al., 2018). Its health benefits have encouraged the manufacturing of
CGA health supplements. CGA has anti-obesity and antidiabetic properties which are
linked to lipid and glucose metabolism (Meng et al., 2013). CGA also demonstrates
antioxidant properties in in vitro and in vivo experiments (Sato et al., 2011). Green coffee
extracts containing 28 weight% of CGA exhibited anti-hypertensive properties when it was
administered orally to rats (Suzuki et al., 2002). Chlorogenic acid also showed
antimicrobial properties on gram-positive and gram-negative bacteria by permeating the

cell membrane (Lou et al., 2011).

OH
OH

Figure 2.2 Chemical structure of chlorogenic acid (ChemAxon, 2019)

Gallic acid or 3,4,5-trihydroxybenzoic acid is an abundant phenolic acid found in plants.
Figure 2.3 shows the chemical structure of gallic acid. Gallic acid has shown antimicrobial
activity, anticancer activity, and offers protection from gastrointestinal diseases,
cardiovascular diseases, metabolic diseases, and neuropsychological diseases (Kahkeshani
et al., 2019). It is commonly used as a standard for the total phenolic content in the Folin-
Ciocalteu assay (Singleton et al., 1999). Gallic acid was suggested to protect the
mitochondria by reducing oxidative stress (Dutta & Paul, 2019). Mitochondria are known
as the powerhouses of the cell, generating chemical energy needed to power biochemical
reactions in the cell. Gallic acid from radix Sanguisorbae extracts has also shown anti-

inflammatory properties in murine macrophage cell line (Seo et al., 2016).
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OH
Figure 2.3 Chemical structure of gallic acid (ChemAxon, 2019)

The following Table 2.1 shows the average concentration of bioactive compound in haskap
leaves and other berry leaves. Apart from the compounds in Table 2.1, studies have shown
that cuticular waxes on haskap leaves of variety kamtschatica contain triterpenoids (Becker
et al., 2017). The triterpenoid content of leaves and fruits were 219.75 pg/mg and 62.51
pg/mg of wax extract mass, respectively. The main triterpenoid in the leaves is 24-
methylenecycloartanol which accounted for 126.27 pg/mg of wax extract and triterpenoids
can potentially protect the plant against biotic stresses (Lara et al., 2014). Triterpenoids
exhibited strong antiproliferative activities against tumor cells and had 20 to 70 times
higher antioxidant activity than ascorbic acid (Qiao et al., 2015). Additionally, iridoid
glucosides namely loganin, secologanin, secologanin dimethyl acetal, sweroside,
caeruleoside A, and caeruleoside B were identified in haskap leaves of variety

emphyllocalyx Nakai (Machida et al., 1995).
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Table 2.1 Average concentration of chlorogenic acid, flavonoids, and total phenolic content

in berry leaves

Leaves Chlorogenic Flavonoids Total Reference
acid (mg/g (mg/g DW) phenolic
DW) content (mg
GAE/g DW)
Haskap (Lonicera 20.52 113.6° N/A Dawson (2017)
caerulea)
Haskap (Lonicera 67.1 146.3 N/A Oszmianski et al.
kamtschatica Zielona) (2011)
Cranberry (Vaccinium 6.1 2334 319.3 Oszmianski et al.
macrocarpon L.) (2016)
Murta (Ugni molinae N/A N/A 111.7 Loépez de
Turcz.) Dicastillo et al.
(2017)
Black currant (Ribes 11.5 120.8 N/A Oszmianski et al.
nigrum Titania) (2011)
Black currant (Ribes 14.9 313 N/A Raudsepp et al
nigrum L.) (2010)
Raspberry (Rubus ideaus) 6.4 108.1 N/A Oszmianski et al.
(2011)
Raspberry N/A 6.9 22.8 Tian et al. (2018)
Bilberry (Vaccinium 350.6 37.0 N/A Oszmianski et al.
myrtillus) (2011)
Bilberry N/A 3.09 20.2 Tian et al. (2018)
Bilberry 276.0 665.0 N/A Hokkanen et al.
(2009)
Lingonberry (Vaccinium 38.7 683.0 N/A Hokkanen et al.
vitis-idaea L.) (2009)
Strawberry (Fragaria N/A 94.2 N/A Oszmianski et al.

ananassa Duch.)

(2011)

2 leaves harvested at end of season
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2.3 Extraction of Bioactive Compounds

Some of the conventional solid-liquid extraction methods used to extract bioactive
compounds from natural products are maceration, percolation, and reflux (Chanda &
Kaneria, 2012; Vongsak et al., 2013). There are several drawbacks associated with these
methods including the use of toxic and hazardous solvents such as hexane, petroleum ether,
and methanol, long extraction times, low yields, large amount of solvents, and the need for
several post-extraction steps (Luque de Castro & Priego-Capote, 2010). With modern
technologies, assisted-extraction methods can be introduced to improve the classical
methods by integrating technologies such as the application of microwaves (Olalere et al.,
2019), ultrasound (Contreras et al., 2020), high pressure (Xi et al., 2009), pulsed electric
fields (Zderic & Zondervan, 2016), or enzymes (Boulila et al., 2015). These methods can
enhance extraction performance; however, they often require sophisticated equipment.
Following the Principles of Green Engineering (Anastas & Zimmerman, 2003), it is
important to investigate other sustainable extraction techniques. Extraction methods based
on aqueous two phase systems (ATPS) have shown promise as a more sustainable
alternative to conventional solid-liquid extraction techniques and have simple equipment
requirements (Pordevi¢c & Antov, 2017; Liu et al., 2013). In the following sections, the
concept of ATPS will be described, followed by aqueous two phase extraction (ATPE) and
aqueous two phase flotation (ATPF).

2.3.1 Aqueous Two-Phase Systems (ATPS)

Aqueous two-phase systems (ATPS) or aqueous biphasic systems are formed with two
aqueous components such as polymer/polymer, polymer/salt, ionic liquid/salt, or
alcohol/salt (Hatti-Kaul, 2000). Early records show that the first liquid-liquid polymer
ATPS was formed by Per-Ake Albertsson through serendipity by mixing potassium
phosphate buffer and polyethylene glycol when trying to purify chloroplasts (Albertsson,
1985). Two incompatible aqueous components will partition into two distinct phases after
the system achieves equilibrium. Ethanol/salt-based ATPS use the salting-out phenomena,

where the solubility of the nonelectrolyte substance, in this case ethanol, decreases in water
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with increasing salt concentration (Hyde et al., 2017). The use of sugar in an ATPS is
known as sugaring-out. For example, when sugars are introduced in a solution of aqueous

acetonitrile, the acetonitrile separates from water and forms an immiscible top phase (Wang

et al., 2008).

The first step in an ATPS study is to obtain liquid-liquid equilibrium (LLE) data for the
components of interest. There are many LLE data which have been reported covering a
wide range of components and temperatures (Cheluget et al., 1994; Hu et al., 2003; Wang
et al., 2010). Alternatively, an ATPS phase diagram can be constructed to determine the
concentration of phase-forming components required to form two phases. For alcohol/salt
or alcohol/sugar ATPS, alcohol is added dropwise to aqueous salt or sugar solutions with
known concentrations under constant stirring until the first sign of permanent turbidity is
observed (Hatti-Kaul, 2000). After recording the mass of the second component, an ATPS
phase diagram, such as in Figure 2.4, can be constructed with the known concentration of

both components.

Two-phase region

Ethanol %(w/w)

0 5 10 15 20 25 30 35 40
Ammonium sulphate %(w/w)

—>— Binodal curve --®-- TLL1 --0-- TLL2 --e-- TLL3

Figure 2.4 ATPS phase diagram of ethanol and ammonium sulphate at 25 °C (Chong et al.,
2020)

In Figure 2.4, the concentrations below the binodal curve will form a homogenous solution

while the concentrations above the binodal line will form two phases. The points on the
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end of the tie line indicate the final concentration of phase components in the top and
bottom phases. Moving along the same tie line, all the points on the tie line will have
identical compositions in the top and bottom phases (Ruiz-Ruiz et al., 2017). With this,
different compositions can also be represented by different tie line lengths (TLL) as shown
in Figure 2.4. The difference between points on the same tie line is the volume of the two

phases.

Aqueous two-phase extraction (ATPE) occurs when target compounds selectively partition
to either phase in an ATPS. This technique integrates equilibration, phase separation, and
concentration of solutes in a single step (Hatti-Kaul, 2000). In comparison to conventional
extraction methods, ATPE is environmentally friendly as users can select from less toxic
phase-forming components such as alcohol, polyethylene glycol, and salt (Leong, Ooi, Law,
Julkifle, & Show, 2018; Navapara et al., 2011). Moreover, components can be selected
from compounds that are generally recognized as safe (GRAS) (U.S. Food and Drug
Administration, 2020).

ATPS has been commonly used for proteins (Huddleston et al., 1991), plasmid
deoxyribonucleic acid (pDNA) (Gomes et al., 2009), cells (Frampton et al., 2011),
antibodies (Frampton et al., 2014), enzymes (Ling et al., 2010; Ooi et al., 2009) and viruses
(Joshi et al., 2019). As a further example, a biotechnology corporation, Genentech,
investigated ATPE to separate and purify insulin-like growth factor (IGF-1) with
fermentation broth and Escherichia coli cells (Hart et al., 1994). In recent work, the use of
ATPS for non-proteinaceous compounds, is not as common but demonstrates that this
technique is versatile. For example, ATPS have been used to extract bioactive compounds
such as phenolic compounds (Reis et al., 2015; Sdnchez-Rangel et al., 2016), anthocyanins
(Liu et al., 2013), and alkaloids (Zhang et al., 2015). ATPS have also been used to extract
contaminants such as acidic drugs (Vieira et al., 2019) and phenols (Rodrigues et al., 2010)
from wastewater. Some examples of ATPS studies that extracted non-proteinaceous, low

molecular weight compounds from natural products are shown in Table 2.2.
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Table 2.2 Applications of aqueous two-phase systems (ATPS) to recover non-
proteinaceous compounds using ATPE

Compound of interest Type of ATPS component Reference
ATPS

Betacyanin from red- Alcohol/salt  Ethanol Leong, Ooi, Law,
purple pitaya Dipotassium hydrogen Julkifle, & Show
(Hylocereus phosphate (2018)
polyrhizus)
Flavonoids from lotus ~ Alcohol/salt  Ethanol Hou et al. (2018)
leaves (Folium Dipotassium hydrogen
nelumbinis) phosphate
Flavonoids, Alcohol/salt  Ethanol Zhang et al. (2013)
specifically genistein Dipotassium hydrogen
and apigenin from phosphate
pigeon pea roots
(Cajanus cajan)
Flavones from Alcohol/salt  Ethanol Liu et al. (2013)
honeysuckle Sodium dihydrogen

phosphate
Para-coumaric acid Acetonitrile/  Acetonitrile Dhamole et al.
from agriculture sugar Sugars: Glucose, (2016)
residues xylose, sucrose
Anthocyanin fromred  Polymer/salt  Polyethylene glycol, Jampani &
cabbage (Brassica magnesium sulfate Raghavarao (2015)
oleracea L.)
Anthocyanin from Alcohol/salt  Ethanol Wu et al. (2011)
mulberry (Morus Ammonium sulfate
atropurpurea Roxb.)
Anthocyanin from Alcohol/salt  Ethanol Liu et al. (2013)
purple sweet potato Ammonium sulfate
(Ipomoea batatas
Lam.)
Quercitrin, hyperoside, Alcohol/salt  Ethanol He et al. (2016)
rutin, and afzelin from Salts: Sodium
pepper leaves dihydrogen phosphate
(Zanthoxylum and dipotassium
bungeanum Maxim) hydrogen phosphate
Chlorogenic acid from  Alcohol/salt ~ Alcohols: Ethanol, Sanchez-Rangel et
carrot (Daucus carota) lonic butanol al. (2016)

liquid/salt Salts: Ammonium

sulfate, potassium
phosphate
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Compound of interest Type of ATPS component Reference
ATPS
Chlorogenic acid from  Alcohol/salt ~ Ethanol Tan et al. (2014)

ramie leaves
(Boehmeria nivea L.
Gaud)

Ammonium sulfate

Chlorogenic acid from

Deep eutectic

DES

Wang et al. (2017)

blueberry leaves solvent Dipotassium hydrogen
(Vaccinium ericaceae) (DES)/salt phosphate
with negative
pressure
cavitation
Saponin namely Ionic Ionic liquids: n-alkyl-  He et al. (2018)
ginsenosides from liquid/salt tropinium, n-alkyl-
ginseng root (Panax quinolinium bromide
ginseng C. A. Mey) Salts: Tripotassium
phosphate, potassium
carbonate, dipotassium
hydrogen phosphate,
potassium citrate,
sodium dihydrogen
phosphate, and sodium
citrate
Polyphenols from tea ~ Polymer/salt  Ethylene oxide— Ng et al. (2017)
leaves (Camellia propylene oxide
sinensis var. assamica) (EOPO)
Salts: dipotassium
phosphate, tri-sodium
citrate, and a sulphate
salt
Polyphenols and lutein  Alcohol/salt ~ Ethanol Fuetal. (2019)

from marigold
(Tagetes erecta L.)

Ammonium sulfate

Researchers have investigated methods to improve the extraction efficiency and

partitioning of solutes in ATPS-based extraction. For example, the integration of flotation

to form the aqueous two-phase flotation (ATPF) technique (Bi, Dong, & Yuan, 2010;

Leong, Ooi, Law, Julkifle, Ling, et al., 2018). This bubble-assisted technique allows

biomolecules to adsorb onto the surface of the rising bubbles and concentrate in the top

phase over time (Bi et al., 2013; Pakhale et al., 2013).

Table 2.3 shows example

applications of studies involving the extraction of non-proteinaceous low molecular weight

compounds from natural products using ATPF.
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Table 2.3 Applications of aqueous two-phase systems (ATPS) to recover non-proteinaceous compounds using ATPF

Compound of Type of ATPS components Air flow rate Flotation Column Reference
interest ATPS time geometry
Astaxanthin from Alcohol/salt Alcohols: Ethanol, 2- N/A 5to 25 50-mL Khoo et al.
microalgae propanol minutes column of  (2019)
(Haematococcus Salts: Ammonium diameter
pluvialis) sulphate, di-potassium 2 cm,

hydrogen phosphate, height

sodium carbonate, 20 cm

magnesium sulphate,

sodium citrate
Baicalin from Polymer/salt  Polyethylene glycol 10 to 10to 60 min 400 mL Bietal. (2013)
Scutellaria baica (PEG) 60 mL/min column of
lensis plant Ammonium sulfate diameter

4.5 cm

Betacyanin from red-  Alcohol/salt Alcohols: Ethanol, 20 to 15 min Column of Leong, Ooi,
purple pitaya methanol, 1-propanol, 2- 30 mL/min diameter Law, Julkifle,
(Hylocereus propanol 2 cm and Ling, et al
polyrhizus) Salts: Dipotassium height (2018)

hydrogen phosphate, 20 cm

ammonium sulphate,

magnesium sulphate,

sodium carbonate, tri-

sodium citrate
Isoflavone namely Polymer/salt ~ Polyethylene glycol 10 to 0to 120 min 400 mL Bi, Dong, &
puerarin from Ammonium sulphate 60 mL/min column of  Yuan (2010)
Puerariae root diameter

4.5 cm
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Compound of Type of ATPS components Air flow rate Flotation Column Reference
interest ATPS time geometry
Liquiritin and Polymer/salt ~ Polymers: PEG1000, 10 to 0 to 60 min 400 mL Chang et al.
glycyrrhizic acid Alcohol/salt PEG2000, PEG4000 60 mL/min column of  (2014)
from licorice Alcohols: Iso-propanol, n- diameter
(Glycyrrhiza propanol, n-butanol 4.5 cm
uralensis) Ammonium sulphate
Ovalbumin from Polymer/salt ~ Polyethylene glycol 1000 25 to 20to 40 min ~ N/A Jiang et al
salted egg white Ammonium sulfate 35 mL/min (2019)
Polyphenols from Polymer/salt ~ Polyethylene glycol 400 12.5 to 0to 120 min  Column of de Araujo
camu-camu (Myrc Ammonium sulfate 50 mL/min diameter Padilha et al.
iaria dubia) 2.64cmand (2018)

height

30 cm and

scale-up

column of

diameter

8 cm and

60 cm

height
Sodium chlorophyllin  Alcohol/salt Ethanol 10 to 5to 35 min 50-mLand Xia et al
from bamboo leaves Salts: Tripotassium 30 mL/min a 500-mL (2016)

phosphate, potassium scale-up
carbonate, dipotassium column

phosphate, tripotassium
citrate




Other assisting technologies that have been integrated with ATPS have included electricity
(Koyande et al., 2019; Leong, Chang, et al., 2019; Leong, Ooi, et al., 2019), microwaves
(Cheng et al., 2017; Ma et al., 2013; Zhang et al., 2015), ultrasound waves (Pordevi¢ &
Antov, 2017; Sankaran, Manickam, et al., 2018), and enzymes (Fu et al., 2019); these result
in improved extraction efficiency as the external forces and enzymatic activity help to

disrupt rigid cell walls and membranes.

2.3.2 Aqueous Two-Phase Extraction (ATPE)

ATPE is a simple technique as it only requires a vessel and two phase-forming components
to extract compounds of interest Figure 2.5 illustrates the concept of ATPE. Along with
the separation from one homogenous phase to two phases, the target compound selectively
partitions into either the top or the bottom phase at the end of equilibration time. The
partitioning behaviour can be expressed by the partition coefficient, k£ (Cienfuegos et al.,

2017) and it is defined in Equation 2.1.

2.1)

Here, Cr is the concentration of the target compound in the top phase and Cp is the
concentration of the target compound in the bottom phase. In a salt or sugar-based ATPS,
the top phase is an alcohol-rich phase consisting of mainly alcohol, water, and residual salt
or sugar. The bottom phase is the salt or sugar-rich phase with some water and residual
alcohol. ATPE integrates feed clarification, biomolecule concentration, and partial
purification (Soares et al., 2015), where the target compounds can simultaneously partition

to one phase and the contaminants to another (Liu et al., 2013).
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Figure 2.5 Concept of aqueous two-phase extraction with an alcohol and salt/sugar
combination with leaves as the raw material (Chong et al., 2020)

ATPE can be easily scaled up, as the time needed for the equilibration of the two phases
can be much faster in a vessel with a large cross-sectional area (Solano-Castillo & Rito-
Palomares, 2000) and studies have shown that the extraction efficiency can be maintained
for 10- and 100-fold experiments (He et al., 2016; Wu et al., 2014). However, the
partitioning behaviour of target compounds is still not well understood and process
development of ATPE has been mainly based on empirical optimization, although
molecular dynamics simulations have contributed to more accurate partitioning models
(Dismer et al., 2013; Oelmeier et al., 2012). In the context of alcohol/salt ATPE, there are
various factors affecting partitioning of biomolecules in ATPE such as type of salt, alcohol

and salt concentrations, temperature, pH and sample loading.

2.3.2.1 Effect of Type of Salt

The effect of the type of salt in ATPS-based extraction has been attributed to the
Hofmeister series which was originally based on protein precipitation in aqueous solution
(Hyde et al., 2017). According to a hydration theory (Grover & Ryall, 2005), when an
electrolyte (salt) is added to a solution of nonelectrolyte (aqueous alcohol), they compete
for solvent molecules (water). The salt ionizes and it binds more strongly to the water
molecules, decreasing the hydration and solubility of the nonelectrolyte causing phase
separation. In an ATPS, the alcohol rises to form a top layer due to its lower density. The

Hofmeister series is based on protein partitioning because when proteins are present in the
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salting-out process, they can be precipitated. Low-molecular weight bioactive compounds
would partition selectively to either phase (Simental-Martinez et al., 2014). The salting-out
ability is influenced much more by the anion than the cation and generally follows this
sequence from the most partitioning to least partitioning anion: COs> > SO4* >
S203* > H,PO4” > F > CI" > Br = NO3™ > I > ClO4 > SCN" (Hyde et al., 2017). Similarly,
cations have a partitioning sequence: (CH3)sN" > Cs" > Rb+ > NH4" > K+>Na" > Li" >
Mg?" > Ca?" (Hyde et al., 2017). As an example, ammonium sulphate, (NH4),SO4 is
expected to have higher salting-out ability than sodium dihydrogen phosphate, NaH>POa.
The order of the salting-out ability is influenced by the ease of a salt to ionize and this
involves the intramolecular forces within a molecule, specifically ionic bonding. The order
also depends on how easily the ionized salt could form a strong bond with the water
molecules. A highly electronegative atom such as fluorine is able to attract shared electrons
to itself. A salt which easily ionizes and contain strong electronegative forces result in more
effective salting-out. The salting effect also depends on other properties such as size,
structure, charge density, polarizability, hydration number of the salt (Grover & Ryall,
2005).

2.3.2.2 Effect of ATPS Composition

As mentioned in Section 2.3.1, the ATPS composition is represented on the phase diagram
by tie line lengths (TLLs). ATPS composition can influence the partitioning of target
molecules. For example, the partition coefficient of polyphenols from black tea leaves was
found to increase when the TLL increased from 33.7% (w/w) to 41.4% (w/w) using an
ethylene oxide-propylene oxide/salt ATPS (Nget al., 2017). Other ATPS studies have also
observed increased recoveries with increasing TLL for proteins using polyethylene
glycol/salt (Santhi et al., 2020) and polyethylene glycol/polyacrylic acid systems
(Saravanan et al., 2008), anthocyanins using ethanol/salt systems (Caldeira et al., 2019)
and polyphenols using ethanol/salt systems (Xavier et al., 2017), although increasing TLL
had no effect on the partition behavior of proteins from soybean extract from polyethylene
glycol/salt ATPS (Aguilar & Rito-Palomares, 2008). In general, the increasing TLL and
increasing salt concentration results in higher salting-out ability as water content decreases;

with less water to hydrate the ions completely, the cation-anion interactions begin to
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dominate (He et al., 2018). This would cause greater hydrophobicity differences between
the top phase and bottom phase and enhance the partitioning of the target compounds to

one of the phases (Asenjo & Andrews, 2011).

2.3.2.3 Effect of pH

The partitioning of a target compound in an ATPS depends on the acid dissociation
constant of the compound, K,. This property is often expressed as pKa, which is the
negative base-10 logarithm of K,. For organic molecules, the isoelectric point, pl, is at the
pH where the molecules have no net electrical charge (Novak & Havlicek, 2016). In a
solution where the pH is above the pl or pKa, the surface of the compound is predominantly
negatively charged, and will attract positively charged molecules. When the pH of a
solution is below the pl or pKa, the surface of the compounds will be positively charged.
As an example, chlorogenic acid (CGA) with pK, 3.33 (ChemAxon, 2019) in a solution or
environment with higher pH will exist mainly as ions and tend to bond with the water
molecules, resulting in partial partitioning of CGA to the hydrophilic bottom phase. When
the solution is more acidic, that is having lower pH than the pK, of CGA, it forms a stable
environment for CGA. ATPE of bioactive compounds such as CGA (Wang et al., 2017)
and gallic acid (Claudio et al., 2012; Xavier et al., 2017) have shown that pH near or below
the pKa resulted in high recovery yields as the molecules preferentially partitioned to the
top phase. This was also observed in ATPE of wastewater contaminants such as
acetylsalicylic acid and salicylic acid where their partition coefficients increased when
pH 3 was used (Vieira et al.,, 2019). However, contrasting partitioning behavior was
observed with caffeine and codeine and this phenomenon was attributed to the inherent

ability of ATPE for selective separation (Ebrahimi & Sadeghi, 2018).

2.3.2.4 Effect of Temperature

When temperature increases, the two-phase region in the ATPS phase diagram expands
(Sadeghi & Jamehbozorg, 2008). Taking an ethanol/salt system as an example, at higher
temperatures, the salt solubility in water increases and less salt is required to form a two-
phase system. This means that alcohol will separate much more easily to the top phase. An

increase in temperature likewise influences the extraction mechanism. For example, the
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partition coefficient and total recovery of lignans increased when the temperature was
increased to 40 °C, however temperatures higher than that showed little difference (Cheng
et al., 2016). Zhang et al. (2013) also reported that at higher temperature, ATPS solubility
increased and resulted in more compounds being solved into the ATPS. However, for the
extraction of thermolabile bioactive compounds, high temperature may cause degradation
(Luque de Castro & Priego-Capote, 2010). Therefore, moderate temperatures are

recommended.

2.3.2.5 Effect of Sample Loading

The amount of the solid sample used for ATPE can affect the partitioning of the target
compound by changing the volume ratio of the system. The volume ratio is defined as the
ratio of the volume of the top phase and volume of bottom phase. Studies have shown that
an increase in sample loading until 20 % (w/w) resulted in a corresponding increase in the
partition coefficient and yield of cytochrome ¢ (Ng et al., 2020), while a loading of
0.3 % (w/w) tea leaves resulted in peak partition coefficient and yield of polyphenols (Ng
et al., 2017). Further increases in sample loading decreased the partitioning to the top phase
due to the volume exclusion effect (Ng et al., 2017). This occurs when the space available
for the biomolecule in the top phase is reduced, causing the biomolecules to partition to the
bottom phase instead (Pakhale et al., 2013). Additionally, large sample loadings have a
tendency to overload the ATPS. For example, Leong, Ooi, Law, Julkifle, & Show (2018)
reported that 10 % (w/w) dried pitaya crude extracts caused the formation of a gel-like
mixture due to the large amount of pectin present in the system, and the alcohol in the

ATPS was insufficient to break down the pectin.

2.3.2.6 Recycling ATPS Phase-Forming Components

Some disadvantages of the ATPE process is that the high salt concentrations may cause
corrosion to metal pumps, lines, and other equipment (Rosa et al., 2009). Post-handling
and disposal of these components will also increase the overall costs and may be a hurdle
for scaled-up operations (Soares et al., 2015). To ensure the sustainability of the ATPE
process, studies have investigated the feasibility of recycling phase-forming components.

In an alcohol/salt system, alcohol is usually recovered by evaporation (Sankaran, Show, et
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al., 2018) while the salt can be precipitated by addition of alcohol and/or chilling at 4°C
(Tan et al., 2014). Some authors chose to partially recycle the components by recycling
one phase and preparing the other phase using fresh components (Show et al., 2013).
Recycling was shown to have positive effects in a study where the extraction efficiency of
chlorogenic acid (CGA) from ramie leaf was maintained after recycling three times (Tan
et al., 2014). Wu et al. (2011) has also observed consistent recoveries with anthocyanin
extraction using ethanol/ammonium sulphate ATPE for two recycling stages. Similarly,
extraction of lignans from Schisandra chinensis fruits using ethanol/ammonium sulphate
ATPE had stable recoveries and partition coefficients throughout five recycling stages
(Cheng et al., 2016). Recycling strategies for lipase extraction using ATPE have also been
studied (Sankaran, Show, et al., 2018; Show et al., 2013). The extraction performance may
decrease in some studies where contaminants were saturated in the bottom phase (Show et

al., 2013).

2.3.3 Aqueous Two-Phase Extraction with Flotation (ATPF)

Aqueous two-phase flotation (ATPF) is the process of extraction when ATPE occurs in the
presence of bubbles. Bubbles are created by passing air through porous frits made of glass
or stainless steel to minimize corrosion. Figure 2.6 illustrates an experimental set-up of
ATPF (Chong et al., 2020b). When a gas stream is introduced at the bottom of a flotation
column, biomolecules may adsorb onto the surface of the ascending gas bubbles and will
collect in the top phase after some time. Biomolecules that are amphiphilic will aggregate
at the interface of the bubble, so that their hydrophilic end will interact with the aqueous
salt-rich phase and their hydrophobic end remains inside the bubble, favouring the gas
phase (Lee et al., 2016). The factors affecting ATPF are similar to those outlined for ATPE

in Section 2.3.2, with the addition of air flow rate and flotation time.
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Figure 2.6 Experimental set-up of aqueous two-phase flotation (ATPF) (Chong et al.,
2020b)

2.3.3.1 Effect of Air Flow Rate

Since the gas-liquid interfacial area is the site where biomolecules are adsorbed, an increase
of air flow rate can improve extraction as the number of bubbles and mass transfer rate of
biomolecules will also increase (Lee et al., 2016). For example, when a range of gas or air
flow rates were investigated, high recoveries of liquiritin and glycyrrhizic acid were
achieved at flow rates of 40 to 60 mL/min (Chang et al., 2014), ovalbumin at 30 mL/min
(Jiang et al., 2019), polyphenols at 37.5 mL/min (de Aratjo Padilha et al., 2018), bromelain
at 80 mL/min (Pakhale et al., 2013), and phenolic compounds at 100 mL/min (Chia et al.,
2020). However, further increases in gas or air flow rate decreased the recoveries as there
were foam accumulation on the top of the column (Chang et al., 2014) and turbulent mixing
that disrupted the interface between the liquid-liquid phases (Chia et al., 2020; Jiang et al.,
2019; Pakhale et al., 2013). As flotation columns have different diameters, the superficial
gas velocity which is the volumetric flow rate divided by the cross-sectional area, needs to
be specified. In ATPF experiments, a homogenous flow regime is desired as there is no
coalescence and breakup of bubbles in this regime. This can be achieved at superficial gas

velocity of less than 5 cm/second (Prakash et al., 2018). Beyond this flow regime, the gas-
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liquid system enters the heterogenous churn-turbulent flow regime which is disordered and

causes liquid recirculation or mixing of the two phases (Prakash et al., 2018).

2.3.3.2 Effect of Flotation Time

Extraction efficiency increases with an increase in flotation time due to higher contact
duration between the biomolecules and the air bubbles (Xia et al., 2016). For example, for
a range of extraction times, protein extraction was maximum at 10 minutes (Sankaran,
Manickam, et al., 2018) flotation time, protein at 15 minutes (Koyande et al., 2019),
phenolic compounds at 8 minutes (Chia et al., 2020), betacyanins at 15 minutes (Leong,
Ooi, Law, Julkifle, Ling, et al., 2018), baicalin at 30 minutes (Bi et al., 2013), ovalbumin
at 30 minutes (Jiang et al., 2019), bromelain at 40 minutes (Pakhale et al., 2013),
polyphenols at 60 minutes (de Araujo Padilha et al., 2018), puerarin at 100 minutes (Bi,
Dong, & Yuan, 2010), and ortho-phenylphenol at 120 minutes (Padilha et al., 2017).
Prolonged flotation time decreased the efficiency and recovery, and this may be due to the
system already achieving equilibrium (Bi, Dong, & Yuan, 2010; Chia et al., 2020; Koyande
et al., 2019).

2.4 Bio-Based Films

2.4.1 Introduction

Plastic polymers are widely used as packaging material as they are lightweight, strong,
durable, and low cost (Hopewell et al., 2009). Examples of plastic polymers are low density
polyethylene (LDPE), high density polyethylene (HDPE), polypropylene (PP), polystyrene
(PS), and polyvinyl chloride (PVC) (Halden, 2010). Most plastics are derived from non-
renewable fossil resources such as oil, natural gas, and coal (Gironi & Piemonte, 2011).
There are concerns about the environmental impact of plastics since littering is rampant
and nondegradable plastics accumulate over time (Schwarz et al., 2019). For example it
has been reported that 86% of the 34 million tons of plastic disposed in the United States
of America were landfilled and only 6% were recycled (North & Halden, 2013). Plastics

also have impact on human health due to the release of hazardous chemicals during
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manufacturing and use (Hahladakis et al., 2018). For example, bisphenol A and phthalates
are common compounds that leach and risk human health due to their endocrine-disrupting
properties (Halden, 2010). Therefore, there has been a shift towards bio-based packaging
films that are made of renewable plant or animal-based biopolymers such as gelatin (Musso
et al., 2019), chitosan (Bonilla & Sobral, 2016), soy protein (Maryam Adilah et al., 2018),
whey protein (Ribeiro-Santos et al., 2018), and zein, a protein found in corn (Arcan &

Yemenicioglu, 2011).

Peas (Pisum sativum L.) have been commonly grown in the Canadian prairie region almost
exclusively for the dry seed market (Chemining’wa & Vessey, 2006). As Canada is the
largest producer and leading exporter of dry peas (Roy et al., 2010), there is growing
interest in using pea protein as the main component in biobased films. Since peas are grown
in large quantities, it is an economical raw material to produce protein concentrates and
isolates (Cheng et al., 2019; S4 et al., 2020). Peas are not labelled as allergen, unlike
products that contain peanut, milk, shellfish, tree nut, egg, fin fish, strawberry, wheat, and
soy (Gupta et al., 2011). There are various studies on pea protein films, nanofibre mats,
and bioplastics as shown in Table 2.4. Nanofibre mats are created by an electrospinning
method where a biopolymer solution is emitted from a syringe pump and high voltage is
used to attract the charged threads, accumulating fibres on the collector’s surface
(Maftoonazad et al., 2019). Bioplastics are harder and stronger as compared to films as

they are produced at higher temperature and pressure (Carvajal-Pifiero et al., 2019).

Pea protein consists of 65 to 80% of globulin protein (Sirtori et al., 2012), which can be
classified into legumin (118S), vicilin (7S), and convicilin. Pea legumin has a molecular
weight of 320 to 380 kDa (Barac et al., 2010), vicilin consists of 150—180 kDa subunits
(Lam et al., 2018), and convicilin in its native form has a molecular weight of 290 kDa
(Barac et al., 2010). The protein content can range from 24.4 to 26.3% of pea flour (Chung
& Liu, 2012), 48.26% of pea protein concentrate (Reinkensmeier et al., 2015), and 91.4%
of pea protein isolate (dry basis) (Shevkani & Singh, 2015).
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Table 2.4 Films, nanofibre mats, and bioplastics containing pea protein

Main components

Method of formation

Reference

Films

Pea protein isolate

Plasticizers: Ethylene glycol,
diethylene glycol, triethylene glycol,
1,2-propanediol, 1,3-propanediol,
glycerol

Monoglycerides of  heptanoic,
undecanoic, oleic, linoleic, linolenic,
and erucic acid

Bench casting

Viroben et al. (2000)

Pea protein isolate

Bench casting

Shevkani & Singh (2015)

Glycerol
Pea protein concentrate Bench casting Choi & Han (2001)
Glycerol
Pea protein isolate Bench casting Choi & Han (2002)
Glycerol

Pea protein concentrate or pea
protein isolate

Bench casting

Acquah et al. (2020)

Pea protein isolate
Plasticizers: Glycerol or sorbitol

Bench casting

Kowalczyk & Baraniak (2011)

Pea protein isolate
Glycerol
Lysozyme

Bench casting

Fabra et al. (2014)

Pea protein isolate
Sorbitol

Lipids: anhydrous milk fat,
candelilla wax, lecithin, oleic acid

Bench casting

Kowalczyk et al. (2016)

Pea protein isolate
Glycerol
Lactic acid bacteria

Bench casting

Sanchez-Gonzalez et al. (2013)

Blend of acetylated cassava starch
and pea protein isolate

Blown film extrusion

Huntrakul et al. (2020)

Glycerol

Nanofibre mats
Polyvinyl alcohol Electrospinning Maftoonazad et al. (2019)
Pea protein isolate
Cinnamaldehyde
Pullulan Electrospinning Jia et al. (2020)
Pea protein isolate
Pullulan Electrospinning Aguilar-Vazquez et al. (2018)
Pea protein isolate
Tween 80

Bioplastics

Pea protein isolate
Glycerol

Injection moulding

Perez et al. (2016)

Pea protein isolate
Glycerol

Injection moulding

Carvajal-Pifiero et al. (2019)
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2.4.2 Formulating Biobased Films

Biobased films consist of several components such as binding agents, plasticizers, cross-
linkers, fillers, and other additives (Otoni et al., 2017). Binding agents or biopolymers such
as starch (Jiménez et al., 2012) and protein (Shi & Dumont, 2014a) form the core of the
biobased films. Plasticizers are added to improve the flexibility of the films (Kowalczyk &
Baraniak, 2011) while the addition of cross-linkers results in stronger and less permeable

films by linking the biopolymer chains (Otoni et al., 2017; Sharma et al., 2018).

2.4.2.1 Binding Agents

Hydrocolloids are hydrophilic polymers which function as important binding agents to
improve the physical properties of the films such as increasing film cohesiveness,
mechanical strength, and barrier properties. Hydrocolloids such as polysaccharides
(Cerqueira et al., 2012), proteins (Shevkani & Singh, 2015), and lipids (Morillon et al.,
2002) are used in forming bio-based films. Protein and polysaccharide films are good gas
barriers but poor moisture barriers. In contrast, pure lipids films are poor gas barriers but
good moisture barriers (Sason & Nussinovitch, 2021). Plant-derived hydrocolloids include
starch (Nouri & Mohammadi Nafchi, 2014), alginate (Benavides et al., 2012), pectin (Jo et
al., 2005), carrageenan (Briones et al., 2004), and proteins such as zein (Arcan &
Yemenicioglu, 2011), soy (Mir et al., 2018), pea (Choi & Han, 2001), and gluten (Roy et
al., 2000). Table 2.5 shows the gross chemical composition of pea flour, pea protein
concentrate (PPC), and pea protein isolate (PPI). Pea protein is highly soluble at alkaline
pH and moderately soluble in acidic media (Tomdskdzi et al., 2001). PPI had minimal
solubility of 210 mg bovine serum albumin equivalents/g protein at the isoelectric point of

pH 4.5 (Ladjal-Ettoumi et al., 2016).

Table 2.5 Chemical composition of pea products (Tomoskozi et al., 2001)

Pea flour Pea protein Pea protein isolate
concentrate
Protein (%) 26.0 48.5 89.6
Lipid (%) 1.4 0.9 1.6
Ash (%) 3.0 3.0 2.6
Moisture (%) 13.0 8.6 53
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2.4.2.2 Plasticizers

Plasticizers are added to reduce brittleness and stiffness of films by increasing flexibility,
elongation, and ductility (Diaz et al., 2019). Most films are too brittle due to extensive
intermolecular forces that hold polymer chains together (Wang et al., 2011). Plasticizers
occupy intermolecular spaces between polymer chains, thus reducing secondary forces
among them and separate adjacent polymer chains apart (Vieira et al., 2011). Plasticizers
also reduce the energy required for molecular motion and formation of hydrogen bonds
between the chains, resulting in increased molecular mobility (Vieira et al., 2011).
However, the addition of plasticizer increases free volume and molecular mobility and this
leads to more water diffusion through the film (Cuq et al., 1997). A concentration of
plasticizers that is too high will weaken the cohesion of the polymer chain and the number
of plasticizer-plasticizer bonds will increase. This in turn causes phase separation between

plasticizer-enriched zones and polymer-plasticizer zones (Jiménez et al., 2012).

Some common plasticizers are glycerol (Medina Jaramillo et al., 2016), sorbitol
(Kowalczyk & Baraniak, 2011), sugar (Ghanbarzadeh et al., 2007), propylene glycol
(Jagadeesh et al., 2013), oil (Ghanbarzadeh & Oromiehi, 2009), and wax (Talens &
Krochta, 2005). Water as a universal solvent also functions as a plasticizer to a certain
extent where the elasticity of films improves during initial hydration. When more water is
used, film elasticity and cohesiveness decreases due to more water-polymer interactions as
compared to polymer-polymer interactions (Cheng et al., 2006). The type of plasticizer was
reported to affect water vapor permeability (WVP) of the film. WVP of PPI films increased
when glycerol concentration was increased, however WVP was not affected by changes in
sorbitol concentration (Kowalczyk & Baraniak, 2011). The authors attributed this to
glycerol demonstrating higher hydrophilicity and having lower molecular weight as
compared to sorbitol, resulting in the attraction of more water and easier penetration into
the protein chains. As shown in Table 2.4, glycerol and sorbitol are the common plasticizers

used in pea protein films.
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2.4.2.3 Cross-linkers

Modification of the polymer network through cross-linking improves the film functionality.
Cross-linkers join adjacent chains together by covalent bonds (Hosseini & Nabid, 2020),
resulting in stronger and less permeable films. Physical crosslinking methods such as using
gamma irradiation (Lacroix et al., 2002) and ultraviolet (UV) irradiation (Fathi et al., 2018)
induce the formation of a tridimensional network. When double bonds and aromatic rings
absorb UV radiation, free radicals are formed in amino acids and this leads to the formation
of intermolecular covalent bonds (Wihodo & Moraru, 2013). Thermal cross-linking
happens when proteins are exposed to high temperatures. The heat disrupts hydrogen bonds
and non-polar hydrophobic groups in proteins and this leads to exposure of the amino acid
groups to the surrounding solvent and produces a more open structure (Wihodo & Moraru,
2013). The degree of protein cross-linking is consequently affected by the degree of protein
unfolding (Perez-gago & Krochta, 2001). Chemical crosslinking occurs with the addition
of crosslinking agents such as carboxylic acid (Sharma et al., 2018), glutaraldehyde
(Marquié, 2001), and enzymes (Jiang et al., 2007). Past studies have investigated natural
crosslinkers particularly phenolic compounds such as tannic acid, caffeic acid, and ferulic
acid (Araghi et al., 2015; Picchio et al., 2018). Several cross-linking mechanisms between
proteins and carboxylic acids have been proposed (Reddy et al., 2009; Xu et al., 2015) and
the degree of cross-linking can be verified with an increase in molecular weight (Xu et al.,
2015). Cross-linked protein films are less flexible due to the reduced mobility of protein

molecules (Sharma et al., 2018).

The properties of the film also depend on various interactions with other components in
the film-forming solution. As an example, citric acid demonstrated dual functionality in
corn starch films (Ghanbarzadeh et al., 2011), where citric acid up to 10 weight% increased
the strength and reduced the elongation of films, demonstrating a cross-linking effect; at
higher concentrations of citric acid, it reduced the strength of the film and increased its
elongation, demonstrating a plasticizing effect. Some drawbacks of using carboxylic acid
are its poor stability in water and some concentrations may cause irritation (Sato et al.,
1996). Enzymatic cross-linking, in most cases using food-grade transglutaminase

(Benbettaieb et al., 2016) are bio-based environmentally-friendly crosslinkers, however
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they are specific and sensitive to heat (Garavand et al., 2017). These aspects should be
considered when selecting cross-linkers. There are limited studies on the effects of cross-
linking in pea protein films. One study used lysozyme with pea protein isolate films,
however the focus was on the antimicrobial properties of the enzyme rather than the cross-

linking effects (Fabra et al., 2014).

2.4.3 Functional Biobased Films

Functional films are produced when additional components are intentionally included into
film formulations to improve the performance of the packaged product while maintaining
the sensory, safety, and quality aspects (Day, 2008; Robertson, 2016). Food processing
wastes or residues have been used as sources of bioactive compounds as these wastes are
underutilized and they have low market value. For example, whole fruit and vegetable
residues sourced from isotonic drink processing were used to develop edible films
(Andrade et al., 2016). Byproducts from the mango processing industry such as mango peel
which is rich in polysaccharides (Torres-Leon et al., 2018) and mango seed kernel which
has antioxidants (Maryam Adilah et al., 2018) have been used in film formulations. Studies
have also used extracts from leaves such as green tea extract (Siripatrawan & Harte, 2010)
and olive leaf extract (Marcos et al., 2014). Other additives such as essential oils (do
Evangelho et al., 2019) can also be added to improve the sensory, nutritional, and
microbiological characteristics of the film. However, these functional additives may emit
strong and distinct flavor or aroma especially in films containing cinnamon and oregano
oils. Film manufacturers would need to consider possible allergic reactions as some
consumers are allergic to cinnamon (Calapai et al., 2014). An interesting approach would
be to use the films containing the functional additive to pack the same product (McHugh

& Senesi, 2000; Otoni et al., 2017).

Studies investigating functional protein films typically use natural extracts that are diluted
with either water, aqueous alcohol, or alcohol. Table 2.6 shows some extracts used for
biobased films, where films involving the use of lipids and waxes as plasticizers have been
excluded from the table. As shown in Table 2.6, the extracts were in the form of a paste,

or dissolved in water or aqueous ethanolic solutions. A few studies intentionally introduced
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salt as an additive to biopolymer films to improve their functional properties. For example,

potassium nitrate crystals were added to sodium caseinate films as the salt provides a

fertilizing effect for agricultural purposes (Frohberg et al., 2010; Stolte et al., 2012).

Séngerlaub et al. (2013) also incorporated sodium chloride particles into polypropylene

films as a potential humidity-regulating filler.

Table 2.6 Extracts incorporated into protein films

Type of protein Extract Final solvent composition of Reference
film extract
Gelatin Red cabbage Water or ethanol Musso et al. (2019)
extract
Gelatin Murta leaf Water Gomez-Guillén et al.
extract (2007)
Gelatin Cinnamon, 25% ethanol in concentration ~ Hoque et al. (2011)
clove, star of 0.5% (w/v)
anise extract
Soy protein isolate Red raspberry  Powder dissolved in solution ~ Wang et al. (2012)
extract of ethanol/water/85% lactic
acid in a volumetric ratio of
80:19:1, 85% lactic acid/water
in ratio of 1:99, and
ethanol/water in ratio of 80:20
Soy protein isolate Grape seed Powder with water extraction Sivarooban et al.
extract solvent. Ratio was not (2008)
specified
Soy protein isolate Licorice Paste dissolved in ethanol at Han et al. (2018)

residue extract

concentration of 43.6 g/L

Soy protein isolate Mango kernel ~ Paste, as supernatant was Maryam Adilah et al.
extract evaporated (2018)
Whey protein Cinnamon and  Essential oils obtained by Ribeiro-Santos et al.
concentrate rosemary distillation method (2018)
extract
Whey protein Green tea and  Paste, as supernatant was Castro et al. (2019)
concentrate rosemary evaporated
extract
Whey protein isolate Rambutan Rambutan peel extract paste Chollakup et al.
peel and as supernatant was (2020)
cinnamon evaporated, cinnamon oil
extract
Zein Pomegranate =~ Water Mushtagq et al. (2018)
peel extract
Zein Parana pine Ethanol and 80% (v/v) De Freitas et al.

seed coat
extract

aqueous ethanol

(2018)
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2.4.4.1 Degassing

Prior to film formation, degassing of the film-forming solution is needed to remove air
microbubbles. If the bubbles are left suspended, they tend to remain entrapped in the dried
film, causing structural defects and mechanical failure (Otoni et al., 2017). Some methods
of degassing are vacuum degassing (Kowalczyk & Baraniak, 2011), ultrasonic degassing
(Tonyali et al., 2018), centrifugation (Viroben et al., 2000), or resting the solution for a few
hours (Lorevice et al., 2012)

2.4.4.2 Casting

Casting is the most common method to produce films at laboratory and pilot scales where
the two types of casting are bench casting and continuous casting (Siemann, 2005). Bench
casting is performed by pouring a film-forming solution into a predefined mold, plates, or
petri dishes. Film thickness can be controlled by the amount of suspension poured. The
solvent will then evaporate, leaving the macromolecules to assemble into a cohesive layer.
Drying can be performed at room temperature or mild temperatures such as 30 to 40 °C for
12 to 48 hours. The effect of different drying conditions on the properties of films has been
studied by many researchers (Fernandez-Pan et al., 2010; Tapia-Blacido et al., 2013). The
drying time can be shortened when the temperature is increased (Sothornvit & Pitak, 2007),
however high temperatures may cause degradation of the functional additives. Bench
casting is a simple method as it does not require specialized equipment. Casting also leads
to a better particle-particle interaction resulting in a more homogenous packaging with less
defects (Yang et al., 2011). A drawback of this technique is the long drying time which
makes it impractical for commercial production. Furthermore, the bench casting technique
itself is difficult to scale-up (de Moraes et al., 2013). The films are restricted to simple
sheets and there is a potential of toxic solvent being trapped in the films (Suhag et al., 2020).

As shown in Table 2.4, pea protein films are mainly produced by bench casting.

Continuous casting utilizes belt conveyors. Using a tape casting machine, a suspension is
placed in a reservoir with a blade, whose height can be varied with micrometric screws. A
thin layer of suspension is cast on a support which is the moving tape. The formed film is

dried by heat conduction, circulation of hot air, and infrared (de Moraes et al., 2013). The
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thickness of the films can also be regulated by a coating knife which disperses the film-
forming solution at a set rate (Mendes et al., 2019). Continuous casting uses less space and
labor, hence making it more suitable for scaling-up. Nevertheless, the high temperatures

used for film drying may reduce the retention of functional additives (Du et al., 2008).

2.4.4.3 Dipping

A thin layer of film can be applied to products as a barrier by dipping them in coating
solutions. The excess coating can be drained as it dries and solidifies. Dipping is commonly
used for fruits, vegetables, and meat products to completely coat surfaces. It ensures
uniformity even with rough and irregular products. Banana slices (Bico et al., 2009),
pineapple cubes (Yousuf & Srivastava, 2019), and cut apples (Alves et al., 2017) were
coated using the dipping technique. With the coating layer, the produce in the studies
mentioned above showed reduced weight loss and retention of phenolic compounds. The
coating thickness is mainly influenced by the viscosity, concentration, density, and
draining time of the coating solution (Cisneros-Zevallos & Krochta, 2003) and surface
tension of coated products (Andrade et al., 2012). During the dipping process, products

must be completely dry to prevent dilution of the coating solution.

2.4.4.4 Spraying

The spraying technique is suitable when a specific side needs to be coated. It is also useful
when two applications are required for cross-linking (Catanzano et al., 2015). After
spraying, heated air can be applied to speed up drying and improve uniform distribution on
the surfaces. In this technique, the main component is the spray nozzle as the nozzle shape
can influence spraying efficiency. Additionally, pressure, fluid viscosity, temperature, and
surface tension of the coating liquid are variables which affect the efficiency (Werner et
al., 2007). For example, studies were conducted where chitosan was sprayed onto
strawberries (Jiang et al., 2020) and xanthan gum-based coatings were sprayed on lotus

roots slices (Lara et al., 2020).
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2.4.4.5 Extrusion

Extrusion is a common plastic processing method. From the chemical reactor to the
finished product, most plastic materials pass through two or more extruders (Robertson,
2016). An extruder barrel can be subdivided into 3 processing zones namely (1) the feeding
zone, where the raw material is introduced into the barrel and undergoes slight compression
by expelling air, (2) the kneading zone with more compression, a higher degree of fill,
increasing pressure, temperature, and material density, and lastly (3) the heating zone
where the highest shear rates, temperature, and pressure are achieved along with the final
product texture, colour, density, and functional properties (Hernandez-Izquierdo &
Krochta, 2008). Bioplastics from wheat gluten (Jiménez-Rosado et al., 2019) and
casein/wax edible films (Chevalier et al., 2018) have been developed using extrusion. This
technique is flexible at large scale due to the broad range of processing conditions, such as
pressure range from 0 to 500 atm, temperature range from 70 to 500 °C, and the ability to

regulate residence time and degree of mixing (Liu et al., 2009).

2.4.5 Assessment of Biobased Film Properties

Biobased films can be assessed for their physical, optical, mechanical, barrier, thermal, and
antioxidant properties. Physical properties include thickness, moisture content, and
microstructure while optical properties are evaluated by light transmission, film
transparency, and colour. As barrier properties such as oxygen permeability and water
permeability are essential in preserving fresh products (Nouri & Mohammadi Nafchi,
2014), they are commonly evaluated. Additionally, thermal properties such as glass
transition temperature and denaturation temperature indicate the stability of the films
towards varying temperatures (Ghanbarzadeh & Oromiehi, 2009) while films having
antioxidant properties may reduce oxidation, improve nutritional quality, and prolong the

shelf life of the packaged product (Lopez-de-Dicastillo et al., 2012).

2.4.5.1 Film Thickness
Film thickness affects permeability as a thicker film increases the resistance to mass
transfer across it (McHugh et al., 1993). The thickness of films can be measured with a

micrometer at random points of the film (Viroben et al., 2000). Various studies on plant-
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based films report film thicknesses ranging from 22.00 to 49.12 um (Phan et al., 2005),
33.02 to 77.89 um (Sivarooban et al., 2008), and 56 to 66 um (Maryam Adilah et al., 2018).
According to Maryam Adilah et al. (2018), thickness was affected by the type of proteins
used. The authors observed that incorporation of mango kernel extracts into soy protein
isolate films had minimal increase in thickness due to soy protein having globular and
disordered protein that allowed the extracts to fill the gaps. In the same work, fish gelatin
films with extracts were 39% thicker compared to control films without extract. This was
attributed to the linear and more ordered structure of fish gelatin, thus expanding the
volume and thickness of the fish gelatin film. Addition of internal cross-linkers also
increased the film thickness significantly and it was found to be concentration-dependent
(Benavides et al., 2012). Thickness was likewise reduced by using lower protein
concentrations in whey protein isolate films (Gounga et al., 2007; Longares et al., 2004).
Since the degree of protein cross-linking is affected by the degree of protein unfolding
(Perez-gago & Krochta, 2001), the films may have been thinner due to fewer amino acid

groups being available for cross-linking.

2.4.5.2 Moisture Content

The moisture content of films can affect film properties such as water vapour permeability.
High moisture content increases the permeability in hydrophilic films due to swelling and
plasticization of the polymer network (Morillon et al., 2002). To measure moisture content,
films are first conditioned at a specific relative humidity and temperature. The films are
then oven-dried at 105°C for 24 hours and the moisture content is defined as percentage of

initial film weight lost during drying (Kowalczyk & Baraniak, 2011).

The moisture content of films with extracts was reported between 10.1 to 12.5% for starch
films containing 4% (w/w) sago starch, 40% (w/w) plasticizer with sorbitol:glycerol at 3:1
ratio, and 0 to 30% (w/w) betel leave extract (Nouri & Mohammadi Nafchi, 2014).
Kowalczyk and Baraniak (2011) reported moisture content of 17 to 37% with 10% (w/w)
aqueous pea protein isolate, 3 to 7% (w/w) glycerol or 4 to 8% (w/w) sorbitol. Protein films
containing 10% soy protein isolate, 0.5% glycerol, and 0.5% of either water, raspberry

ethanolic extract, or lactic acid solution had moisture content between 16.19 to 17.21%
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(Wang et al., 2012). The presence of more hydroxyl groups in the film, whether from the
extracts or from other film components, were shown to increase the moisture content of the
films as these groups attract more water molecules (Nouri & Mohammadi Nafchi, 2014).
Hydrophobic extracts such as essential oils up to a concentration of 2% (w/w) reduced the
moisture content of whey protein films (Ribeiro-Santos et al., 2018). Moisture content then
increased with higher essential oil concentration and this was attributed to the film network

breaking up which caused more water molecules to fit between the protein chains.

2.4.5.3 Light Transmission and Film Transparency

Film transparency allows consumers to view the product before purchasing (Simmonds &
Spence, 2017) while protecting the product from light effects, especially ultraviolet (UV)
radiation (Ahmed & Ikram, 2016). UV and visible light barrier properties are determined
by measuring the light transmission at selected wavelengths from 200 to 800 nm using a
UV spectrophotometer (Ramos et al., 2013). The UV region spans along the wavelength
of 100 to 400 nm (Calvo et al., 2012) while the rest represents visible light. Opacity is
calculated by Equation 2.2 (Shevkani & Singh, 2015):

Opacity value = A‘;ﬂ (2.2)

where Ag00 1s the absorbance at 600 nm and x is the film thickness (mm). A higher opacity
value indicates lower transparency. Some opacity values for films made of plant-based
protein isolates are from 7.1 to 11.3 Aspo/mm (Shevkani & Singh, 2015) and 0.86 to 1.52
Asoo/mm (Kowalczyk & Baraniak, 2011). Pea protein films have shown high absorbance
at ultraviolet wavelengths and this property is linked to the presence of UV-absorbing
chromophore in proteins, particularly aromatic amino acids, namely tyrosine and
tryptophan (Kowalczyk & Baraniak, 2011). Potato starch films have also shown UV-
protective ability as coffee silverskin concentrations were increased due to the presence of
caffeine, chlorogenic acid, and lignin in the silverskin (Oliveira et al., 2020). Similarly, it
was suggested that films containing higher concentration of phenolic compounds have the
tendency to form protein aggregates which could lead to more opaque films (Salgado et al.,

2010).
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2.4.5.4 Film Colour

Colour is an important aspect of consumer acceptance. Researchers mostly compare color
changes with the original formulation when incorporating an additive or designing a new
formulation for films (Ribeiro-Santos et al., 2018). A colorimeter is used to assess film
color and the measurements are expressed in CIELAB color system where L* values are
from 0 to 100 (black to white), a* is from positive to negative (red to green), and b* is from
positive to negative (yellow to blue). Color values from some films have L* values ranging
from 77.47 to 95.37 (Sivarooban et al., 2008), 76.74 (Wang et al., 2012a), and 87.08 to
99.55 (Nouri & Mohammadi Nafchi, 2014), a* values ranging from -0.40 to 10
(Sivarooban et al., 2008), -1.93 to 2.98 (Wang et al., 2012), and -5.65 to 0.11 (Nouri &
Mohammadi Nafchi, 2014), and »* values ranging from 4.68 to 29.06 (Sivarooban et al.,
2008), 22.65 t0 39.96 (Wang et al., 2012), and -0.40 to 47.32 (Nouri & Mohammadi Nafchi,
2014).

The colour variations in films may be due to the different types and concentrations of
pigments in the raw material (Shevkani & Singh, 2015). Additionally, protein-polyphenol
interaction may affect the film colour where it was observed that sunflower proteins
produced green pigmentation upon reacting with oxidized chlorogenic acid (Wildermuth
et al., 2016). The type and concentration of individual components in the films has been
shown to influence film color, as evidenced by positive a* values indicating redness in soy
protein isolate films incorporated with raspberry extract (Wang et al., 2012). Similarly,
films with mango kernel extracts had yellowish-orange colour (Maryam Adilah et al., 2018)
and films made from pea protein were reported to be slightly yellowish (Choi & Han, 2001).
When pea protein isolate concentration was increased, more yellowish films were produced
due to protein browning caused by increased Maillard reaction rates at high temperature

(Huntrakul et al., 2020).

2.4.5.5 Morphology
Films can be evaluated by observing surface evenness, cracks, and porosity from

micrographs (Fang et al., 2002). A scanning electron microscope can be used to examine
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the morphology of the film, indicating the porosity and integrity of the film. For instance,
films from pea protein isolate have rough and uneven surfaces, covered by round granules
with characteristic depressions (Kowalczyk & Baraniak, 2011). Chitosan film was
described as smooth, while gelatin film had a fibrous structure which is a feature of the
collagen fibrils (BenBettaieb et al., 2015). Similar observations also showed that soy
protein isolate film had a rough surface and cross section due to the unorganized structure
of globular protein while fish gelatin film had a smooth surface and cross-section as the
structure was more linear and organized (Maryam Adilah et al., 2018). The microstructural
properties also provide more insight for films containing lipid mixtures where structural
discontinuities can result from the lack of miscibility of the components (Fabra et al., 2009).
Surface topography can also be analyzed by atomic force microscopy (Villalobos et al.,

2005).

The incorporation of extracts also influenced the film morphology. As an example, the
cross-section of soy protein isolate films with raspberry extract were found to be more
compact and more ductile compared to the control film without extracts (Wang et al., 2012).
This may have been due to the entanglement and intermolecular interactions between the
extracts and proteins. In another study, the incorporation of potassium nitrate in sodium
caseinate films produced brittle columnar sprawling crystals, and crystalline agglomerates
were observed to coexist with adjacent areas of the salt (Frohberg et al., 2010). Increasing
the salt concentration was found to result in macroscopic acicular crystalline network after

the solvent was evaporated.

2.4.5.6 Tensile Strength and Elongation at Break

Mechanical integrity functions to protect the films against resistance (Briassoulis &
Giannoulis, 2018) where flexible and strong films are desirable as poor flexibility and
strength may lead to film failure or cracking during handling and storage (Mangaraj et al.,
2009). Depending on the film application, films can be strong and yet flexible (Arcan &
Yemenicioglu, 2011). Alternatively, films can be designed to dissolve quickly for drug
delivery applications (Cilurzo et al., 2008) and for food pouches containing premeasured

ingredients (Janjarasskul et al., 2020). Films can be tested for tensile strength, elastic
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modulus, elongation at break, puncture resistance, and tear resistance with texture

analyzers or Instron Universal Testing Machines.

Tensile strength is used to gauge resistance of the film against tension. The maximum
tensile strength is the ratio between the maximum load and the smallest cross-sectional area
of the film prior to testing (Anderson & Simsek, 2019; ASTM International, 2018b).
Elongation at break (EAB) is a measure of the stretching capacity or flexibility of the film
before breaking (Mir et al., 2018). Puncture resistance is used to evaluate the film’s
resistance to perforations as films must withstand large forces over small areas (ASTM
International, 2018a). Tear resistance is used to assess tear initiation and resistance against

tear propagation (ASTM International, 2013).

From studies in the literature, films made of soy protein isolate and mango kernel extract
had tensile strength from 1.82 to 3.06 MPa and elongation at break from 49.92 to 148.92 %
(Maryam Adilah et al., 2018). Starch films with betel leaf extract had tensile strength of 3
to 7 MPa and EAB from 1.8 to 7.0% (Nouri & Mohammadi Nafchi, 2014) while agar and
starch films had tensile strength of 8.51 to 42.11 MPa and EAB from 0.72 to 6.51% (Phan
et al., 2005). With regards to protein content, pea protein isolate which has higher protein
content yielded films with higher tensile strength and lower EAB as compared to pea

protein concentrate films (Choi & Han, 2002).

The addition of extracts which are rich in phenolic compounds generally results in stronger
and stiffer films due to the cross-linking of the hydroxyl group from the polyphenol to the
hydrogen acceptor of protein molecules via hydrogen bonding (Prodpran et al., 2012).
However, it was reported that the globular nature of soy protein isolate could have been a
barrier for these cross-linking interactions and resulted in a lower tensile strength compared
to the fish gelatin films with more linear structure (Maryam Adilah et al., 2018).
Additionally, the addition of potassium nitrate into sodium caseinate films decreased the
tensile strength and increased the EAB (Frohberg et al., 2010). These findings were

attributed to the formation of very large crystalline structure which damaged the
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macromolecular texture, causing weak spots along the film leading to lower tensile strength

and weak intermolecular bonds leading to increasing elongation.

2.4.5.7 Water Vapor Permeability

Some products require protection from extreme humidity differences during transportation
and storage to prevent spoilage. For instance, fresh fruits and vegetables are perishable as
they produce water vapour through transpiration (Salas-Méndez et al., 2019). Films can
regulate humidity so that they do not lose water too quickly to prevent shriveled produce,
and can simultaneously remove excess condensation to prevent microbial spoilage
(Mahajan et al., 2008). In contrast, bakery products require packaging with low water vapor

permeability to maintain their textural properties (Melini & Melini, 2018).

Modified ASTM96-92 (ASTM International, 2016) is a gravimetric method where a test
film is used to seal a cup partially filled with water, saturated salt solution, or desiccant.
The test cup is then placed in a desiccator with controlled temperature and relative humidity.
The cup is weighed periodically after steady-state is achieved to determine water vapor
flux through the film (McHugh et al., 1993). Alternatively, anhydrous silica can be placed
in the cup to maintain 0% relative humidity and a salt solution in the desiccator at a desired

humidity (Musso et al., 2019).

Studies have shown that in general, the addition of extracts can alter the WVP of biobased
films. For example, raspberry extract decreased the WVP of soy protein isolate films
(Wang et al., 2012) and this was associated with the increased intermolecular attractions
between the extract and the proteins leading to reduced interchain spaces, and subsequently
lowering the mobility of water molecules. The decrease in WVP could be also caused the
increased hydrophilicity and attraction of more water molecules in the matrix, leading to
limited permeation of water through the water-saturated films (Wang et al., 2012).
Similarly, Han et al. (2018) observed a decrease in WVP in soy protein isolate films when
hydrophobic licorice residue extract was incorporated. In contrast, red cabbage extracts did

not cause significant WVP difference in gelatin films as compared to films without extracts
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(Musso et al., 2019). The authors also found that WVP increased with thicker films,
indicating the nature of hydrophilic films (McHugh et al., 1993).

2.4.5.8 Thermal Properties

The glass transition temperature, 7y, is the temperature at which the sample undergoes a
structural transition from brittle glassy state to rubbery or highly viscous state
(Ghanbarzadeh & Oromiehi, 2009). Above Ty, the films exist in a soft, rubbery state which
increases gas and water vapor permeability. Below 7g, the films are glassy with low
permeability. The addition of plasticizer lowers the 7, of the film (Medina Jaramillo et al.,
2015; Perez et al., 2016), thus films will be more flexible. 7, is determined by using a
differential scanning calorimeter and the change in the heat capacity of the sample is
observed with varying temperature. The film is first ground into powder under liquid
nitrogen and conditioned for a period in a desiccator to remove moisture thoroughly. The
film powders are then weighed in aluminium pans and sealed. Cooling and heating scans
are performed at controlled rates and 7, is obtained from the inflexion point of the
thermograms in the second scan (Tulamandi et al., 2016). Thermograms also indicate if the
plasticizers and polymers remain homogenous throughout the cooling and heating cycles;
for example, phase separation is evident in the film when there are separate glass transition

temperatures corresponding to the two pure phases (Ghanbarzadeh & Oromiehi, 2009).

In the literature, pea proteins films that had a singular 7, value indicated that the protein
solutions had reacted with the plasticizer to form a co-polymer (Acquah et al., 2020). Whey
protein isolate films which had significantly higher melting enthalpy (4H,) than pea
protein films also showed that the former films were more resilient to heating (Acquah et
al., 2020). In starch films, addition of yerba mate extract decreased the melting temperature,
T'n, due to the antioxidants in the extract decreasing intermolecular bonding in the polymer
chain (Medina Jaramillo et al., 2016). The same study also observed a decrease in 4AH,
when extracts were included, and this indicates a less stable crystalline structure which
required less energy to melt the films. Sharma et al. (2018) found that cross-linking sesame
protein films with carboxylic acids increased 7,; this was associated with the cross-linking

effect which stabilized the proteins. However, 4H,, decreased with an increase in cross-
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linker concentration, where this decrease may be due to the formation of more rigid protein
chains with more cross-links as the plasticizer concentration was kept constant. According
to a study on glucomannan films, an increase in 4H,, was observed due to the plasticizing

effect of water molecules (Cheng et al., 2006).

2.4.5.9 Antioxidant Properties

As plant extracts can be potent antioxidant sources, packaging films incorporating those
extracts could be used to inhibit or reduce oxidative degradation of packaged products (Mir
et al., 2018). As examples, gelatin films with red cabbage extracts (Musso et al., 2019) and
mango peel films with mango seed extracts (Torres-Leon et al., 2018) have shown higher
antioxidant activity than films without extract. Migration or transfer of the bioactive
compounds, such as compounds contributing to the total phenolic content (Han et al., 2018;
Lopez-de-Dicastillo et al., 2012; Souza et al., 2018) to the packaged product, can be
assessed by their release speed. Food simulants are used as substitutes for food to simplify
chemical analysis. For instance, 10% ethanol represents alcoholic food, while 95% ethanol
is an alternative for fatty food simulants (Rodriguez-Martinez et al., 2016). A piece of film
with known weight is immersed completely in each simulant for a specified time and the

simulant will then be analyzed for the desired compounds.

An assay that is commonly used to assess the antioxidant properties of a film is the radical
scavenging activity (RSA) which is determined by using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) as a free radical (Brand-Williams et al., 1995; Medina Jaramillo et al., 2015). Film
samples are reacted with alcoholic DPPH solution and incubated for 30-45 minutes and the
absorbance 1s measured at 517 nm using a spectrophotometer. The diffusion of bioactive
compounds into the packaged products can be viewed as a gradual preservation technique.
From another perspective, if polyphenols are retained in the films, the compounds may
improve barrier properties of the films (Souza et al., 2018). The final purpose of the films

can be intentionally designed with results from these tests.

45



2.5 Summary

Research has shown that haskap berry leaves have various bioactive compounds in them,
thus there is potential in valorizing this underutilized resource. It could also diversify the
source of income for haskap growers if the leaves have a wider range of applications.
Extraction methods such as conventional extraction and assisted extraction technologies
for plant materials have achieved high yields of bioactive compounds. However, some
challenges prevail with the use of highly toxic solvents which may cause health concerns,
high temperatures which may degrade the thermolabile bioactive compounds, and lengthy
extraction times. ATPS-based extraction has potential as an environmentally friendly
technique to recover biomolecules. While there are many ATPS studies on protein
extraction, literature has shown an increasing interest in ATPE as an extraction method to
recover biomolecules. The ATPS phase-forming components can be selected to be GRAS
to ensure that the end applications of the extracts pose minimal health risks. Additionally,
recycling strategies may be applied to the phase-forming components to improve the
sustainability and economics of the process. The bubble-assisted ATPF process may
further improve extraction performance when biomolecules adsorb onto the surface of
rising gas bubbles. ATPS-based haskap extracts could potentially be incorporated into
functional films for packaging purposes. In the process of developing functional films from
ATPS extracts, it is important to consider the presence of ATPS components such as salt
in these extracts as there will be interactions with other film components such as the
binding agents and plasticizers. Various means of evaluating the functional films will
provide an insight on how these components react and whether it is beneficial to include

haskap leaf extracts from ATPS-based extraction into the formulation.
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Connecting Statement 1

As described in Chapter 2, ATPS-based extraction methods have been used to extract
biomolecules from biological samples and that these are a more sustainable option than
conventional extraction methods. There are many factors which influence the partitioning
behaviour of target molecules in different ATPS. As such, it is important to study how

those factors affect the recovery of bioactive compounds from haskap leaves.

Chapter 3 presents the investigation of ATPE using salt/ethanol and sugar/propanol
systems to recover bioactive compounds from haskap leaves. In view of potentially using
the extracts in food packaging, phase-forming components that are generally recognized as
safe (GRAS) were selected. Two types of ATPS were compared: salt/ethanol and
sugar/propanol systems. In the study, the effects of extraction time, sample loading, and tie
line length on extraction efficiency and partitioning were evaluated. The chapter also

compared ATPE with conventional Soxhlet extraction in terms of bioactive yields.

Chapter 3 is based on an article reproduced from Separation and Purification Technology
with permission from Elsevier. The details of the article are as follows:

Chong, K. Y., Stefanova, R., Zhang, J., & Brooks, M. S.-L. (2020). Aqueous two-phase
extraction of bioactive compounds from haskap leaves (Lonicera caerulea): Comparison
of salt/ethanol and sugar/propanol systems. Separation and Purification Technology, 252,

117399.
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Chapter 3 : Aqueous Two-Phase Extraction of Bioactive Compounds
from Haskap Leaves (Lonicera caerulea): Comparison of Salt/Ethanol

and Sugar/Propanol Systems

3.1 Abstract

Aqueous two-phase extraction (ATPE) was used to extract bioactive compounds from
haskap leaves (Lonicera caerulea) using salt/ethanol and sugar/propanol-based systems.
The systems consisted of components that are generally recognized as safe (GRAS):
ammonium sulphate/ethanol, sodium dihydrogen phosphate/ethanol, glucose/1-propanol,
and maltose/1-propanol. The factors investigated were extraction time (5, 62.5, 120
minutes), sample loading (0.1, 0.55, 1 wt.%), and tie line length (TLL) (low, medium, high)
to represent different aqueous two-phase system (ATPS) compositions of salt or sugar and
alcohol. Multi-response optimization was conducted to maximize the yield of chlorogenic
acid, flavonoids, and total phenolic content. The results show that salt/ethanol ATPE
systems had higher extraction efficiency than sugar/propanol ATPE. Among these four
systems, sodium dihydrogen phosphate (NaH2POs)/ethanol ATPE had the maximum
extraction efficiency of 93.9% for chlorogenic acid, 96.8% for flavonoids, and 97.8% for
total phenolic content. The corresponding partition coefficients were 1.73 for chlorogenic
acid, 3.50 for flavonoids, and 6.59 for total phenolic content. Further analysis using high-
performance liquid chromatography (HPLC) revealed that the extracts from ATPE were
more refined in comparison to conventional solvent extracts. Additionally, nuclear
magnetic resonance (NMR) spectra showed preliminary qualitative profiling of the extracts.
This work demonstrates that ATPE using GRAS components is a green alternative to
conventional extraction with organic solvents for the recovery of high-value bioactive

compounds from haskap leaves.
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3.2 Introduction

The haskap plant (Lonicera caerulea), also known as blue honeysuckle, honeyberry, and
haskappu (Khattab et al., 2016), has many species that are native to Japan, North Eastern
Asia, and Siberia (Naugzemys et al., 2007). Haskap plants are relatively new in Canada as
cross cultivation only began in 2002 (Bors, 2009). Since then, haskap berry production has
increased in North America due to their positive health benefits and growing popularity
with consumers (Frier et al., 2016). Haskap berries are well-known for their high
antioxidant activity due to numerous bioactive compounds such as anthocyanins and
ascorbic acid (Celli et al., 2014). However, there are relatively fewer studies on haskap
leaves. Studies have shown that leaves from berry plants such as raspberry, strawberry, and
honeysuckle possess numerous high-value compounds such as polyphenols and iridoids
and they exhibit important health promoting properties such as neuroprotective (Dawson,
2017), anti-inflammatory (Oszmianski et al., 2011), antioxidant (Buricova et al., 2011),
and antimicrobial activities (Panizzi et al., 2002). For instance, chlorogenic acid (CGA)
has anti-inflammatory, antioxidant, and anti-hypertension properties (Naveed et al., 2018)
and quercetin, a type of flavonoid, is associated with anti-inflammatory, antioxidant, and
angioprotective properties (D’Andrea, 2015). In addition, the total phenolic content (TPC)
is often used as an overall measure of the phenolic compounds that may be present in some
plant materials, and is frequently associated with antioxidant activity (Singleton et al., 1999;
Tian et al., 2018). Haskap plants are perennials and shed their leaves after berry harvesting
in preparation for winter. Haskap leaves are commonly used as mulch for the plants,
however, there is an opportunity to extract and recover bioactive compounds from this
underutilized resource. These extracts can be used to develop value-added products for the

functional foods and natural health products sector.

Extraction methods such as maceration (Nasti¢ et al., 2018) and reflux (Rodrigues et al.,
2018) have some disadvantages when used with conventional organic solvents. These
include long extraction times at high temperatures, the toxicity of the solvents, and the need
for several steps to facilitate contaminant removal, product isolation and final purification

(Luque de Castro & Priego-Capote, 2010; Vongsak et al., 2013). As an alternative, aqueous
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two-phase extraction (ATPE) is a simple separation technique that involves equilibration,
phase separation, and concentration of solutes in a single step (Hatti-Kaul, 2000), where
the extraction of solutes from a solid or liquid material is based on selective partitioning in
the aqueous two phase system (ATPS). ATPSs can be formed with polymer/polymer,
polymer/salt, ionic liquid/salt, or alcohol/salt aqueous solutions (Yau et al., 2015), where
the incompatibility of the two aqueous components causes partitioning into two distinct
phases. In comparison to conventional extraction, which generally uses organic solvents
such as hexane, ethyl acetate methanol, or acetone (Bampouli et al., 2014; Routray, 2014),
ATPE is considered more environmentally friendly as users can select phase-forming
components such as alcohols, polyethylene glycol, and salts. Moreover, ATPS components
may be selected so that they are generally recognized as safe (GRAS) (U.S. Food and Drug
Administration, 2020) and the extracts are compatible in food and consumer personal care
products. For example, ATPS comprising of a suitable alcohol with a salt (e.g. ammonium
sulphate, (NH4)2SO4, or sodium dihydrogen phosphate, NaH>PO4) or sugar (e.g. glucose
or maltose) are considered GRAS. While ammonium sulphate/ethanol and sodium
dihydrogen phosphate/ethanol ATPS are popular choices for ATPE with many studies
reported in the literature, there are fewer studies using sugar-based ATPS systems that are
GRAS. Indeed, acetonitrile (Chia, Chew, et al., 2019; De Brito Cardoso et al., 2013;
Dhamole et al., 2016; Koyande et al., 2019; Sankaran, Manickam, et al., 2018; Tu et al.,
2018; Wang et al., 2008), ionic liquids (Freire et al., 2011; Sun et al., 2018), and propylene
glycol (Tubtimdee & Shotipruk, 2011) have been used for sugar-based ATPS; however,
acetonitrile can metabolize in the liver to produce acutely toxic cyanide (Mateus et al.,
2005) and many 1onic liquids exhibit cytotoxic properties (Gal et al., 2012). Sugar-based
ATPS have been investigated with GRAS substances such as ethanol (Tubtimdee &
Shotipruk, 2011), however in some cases ethanol has been found to result in unstable ATPS
and 1-propanol has been used as a suitable GRAS alternative (Ebrahimi & Sadeghi, 2018).
Past studies have used ATPE to extract and purify various high-value compounds such as
gallic acid from guava (Reis et al., 2015), CGA from carrots (Sanchez-Rangel et al., 2016),
and flavonoids from pigeon pea roots (Zhang et al., 2013). These studies have focused on
a single component such as anthocyanins (Wu et al., 2014) or lipase (Ooi et al., 2009),

while other studies have also analyzed extracts for two components such as flavones and
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sugars (Liu et al., 2013), ascorbic acid and vanillin (Veloso et al., 2020), as well as various

flavonoid compounds (He et al., 2016).

Thus, the aim of this research was to compare the performance of salt/ethanol and
sugar/propanol ATPE for the extraction and concentration of bioactive compounds from
haskap leaves. Three different UV spectrophotometer assays were used to monitor
bioactive content, based on CGA, flavonoids, and TPC. CGA and flavonoids were selected
for measurement as the main bioactive compounds in haskap leaves (Oszmianski et al.,
2011). Although CGA and flavonoids belong to the total phenolics group, TPC was
measured to account for other potential bioactive compounds in this group. Extraction time,
sample loading, and tie line length (TLL) were optimized based on extraction yields from
the UV spectrophotometry measurements using response surface methodology. The
optimized extracts were then analyzed using high-performance liquid chromatography
(HPLC) to identify and quantify the bioactive compounds. Nuclear magnetic resonance
spectroscopy (NMR) was used for preliminary qualitative profiling of the bioactive
compounds. The novelty of the present work is that it is the first study to investigate the
feasibility of ATPE of bioactive compounds from under-utilized haskap leaves using

GRAS components.

3.3 Materials and Methods

3.3.1 Materials

Ethyl alcohol (95%) was obtained from Greenfield Specialty Alcohols Inc. (Toronto,
Ontario, Canada). Methanol (>99.9%) was supplied by VWR Analytical (Mississauga,
Ontario, Canada). Sodium dihydrogen phosphate (96%) and diosmin were purchased from
Alfa Aesar (Ward Hill, Massachusetts, USA). 1-propanol (>99%, food grade), ammonium
sulphate (ACS, >99%); sodium nitrite (=97%, ACS), aluminum nitrate nonahydrate (ACS,
>97%), sodium carbonate (ACS, 99.95-100.05% dry basis), Folin & Ciocalteu’s phenol
reagent (2N), gallic acid monohydrate (ACS, >98%), chlorogenic acid (=95%, titration),
rutin hydrate (>94%, HPLC grade), and D-(+)-maltose monohydrate (95%, grade II) were
purchased from Sigma-Aldrich (Oakville, Ontario, Canada). D-(+)-glucose monohydrate

(extra pure) was purchased from Acros Organics (Morris Plains, New Jersey, USA).
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Luteolin-7-O-glucoside (95.1%) was purchased from ChromaDex. Deionized water from

a Milli-Q water purification system (Millipore, Bedford, Massachusetts, USA) was used.

Fresh haskap leaves of the Aurora variety were collected in July 2018 from a haskap farm
in Nova Scotia, Canada. The haskap plants were in their first growth year. The fully-
developed leaves were picked after the haskap berries were harvested. There was visible
leaf browning as the leaves were in the process of natural senescence (Dawson, 2017). The
leaves were thoroughly washed with tap water, kept frozen at -20 °C, and then freeze-dried
in a Labconco FreeZone 2.5 Plus freeze dryer (Labconco, Kansas City, MO, USA). The
dried samples were then sealed in vacuum pouches and stored at —20 °C in the dark. Prior
to experiments, the samples were ground and sieved through a 500 um mesh sieve. Due to
experimental constraints, two batches of leaves were used in this study (Batch A and
Batch B). These were selected at random from the same pool of harvested leaves and also

serve to demonstrate the robustness of the optimization model.

3.3.2 Methods

3.3.2.1 Aqueous Two-Phase Extraction (ATPE) and Conventional Extraction

Phase diagrams were constructed to determine suitable biphasic working regions. Aqueous
solutions of (NH4)2SO4, NaH2PO4, glucose, and maltose were prepared at specific
concentrations. Using cloud point titration (Ooi et al., 2009), the alcohol (either ethanol or
propanol), was added drop by drop to the salt or sugar solution until the first sign of
permanent turbidity was observed. The weight of alcohol added was recorded using a
balance with precision of 0.1 mg (S-64, Denver Instrument, Denver, CO, USA) and a
binodal curve was plotted. A minimum of seven points were used to plot each binodal
curve. The binodal curves were fitted using either Equation 3.1 (De Brito Cardoso et al.,

2013) or Equation 3.2 (Regupathi et al., 2009):

Y = A; X exp(B;X%> — C;X?3) 3.1
Y = A, + B,X%° + C,X (3.2)
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where Y and X are the alcohol and salt/sugar weight percentages, respectively, and A4;, Bi,
C1, A2, B2, and C: are fitting parameters obtained by least squares regression. The
(NH4)2SOs4/ethanol binodal curve had a better fit using Equation 3.1 while the other three
ATPS binodal curves were fitted using Equation 3.2. The tie lines were determined
gravimetrically where a point in the two-phase region was selected (Merchuk et al., 1998).
The ATPS was prepared, thoroughly mixed, and allowed to equilibrate overnight at 25 °C.
The top and bottom phases were then weighed. The mass balance equations (Equations 3.3

to 3.6) were solved using MATLAB R2019a (MathWorks, Natick, MA, USA).

Yr = f(Xr) (3.3)
Yp = f(Xp) (34
= (2) - (59 6
= () (59 5

In Equations 3.3 to 3.6, X7 is the weight fraction of salt or sugar at the top phase, X5 is the
weight fraction of salt or sugar at the bottom phase, Xy is the weight fraction of salt or
sugar of the mixture, Y7 is the weight fraction of alcohol at the top phase, Y3 is the weight
fraction of alcohol at the bottom phase, and Y is the weight fraction of alcohol of the

mixture.

f(X) 1s the function representing the binodal curve and a is defined as the following ratio
in Equation 3.7:
__ Weight of top phase

x = 3.7)

Weight of mixture

After obtaining X7, X3, Y7, and Y3, TLL was determined by Equation 3.8.

Tie line length (TLL) = \/(XT —Xg)? + (Yp — Yg)? (3.8)

53



The reliability of the tie line calculation was evaluated using the Othmer-Tobias
(Equation 3.9) and Bancroft (Equation 3.10) correlations (Cienfuegos et al., 2017; Wang
et al., 2010; Zafarani-Moattar et al., 2005).

1—WI _ 1—W§ n

v kl( e ) (3.9)
w8 o wl\’

=k () (3.10)

Here, w!', w2, wl, w? represent the equilibrium compositions in weight fractions of
alcohol (1), salt/sugar (2), and water (3) in the top 7 and bottom B phases, respectively, and

ki, k2, n, and r are fitting parameters.

For each ATPS of 10 g, three TLLs (Low, Medium, and High), were selected to represent
different ATPS compositions of salt or sugar and alcohol, as all points on the same tie line
had the same final concentration of phase components in their respective top and bottom
phases (Hatti-Kaul, 2000). Table 3.1 shows the concentration of the phase-forming

components for each TLL selected in this study.

For ATPE, the weighed ground leaves (Batch A) were thoroughly vortexed for 15 seconds
with the selected ATPS in 15-mL centrifuge tubes, each with a diameter of 1.5 cm
and occupied height of 8 cm. The tubes were incubated for the required extraction time at
25 °C. The tubes were then centrifuged at 1500 g (Sorvall T1 centrifuge, Thermo Scientific,
USA) for 5 minutes to achieve complete phase separation. The top and bottom liquid
phases were carefully removed with a syringe, ensuring that the leaves at the interphase
remained in the tube. The top and bottom phase volumes were recorded, and the top phase
was analyzed using UV spectroscopy as outlined in Section 3.3.2.2. The bottom phase was
purified on Hypersep SPE 500 mg/2.8 mL C18 solid phase extraction cartridges (Thermo
Scientific, Rockwood, Tennessee, USA) prior to analysis. Briefly, the aqueous extracts
(bottom phase) were loaded onto the cartridges which were preconditioned and equilibrated
with water. The cartridges were then washed with acidified water (0.1% v/v formic acid)

to remove the salt and sugar components. The organic fractions were then eluted with
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75% (v/v) ethanol and 100% (v/v) ethanol. Two concentrations of ethanol were used as
100% (v/v) ethanol was to elute very non-polar compounds while 75% (v/v) ethanol eluted
compounds with other polarities. The fractions were dried and dissolved in 80% methanol
prior to analysis using UV spectroscopy. The pH values for both the top and bottom phases
for all ATPS were recorded using a benchtop pH meter (UB-10, Denver Instrument,
Denver, CO, USA). Conventional exhaustive extraction was performed by Soxhlet
extraction, where 75 mg of ground leaves were extracted with 150 mL of 80% (v/v)

methanol for 24 hours.

Table 3.1 Tie line length and their respective compositions

ATPS Tie line length (TLL) Composition

(NH4)2SOs/ethanol ~ Low (31.90) 18 wt% (NH4)2SO4, 25 wt% ethanol, 57 wt% water
Medium (43.05) 16 wt% (NH4)2SO4, 30 wt% ethanol, 54% wt% water
High (53.70) 20 wt% (NH4)2S04, 27.5 wt% ethanol, 52.5 wt% water

NaH,;PO4/ethanol Low (33.60) 10 wt% NaH,POys, 37 wt% ethanol, 53 wt% water
Medium (44.15) 10 wt% NaH2POs, 37.5 wt% ethanol, 52.5 wt% water
High (47.92) 10 wt% NaH2POs, 40 wt% ethanol, 50 wt% water

Glucose/1-propanol  Low (30.00) 20 wt% glucose, 38 wt% 1-propanol, 42 wt% water
Medium (39.90) 20 wt% glucose, 40 wt% 1-propanol, 40 wt% water
High (45.05) 20 wt% glucose, 42 wt% 1-propanol, 38 wt% water

Maltose/1-propanol  Low (27.47) 25 wt% maltose, 28 wt% 1-propanol, 47 wt% water
Medium (40.08) 25 wt% maltose, 30 wt% 1-propanol, 45 wt% water
High (42.65) 25 wt% maltose, 35 wt% 1-propanol, 40 wt% water

3.3.2.2 UV-Vis Spectrophotometric Analysis of Bioactive Compounds

For the following CGA, flavonoids, and TPC assays, individual standard calibration curves,
corresponding to a different ATPS composition for each TLL, were plotted to minimize
interference from salt and sugar (Golunski et al., 2016). Samples were diluted when
necessary, using the corresponding ATPS top phases to ensure that the measurements were
in the range of the calibration curve. The wavelength of maximum absorption, Amax, was
determined spectrophotometrically by wavelength scanning (Genesys 10S UV/Visible
spectrophotometer, Thermo Scientific, USA).
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Chlorogenic Acid
The extract was diluted with its corresponding ATPS top phase when necessary. The
absorbance of the solution was then measured at 328 nm (Tan et al., 2014) and a standard

curve was constructed using chlorogenic acid to determine its concentration.

Flavonoid Content

This was determined by the formation of an aluminium complex (Hou et al., 2018). Here,
450 pL of the extract was combined with 75 uL of 5% (w/v) sodium nitrite solution and
75 pL of 10% (w/w) aluminium nitrate solution with thorough mixing and an incubation
time of 6 minutes in between those steps. Then 750 pL of 4% (w/w) sodium hydroxide
solution was added, mixed well, and incubated for 15 minutes. The solution was
centrifuged at 1500 g for 1 minute, and then the absorbance of the supernatant was
measured at 510 nm and compared against the standard curve. Rutin hydrate was used as

the standard and results were expressed in terms of rutin equivalents (RE).

Total Phenolic Content (TPC)

This was determined by the Folin-Ciocalteu method (Singleton et al., 1999) in which
100 pL of the extract was mixed with 200 pL Folin-Ciocalteu reagent (diluted with water
at a ratio of 1:10 by volume). After 5 minutes of incubation, 800 uL of 7.5% (w/v) aqueous
sodium carbonate solution was added. The solution was vortexed and incubated for 2 hours
in the dark at room temperature. The mixture was then centrifuged at 1500 g for 1 minute.
Its absorbance was determined at the wavelength of maximum absorption (665 nm for all
ATPS) and compared against a standard curve. For extracts obtained by conventional
extraction, TPC was determined at the wavelength of maximum absorption which was
765 nm. Gallic acid monohydrate was used as the standard and results were expressed in

terms of gallic acid equivalents (GAE).
3.3.2.3 Performance Indicators

To evaluate the effectiveness of the ATPS in this study, the performance indicators were

yield, partition coefficient, k, and extraction efficiency, EE. The yield, which was used as
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the response variable for optimizing the extraction conditions, was calculated using

Equation 3.11 (Fu et al., 2019; Zhang et al., 2015).

CrXVr
Dry weight of leaves

Yield = (3.11)

Here, Crand V7 are the concentration of the target compounds and volume of the top phase,

respectively.

The partition coefficient was calculated using Equation 2.1 as the ratio of concentration of
bioactive compounds at the top phase to the concentration of bioactive compounds at the
bottom phase. The extraction efficiency was calculated for extracts from the optimized

conditions using Equations 3.12 and 3.13.
Volume ratio, Ry, = Z—T (3.12)
B

kRy
1+KRy

Extraction ef ficiency, EE (%) = ( ) X 100 = (:22) x 100 (3.13)

total

Here, k is the partition coefficient; V7 and Vp are the top and bottom phase volumes at
equilibrium; My, is the mass of target compounds in the top phase and M. 1s the total

mass of target compound in both phases.

3.3.2.4 Design of Experiment, Optimization, and Statistical Analysis

Table 3.2 shows the face-centered central composite design used with the following factors
and corresponding levels in parentheses: extraction time (5, 62.5, and 120 minutes), sample
loading (0.1%, 0.55%, and 1% (w/w)) and TLL (Low, Medium, and High). As each
experiment used 10 g of ATPS, the corresponding sample loading can also be expressed as
10 mg, 55 mg, and 100 mg. A maximum extraction time of 120 minutes was selected as a
representative value, similar to that used in other ATPE studies (Hou et al., 2018; Wu et
al., 2014). Since it was difficult to distinguish between top and bottom phases at high

sample loadings, the maximum sample loading was set at 1% (w/w). The categorical TLLs
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were determined from preliminary experiments where the levels were selected to include
ATPS composition near the binodal curve and furthest from it without having any
crystallization. The experiments were performed once in randomized order. Chlorogenic
acid, flavonoids, and total phenolic content measurements were obtained from triplicate
analyses and results were expressed as mean values. Analysis of variance (ANOVA) and
response surface optimization were performed using Minitab statistical software (Version
18, Minitab Inc. USA). As TLL is a categorical factor, separate models were generated for
each TLL. Multi-response optimization was used to maximize the yield of the CGA,
flavonoids and total phenolic content. The model was validated using both batches of

harvested leaves (Batch A and Batch B).
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Table 3.2 Design of experiment in uncoded units

Run* Extraction time (min), A Sample loading % (w/w), B Tie line length, C
1 5 0.10 Low

2 5 0.10 Medium
3 5 0.10 High

4 5 0.55 Low

5 5 0.55 Medium
6 5 0.55 High

7 5 1.00 Low

8 5 1.00 Medium
9 5 1.00 High

10 62.5 0.10 Low

11 62.5 0.10 Medium
12 62.5 0.10 High

13 62.5 0.55 Low

14 62.5 0.55 Low

15 62.5 0.55 Low

16 62.5 0.55 Low

17 62.5 0.55 Low

18 62.5 0.55 Medium
19 62.5 0.55 Medium
20 62.5 0.55 Medium
21 62.5 0.55 Medium
22 62.5 0.55 Medium
23 62.5 0.55 High

24 62.5 0.55 High

25 62.5 0.55 High

26 62.5 0.55 High

27 62.5 0.55 High

28 62.5 1.00 Low

29 62.5 1.00 Medium
30 62.5 1.00 High

31 120 0.10 Low

32 120 0.10 Medium
33 120 0.10 High

34 120 0.55 Low

35 120 0.55 Medium
36 120 0.55 High

37 120 1.00 Low

38 120 1.00 Medium
39 120 1.00 High

# Runs were performed in random order
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3.3.2.5 High Performance Liquid Chromatography (HPLC) and Nuclear Magnetic
Resonance (NMR) Analysis for Optimized Conditions

For HPLC and NMR analysis, Batch A leaves were used. The desired bioactive compounds
were retained and impurities were removed from the leaf extracts using C18 SPE
500 mg/2.8 mL solid phase extraction cartridges (Thermo Scientific, Rockwood,
Tennessee, USA) prior to analysis. Extracts dissolved in water were loaded onto C18
cartridges which were preconditioned and equilibrated with water. The cartridges were then
washed with acidified water, 0.1% (v/v) formic acid, to remove inorganics and
subsequently eluted with 75% (v/v) ethanol and 100% ethanol. The organic fractions were

combined and dried under nitrogen.

For NMR profiling, the organic fractions from conventional extract and optimized extracts
were prepared with concentration of 10 mg/mL in deuterated dimethyl sulfoxide, DMSO-
ds, then transferred to 5 mm NMR tubes. All spectra were obtained with a Bruker Avance
IIT 700 MHz spectrometer (Bruker Biospin, Karlsruhe, Baden-Wiirttemberg, Germany)
equipped with cooled probe operating at 16 K.

The organic fractions were then analyzed by HPLC, using an Agilent 1200 HPLC system
(Agilent, Waldbronn, Germany) equipped with a quaternary pump (Agilent G1311A), an
autosampler (G1329A), a column compartment with temperature controller (G1316A), and
a diode array detector (G1315B). The column (Zorbax SB-C18, 1.8 um, 4.6 mm % 50 mm,
Agilent, U.S.A.) was eluted with a mobile phase consisting of (A) 0.1% formic acid in
Milli-Q water and (B) 0.1% formic acid in acetonitrile using a gradient of 1% to 99% B in
25 minutes at a flow rate of 0.3 mL/min. Elution was monitored at 320 and 250 nm on the
diode array detector and by MS detector. The injection volume was 1 uL and the column
temperature was maintained at 40°C. Quantification of chlorogenic acid, rutin, luteolin-7-
O-glucoside, and diosmin was performed using five-point calibration curves that were

prepared for each standard to obtain linear regression equations for the compounds.
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3.4 Results and Discussion

3.4.1 Phase Diagram

The ATPS phase diagrams for (NH4)>SO4/ethanol, NaH>POs/ethanol, glucose/1-propanol/,
and maltose/1-propanol at 25 °C were plotted in Figure 3.1 and the binodal curves are
similar to other studies (Wang et al., 2010). For sugar-based ATPS, the maltose/1-propanol
binodal curve was slightly closer to the origin in comparison to glucose/1-propanol curve.
This indicates that maltose formed two phases with 1-propanol more easily than with

glucose, as less sugar was required (Ebrahimi & Sadeghi, 2018).
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Figure 3.1 ATPS phase diagrams for (a) (NH4)>SOs/ethanol, (b) NaH;POs/ethanol,
(c) glucose/1-propanol/, and (d) maltose/1-propanol at 25 °C

The Othmer-Tobias and Bancroft correlation had R? values that were close to 1 for the
(NH4)2SO4/ethanol and glucose/1-propanol tie lines, and a linear dependence of the
logarithmic-transformed function indicated good fitting properties (Wang et al., 2010). In

comparison, the correlation values for NaH,POus/ethanol and maltose/1-propanol systems
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averaged 0.62. The pH values for the different ATPS and their respective TLL are listed in

Table 3.3 for later discussion.

Table 3.3 pH values of different ATPS studied

ATPS Tie line length Top phase pH Bottom phase pH
(NH4)2SOs/ethanol ~ Low 5.58 5.54
Medium 5.47 5.47
High 5.54 5.56
NaH;POu/ethanol Low 3.81 4.09
Medium 4.02 4.09
High 3.99 4.01
Glucose/1-propanol  Low 532 5.80
Medium 5.31 5.12
High 5.39 4.89
Maltose/1-propanol ~ Low 5.51 4.48
Medium 5.73 4.65
High 5.81 4.62

3.4.2 Response Surface Regression

For all ATPEs, analyses were performed using the yield for either CGA, flavonoids or TPC
as the response variable. The effects of TLL on extraction yield were varied depending on
the bioactive compounds measured and ATPS used. For ATPE using (NH4)>SO4/ethanol,
maximum CGA, flavonoids, and TPC yields were obtained at Medium, High, and High
TLL, respectively. High TLL was selected as the optimized point, which was similarly
observed in another study extracting polyphenols using (NH4)>SOg4/ethanol, where the
authors also reported the highest partition coefficient was attained at the highest TLL
(Xavier et al., 2017). This was likewise observed in a different study where bioactive
compounds were extracted using potassium phosphate/ethanol and it was attributed to the
salting-out effect produced by increasing salt concentration in the bottom phase (Simental-
Martinez et al., 2014). For ATPE using NaH;PO4/ethanol, maximum CGA, flavonoids, and
TPC yields were obtained at Low, Medium, and Low TLL, respectively. The preference
for Low TLL in NaH2>POu/ethanol systems differs with the findings of He and co-workers
who used a fixed salt concentration of 29% and varying ethanol concentrations of 17% to
25% (He et al., 2016). They found that several flavonoids had highest partition coefficient

and recoveries at the highest ethanol concentration. This difference may be due to a higher
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viscosity in the ATPS as they used a much higher salt concentration compared to the 10%
salt concentration in this study. A higher viscosity gradient would be the driving force for
compounds to partition upwards. The glucose/1-propanol ATPE had maximum CGA,
flavonoids, and TPC yields at High, Medium, and High TLL, respectively and the High
TLL was chosen as the optimal point. ATPE using maltose/1-propanol achieved maximum
CGA, flavonoids, and TPC yields at Low, Low, and Medium TLL, respectively and the
Medium TLL was chosen as the optimal TLL.

The coefficients for response surface equations in Table 3.4 are listed with their P-value,
where only the selected TLLs corresponding to optimized conditions are shown. For some
responses, Box-Cox transformation was performed to normalize the responses, as noted in

the table.

All response models were found to be statistically significant at P<0.01 with acceptable R’
values greater than 0.7 except for the CGA yield from ATPE with glucose/1-propanol. A
closer examination of this response showed that only one term, which was the interaction
between sample loading and tie line length, was significant at a=0.01. In addition, the R’
value indicates that this model for CGA yield can only explain 57.34% of the variability of
the response around its mean, whereas R’ > 0.7 is considered good for sensory, colorimetric,
and physicochemical results (Granato et al., 2010). Moreover, there was significant lack-
of-fit for some responses in Table 3.4, indicating that the variability between the design
point replicates was higher than the variability between different runs, as reported by other

ATPS work (Shahbaz Mohammadi et al., 2015).
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Table 3.4 Regression coefficients of quadratic polynomial model

Salt/ethanol ATPE

(NH4):SO4 ATPE (High TLL)

NaH:POs ATPE (Low TLL)

Coefficient CGA Flavonoids TPC Yield® CGA Yield Flavonoids TPC
Yield Yield Yield Yield
bo 6.33 0.15240 —0.00930 26.43 0.1094 0.13281
bi 0.0637 0.000079 0.000159 —0.0454 —0.000247  —0.000295
B2 61.46 —0.05568 —0.00790 53.52 0.1738 -0.1197
B —0.00046 —0.000001  —0.000001 0.000317 0.000003 0.000001
P22 —39.17 0.02608 —0.00388 —45.60 0.0567 0.0562
B2 0.0161 0.000064  —0.000049 0.0273 —0.000502 0.00018
R’ 0.9763 0.9056 0.9406 0.9454 0.9386 0.9083
R’ (ad)) 0.9666 0.8672 0.9163 0.9231 0.9135 0.8709
P (model) 0.000* 0.000* 0.000* 0.000* 0.000* 0.000*
P (lack of 0.188" 0.034ns 0.003* 0.000* 0.010" 0.699"
fit)

Sugar/1-propanol ATPE

Glucose ATPE (High TLL)

Maltose ATPE (Medium TLL)

Coefficient CGA Flavonoids TPC Yield® CGA Flavonoids TPC
Yield Yield Yield® Yield Yield

Po 25.70 0.08742 -375.0 2.08 0.05912 0.02826

bi —0.0383 —0.000196 0.21 0.0073 0.000058 0.000033

)77 -0.19 —0.01584 -612.0 11.02 0.00466 —0.01497

B 0.000084  0.000001 0.0049 —0.000121 0 0

P22 -1.34 0.00951 76.0 =7.17 —0.00545 0.00559

P2 -0.0101 0.000003 —2.21 0.0376 0.000045  —0.000013

R’ 0.5734 0.8043 0.82 0.7189 0.7985 0.7830

R’ (ad)) 0.3997 0.7246 0.7467 0.6043 0.7164 0.6947

P (model) 0.006* 0.000* 0.000* 0.000* 0.000* 0.000*

P (lack of 0.033" 0.049ns 0.031" 0.007* 0.007* 0.000*

fit)

P is the estimated constant regression coefficient.

p1 and B, are the estimated linear regression coefficient of extraction time and sample loading, respectively.
P11 and [, are the estimated quadratic regression coefficient of extraction time and sample loading,
respectively.

p12 1s the estimated interaction regression coefficient of extraction temperature and sample loading.

* P-value is significant at 0=0.01

 (NH4)2SO4/ethanol ATPE transformed with response of (TPC Yield)/—321,451,508.1.

® Glucose/1-propanol ATPE transformed with response of (-TPC Yield?)

¢ Maltose/1-propanol ATPE transformed with response of (CGA Yield?)/(699.3)

Figure 3.2 shows the effects of extraction time and sample loading, where three-
dimensional surface plots are plotted using the optimized levels for TLLs. In general, there
were no consistent trends in the interactions at the optimum TLL levels for CGA,

flavonoids and TPC yield, nor between the different ATPS. Figure 3.2 (a) indicates that
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for ATPE with (NH4)>SO4/ethanol, flavonoids and TPC yields were lower than for CGA
and that maximum CGA yields were achieved at high sample loadings. For the same ATPE,
there was an initial decrease in CGA yield observed with increasing extraction time. The
higher CGA yields observed with increased extraction time could be due to the longer
contact time between the leaves and the solvent for mass transfer, whereas the decrease in
CGA yields with longer extraction times could be attributed to a volume exclusion effect
in which the biomolecules tend to partition to the bottom phase due to reduced space being
available in the top phase of the ATPS (Babu et al., 2008). In comparison, the results from
ATPE with glucose/propanol in Figure 3.2 (¢) indicate that a high concentration of

bioactive compounds was obtained at low sample loadings.

It is possible that the yields from ATPE may have been affected by pH. For example,
chlorogenic acid has a pKa value 3.33 (ChemAxon, 2019) and if the pH of the surrounding
environment was at 3.33 there would be equal amounts of protonated and deprotonated
CGA molecules. In an ATPS where the pH is higher than 3.33, chlorogenic acid would
exist mainly as ions and tend to bond with the water molecules, resulting in partial
partitioning to the hydrophilic bottom phase. In this work the NaH>POq/ethanol ATPS with
Low TLL and associated pH of 3.81, had the highest CGA yield among the four ATPE
systems although chlorogenic acid would exist in its ionic form under these conditions.
However, the overall acidic pH would have provided a stable environment for the phenolic
compounds (Friedman & Jiirgens, 2000). For ATPE using NaH>POu/ethanol, CGA yields
decreased from 37.5 to 35 ng/mg leaves with increasing extraction time. This may be
attributed to NaH,PO4 having lower salting-out ability than (NH4)>SO4 (Show et al., 2013).
Anions have been associated with a greater effect on salting-out ability than cations, and
based on Hofmeister series, the HoPO4™ ion has lower salting-out ability than the SO4> ion
(Hyde et al., 2017). With increasing extraction time, the weaker dihydrogen phosphate
anion-water bond would allow more time for the hydrophilic bioactive compounds to

interact and bond with water in the bottom aqueous phase.
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Figure 3.2 Interaction effects of sample loading and time on CGA yield, flavonoid yield,
and TPC yield for (a) (NH4)2SO4/ethanol ATPE at High TLL, (b) NaH2POs/ethanol ATPE
at Low TLL, (¢) glucose/1-propanol ATPE at High TLL, and (d) maltose/1-propanol ATPE

at Medium TLL

3.4.3 Optimization of ATPE and Comparison between Systems

Optimum conditions for ATPE were determined by simultaneously maximizing the CGA

yield, flavonoids yield, and TPC yield. The weight factor for all the responses was fixed at

1 in Minitab to ensure that they had the same influence on the desirability. Table 3.5 shows

four optimized solutions for each ATPE and their individual desirability values. The overall

desirability, D is a measure of how well the goals for the three responses were optimized.

Desirability has a range from 0 to 1, where 1 represents the ideal situation and 0 shows that
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one or more responses are out of their acceptable limits. This desirability scale indicates
that the values are considered satisfactory for salt-based ATPE and good for sugar-based
ATPE (Lazic, 2006). Extracts from Batch A leaves had 7 out of 12 responses located in the
95% prediction interval, however the results from Batch B leaves were not as close to the

predicted value and generally lower.

Figure 3.3 shows a yield comparison between the conventional extract and the optimized
ATPE extract using Batch A leaves. From Soxhlet extraction, the CGA yield, flavonoids
yield, and TPC yield for Batch A were 76.28 ng/mg leaves, 0.23 mg/mg leaves, and 0.14
mg/mg leaves, respectively. Batch B had lower yields which were 66.38 pg/mg leaves,
0.20 mg/mg leaves, and 0.11 mg/mg leaves for CGA, flavonoids, and TPC, respectively.
The yields from ATPE were lower than the yields of Soxhlet extraction. It is evident that
the ATPE did not recover all the compounds from the leaves, although the extraction time
(5 mins to 120 mins) was far shorter than the time for Soxhlet extraction (24 hours), and
further extractions with the remaining solids could be considered. From Figure 3.3,
NaH>POu/ethanol ATPE resulted in the highest yield for all compounds. This may be due
to the lower pH 3.81 in the top phase which provides a favorable environment for phenolic
compounds. Salt-based systems also had higher yields compared to sugar-based systems,

and this trend is consistent among the two different batches of leaves.
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Table 3.5 Optimization of ATPE based on maximum CGA yield (ng/mg), flavonoids yield
(mg RE/mg), and TPC yield (mg GAE/mg)

Responses  Individual Predicted Batch A Batch A Batch B Batch B
desirability, value experimental deviation experimental  deviation
d value (%) value (%)

(NH4)2SO4/ethanol: High TLL, 87.5 min, 0.19 weight% leaves. D = 0.62

CGAyield 0.45 18.93 23.99 26.7 34.65 83.0

Flavonoid  0.75 0.144 0.153 6.3 0.132 8.3

yield

TPCyield  0.69 0.061 0.060 1.5% 0.050 18.0

NaH,POg/ethanol: Low TLL, 5 min, 0.5 weight% leaves. D = 0.60

CGAyield 1.00 41.63 36.43 12.5% 29.83 283

Flavonoid  0.48 0.208 0.205 1.5% 0.133 36.0

yield

TPCyield  0.45 0.086 0.068 21.3 0.050 41.9

Glucose/propanol: High TLL, 5 min, 0.1 weight% leaves. D =0.76

CGAyield 0.90 25.47 22.92 10.0* 16.54 35.0

Flavonoid  0.81 0.085 0.073 14.1 0.051 40.0

yield

TPCyield  0.60 0.048 0.034 28.4 0.024 50.0

Maltose/propanol: Medium TLL, 120 min, 0.427 weight% leaves. D =0.64

CGAyield 0.78 16.61 16.07 3.2% 10.39 37.4

Flavonoid  0.66 0.064 0.064 0.0* 0.034 46.9

yield

TPCyield 0.51 0.028 0.026 6.7* 0.017 39.3

*in 95% prediction interval

For comparison between the ATPE systems, Figure 3.4 shows the partition coefficient and
extraction efficiency of the optimized extracts from Batch B. From Figure 3.4, the CGA,
flavonoids, and TPC partitioned to the top phase, since the partition coefficient was higher
than 1 for all systems. The partition coefficient for CGA (and their corresponding
in parentheses) for (NH4)2SOs/ethanol, NaH;POus/ethanol,
glucose/propanol, and maltose/propanol ATPS were 8.16 (89.3%), 1.73 (93.9%), 1.84
(74.0%), and 4.76 (73.8%), respectively. In comparison, a study extracting CGA from

extraction efficiency

ramie leaves found that the partition coefficient ranged from 2.56 to 32.66 for
(NH4)2SO4/ethanol systems and from 3.39 to 38.49 for NaH,POus/ethanol systems (Tan et
al., 2014). These higher partition coefficient values may have been affected by the pre-
extraction step using ethanol and ultrasonication, thus increasing the partitioning ability as
observed by Tan and co-workers. Another study on CGA extraction used potassium
phosphate/ethanol ATPS and resulted in partitioning to the top phase (Simental-Martinez

et al., 2014). In the present work, the partition coefficients for flavonoids (and their
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corresponding extraction efficiency in parentheses) for ATPE using (NH4)>SO4/ethanol,
NaH;POs4/ethanol, glucose/propanol, and maltose/propanol were 16.44 (94.0%), 3.50
(96.8%), 2.88 (82.1%), and 5.52 (76.0%), respectively. In comparison, partition
coefficients in the range of 7 to 10 were obtained using NaH2POus/ethanol ATPE for
extracting rutin from Zanthoxylum Bungeanum Maxim leaves (He et al., 2016). The
partition coefficients for TPC (and their corresponding extraction efficiency in parentheses)
for ATPE wusing (NH4)2SOgs/ethanol, NaH>POs/ethanol, glucose/propanol, and
maltose/propanol were 16.05 (93.0%), 6.59 (97.8%), 2.41 (79.4%), and 4.14 (69.5%),
respectively. In the literature, polyphenols extracted from eucalyptus wood wastes were
found to migrate to the top phase when acidic conditions formed by (NH4)2SO4/ethanol
ATPE was used (Xavier et al., 2017), while in alkaline and neutral conditions, phenols
partitioned to the bottom phase. For all these phenolic components, (NH4)2SO4/ethanol
extract had higher partition coefficients than for the NaH;POu/ethanol extracts. This may
be due to (NH4)2SO4 having a better salting-out ability than NaH2PO4 according to the
Hofmeister series (Hyde et al., 2017). The standard error of mean for the partition
coefficient values of flavonoids and total phenolic content in Figure 3.4 were notably
higher than those of the extraction efficiencies. This may be due to the loss of some
bioactive compounds during the salt removal using SPE. The additional steps involved in
the sample preparation for the bottom phase may have contributed to the larger standard

error of mean in the partition coefficient.
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The extraction efficiency of all these bioactive components ranged from 89.31 to 97.82%
for salt-based ATPE and 69.52 to 82.13% for sugar-based ATPE. Similarly, ionic liquid
salting-out systems have demonstrated a strong ability to remove proteins in comparison
to sugaring-out systems (Sun et al., 2018). In another study (Tu et al., 2018) extracting the
fatty acid 10-hydroxy-2-decenoic acid (10-HDA) with sodium chloride/acetonitrile,
magnesium sulphate/acetonitrile, and glucose/acetonitrile ATPE, Tu and co-workers found
that magnesium sulphate/acetonitrile produced higher extraction yields compared to the
other two systems (Tu et al., 2018). The lower efficiency of sugar-based ATPE may be due
to sugars being covalent while salts are ionic compounds. Since intramolecular forces are
greater than intermolecular forces due to the transfer and sharing of electrons, they may be
more significant to consider. The intramolecular force of ionic compounds is stronger than
that of covalent compounds, and thus salt has a greater ability to attract water molecules to
itself in comparison to sugars. Although sugars do not have charged groups, they have
many hydrophilic hydroxyl groups that contribute to its high solubility in water, making

the sugaring-out phenomenon possible.

3.4.4 HPLC and NMR Analysis

Figure 3.5 shows the yield of bioactive compounds obtained from conventional extracts
and optimized extracts from ATPE as determined by HPLC. From Figure 3.4, the yields of
chlorogenic acid from ATPE with (NH4)>SO4/ethanol and glucose/1-propanol were higher
than that of the conventional extract. ATPE with glucose/propanol also resulted in higher

yields of rutin, luteolin-7-O-glucoside, and diosmin.
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Figure 3.5 Bioactive compounds yield in conventional extract and top phase ATPE extract
as determined by HPLC

Figure 3.5 also shows that the extract from NaH2POu/ethanol ATPE had a similar trend in
yield to the conventional extract, as luteolin-7-O-glucoside had the highest yield, followed
by lower yields for rutin and diosmin, and then CGA. ATPE with glucose/propanol had the
highest rutin, luteolin-7-O-glucoside, and diosmin yield, implying the system might be

enriching flavonoid glycosides from haskap leaves.

A comparison of Figure 3.5 with Figure 3.3 indicates that for some bioactives, higher yields
were obtained from the UV-vis assays, in relation to comparable yields obtained from
HPLC. This would be due to the specificity of HPLC, as the presence of other similar
compounds in the haskap leaves would not be quantified using HPLC. For example, the
UV-Vis assay (Figure 3.3) detected the highest CGA yields at 36.43 ug/mg using ATPE
composed of NaH>POs/ethanol. However, HPLC (Figure 3.5) detected the highest CGA
yields at 0.9703 ng/mg using ATPE with (NH4)2SO4/ethanol. This difference may be due
to the presence of CGA isomers and other compounds that have similar absorption spectra
to CGA at 328 nm in the UV spectrophotometric measurement. Although it has been
reported that phenolic acids such as CGA can be detected in the flavonoids assay used in
this study (Pekal & Pyrzynska, 2014), Figure 3.5 indicates that the yield of CGA is much
lower than the overall yield of measured flavonoids (rutin, luteolin-7-O-glucoside, and

diosmin), as determined by HPLC.
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The models developed by Dawson (2017), which correlated concentration of bioactive
compounds and growth stage for haskap leaves from the cultivar 'Tundra’, were used to
predict the content of various metabolites for this study. The values were then compared to
our experimental results. We used 80 days post-fertilization of the flower as the
independent variable to represent the closest stage of plant growth where shoot growth
would have stopped, terminal buds were formed, and berries were harvested. The model
predicted a CGA content of 10.5 pg/mg dry weight (DW) leaves and rutin content of
7 ng/mg DW leaves. Another study using haskap leaves from the cultivar 'Zielona' detected
CGA of 67.1 ug/mg DW leaves, rutin of 19.5 pg/mg DW leaves, and total phenolic
compound of 297 pg/mg DW leaves (Oszmianski et al., 2011). The yield of the bioactive
compounds from conventional haskap leaf extracts in this study were lower than that
predicted from Dawson (Dawson, 2017) and reported by Oszmianski et al. (2011). These
differences may be caused by variety difference, geographical conditions, maturity stage,
and environmental factors (Boyarskikh et al., 2015; Dawson, 2017; Senica et al., 2018).
The glucose/propanol extract however, yielded 11.52 pg rutin/mg DW leaves. This was a

higher value than that predicted from Dawson’s model for "Tundra' leaves (Dawson, 2017).

The HPLC chromatograms for conventional extracts and NaH,POus/ethanol extract are
shown in Figure 3.6 and chromatograms for the other ATPE extracts are included in
Appendix A, Figures A.1 to A.3. showed the identified compounds of chlorogenic acid,
rutin, luteolin-7-O-glucoside, and diosmin. The NaH,POus/ethanol extract had fewer peaks,
which indicated that it is more refined in comparison to the conventional extract. This
partial purification may be largely due to impurities such as metallic elements and proteins
being partitioned to the bottom phase (He et al., 2016). The corresponding retention times
are documented in Appendix B, Table A.3.
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Figure 3.6 HPLC chromatograms of (a) conventional extracts and (b) NaH>POs/ethanol
extract using Batch A leaves

NMR was used to assess the general composition profile of the extracts. Figure 3.7 shows
the "TH-NMR spectra of NaH,POs/ethanol extract and conventional extract. Chlorogenic
acid standard was included as a comparison. From the 6-8 ppm resonance frequency in
Figure 3.7, the signals are typical for protons in aromatic compounds (Ek et al., 2006;

Lambert & Mazzola, 2004). The preliminary qualitative profiling shows the possible
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presence of chlorogenic acid. Other 'H-NMR spectra are included in Appendix A,
Figure A.4. This qualitative profiling supports the quantitative results obtained by HPLC
in Figure 3.5.
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Figure 3.7 'H-NMR spectra for NaH,POu/ethanol extract and conventional extract using
Batch A leaves

3.5 Conclusion

Our study confirms that haskap leaves contain high-value bioactive compounds that have
been associated with health benefits. The results show that GRAS salt/ethanol ATPE
systems had higher extraction efficiency than sugar/propanol ATPE. ATPE using
NaH;POu4/ethanol exhibited the highest extraction efficiency of 93.9% for chlorogenic acid,
96.8% for flavonoids, and 97.8% for total phenolic content among the four ATPE systems.
Its corresponding partition coefficients were 1.73 for chlorogenic acid, 3.50 for flavonoids,
and 6.59 for total phenolic content. In general, the HPLC analysis showed fewer
components in the extracts obtained from ATPE than the conventional extract. The
partition coefficient values and HPLC chromatograms support the concept that ATPS
integrates biomolecule concentration and partial purification. Thus, ATPE is a potential
alternative green extraction technique to recover bioactive compounds from haskap leaves

as compared to conventional extraction. This work demonstrated that toxic solvents and
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long extraction times are not necessary to extract biomolecules. With further studies,
haskap leaf extracts may be incorporated into food or pharmaceutical applications in

suitable concentrations.
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Connecting Statement 2

The potential of aqueous two-phase extraction (ATPE) to recover bioactive compounds
from haskap leaves was evidenced in Chapter 3. The results showed that salt/ethanol ATPE
had higher extraction efficiency for the target bioactive compounds than sugar/propanol
ATPE and that sodium dihydrogen phosphate/ethanol ATPE had the highest extraction
efficiency among the four ATPE systems. In large scale operations, ATPE would involve
issues such as high salt concentrations from salt-based ATPE which may corrode metal
equipment and associated post-disposal processes. To increase the economic and
environmental sustainability of ATPE, Chapter 4 investigates the effects of recycling
ATPE components from salt/ethanol and sugar/propanol systems on the extraction

performance of bioactive compounds from haskap leaves.

Chapter 4 is based on an article reproduced from Separation and Purification Technology
with permission from Elsevier. The details of the article are as follows:

Chong, K. Y., & Brooks, M. S.-L. (2021). Effects of recycling on the aqueous two-phase
extraction of bioactives from haskap leaves. Separation and Purification Technology, 255,

117755.
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Chapter 4 : Effects of Recycling on the Aqueous Two-Phase Extraction

of Bioactives from Haskap Leaves

4.1 Abstract

Aqueous two-phase extraction (ATPE) is an emerging technique that integrates separation,
concentration, and partial purification of target compounds from natural resources. One
potential issue which may prevent industrial application of ATPE, is the large consumption
of phase-forming components such as alcohol, polymers, salt, and sugar. On top of that,
post-handling and disposal of these components will increase associated costs. This
research evaluated the effects of recycling ATPE components on the extraction of bioactive
compounds from haskap (Lonicera caerulea) leaves. In this work, the ATPE systems were
combinations of ammonium sulphate/ethanol, sodium dihydrogen phosphate/ethanol,
glucose/1-propanol, and maltose/1-propanol. Total phenolic content (TPC), flavonoids,
and chlorogenic acid were assessed in terms of their partitioning behavior, extraction
efficiencies, and yields. The results showed that with two recycling stages, the extraction
performance for all four ATPE systems was maintained. The average TPC extraction
efficiencies across the first extraction stage and two recycling stages were 91.4% for
ammonium sulphate/ethanol, 99.6% for sodium dihydrogen phosphate/ethanol, 85.1% for
glucose/1-propanol, and 85.0% for maltose/1-propanol systems. This suggests that
recycling could make ATPE a more sustainable technique in recovering high-value

compounds from natural resources.

4.2 Introduction

The haskap plant (Lonicera caerulea) is a rich source of bioactive compounds, and is
mainly cultivated for commercial production of haskap berries, which have high levels of
ascorbic acid and anthocyanin content in comparison to other berries (Chen et al., 2013;
Harb et al., 2010; Pantelidis et al., 2007). In addition, haskap leaves have been reported to
contain various phenolic compounds and triterpenoids (Becker et al., 2017; Dawson, 2017;
Machida et al., 1995; Oszmianski et al., 2011), however they are an underutilized resource
and comparatively few studies have been reported on the extraction of bioactives from

haskap leaves (Bonarska-Kujawa et al., 2014). Functional compounds in plants have been

79



extracted as the main source for medicine, food, cosmetic, perfumery, dyes, and building
materials for many years. Classical methods such as Soxhlet extraction, maceration,
percolation (Vongsak et al., 2013), reflux or distillation (Nakamura et al., 2019) are
commonly used to extract plant material. However, these methods are time-consuming,
require a lot of energy, and generally use toxic organic solvents such as hexane and
methanol (Luque de Castro & Priego-Capote, 2010; Ong, 2004). Alternatively, water is a
common choice as it is safe, accessible, and economical. However, water requires a lot of
energy to vaporize and has limited solubility with non-polar compounds (Chemat et al.,
2019). This has caused a shift towards other environmentally friendly or green extraction
methods. Emerging technologies such as ultrasound (Eh & Teoh, 2012), microwave
(Routray et al., 2014), and high-pressure (Kraujalis et al., 2015) have been used to intensify
and assist conventional extraction processes, however, these methods often require
sophisticated equipment and parts such as ultrasound transducer, magnetron, and pressure

vessel.

Aqueous two-phase systems (ATPSs) have been explored as a simple green liquid-liquid
or solid-liquid extraction technique. They are formed by mixing two immiscible aqueous
phases such as combinations of alcohol/salt, polymer/salt, polymer/polymer, or ionic
liquid/salt solutions. Separation occurs after some time and two distinct phases, a top and
a bottom phase, will form. This separation is also known as an aqueous biphasic system as
two phases are formed. Aqueous two-phase extraction (ATPE) occurs when solutes from
a solid or liquid material selectively partition between the two phases. ATPE integrates
separation, concentration, and partial purification in one step (Soares et al., 2015). It is an
adaptable process as less hazardous phase-forming components, such as alcohol, salt, and
sugars, can be used with mild extraction temperatures. Additionally, ATPS can be designed
to enhance selective partitioning of compounds of interest instead of contaminants (Hatti-
Kaul, 2000). ATPE has been used to extract anthocyanins from red cabbage (Jampani &
Raghavarao, 2015), chlorogenic acid from blueberry leaves (Wang et al., 2017), flavonoids
from lotus leaves (Hou et al., 2018), polyphenols from wheat chaff (Pordevi¢ & Antov,
2017), and saponins from ginseng root (He et al., 2018).
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Despite the advantages, the relatively high salt concentrations and cost of polymers can be
an issue for ATPE. For example, the salt may corrode metal pumps, lines, or other
equipment (Rosa et al., 2009). Additionally, post handling and disposal of phase-forming
components will increase associated costs and this may be a barrier for large scale
applications (Soares et al., 2015). Recycling is a potential method that can be used to reduce
the amount of phase-forming components required. Past studies have included recycling
attempts for ATPE combinations of potassium phosphate/2-propanol (Show et al., 2013),
sodium dihydrogen phosphate/ethanol (Tan et al., 2014), ammonium sulphate/ethanol
(Chengetal.,2016; Wu etal., 2011), and ammonium sulphate/1-propanol (Sankaran, Show,
etal., 2018). To the best of our knowledge, this is the first study that investigates the effects

of recycling on the recovery of bioactive compounds from haskap leaves.

The aim of this research was to evaluate recycling on the performance of food compatible
ATPE systems (i.e. salt/ethanol and sugar/1-propanol ATPE systems), as a means of
increasing the economic and environmental sustainability of this technology and potential
applicability to the functional food industry. Ammonium sulphate ((NH4)2SO4) and sodium
dihydrogen phosphate (NaH2PO4) were used in salt systems while glucose and maltose
were used in sugar systems. This work builds upon the investigation by our previous study
(Chong et al., 2020a) on the recovery of bioactive compounds from haskap leaves, as it
uses the optimized ATPE parameters that were obtained for these salt and sugar-based
systems as a basis for recycling studies. The performance of the recycling stages was
assessed by examining the partition coefficient, extraction efficiency, and yield of
chlorogenic acid (CGA), flavonoids, and total phenolic content (TPC) obtained from
haskap leaves. This study is novel as it is the first time that the recycling of food compatible
ATPE systems of salt/ethanol and sugar/1-propanol have been investigated for the recovery

of bioactive compounds from haskap leaves.

4.3 Materials and Methods

4.3.1 Materials
Ethyl alcohol (95% volume) was obtained from Greenfield Specialty Alcohols Inc.

(Toronto, Ontario, Canada) while diosmin and sodium dihydrogen phosphate 96% were
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purchased from Alfa Aesar (Ward Hill, Massachusetts, USA). Aluminum nitrate
nonahydrate (ACS, >97%), ammonium sulphate (ACS, >99%), chlorogenic acid (=95%,
titration), Folin & Ciocalteu’s phenol reagent (2N), gallic acid monohydrate (ACS, >98%),
D-(+)-maltose monohydrate (95%, grade II), 1-propanol (>99%, food grade), rutin hydrate
(>94%, HPLC grade), sodium carbonate (ACS, 99.95-100.05% dry basis), and sodium
nitrite (=97%, ACS) were purchased from Sigma-Aldrich (Oakville, Ontario, Canada). D-
(+)-glucose monohydrate (extra pure) was purchased from Acros Organics (Morris Plains,
New Jersey, USA) and deionized water was obtained from a Milli-Q water purification

system (Millipore, Bedford, Massachusetts, USA).

Fresh haskap leaves of Aurora variety were harvested in July 2018 from a haskap farm in
Nova Scotia, Canada. The plants were in their first growth year. After the berries were
harvested, fully developed leaves were picked. At this stage of natural senescence, leaf
browning was visible. The samples were frozen at —20 °C and subsequently freeze-dried
in a Labconco FreeZone 2.5 Plus freeze dryer (Labconco, Kansas City, MO, USA). The
dried samples were sealed in vacuum pouches and stored at —20 °C in the dark. The
samples were freshly ground, sieved through a 500 um mesh opening, stored at —20 °C,

and used within 17 days.

4.3.2 Methods

4.3.2.1 Aqueous Two-Phase Extraction (ATPE) and Recycling

ATPE systems of 20 g were prepared according to Table 4.1, where our previous study
(Chong et al., 2020a) had determined the optimal parameters for the extraction of phenolic

compounds and flavonoids from haskap leaves.
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Table 4.1 Aqueous two-phase extraction optimized parameters (Chong et al., 2020)

ATPE systems Composition Extraction Sample loading
time
(NH4)2SO4/cthanol 20 wt% (NH4)2SO4, 87.5 min 0.190 %(w/w)

27.5 wt% ethanol,
52.5 wt% water

NaH;POu/ethanol 10 wt% NaH2POs, 5 min 0.500 %(w/w)
37.0 wt% ethanol,
53 wt% water

Glucose/1-propanol 20 wt% glucose, 5 min 0.100 Y%(w/w)

42.0 wt% 1-propanol,
38 wt% water
Maltose/1-propanol 25 wt% maltose, 120 min 0.427 %(w/w)
30.0 wt% 1-propanol,
45 wt% water

A flowchart of the experimental work for the Extraction as well as Recycling Stages 1

and 2 is shown in Figure 4.1.
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For the initial extraction of haskap leaves, freshly prepared components were used. Here,
the 20 g ATPE systems were prepared in 50 mL centrifuge tubes with internal diameter of
2.8 cm and occupied height of 4.5 cm. The ground leaves were then mixed thoroughly for
15 seconds and incubated at 25 °C for the required extraction time. The tubes were
centrifuged at 1500 g (Sorvall T1 centrifuge, Thermo Scientific, USA) for 1 minute to
ensure complete phase separation. The volumes of top and bottom phases were recorded,
and 5 mL top phase was reserved for UV spectroscopy analysis. The remaining top phase

was kept for recycling.

The bottom phase required pre-treatment before analysis due to interference from the salt
and sugar (Golunski et al., 2016). About 1 to 1.5 mL bottom phase was purified with solid
phase extraction (SPE) using Hypersep SPE 500 mg/2.8 mL C18 solid phase extraction
cartridges (Thermo Scientific, Rockwood, Tennessee, USA). Briefly, the bottom phase was
loaded onto the cartridges which were preconditioned and equilibrated with water. The
cartridges were then washed with acidified water, 0.1% (v/v) formic acid, to remove the
salt and sugar components. The organic fractions were then eluted with 75% (v/v) ethanol
and 100% (v/v) ethanol. The fractions were dried using rotary evaporator (HiITEC RE-51,
Yamato Scientific America, California, USA) set at 50 °C at 200 rpm. They were dissolved

in 80% methanol prior to analysis using UV spectroscopy.

The remaining bottom phase was mixed with 3 to 5 mL alcohol to precipitate salt according
to the concept of dilution crystallization (Sankaran, Show, et al., 2018; Tan et al., 2014;
Wu et al., 2011). The solution was then filtered with Grade 415 qualitative filter paper
(VWR International, Pennsylvania, USA) and the salt residue was dried in a vacuum oven
(Lindberg/Blue M, Thermo Scientific, USA) at 70 °C to remove any remaining solvent.
The recycled salt was added with an appropriate amount of fresh salt to maintain the

concentration for two-phase formation (Sankaran, Show, et al., 2018).

The alcohol filtrate was combined with the remaining top phase and it was dried using the
rotary evaporator at 50 °C and rotation speed of 200 rpm. The alcohol recovered in the

receiving flask was then tested for its alcohol content and density using an EasyDens meter
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(Anton-Paar GmbH, Graz, Austria). The recycled alcohol was topped up with fresh alcohol
until the desired volume was achieved (Chia, Mak, et al., 2019), where the amount of fresh
alcohol required was calculated from Equations 4.1 and 4.2, and the combined solution

designated as recycled alcohol.

. kg
Correction factor (@)

m3
= Alcohol content of recycled ethanol % (—3)
m

kg
m3
kg
m3

Theoretical density of alcohol
X

Density of recycled alcohol

(4.1)

For Equation 4.1, the theoretical densities of ethanol and 1-propanol used were 789 kg/m?
and 803 kg/m’, respectively. For Equation 4.2, the weight of the 100% alcohol required

was calculated based on the ATPE composition in Table 4.1.

Weight of 100% alcohol required
Correction factor

Weight of alcohol required = 4.2)

Sugars were not recovered for ATPE recycling as there were difficulties in the recovery
process. From our observations, glucose and maltose were unable to precipitate and formed
a slurry when the dilution crystallization technique was applied. Rotary evaporation was
then tested as an alternative method. However, the sugars in the evaporating flasks
remained as slurry due to their high degree of dissolution (Alves et al., 2007) and only
aqueous l-propanol was evaporated. Although Flood and Srisanga (2012) have described
an improved crystallization process with seed crystals for the recovery of glucose

monohydrate from aqueous solutions, this was not investigated in the present study.
The recycled ethanol and dried salt were used to form the ATPE system for Recycling

Stage 1. The same procedure was repeated and the next ATPE system was used for

Recycling Stage 2. Ground leaves were retrieved from the freezer for every stage and the
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spent leaves were discarded at the end of each extraction. For sugar-based ATPE, only 1-

propanol was recycled. There were two independent experiments for each ATPE.

4.3.2.2 UV-Vis Spectrophotometric Analysis of Bioactive Compounds

The following assays used a UV/Visible spectrophotometer (Genesys 10S, Thermo
Scientific, USA) to determine the concentration of bioactive compounds in the extract. The
corresponding top phases without samples and methanol were used as blanks for the top
phase and bottom phase, respectively. Total phenolic content (TPC), total flavonoid

content, and chlorogenic acid were determined according to Section 3.3.2.2.

4.3.2.3 Performance Indicators and Statistical Analysis
Partition coefficient, &, extraction efficiency, EE, and yield were determined according to

Section 3.3.2.3.

One-way analysis of variance (ANOVA) and post hoc Tukey’s test were performed using
Minitab statistical software (Version 18, Minitab Inc. USA) at P<0.05. Values in figures

and tables were expressed in average + standard error of mean.

4.4 Results and Discussion

4.4.1 Comparison of Partition Coefficients with Previous Optimization Study

The partition coefficients from this study can be compared to those from a previous study,
which focused on the optimization of ATPE parameters for the extraction of bioactive
compounds from haskap leaves (Chong et al.,, 2020a), as shown in Table 4.2.
Corresponding partition coefficients were assessed in Table 4.2 as partition coefficients
from the present study refer to the values from the first extraction using fresh phase-
forming components. The values from this study are mostly much higher than that of the
previous work. Although some had statistically insignificant difference, the increase in
partitioning for the present study may be mostly due to the difference in the height-to-
diameter (H/D) ratio of the extraction vessel. In the previous study, 15 mL centrifuge tubes
were used for the 10 g ATPE and the H/D ratio was 5.3. The height refers to the height of
the solution in the tube. In the present study, 50 mL centrifuge tubes were used for the 20 g
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ATPE and the H/D ratio was 1.6. The time needed for phases to separate has been reported
to be much faster in batch settlers with large cross-sectional area (Solano-Castillo & Rito-
Palomares, 2000) and a H/D ratio of less than one has been recommended. The results in
Table 4.2 show that the appropriate selection of the extraction vessel dimensions is critical

for partitioning performance.

Table 4.2 Comparison of partition coefficient obtained from previous work and this study

Previous work! First extraction Previous work! First extraction
from this study from this study
(NH4)2SO4/ethanol NaH,POu/ethanol
k TPC 16.05 £ 7.58* 11.15+£2.79? 6.59 +£3.28* 28.85 + 15.472
k flavonoids  16.44 + 5.02* 16.99 + 1.69* 3.50+0.74* 28.17 £ 7.14*
k CGA 8.16 + 1.44* 8.72+£0.172 1.73 £0.23* 10.99 £ 2.872
Glucose/1-propanol Maltose/1-propanol
k TPC 2.41+0.52* 391+£0.27* 4.14+137* 11.03 £ 1.75?
k flavonoids  2.88 +£0.63* 4.81£0.46° 5.52+£1.62° 17.56 + 2.66°
k CGA 1.84 +0.56° 5.08+0.142 4.76 £ 1.04° 14.94 £ 1.60?

! Partition coefficient from previous work (Chong et al., 2020a)
Different superscripts indicate statistically significant difference between the previous study and this study
at P<0.05

4.4.2 Effects of Recycling on ATPE Partition Coefficient and Extraction Efficiency

In Figure 4.2 (a), (NH4)2SO4/ethanol ATPE had partition coefficient for TPC of 11.15,
10.51, and 9.37 for the first extraction, first and second recycling stage, respectively. For
flavonoids the partition coefficients were 16.99, 19.40, and 18.61. The values were not
statistically different. For CGA, the partition coefficients were 8.72, 10.06, and 10.32.
There was an increase in partition coefficient from the first extraction. High extraction
efficiencies for flavonoids were recorded at about 95% while for TPC and flavonoids, they
averaged at about 91%. Wu et al. (2011) investigated multiple extractions of
(NH4)2SO4/ethanol ATPE for mulberry anthocyanins. The authors’ methodology was
different such that most of the top phase from the first extraction was used in the second
extraction with fresh bottom phase. The partition coefficient increased from 3.53, 3.36, and

lastly 4.50 for the third partitioning step. These partition coefficients from Wu et al. (2011)
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for mulberry anthocyanins were lower than the partition coefficients for the TPC of haskap
leaves reported in this study. It should be noted that as anthocyanins are a subset of
compounds belonging to the diverse group of polyphenolic compounds, the partition
coefficients for TPC may be higher than for the anthocyanins, as a broader group of
compounds would be detected. The ethanol and salt from Wu’s work were recycled
although it was unclear how those substances were used after recycling (Wu et al., 2011).
In a different study, (NH4)2SO4/cthanol ATPE was used to recover lignans (Cheng et al.,
2016). Although the partition coefficient values were not reported, the authors stated that
the partition coefficient hardly decreased and showed no difference after recycling the
ethanol and salt for five times. This indicated that the ethanol and salt were not
contaminated by impurities and target compounds. These findings aligned with our results
which reported stable partition coefficient and extraction efficiencies between the three

stages.

Figure 4.2 (b) shows the performance indicators for NaH>POs/ethanol ATPE. The partition
coefficients for TPC were 28.85, 19.18, and 53.07. Although it seemed that the partition
coefficient increased with recycling, the large standard error of mean made the difference
statistically insignificant. For flavonoids, the partition coefficients were 28.17, 23.75, and
29.70 while for CGA they were 10.99, 8.21, and 11.20. TPC and flavonoids had more
partitioning to the top phase than CGA in NaH>POas/ethanol ATPE. Extraction efficiencies
were nearing 100%. Similarly, Tan et al. (2014) reported that the extraction efficiency of
NaH:POu/ethanol ATPE to recover chlorogenic acid from ramie leaf hardly decreased after
recycling the salt for 3 times. This phenomenon was attributed to impurities being

transferred to the alcohol used for salt precipitation.
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Figure 4.2 Partition coefficient and extraction efficiency of (a) (NH4)2SO4/ethanol, (b) NaH2POus/ethanol, (c) glucose/1-propanol, and
(d) maltose/1-propanol ATPE for the first extraction and subsequent two recycling stages



For glucose/1-propanol ATPE in Figure 4.2 (c), TPC had a significant increase in partition
coefficient of 7.81 in the second recycling stage. This may be due to the accumulation of
phenolic content in the 1-propanol from previous cycles (Sankaran, Show, et al., 2018).
Flavonoids had partition coefficient of 4.81, 3.31, and 4.53 with the first extraction, first
and second recycling stage, respectively. CGA had corresponding partition coefficient of
5.08, 3.90, and 5.44. The extraction efficiencies for flavonoids and CGA averaged at 86.6%
and 88.03%. They had no statistically significant difference between the stages. TPC had

a decreased extraction efficiency of 76.70% at the first recycling stage.

In Figure 4.2 (d) for maltose/1-propanol ATPE, TPC had partition coefficient of 11.03,
15.19, and 10.11, flavonoids had partition coefficient of 17.56, 17.87, and 15.24, and CGA
had partition coefficient of 14.94, 15.64, and 15.27, respectively. The extraction
efficiencies for TPC, flavonoids, and CGA averaged at 85.04%, 89.02%, and 88.17%,
respectively. All the values had no statistical difference. In general, there are very few
studies on the effect of recycling on sugar/1-propanol ATPE. However, Show et al. (2013)
used ATPE comprising of potassium phosphate and 2-propanol to recover lipase. One of
the performance indicators was concentration coefficient and it was defined as the ratio
between concentration of lipase at the top phase at time ¢ and original concentration of
lipase in bottom phase. The concentration coefficient decreased from 16.1, 13.4, and to 5.4.
Fresh components were used in the first extraction while successive first and second
recycling stages used recycled 2-propanol and reused bottom phases. They also observed
that separation efficiencies decreased across the stages. However, when both top and
bottom phases were recycled, the separation efficiencies were 88.6% and 88.5% for the
fourth and fifth stages respectively. This is similar to our findings that the extraction

efficiency remained fairly constant without any statistically significant difference.

Among salt-based systems, NaH>POus/ethanol ATPE had higher partitioning and extraction
efficiency of bioactive compounds to the top phase. In contrast, our previous study showed
that (NH4)2SO4/ethanol ATPE performed better (Chong et al., 2020a). Results from the
present study also did not adhere to the Hofmeister series’ salting-out ability where the

H>PO4 10n is expected to have lower salting-out ability. This may be due to the container
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geometry used in this study where a larger surface area will facilitate rapid partitioning to
the top phase. Taking NaH>POus/ethanol ATPE as an example, a container that provides
larger interfacial area will reduce the time needed for phase separation as compared to a
narrow container (Benavides & Rito-Palomares, 2007) in the span of 5 minutes. The
extraction time of 87.5 minutes for (NH4)>SO4/ethanol ATPE allowed ample time for
biomolecules to partition. In sugar-based systems, maltose/1-propanol ATPE had better
extraction performance than glucose. This is consistent with our previous findings (Chong
et al., 2020a). The masses of sugar in a 20 g system (and their corresponding number of
moles in parentheses) were 4 g glucose (0.022 mole) and 5 g maltose (0.015 mole)
(Dhamole et al., 2016). As glucose can form five hydrogen bonds while maltose can form
eight hydrogen bonds, the number of hydrogen bonds that can be formed for maltose is
higher than that of glucose. Since maltose has a greater capacity to bond with water, more
1-propanol will be pushed to the top phase, resulting in higher partitioning and extraction
efficiency. Figure 4.2 shows that the partition coefficient and extraction efficiency were
fairly constant with the two recycling stages, indicating that it is feasible to recycle the

phase-forming components.

4.4.3 Effects of Recycling on ATPE Extraction Yields

Table 4.3 shows the extraction yields obtained from fresh phase-forming components, first,
and second recycling stage. In Table 4.3, the yields had slight variation between the stages
and only a few statistically different values were observed, which also supports the

feasibility of recycling ATPE components.

For the NaH,POu/ethanol ATPE, the first recycling stage had a TPC yield that was 12%
greater than that obtained from the original extraction. However, the flavonoids yield from
the (NH4)2SOu4/ethanol ATPE was the highest at the first extraction and then decreased with
the rest of the stages. It was also observed that salt-based ATPE produced higher yields in
comparison to sugar-based ATPE, which is consistent with the results from our previous
work (Chong et al., 2020a). Among the salt-based and sugar-based ATPE systems,
NaH:POu/ethanol ATPE and glucose/1-propanol ATPE had higher extraction yields,

respectively.
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Like the present work, other studies in the literature have shown that the recycling of ATPE
components can result in a fairly consistent extraction yield across the recycling stages.
For example, Wu et al. (2011) reported that the average anthocyanin yield in the top phase
was 84.7% and there was no statistically significant difference across three extractions. It
is worth noting that the authors used a different approach from our study, where they reused
the top phase instead of recycling so that their second partitioning step comprised of the
partitioned top phase from the first step with fresh bottom phase. Similarly, Cheng et al.
(2016) reported that the extraction yields of lignans hardly decreased and showed no
difference after recycling five times. However, Show et al. (2013) demonstrated that when
the top phase was recycled and the bottom aqueous phase reused for the subsequent stages,
lipase extraction yields decreased from 99.2%, to 89.9%, then 73.2% for the first extraction
and two consecutive recycling stages, respectively. This decrease in yield was attributed to
the bottom phase being saturated with contaminants. When both top and bottom phases
were recycled, the yields improved to 96.7% and 97.3% for two consecutive stages,
indicating better performance when both phases are recycled. In another recycling study
by Sankaran et al. (2018), lipase extraction yields were 71.69%, 58.87%, and 79.39% for
the first extraction and two consecutive recycling stages where both the top and bottom

phases were recycled.
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Table 4.3 Effect of extraction and recycling on TPC yield (mg GAE/mg), flavonoids yield (mg RE/mg), and CGA yield (ug CGA/mg)

Extraction Recycling 1 Recycling 2 Extraction Recycling 1 Recycling 2
(NH4)2SO4/ethanol NaH>POs/ethanol
TPC yield 0.050 + 0.00? 0.049 £+ 0.00* 0.051 £0.00* 0.067 + 0.00° 0.075 + 0.00? 0.067 + 0.00°
Flavonoids 0.146 £ 0.00? 0.141 £ 0.00° 0.142 £ 0.00° 0.248 + 0.00? 0.247 + 0.00? 0.247 £ 0.00*
yield
CGA yield 31.75+0.27° 31.85+0.78° 29.60 £ 0.09* 39.75 +£0.23? 40.67 £0.99* 39.10 £0.38*
Glucose/1-propanol Maltose/1-propanol
TPC yield 0.033 £ 0.00? 0.036 £ 0.00* 0.036 £ 0.00* 0.025 £+ 0.00? 0.022 + 0.00? 0.022 + 0.00?
Flavonoids 0.062 + 0.00? 0.075+£0.01* 0.080 + 0.00* 0.055 + 0.00? 0.054 + 0.00° 0.054 £ 0.00?
yield
CGA yield 19.62 £1.16° 24.54 £3.09% 24.52 £2.70* 17.37 £0.22° 17.13 £1.10° 16.76 £ 0.16*

Different superscripts indicate statistically significant difference between extraction, first, and second recycling stages at P<(0.05



When determining the feasibility of ATPE for industrial scale processing, it is important to
consider the savings that would result from recycling and the reduction in fresh ATPE
components needed for the process. In this study, the average amount of salt and ethanol
recovered from the (NH4)2SOs/ethanol ATPE over the three extraction stages were 36.1%
and 73.1%, respectively, where the salt was recovered after drying in the vacuum oven,
while the ethanol was recovered after rotary evaporation. In comparison, for the
NaH>POu/ethanol ATPE the average salt recovery was much lower at 8.9%, while the
ethanol recovery was 69%. Experiments with glucose/1-propanol ATPE were able to
recover 47.7% propanol, while 54% propanol was recovered with the maltose/1-propanol
ATPE. In comparison to the average salt recovery of 60.8% and alcohol recovery of 69.9%
reported by Show et al. (2013) for potassium phosphate/2-propanol ATPE, lower salt
recoveries have been obtained the present work. It is possible that the low salt recoveries
from our study could be due to the SPE cartridges used to purify the bottom phase for
analysis. In any case, these results indicate that economic benefits would be possible when
scaling up to the industrial scale, as small percentage recoveries would be significant at the

larger scale.

4.5 Conclusion and Future Work

This study presented the effects of recycling ATPE phase-forming components. Using the
recovery of TPC, flavonoids, and CGA from haskap leaves as an applied model, two
recycling stages for ammonium sulphate/ethanol, sodium phosphate/ethanol, glucose/1-
propanol, and maltose/1-propanol ATPE produced consistent partitioning, extraction
efficiencies, and extraction yields. We concluded that recycling has the potential to reduce
the amount of materials and post handling costs required for ATPE while maintaining its
performance. Further studies may include integration of sugar crystallization with ATPE

to enhance its sustainability.
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Connecting Statement 3

Chapter 4 has shown that ATPE phase-forming components can be recycled for two stages
while maintaining the extraction efficiency. However, the glucose and maltose used in the
sugar/propanol ATPE systems could not be separated from the slurries. In view of this and
the higher extraction efficiencies shown by salt/ethanol ATPE systems in Chapter 3, two
ATPS, namely ammonium sulphate/ethanol and sodium dihydrogen phosphate/ethanol,

were selected for the following investigations in Chapter 5.

Chapter 5 evaluates aqueous two-phase flotation (ATPF) which is a bubble-assisted ATPE,
for the extraction of bioactives from haskap leaves. In this work, the salt-based ATPS and
haskap leaves were placed in a flotation column. Air was passed through a frit at the bottom
of the column, producing bubbles which serve as surfaces for the biomolecules to adsorb.
The rising bubbles were hypothesized to increase extraction efficiency as it facilitates mass

transfer of bioactive compounds to the top phase.

Chapter 5 is based on an article reproduced from Food and Bioprocess Technology with
permission from Springer Nature. The details of the article are as follows:

Chong, K. Y., Stefanova, R., Zhang, J., & Brooks, M. S. L. (2020). Extraction of Bioactive
Compounds from Haskap Leaves (Lonicera caerulea) Using Salt/Ethanol Aqueous Two-

Phase Flotation. Food and Bioprocess Technology, 13,2131-2144.
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Chapter 5 : Extraction of Bioactive Compounds from Haskap Leaves

(Lonicera caerulea) using Salt/Ethanol Aqueous Two-Phase Flotation

5.1 Abstract

Aqueous two-phase flotation (ATPF) was used for the extraction and partial purification
of bioactive compounds from haskap leaves. Two ATPF systems, ammonium
sulphate/ethanol and sodium phosphate/ethanol, were compared. A Box-Behnken
approach was used to investigate the operating parameters which included sample loading
(5.0, 52.5, and 100.0 mg), flotation time (5, 62.5, 120 minutes), and air flow rate (11.4,
20.0, 28.6 mL/min). Response surface optimization was performed to maximize the yields
of chlorogenic acid (CGA), flavonoids, and total phenolics (total phenolic content, TPC).
At the optimized parameters for the ammonium sulphate/ethanol ATPF system (i.e. 5 mg
leaves, 120 min flotation time, and air flow rate of 28.6 mL/min), the extraction efficiencies
were 97.1%, 98.7%, and 99.6% for CGA, flavonoids, and TPC, respectively. The
corresponding partition coefficients were 29.6 for CGA, 62.4 for flavonoids, and 231.4 for
TPC. Quantitation of individual compounds wusing high-performance liquid
chromatography showed that ATPF with ammonium sulphate/ethanol achieved yields of
0.031 mg CGA/mg dry mass leaves, 0.027 mg rutin/mg dry mass leaves, 0.006 mg
luteolin-7-O-glucoside/mg dry mass leaves, and 0.007 mg diosmin/mg dry mass leaves.
Based on the overall extraction performance, ammonium sulphate/ethanol ATPF is the
preferred system in comparison to sodium phosphate/ethanol ATPF, for the extraction of

bioactive compounds from haskap leaves.

5.2 Introduction

Haskap plants or blue honeysuckle, Lonicera caerulea, are known for their berries which
are rich in antioxidants due to the presence of various bioactive compounds such as
anthocyanins and flavonoids (Celli et al., 2014; Khattab et al., 2016). They have recently
gained interest as a commercial crop in North America, particularly Canada, due to their
ability to withstand severe cold climates, such as in the northern prairie region (Hummer
et al., 2012). These deciduous shrubs shed their leaves annually, resulting in an abundant

source of leaves. Studies have shown that haskap leaves contain a range of metabolites
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such as chlorogenic acid, flavonoids, loganin, secologanin, and triterpenoids (Becker et al.,
2017; Bonarska-Kujawa et al., 2014; Dawson, 2017; Machida et al., 1995; Oszmianski et
al., 2011). Chlorogenic acid for instance, can be used to treat inflammation and
hypertension (Naveed et al., 2018), and quercetin, which is a major flavonoid in haskap
leaves, has demonstrated anticancer properties from in vitro studies and prevented
cardiovascular diseases (Wang et al., 2016). The polyphenol content in the leaves can also
contribute to antioxidative properties which can lower oxidative stress, DNA mutations,
and other forms of cell damage (Pisoschi & Pop, 2015). These health-promoting properties
make the leaves from haskap plants a valuable by-product stream that could have
applications in many industries that produce health supplements, functional foods and

consumer products such as cosmetics and personal health products.

Conventional extraction methods such as maceration (Radojkovi¢ et al., 2016) and
distillation (Donelian et al., 2009) have many drawbacks. These methods usually rely on
toxic organic solvents in large volumes, have low extraction efficiencies, require multiple
steps, and use high temperatures which may cause degradation to thermolabile bioactive
compounds. In the recent years, there are emerging extraction technologies such as
ultrasound-assisted extraction (HorZi¢ et al. 2012; Jiang et al. 2019), microwave-assisted
extraction (Krishnaswamy et al., 2013; Périno-Issartier et al., 2011; Routray & Orsat, 2012),
pulsed ohmic heating (El Darra et al., 2013), and supercritical extraction (Bimakr et al.,
2012; Leal et al., 2007; Pereira & Meireles, 2010). These techniques require sophisticated
equipment such as ultrasound transducer, magnetron, electrodes, and high-pressure pumps,
respectively. Aqueous two-phase flotation (ATPF) is explored as an emerging mild
extraction technique for recovering biomolecules, and integrates both aqueous two-phase
extraction (ATPE) and solvent sublation. ATPE uses an aqueous two phase system (ATPS)
comprised of two incompatible aqueous components that partition into two distinct phases
(Hatti-Kaul, 2000). ATPE occurs when solutes from a solid or liquid are selectively
partitioned in an ATPS. Solvent sublation occurs in the ATPF system when the
biomolecules adsorb onto the surface of rising gas bubbles and concentrate in the top phase
after some time (Bi, Dong, & Dong, 2010). ATPF promotes both the mass transfer of the

biomolecules via solvent sublation and simultaneous selective partitioning between two
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aqueous phases. As ATPF can be designed to use less toxic phase-forming components
such as alcohols and salts, it is an environmentally friendly technique for separation,
concentration, and partial purification of biomolecules. The high water content of an ATPS
and its ability to occur at lower temperatures provides a mild extraction environment for
the leaves. ATPF has been used to extract baicalin, a flavone glycoside (Bi et al., 2013),
betacyanin (Leong, Ooi, Law, Julkifle, Ling, et al., 2018), puerarin, an isoflavone (Bi,
Dong, & Yuan, 2010), polyphenols (de Aratjo Padilha et al., 2018), bromelain (Pakhale et
al., 2013), lincomycin, an antibiotic (Li & Dong, 2010), and various proteins (Lakshmi et
al., 2012; Nandini & Rastogi, 2011; Ng et al., 2020; Platis & Labrou, 2006). As ATPF has
a simple set-up, requiring only a flotation column and an air source, it is easy to scale-up
and much cheaper than emerging extraction technologies, as mentioned previously (Lee et
al., 2016). ATPF can be optimized by the classical one factor-at-a-time method or by the
design of experiments approach. The former method can be time-consuming and involves
numerous experimental runs. With the design of experiments approach, response surface
methodology (RSM) allows users to examine the interaction effects between different
variables and to minimize the number of experimental runs required. RSM has been
successfully applied in other ATPE work (Cheng et al. 2017; Jiang et al. 2019; Ma et al.
2013) and ATPF work (Han et al., 2014; Padilha et al., 2017).

The objective of this research was to compare the performance of ATPF in two salt/ethanol
systems, namely ammonium sulphate (NH4)>SOs/ethanol and sodium dihydrogen
phosphate NaH2POs/ethanol, for the extraction of bioactive compounds from haskap leaves.
Both are categorized as generally recognized as safe (GRAS) substances, where (NH4)2SO4
is used as a dough strengthener and firming agent while NaH>PO4 is used as a thickening
agent and emulsifier in animal feed (U.S. Food and Drug Administration, 2020). These
ATPS were the focus of this work, as they have shown promising results in a recent ATPE
study (Chong et al., 2020a) and the extracts have the benefit of being compatible in food
and consumer care products. Three factors, sample loading, flotation time, and air flow
rate, were optimized based on bioactive extraction yields using response surface
methodology (RSM). Specifically, analyses of chlorogenic acid (CGA), flavonoids, and

total phenolic content (TPC) were conducted using UV-Vis spectrophotometric assays. The
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optimized extracts were then analyzed using high-performance liquid chromatography
(HPLC) and the ATPF technique was compared to ATPE and conventional extraction. The
novelty of this work is that it is the first study that investigates and optimizes the extraction
of bioactive compounds from haskap leaves using ATPF. This work will explore the
feasibility of ATPF as an assisted “green” extraction technology that uses leaves as a
sustainable by-product obtained from haskap cultivation and produces natural extracts that

will have wide application in food and consumer care products.

5.3 Materials and Methods

5.3.1 Materials

Ethyl alcohol (95% volume) was obtained from Greenfield Specialty Alcohols Inc.
(Toronto, Ontario, Canada). Methanol (>99.9%) was supplied by VWR Analytical
(Mississauga, Ontario, Canada). Sodium dihydrogen phosphate 96% and diosmin were
purchased from Alfa Aesar (Ward Hill, Massachusetts, USA). The following chemicals
were purchased from Sigma-Aldrich (Oakville, Ontario, Canada): 1-propanol (>99%, food
grade), ammonium sulphate (ACS, >99%), sodium nitrite (>97%, ACS), aluminum nitrate
nonahydrate (ACS, >97%), sodium carbonate (ACS, 99.95-100.05% dry basis), Folin &
Ciocalteu’s phenol reagent (2N), gallic acid monohydrate (ACS, >98%), chlorogenic acid
(>95%, titration), and rutin hydrate (>94%, HPLC grade). In addition, rutin-7-O-glucoside
(95.1%) was purchased from ChromaDex and deionized water was obtained from a Milli-

Q water purification system (Millipore, Bedford, Massachusetts, USA).

Fresh leaves were harvested in July 2018 from haskap plants of the Aurora variety which
were in their first growth year in Nova Scotia, Canada. The geographical coordinates of
the harvest location are 44°28'10.8"N, 64°39'25.6"W. The fully developed leaves were
picked after the berries had been harvested. At this stage of the plant growth cycle, there
were signs of natural senescence (leaf browning) starting to occur on some parts of the
plant, however the majority of the leaves on the haskap plants were still green. For this
study, leaves that appeared green without any browning were selected for harvesting. The
samples were frozen at —20 °C and subsequently freeze-dried in a Labconco FreeZone 2.5

Plus freeze dryer (Labconco, Kansas City, MO, USA). The dried samples were sealed in
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vacuum pouches and stored at —20 °C in the dark. Before each independent experiment,
samples were ground and sieved through a 500 um mesh opening. Validation studies were

performed at the end of the second independent experiment.

5.3.2 Methods

5.3.2.1 Extraction

Conventional Extraction

Conventional extraction was performed using maceration in an incubator shaker (G25
Controlled Environment Incubator Shaker, New Brunswick Scientific, New Jersey, USA)
at 200 rpm. Ground leaves were agitated with 80% (v/v) methanol for 24 hours at 25 °C
(Safdar et al., 2017). The extract was centrifuged (Sorvall T1 centrifuge, Thermo Scientific,
USA) at 1500 g for 1 minute and the supernatant was analyzed using UV-Vis spectroscopy.

Aqueous Two-Phase Flotation (ATPF)

A schematic diagram of the ATPF set-up at 25 °C is shown in Figure 5.1. A glass
chromatography column with a length of 28.5 cm from the porous disc to top of the column
and internal diameter of 1.5 cm was used as the flotation column. A porous stainless-steel
disc with pore size of 10 um and 1.27 cm diameter was fitted at the bottom end of the
column to generate bubbles. A variable-area flowmeter (Cole-Parmer Instruments Co.,
Chicago, IL) was connected to the column to regulate the air flow rate. The surface-active

compounds would then attach to the air bubbles and rise to the top phase.
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Figure 5.1 Experimental set-up of ATPF

Ammonium sulphate/ethanol and sodium phosphate/ethanol ATPSs were used in this study.
Salt/ethanol ATPSs were used as they have been proven to extract high yields of bioactive
compounds from an earlier work (Chong et al., 2020a). The ATPS composition was
selected based the same earlier work which maximized the yields of bioactive compounds
in haskap leaves. The composition for (NH4)>SO4/ethanol ATPS was 20 wt% (NH4)2SOs4,
27.5 wt% ethanol, and 52.5 wt% water while the composition for NaH,POs/ethanol ATPS
was 10 wt% NaH2PO4, 37.0 wt% ethanol, and 53 wt% water. The pH of (NH4)2SO4/ethanol
ATPS top phase was 5.54 while the pH for NaH,POu/ethanol ATPS top phase was 3.81.
The experiments were performed at 25 °C. An ATPS of 20 g was added into the column
with ground leaves which were weighed using an analytical balance with a precision of
+0.1 mg (Denver Instrument PI-314, Bohemia, New York, USA). The solution and ground
leaves were mixed vigorously by switching on the air flow at 28.6 mL/min for 30 seconds.
The corresponding superficial air velocity was 0.0027 m/s. This mixing step was

consistently performed for all ATPF experiments to ensure a homogenous phase prior to
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the partitioning mechanism. Then the experiment was conducted according to a specific
set of operating parameters, as described in Table 5.1. At the end of the reaction time, the
air supply was turned off to equilibrate the system for 1 minute. The top and bottom phases
were gently removed from the column, ensuring that the leaves at the interphase remained
in the column, and their respective volumes recorded. The top phase from each experiment
was then analyzed using the UV-Vis spectrophotometric methods described in Section
3.3.2.2. Solid phase extraction (SPE) was used to purify the bottom phase prior to analysis.
Briefly, Hypersep SPE 500 mg/2.8 mL C18 cartridges (Thermo Scientific, Rockwood,
Tennessee, USA) were preconditioned and equilibrated with water prior to sample loading.
The cartridges were then washed with acidified water, 0.1% (v/v) formic acid, to remove
the salt components and the organic fractions were eluted with 75% (v/v) and 100%
ethanol. These fractions were dried under nitrogen and dissolved in 80% (v/v) methanol

prior to analysis using UV-Vis spectroscopy.

Aqueous Two-Phase Extraction (ATPE)

ATPE was conducted as a comparison by using the same sample loading and extraction
time from Table 5.1. Ground leaves were mixed for 30 seconds in the flotation column as
described above, however air was not introduced for ATPE. Analysis was conducted as

described previously for ATPF extracts.

Water Extraction

For comparison with ATPF, the ground leaves were extracted with water in the flotation
column at the optimized operating parameters obtained from ATPF. The same parameters
ie. sample loading, flotation time, and air flow rate in Table 5.1 were used. The experiment
was also conducted without air (i.e. no flotation) using water at the same operating

parameters for comparison with ATPE.
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Table 5.1 Box Behnken experimental design matrix and yields (mg/mg leaves) from two independent experiments

Run  Sample Flotation Air flow Ammonium sulphate/ethanol ATPF Sodium phosphate/ethanol ATPF

loading  time rate CGA yield Flavonoids TPC yield CGA yield Flavonoids TPC yield

(mg) (min) (mL/mi yield yield

n)

1? 52.5 62.5 20 0.041 £ 0.001 0.174 £ 0.002 0.061 = 0.004 0.039 £ 0.006 0.213 £ 0.006 0.090 £ 0.002
2 52.5 120 11.4 0.039 + 0.003 0.162 £0.015 0.058 + 0.003 0.046 = 0.001 0.219 £ 0.005 0.090 £ 0.004
3 5 5 20 0.018 = 0.006 0.195£0.022 0.073 £0.011 0.038 £ 0.003 0.227 £ 0.031 0.105 £ 0.008
42 52.5 62.5 20 0.040 = 0.001 0.171 £ 0.004 0.060 + 0.001 0.040 £ 0.05 0.212 £0.005 0.086 £ 0.003
5 5 62.5 28.6 0.044 = 0.001 0.192 £ 0.004 0.074 £ 0.003 0.017" 0.197° 0.099°
6 52.5 120 28.6 0.049 = 0.001 0.203 £ 0.006 0.070 = 0.000 0.049 £ 0.002 0.235 +£0.021 0.091 £ 0.007
7 100 62.5 11.4 0.033 +0.001 0.135 £ 0.004 0.047 £+ 0.002 0.044 = 0.000 0.257 +0.003 0.079 +0.001
8 100 5 20 0.032 £ 0.002 0.149 £+ 0.004 0.050 £ 0.001 0.039 £ 0.001 0.223 £ 0.005 0.072 £+ 0.002
9 52.5 5 11.4 0.036 = 0.001 0.158 =0.007 0.050 = 0.000 0.039 £+ 0.003 0.178 £ 0.022 0.082 £ 0.002
10 100 120 20 0.041 =0.001 0.166 £ 0.005 0.059 = 0.002 0.047 £ 0.000 0.303+£0.016 0.084 + 0.001
11 5 120 20 0.058 =0.072 0.229 £0.029 0.083 £ 0.007 0.040 = 0.002 0.240 £ 0.026 0.107 =0.008
12° 52.5 62.5 20 0.038 = 0.000 0.164 = 0.000 0.060 = 0.000 0.048 = 0.000 0.220 £ 0.001 0.091 £ 0.003
13 52.5 5 28.6 0.036 =0.001 0.163 = 0.006 0.055 £ 0.006 0.041 £ 0.001 0.184 £0.013 0.081 £ 0.002
14 100 62.5 28.6 0.043 £ 0.001 0.169 £ 0.007 0.057 +0.002 0.048 = 0.002 0.284 +0.020 0.070 = 0.007
15 5 62.5 11.4 0.029 £ 0.002 0.177 £ 0.005 0.073 £ 0.002 0.062 £+ 0.002 0.220 £ 0.006 0.102 £+ 0.003

 denotes center points

b Run 5 of sodium phosphate/ethanol ATPF w as based on one independent experiment due to the column overflowing after several other attempts



5.3.2.2 UV-Vis Spectrophotometric Analysis of Bioactive Compounds

Individual calibration curves were plotted for the two ATPS used to minimize salt
interference (Golunski et al., 2016). Samples were diluted when necessary using the
corresponding top phase to ensure that the measurements were in the range of the
calibration curve. Chlorogenic acid, flavonoid content, and total phenolic content (TPC)

were determined according to Section 3.3.2.2.

5.3.2.3 Performance Indicators
Three performance indicators, yield, partition coefficient (k) and extraction efficiency
(EE) were used to assess the effectiveness of the ATPF and ATPE experiments. These

indicators were determined according to Section 3.3.2.3.

5.3.2.4 Design of Experiment, Optimization, and Statistical Analysis

Table 5.1 shows the RSM design using a Box-Behnken approach with the factors and
their levels in parentheses: sample loading (5.0, 52.5, and 100.00 mg), flotation time (5,
62.5, 120 minutes), and air flow rate (11.4, 20.0, 28.6 mL/min). A Box-Behnken design
allows efficient estimation of the first and second-order coefficients of mathematical
models (Bezerra et al., 2008). Since the total mass of the ATPS was 20 g, the sample
loading can be expressed as 0.025%, 0.263%, and 0.5% (w/w) for 5.0, 52.5, and 100.0
mg leaves, respectively. The maximum sample loading of 100 mg was selected so that
the top and bottom phases could be identified (Chong et al., 2020a) and the maximum
flotation time of 120 minutes was based on other ATPF studies (Bi, Dong, & Yuan,
2010; Lin et al., 2015). Preliminary tests showed that the maximum air flow rate that
could be used with the solution and column was 28.6 mL/min, as higher air flow rates
resulted in the column overflowing due to increased gas holdup (Besagni & Inzoli,
2017). Two independent experiments comprising of 15 base runs were performed in
randomized order for each type of salt/ethanol system and the yields for CGA,
flavonoids, and TPC were determined from triplicate analyses. The behavior of the
response surface was modelled with a second-order polynomial, as shown by

Equation 5.1.

Y; = Bo + BaA + BgB + BcC + BaaA? + BppB® + BccC? + BapAB + BucAC +
BrcBC
(5.1)
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Here, Y; is the yield and £y is the estimated constant coefficient; f4, s, and fc are the
estimated coefficients for linear effect terms; fu4, S, and fcc are the estimated
coefficients for quadratic terms; and f4s, fac, and fpc are the estimated coefficients for
interaction terms. 4, B, and C are the uncoded independent variables for sample loading,
flotation time, and air flow rate, respectively. Final models were obtained for each yield
by manually removing insignificant variables (P>0.01 for the ammonium
sulphate/ethanol ATPF and P>0.05 for the sodium phosphate/ethanol ATPF) while
following the hierarchical model convention and retaining all lower order terms for

significant interactions.

Analysis of variance (ANOVA) and response surface optimization were performed
using Minitab statistical software (Version 18, Minitab Inc. USA). One-way ANOVA
was used to test for significant differences between means using Tukey’s multiple
comparison test, and error bars included in figures and tables represent the standard
error of means (SEM). Multi-response optimization was used to predict the conditions
that would result in maximized yields for CGA, flavonoids and TPC. The results were
then validated experimentally and Equation 5.2 was used to compare the predicted and

experimental values.

Experimental value—Predicted value

Deviation (%) = x 100 (5.2)

Predicted value

5.3.2.5 High Performance Liquid Chromatography (HPLC) Analysis for

Optimized Conditions

Prior to analysis, the top phase from the optimized extraction was dried using a
centrifugal evaporator (Genevac EZ-2, SP Scientific, New York, USA) and then
dissolved in distilled water. This aqueous solution was loaded onto a 500 mg/2.8 mL
C18 solid phase extraction cartridge (Thermo Scientific, Rockwood, Tennessee, USA)
which had been preconditioned with methanol and equilibrated with water. The
cartridge was then washed with acidified water, 0.1% (v/v) formic acid, to remove the
salt. The desired compounds were subsequently eluted with a solution of 75% (v/v)

aqueous ethanol with 0.1% (v/v) formic acid, followed by 100% ethanol. These organic
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fractions were then dried under nitrogen. Prior to HPLC analysis, the organic fractions

were dissolved in 1 mL of 50% (v/v) methanol.

HPLC analysis was conducted using an Agilent 1200 HPLC system (Agilent,
Waldbronn, Germany) equipped with a quaternary pump (Agilent G1311A), an
autosampler (G1329A), a column compartment with temperature controller (G1316A),
and a diode array detector (G1315B). The column (Zorbax SB-C18, 1.8 pm, 4.6 mm X
50 mm, Agilent, U.S.A.) was eluted with a mobile phase consisting of (A) 0.1% (v/v)
formic acid in Milli-Q water and (B) 0.1% (v/v) formic acid in acetonitrile using a
gradient of 1% to 99% B in 25 minutes at a flow rate of 0.3 mL/min. The injection
volume was 1 pL and the column temperature was maintained at 40 °C. Elution was
monitored at 320 and 250 nm on the diode array detector. Chlorogenic acid, rutin,
luteolin-7-O-glucoside, and diosmin were quantified using linear regression equations
obtained from five-point calibration curves. These compounds were selected for HPLC

analysis as they had been identified and quantified in haskap leaves (Dawson, 2017).

5.4 Results and Discussion

5.4.1 Response Surface Regression

The coefficients for response surface equations are shown in Table 5.2. All the models
were statistically significant at <0.01 for ATPF using ammonium sulphate/ethanol and
P<0.05 for ATPF using sodium phosphate/ethanol, except for the CGA yield from
ATPF using sodium phosphate/ethanol. Upon detailed examination, only the interaction
between sample loading and air flow rate (A*C) was significant with a P value of 0.002.
Its R’ value of 0.3887 shows that this model for CGA yield can only account for 38.87%
of the variability of the response around its mean. Our previous study also showed
insignificant models for CGA yields obtained from the glucose/l-propanol ATPS
(Chong et al., 2020a). In our analysis, blocking was included between the first and
second independent experiment to minimize bias and reduce unexplained variability. It
was found that the blocks were insignificant except for flavonoids yield using sodium

phosphate/ethanol.
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Table 5.2 Regression coefficients for yields obtained from ATPF

Ammonium sulphate/ethanol ATPF® Sodium phosphate/ethanol ATPF®

Coefficient® CGA Flavonoids TPC Yield CGA Yield Flavonoi TPC Yield
Yield Yield ds Yield
Bo 0.00988 0.1737 0.059 0.0791 0.20857 0.08818
Ba 0.00018 —0.02188 —0.01125 —0.000506 0.02192  —-0.0079
Bs 0.000285 0.01181 0.00537 N/A 0.02319 0.00181
Jife 0.000531 0.01181 0.00337 —0.001954 N/A —0.00704
Baa N/A N/A 0.00562 N/A 0.03626 N/A
Bss N/A N/A N/A N/A N/A N/A
Pcc N/A N/A N/A N/A N/A N/A
Bas —0.000003 N/A N/A N/A 0.01688 N/A
Bac N/A N/A N/A 0.000028 N/A N/A
Psc N/A N/A N/A N/A N/A N/A
R? 0.7375 0.7084 0.8378 0.3887 0.8308 0.5286
R’ (adj) 0.6829 0.6617 0.8040 0.2869 0.7940 0.4500
R? (pred) 0.5246 0.5603 0.7409 0.00 0.7139 0.3414
P (model)® 0.000 0.000 0.000 0.015 0.000 0.001
P (lack of fit)° 0.024 0.026 0.089 0.233 0.037 0.228
P (blocks)® 0.208 0.031 0.087 0.443 0.002 0.112

2 By is the estimated constant coefficient

B4, P, and B¢ are the estimated coefficients for linear effect terms

B, Psr, and fcc are the estimated coefficient for quadratic terms

PBas, Pac, and Bac are the estimated coefficient for interaction terms

A, B, and C are the uncoded independent variables for sample loading, flotation time, and air flow rate
®N/A not applicable; factor was not significant. The equations were averaged over blocks

¢ A 99% confidence interval was used for ammonium sulphate/ethanol ATPF while a 95% confidence
interval was used for sodium phosphate/ethanol ATPF

The effects of sample loading, flotation time, and air flow rate are illustrated in Figure
5.2, where selected three-dimensional surface plots are shown. As surface plots
illustrate interactions between two factors, the third factor was held at the zero level in
coded units. Figure 5.2 (a) and (c) show that as sample loading increased from 5 to 100
mg, the yields for CGA and TPC decreased, which may have been due to the larger
amount of leaves forming a barrier blocking the bubble flow to the top phase, resulting
in lower yields. Similarly, other studies have attributed decreasing yields to an increased
viscosity in the bottom phase preventing the bubbles from rising effectively (Koyande

et al., 2019). Other studies have reported a volume exclusion effect, which can occur
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when there is reduced space in the top phase for the biomolecules to partition (Ng et al.,

2020) therefore decreasing the yields.

Held at 5min

- ator Held at 5mg
§ flotation time (b) sample loading
©
T —~
2 o3
Eﬂ > 024
g 5L 022
Q O
= 0.20
3 > 286 5E 2856
3 . z g 0.18
> /200 Airflow L £ 200
< 2”114 rate 5.0 625 114 Airflow
O] 100.0 - 1200 rate
O ) (mL/min) ] . )
Sample loading (mg) Flotation time (min) (mL/min)
Held at 5min
flotation time
m
$ o
(o))
QE
= 28.6
E
Air flow
_ rate
Sample loading (mg) (mL/min)

Figure 5.2 Interaction effects on (a) CGA yield from sodium phosphate/ethanol ATPF;
and (b) flavonoids yield, and (¢) TPC yield from ammonium sulphate/ethanol ATPF

In Figure 5.2, it is evident that as the air flow rate increased from 11.4 to 28.6 mL/min,
the yields for CGA and TPC increased. This behaviour has been attributed to the higher
air flow rates generating more air bubbles and increasing the surface area for the
adsorption of biomolecules (de Aratjo Padilha et al., 2018; Koyande et al., 2019);
however, there is a limit to the maximum allowable air flow rate to avoid foam
accumulation (Bi et al., 2013). Figure 5.2 (b) shows that the flavonoids yield increased
with increasing flotation time from 5 to 120 minutes. This can be attributed to an
increase in the biomolecules adsorbing onto the bubble surface with the greater flotation
time. Other studies reported similar trends with increased recoveries of isoflavone (Bi,
Dong, & Yuan, 2010) and proteins (Tham et al., 2019) obtained with increased flotation

time.

Figure 5.2 (a) also shows the interaction effects of sample loading and air flow rate.

Here, the maximum CGA yield of about 0.052 mg/mg leaves from ATPF with sodium
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phosphate/ethanol is shown at a sample loading of 5 mg and air flow rate of
11.4 mL/min. However, high CGA yields of around 0.050 mg/mg leaves are also
observed at a sample loading of 100 mg and air flow rate of 28.6 mL/min. The presence
of these two scenarios with high CGA yields in the sodium phosphate/ethanol system
may be due to a poor regression fit, as shown in Table 5.2. The highest flavonoids yield
of about 0.220 mg RE/mg leaves was achieved at 120 min flotation time and
28.6 mL/min air flow rate while the highest TPC yield of 0.077 mg/mg leaves was
reached at a low sample loading of 5 mg and high air flow rate of 28.6 mL/min (Figure

5.2 (b) and (c), respectively).

5.4.2 Optimization of ATPF

The operating conditions were optimized for maximum CGA yield, flavonoids yield,
and TPC yield from haskap leaves. For all responses, the weight factor was set to 1 to
ensure equal importance on the desirability. Table 5.3 shows two optimized solution
for each ATPF system, individual desirability values, and validation results. The overall
desirability, D is a measure of how well the goals for the three responses were optimized,
and ranges from 0 to 1, where 1 represents the ideal situation and 0 indicates that one

or more responses are out of their acceptable limits.

Table 5.3 Optimized parameters of ATPF, desirability, and validation results for CGA
yield (mg/mg leaves), flavonoids yield (mg RE/mg leaves), and TPC yield (mg
GAE/mg leaves)

Responses Individual Predicted Experimental Deviation

desirability,d  value value (%)

(NH4)>SO4/ethanol: 5 mg leaves, 120 min flotation time, 28.6 mL/min air flow rate.

D =0.81°

CGA yield 0.88 0.058 0.035 39.7
Flavonoid yield 0.69 0.219 0.307 40.0%*
TPC yield 0.86 0.085 0.097 14.6

NaH,PO4/ethanol: 5 mg leaves, 120 min flotation time, 11.4 mL/min air flow rate.

D =0.61°

CGA yield 0.61 0.056 0.034 393
Flavonoid yield 0.45 0.229 0.193 15.6
TPC yield 0.82 0.105 0.093 11.7

2 D: overall desirability
*value is outside of 99% prediction interval
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The optimized parameters for ATPF using ammonium sulphate/ethanol were 5 mg
leaves, 120 min flotation time, and 28.6 mL/min for the air flow rate, while the
optimized parameters for ATPF using sodium phosphate/ethanol were 5 mg leaves,
120 min flotation time, 11.4 mL/min for the air flow rate. Their composite desirabilities

of 0.81 and 0.61 are considered ‘very good’ and ‘satisfactory’ (Lazic, 2006).

Deviations between the experimental and predicted values were within the 99%
prediction interval except for the flavonoids yield from ATPF using ammonium
sulphate/ethanol. This is in keeping with the predicted R’ value of 0.56 for the
flavonoids yield in Table 5.2. It is possible that the nine-day period between the
completion of the ammonium sulphate/ethanol ATPF experiments and the experimental
validation could have contributed to the results outside of the 99% prediction interval.
In a separate experiment to investigate the effect of frozen storage time on the bioactive
content of the ground leaves, the flavonoids yield was found to increase by
0.027 mg/mg leaves after nine days (data not shown). This was also observed in other
produce where transient increases were noted for some bioactive compounds with
longer postharvest storage time (Kevers et al., 2007; Piljac-Zegarac & Samec, 2011;
Sanchez-Ballesta et al., 2007).

5.4.3 Comparison of Optimized Parameters with Aqueous Two-Phase Extraction
Figure 5.3 shows the results from different extraction methods for ammonium
sulphate/ethanol systems. Using the optimized parameters, ATPF with ammonium
sulphate/ethanol yielded 0.035 mg CGA/mg leaves, 0.307 mg RE/mg, and 0.100 mg
GAE/mg while ATPE resulted in 0.019 mg CGA/mg, 0.138 mg RE/mg, and
0.050 mg GAE/mg. This significant improvement in yield can be attributed to the role
of the bubbles in ATPF, where the biomolecules are adsorbed onto the bubble surface
and greater extraction results as the bubbles rise up to the top phase (de Aratijo Padilha
et al., 2018; Leong, Ooi, Law, Julkifle, Ling, et al., 2018). Conventional extraction
which was performed for 24 hours yielded 0.057 mg CGA/mg leaves, 0.174 mg RE/mg,
and 0.106 mg GAE/mg. Whereas extractions using water and conducted with and
without flotation yielded 0.051 and 0.044 mg CGA/mg leaves, 0.133 and 0.140 mg
RE/mg leaves, and 0.087 and 0.089 mg GAE/mg leaves, respectively. Although water
extraction achieved yields that were comparable to those from conventional extraction,

there are disadvantages associated with using water as the solvent, such as the high
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energy requirement for the removal of water (Chemat et al., 2019). Moreover, as water
is a polar solvent, non-polar compounds would have limited extractability in this
solvent system. Other berry leaves such as blueberry leaves had 0.164 mg GAE/mg
leaves (Routray et al., 2014) while Chilean berry leaves ranged from 0.11 to
0.13 mg GAE/mg leaves (Lopez de Dicastillo et al., 2017).

Figure 5.4 shows the yield comparison between different extraction methods for sodium
phosphate/ethanol systems. For ATPF using sodium phosphate/ethanol, yields of 0.034
mg CGA/mg, 0.19 mg RE/mg, and 0.09 mg GAE/mg were obtained while ATPE
resulted in 0.037 mg CGA/mg, 0.19 mg RE/mg, and 0.09 mg GAE/mg. The results
indicate that there was no significant difference between the yields obtained from ATPF

and ATPE for sodium phosphate/ethanol systems.
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Table 5.4 shows the partition coefficient and extraction efficiency of the optimized
ATPF parameters with the values obtained by ATPE as a comparison. Here, the
partition coefficient of 29.6 from ATPF with the ammonium sulfate/ethanol system
indicates that the top phase is 29.6 times more concentrated than the bottom phase. All
the partition coefficient values were more than 1 and this implies that partial

purification had occurred as the top phase is more concentrated than the bottom phase.

Table 5.4 Comparison of partition coefficient, k, and extraction efficiency, EE (%), of
ATPF and ATPE for ammonium sulphate/ethanol and sodium phosphate/ethanol
systems

Performance Ammonium sulphate/ethanol Sodium
indicators phosphate/ethanol
(Average £ SEM) ATPF ATPE ATPF ATPE
k CGA 29.6 £ 8.6° 9.6 £0.5% 11.1+£53* 102+1.2°
EE CGA (%) 97.1+0.8%  922+0.3° 98.7+0.6* 98.9+0.1°
k flavonoids 62.4 +4.3° 23.1+1.9° 6.7+ 1.7% 7.9 +0.5%
EE flavonoids (%) 98.7+0.17 96.6 £ 0.3° 98.3+0.4* 98.6+0.1°
kTPC 231.4+£16.5* 161.6 +123.6* © 104.8 £97.2
EE TPC (%) 99.6 £ 0.0? 98.8 +£0.9° 99.6 +0.4* 99.2+0.7*

Different superscript letters indicate significant difference between ATPF and ATPE of the same
system.

Table 5.4 also shows that ATPF using ammonium sulphate/ethanol had a significant
increase in partition coefficient and extraction efficiency when compared to that
obtained from ATPE for flavonoids and TPC. Moreover, the partition coefficient for
CGA and flavonoids increased by 208% and 170% respectively with ATPF. A similar
increase was reported by Bi and co-workers (Bi et al., 2013), where an increase in
concentration coefficient from 2.5 to 27 resulted when ATPF was used instead of ATPE
to extract baicalin, a flavone glycoside. ATPF also showed a 19.5% improvement of
the partition coefficient for the recovery of polyphenols in comparison to that obtained

from ATPE (de Aratijo Padilha et al., 2018). In our work, there were no significant
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differences between the partition coefficients and extraction efficiencies from ATPF
and ATPE using the sodium phosphate/ethanol ATPS. However, almost all the TPC
obtained by ATPF using sodium phosphate/ethanol partitioned to the top phase,

resulting in infinity partitioning.

Based on studies by other researchers (Bi et al., 2013; de Aratjo Padilha et al., 2018),
it was expected that ATPF would improve yields, however this was not observed in our
work for the sodium phosphate/ethanol systems. To investigate this further, a separate
experiment was done to investigate the effect of volumetric ratio (i.e. ratio of top phase
to the bottom phase volume) on the extraction performance. A volumetric ratio of 1.6
was tested using 19.9 wt% sodium phosphate, 19.5 wt% ethanol, and 60.6 wt% water,
which was based on the ATPS phase diagram from previous work (Chong et al., 2020a),
as a comparison to the volumetric ratio of 9 otherwise used in this study with sodium
phosphate/ethanol. The results also showed that the partition coefficient and extraction
efficiency of ATPF and ATPE for CGA and flavonoids did not have a significant
difference while infinity partitioning was observed for TPC (data not shown). This
strong affinity towards the top phase for TPC was also exhibited by laccase in a
polyethylene glycol/phosphate ATPS (Blatkiewicz et al., 2018) and resulted in infinity
partitioning. However, the large standard error of mean observed for the TPC partition
coefficient in both ammonium sulphate/ethanol and sodium phosphate/ethanol systems

of this study suggests that TPC may not be a suitable performance indicator.

5.4.4 HPLC Analysis

While the spectrophotometer provides an economical and rapid method to analyze a
broad spectrum of compounds, HPLC analysis offers higher precision when quantifying
individual compounds. Figure 5.5 illustrates the yield of four compounds quantified
using HPLC for conventional extraction, in comparison to ATPF and ATPE for

ammonium sulphate/ethanol and sodium phosphate/ethanol systems.
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The retention times are included in Table 5.5. For the conventional extracts, the yields

obtained by HPLC were 0.021 mg CGA/mg, 0.014 mg rutin/mg, 0.001 mg luteolin-7-

O-glucoside/mg, and 0.003 mg diosmin/mg leaves. The optimized ATPF extracts using

ammonium sulphate/ethanol recorded the largest yield increase of 49.9%, 96.4%,

652.1%, and 160.6% for chlorogenic acid, rutin, luteolin-7-O-glucoside, and diosmin

respectively when compared to conventional extracts.

Table 5.5 Wavelength, retention time, and content of selected bioactive compounds

from HPLC

Compounds Wavelength Retention time Yield (mg/mg dry
(nm) (min) weight leaves)

Conventional extract
CGA 320 9.641 0.021
Rutin 250 11.421 0.014
Luteolin-7-0O-glucoside 250 11.834 0.001
Diosmin 250 12.444 0.003
Optimized extract for (NH4),SO4/ethanol ATPF
CGA 320 9.651 0.031
Rutin 250 11.449 0.027
Luteolin-7-0O-glucoside 250 11.859 0.006
Diosmin 250 nm 12.468 0.007
Optimized extract for (NH4):SO4/ethanol ATPE
CGA 320 9.644 0.016
Rutin 250 11.440 0.013
Luteolin-7-O-glucoside 250 11.839 0.001
Diosmin 250 12.464 0.003
Optimized extract for NaH,PO./ethanol ATPF
CGA 320 9.644 0.019
Rutin 250 11.438 0.016
Luteolin-7-O-glucoside 250 11.852 0.001
Diosmin 250 12.469 0.003
Optimized extract for NaH,PO./ethanol ATPE
CGA 320 9.629 0.019
Rutin 250 11.438 0.017
Luteolin-7-O-glucoside 250 11.833 0.001
Diosmin 250 12.465 0.003

Retention times and yields reported for ATPF and APTE extracts are an average of two independent

experiments
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These findings support the significant increase observed in the partition coefficients for
CGA and flavonoids from ATPF using ammonium sulphate/ethanol compared with
sodium phosphate/ethanol in Table 5.4. The other remaining extraction systems
resulted in varying yields. For instance, the optimized ATPF extracts using sodium
phosphate/ethanol had 0.019 mg CGA/mg, 0.016 mg rutin/mg, 0.001 mg luteolin-7-O-
glucoside/mg, and 0.003 mg diosmin/mg leaves while the optimized ATPE extracts
using sodium phosphate/ethanol had 0.019 mg CGA/mg, 0.017 mg rutin/mg, 0.001 mg
luteolin-7-O-glucoside/mg, and 0.003 mg diosmin/mg leaves. The yields were not
statistically significant different except for diosmin extracted by ammonium
sulphate/ethanol ATPF. In comparison, our previous ATPE work on a different batch
of Aurora haskap leaves (Chong et al., 2020a) had a maximum yield of 0.005 mg/mg
leaves for the bioactive compounds. The chlorogenic acid and rutin yields are much
higher in the present study. This difference could be due to varying environmental
conditions such as soil quality, precipitation, and light intensity (Boyarskikh et al., 2015;
Senica et al., 2018).

The yields obtained using HPLC and UV-Vis spectrophotometry methods for
chlorogenic acid and rutin were compared. The CGA yield obtained from ATPF with
ammonium sulphate/ethanol was similar (0.03 to 0.04 mg/mg leaves) when using UV-
Vis spectrophotometry (Figure 5.3) and HPLC (Figure 5.5). For conventional extracts,
the CGA yield from UV-Vis spectrophotometry (Figure 5.3) was about 2.8 times higher
than the CGA yield from HPLC (Figure 5.5). This difference may be caused by the
interference of other components such as CGA isomers, as well as solvent-related
effects with the ATPS that could have affected the absorption when using the UV-Vis
method, while the HPLC measurement was very specific. The remaining chlorogenic
acid and rutin yields extracted by ATPE using ammonium sulphate/ethanol, and by
ATPF and ATPE using sodium phosphate/ethanol were consistent between both
analytical methods. The relationship between the two methods were also statistically
examined with Pearson correlation. Chlorogenic acid had a low, positive, and
insignificant linear correlation (» = 0.370, n = 9, p>0.05) while flavonoids had a very
strong, positive linear correlation between spectrophotometric method and HPLC
method (» = 0.928, n = 9, p<0.05). Due to the visibly non-monotonic relationship for
chlorogenic acid, the Spearman rank correlation could not be applied. In a study

comparing spectrophotometric and HPLC methods for the determination of CGA in
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coffee beans, the CGA percentage obtained by UV-Vis spectroscopy was slightly
higher than those from the HPLC method (Belay & Gholap, 2009). The authors
attributed the difference to the minor interference of water-soluble compounds present
in the sample. In our study, the different trends for the CGA yields may be due to the
sample preparation step using SPE cartridges for HPLC but not for UV-Vis
spectroscopy. It is worth noting that although there was a high Pearson correlation for
flavonoids, the HPLC method used only a single compound rutin, as the standard, while

the UV-Vis spectrophotometric method measured an array of flavonoids.

5.5 Conclusion

This study demonstrated that aqueous two-phase flotation improved the extraction
performance of bioactive compounds from haskap leaves. The spectrophotometric
assays for ATPF using ammonium sulphate/ethanol increased the partition coefficient
by 208% for chlorogenic acid and 170% for flavonoids when compared to ATPE. It
was further confirmed by HPLC quantification where ATPF using ammonium
sulphate/ethanol increased yields by 49.9%, 96.4%, 652.1%, and 160.6% for
chlorogenic acid, rutin, luteolin-7-O-glucoside, and diosmin respectively, in
comparison to ATPE. However, there was no significant difference between ATPF and
ATPE for sodium phosphate/ethanol systems in terms of yield, partition coefficient, nor
extraction efficiency. With that, ammonium sulphate/ethanol ATPF is preferred for its
enhanced ability to recover bioactive compounds. Potential applications of the ATPF
extracts include food and bioproducts and future work may integrate ATPF with
mechanical processes such as ultrasound and pulsed electric field to improve its

efficiency.
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Connecting Statement 4

Chapter 5 demonstrated that the partition coefficient for bioactive compounds extracted
from ammonium sulphate/ethanol ATPS was improved by flotation (ATPF) when
compared to ATPE without bubbles. The effect of flotation on the sodium dihydrogen
phosphate/ethanol system was not significant. Considering this and the results from

Chapter 3, these two salt/ethanol systems were used in Chapter 6.

In Chapter 6, sodium dihydrogen phosphate/ethanol ATPE and ammonium
sulphate/ethanol ATPF were used to extract bioactive compounds from haskap leaves.
These extracts consisting of salt, alcohol, water, and bioactive compounds were
incorporated into pea protein films for food packaging applications. Since studies have
used aqueous or hydroalcoholic extracts to develop functional films, this study is novel
due to the direct incorporation of haskap leaf ATPS extracts, including the ATPS
components, into pea protein films. Various properties of the films such as physical,
mechanical, thermal, and migration behaviour of the phenolic compounds into food

simulants were assessed.

Chapter 6 is based on a manuscript submitted for publication.
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Chapter 6 : Development of pea protein films with haskap (Lonicera

caerulea) leaf extracts from aqueous two-phase systems

6.1 Abstract

Pea protein films were developed using haskap (Lonicera caerulea) leaf extracts
obtained from aqueous two-phase extraction (ATPE) and aqueous two-phase flotation
(ATPF), where the components from the aqueous two-phase systems were incorporated
directly into the films. The films were formulated with components that were GRAS
(Generally Recognized as Safe): either pea protein isolate (PPI) or pea protein
concentrate (PPC), glycerol as plasticizer, carboxylic acids (citric acid or malic acid) as
cross-linkers and the haskap leaf extracts comprising of bioactive compounds, ethanol,
salt (sodium phosphate or ammonium sulphate), and water. Films were produced by the
bench casting method and they were assessed in terms of physical, mechanical, optical,
water vapor permeability, thermal, migration and antioxidant properties. Some
formulations with the haskap leaf extracts demonstrated better water vapour
permeability and flexibility with the presence of salt. The films also exhibited thermal
stability as the melting temperatures were higher than 150 °C and ultraviolet absorption
properties that would protect products from ultraviolet degradation. Additionally, the
films allowed the migration of bioactive compounds into alcoholic and fatty food
simulants, which suggests that they could extend the shelf life of perishable food and
increase the antioxidant properties of the packaged products. This work also shows that
post-extraction steps such as alcohol evaporation and salt precipitation are not
necessary with aqueous two-phase systems and could therefore reduce associated

processing costs.

6.2 Introduction

Plastic polymers such as polystyrene (PS), polyvinyl chloride (PVC), and low density
polyethylene (LDPE) are commonly used as they are strong, lightweight, durable, and
economical. Plastics products derived from non-renewable resources such as petroleum,
natural gas, and coal have raised environmental concerns due to widespread littering
and accumulation of the nondegradable material over time. About 150 million metric
tons of plastics produced annually are for disposable applications, or products that are

discarded within a year of purchase (North & Halden, 2013). Plastics also pose health
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risks by releasing hazardous chemicals during the manufacturing process and usage of
the end products. Leaching of bisphenol A and phthalates are detrimental as they can
disrupt the endocrine system (Halden, 2010). These issues have driven research on
biobased packaging materials as alternatives to plastics (Jiménez et al., 2012; Vieira et
al., 2011). Starch (Nouri & Mohammadi Nafchi, 2014), whey protein (Ribeiro-Santos
et al., 2018), gelatin (Musso et al., 2019), and chitosan (Souza et al., 2018) have been
used to produce functional films which contain plant extracts in the form of aqueous
extract, alcoholic extract, or essential oil. Canada being the largest producer and leading
exporter of dry peas (Roy et al., 2010) spurs a growing interest in pea protein as the
main component in biobased films (Acquah et al., 2020; Choi & Han, 2001; Kowalczyk
& Baraniak, 2011). These plant-based films are suitable for vegans especially if they
are designed to be edible, and for consumers who prefer plant-based products due to

their lower environmental footprint (Sabaté & Soret, 2014).

Haskap (Lonicera caerulea) leaves are an agricultural residue from haskap farms and
contain various bioactive compounds such as chlorogenic acid, flavonoids, and
phenolic compounds (Dawson, 2017; Oszmianski et al., 2011). In comparison to
Soxhlet extraction, previous studies reported an improved extraction efficiency for
bioactive compounds from haskap leaves with aqueous two-phase extraction (ATPE)
and aqueous two-phase flotation (ATPF), where the extraction parameters were
optimized to achieve maximum yields of bioactive compounds (Chong et al., 2020a,
2020b). Aqueous two-phase systems (ATPS) integrate separation, concentration, and
partial purification of the target bioactive compounds in a single step (Hatti-Kaul, 2000).
Previous studies have shown that haskap leaf extracts from ATPE and ATPF using
alcohol/salt-based ATPS contain bioactive compounds as well as the ATPS

components namely alcohol, salt, and water (Chong et al., 2020a, 2020b).

The aim of this research was to develop functional pea protein films by incorporating
haskap leaf extracts obtained from ATPS-based extraction techniques. The films
consisted of components that were GRAS (Generally Recognized as Safe): either pea
protein isolate (PPI) or pea protein concentrate (PPC), glycerol as plasticizer,
carboxylic acids (citric acid or malic acid) as cross-linkers and the haskap leaf extracts
comprising of bioactive compounds, ethanol, salt (sodium phosphate or ammonium

sulphate), and water. The films were analyzed for physical properties, mechanical
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properties, optical properties, water vapor permeability, thermal properties, migration
and antioxidant properties. To date, there has been no report of using extracts obtained
from ATPS for other applications as ATPS research mainly revolves around
optimization of the extraction conditions and integration of technology such as
ultrasound (Zhu et al., 2020) and microwave (Zhang et al., 2015) to improve its
efficiency. The novelty of this work is the direct incorporation of the ATPE and ATPF
haskap leaf extracts which contain bioactive compounds, ethanol, water, and residual
salt without further purification or isolation of individual compounds. Although
recycling of the ATPS phase-forming components have been investigated (Chong &
Brooks, 2021), this additional separation step which involves alcohol evaporation and
salt precipitation would increase the overall extraction costs. This work provides an
alternative application of the ATPS extracts by incorporating them into pea protein

films.

6.3 Materials and Methods
6.3.1 Materials

Pea protein concentrate (Prestige Pea Protein) with 50 £ 2% protein (manufacturer
specifications) was kindly provided by Parrheim Foods and pea protein isolate
(PURIS™ Pea 870) with 80% protein (manufacturer specifications) was obtained from
PURIS™. Ethyl alcohol (95% volume) was obtained from Greenfield Specialty
Alcohols Inc. (Toronto, Ontario, Canada). Sodium dihydrogen phosphate 96% was
purchased from Alfa Aesar (Ward Hill, Massachusetts, USA). The following chemicals
were purchased from Sigma-Aldrich (Oakville, Ontario, Canada): 2,2-diphenyl-1-
picrylhydrazyl (DPPH), ammonium sulphate (ACS, >99%), citric acid (ACS, >299.5%)),
DL-malic acid >99%, sodium nitrite (>97%, ACS), aluminum nitrate nonahydrate
(ACS, >97%), sodium carbonate (ACS, 99.95-100.05% dry basis), Folin & Ciocalteu’s
phenol reagent (2N), gallic acid monohydrate (ACS, >98%), chlorogenic acid (>95%,
titration), and rutin hydrate (>94%, HPLC grade). Glycerol (ACS, >99.5 %), calcium
chloride (anhydrous pellets), and magnesium chloride hexahydrate (FCC/USP grade)
were purchased from Fisher Chemical. Deionized water was obtained from a Milli-Q

water purification system (Millipore, Bedford, Massachusetts, USA).
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6.3.2 Methods

6.3.2.1 Extraction of Haskap Leaves

Fresh leaves were harvested in July 2018 from haskap plants of the Aurora variety. The
harvest location was Lone Tree Farm, Bridgewater in Nova Scotia, Canada with

geographical coordinates of 44° 28" 10.8" N, 64° 39" 25.6" W. The plants were in their

first growth year and fully developed-leaves were picked after the haskap berries were
harvested. The samples were frozen at —20 °C and subsequently freeze-dried in a
Labconco FreeZone 2.5 Plus freeze dryer (Labconco, Kansas City, MO, USA). The
dried samples were sealed in vacuum pouches and stored at —20 °C in the dark prior to
experiments. At the start of the study, samples were ground and sieved through a 500
pm mesh opening. Haskap leaves were extracted using optimized aqueous two-phase
extraction (ATPE) parameters (Chong et al., 2020a) where a 20-g sodium
phosphate/ethanol ATPE consisted of 10 wt% sodium phosphate, 37 wt% ethanol,
53 wt% water with 0.5 weight% leaves and 5 min extraction time in a 50-mL centrifuge
tube. The second extraction method using aqueous two-phase flotation (ATPF)
consisted of ammonium sulphate/ethanol ATPS with 20 wt% ammonium sulphate, 27.5
wt% ethanol, and 52.5 wt% water, 0.025 weight% leaves, 120 min flotation time,
11.4 mL/min air flow rate (Chong et al., 2020b). Multiple extractions were performed
to ensure that the extracted quantities were sufficient for all the experiments. The
extracts are termed as sodium phosphate extracts (SP) and ammonium sulphate extracts
(AS) hereafter. The pooled extracts were analyzed for their bioactive compounds
concentration specifically chlorogenic acid, total flavonoids, and total phenolic content
as described in a previous study (Chong et al., 2020a). The radical scavenging activity

(RSA) of the extracts was analyzed according to Section 6.3.2.3.

6.3.2.2 Film Preparation

Pea protein solutions were prepared by dispersing 5 g of either pea protein isolate (PPI)
or pea protein concentrate (PPC) with 0.455 g glycerol or 0.90% (w/w) and 40 g
deionized water. The PPI solution was stirred at 700 rpm while the PPC solution was
stirred at 900 rpm for 30 minutes due to PPC solution being more viscous. The PPI
solution was heated at 90 °C while PPC solution was heated at 80 °C for 30 min in 50-
mL conical flasks. A shaking water bath (Precision 2870; Thermo Scientific, Waltham,

MA, US) was used at 100 rpm for heating and the conical flasks were covered with
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parchment paper to minimize evaporation. The solution was then cooled to room
temperature and 5 g of haskap leaf extract was added. Control films were formed with
95% ethanol or water instead of the haskap leaf extracts. Citric acid of 1.70 g (3.29 wt%)
or malic acid of 1.34 g (2.61 wt%) and 1.70 g (3.29 wt%) were added as a cross-linker.
The concentration of cross-linker added was based on another study (Eswaranandam et
al., 2004) and preliminary tests. The resulting solution was stirred at 900 rpm for PPI
solution and 1100 rpm for PPC solution for 30 min. The PPC solution was degassed by
centrifugation at 500 g for 1 minute and left to equilibriate for 25 min. The foam atop
the PPC solutions was then collapsed by adding 200 pL of 95% ethanol. Degassing was
not required for the PPI solutions as the PPI solution was less viscous and the bubbles
rose easily to the top. For all films, 5 mL of solution was cast on each 15x100 mm
polystyrene petri dish. About six to seven films were cast onto those dishes with the

degassed solution.

Preliminary experiments showed that two stages of drying were required to form films
without cracks. The films were first dried overnight at 19 °C on a leveled surface. They
were then transferred to an incubator (G25 Controlled Environment Incubator Shaker,
New Brunswick Scientific, NJ, USA) at 25 °C with air circulation until the films were
ready to peel. The peeled films were placed between parchment paper and conditioned
at 19 °C and 68% relative humidity in a sealed container over magnesium chloride
solution for at least 48 hours before further analysis. PPI films could not be formed with
ammonium sulphate extracts as severe cracks were observed after several attempts with
varying amounts of cross-linkers. Two independent experiments were peformed with

the film formulations listed in Table 6.1.

6.3.2.3 Analysis of Films

Thickness

The thickness of the films was measured with a micrometer (Schut Geometrical
Metrology, Groningen, Netherlands) to the nearest 0.001 mm. Five measurements were

taken at different locations and averaged.
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Table 6.1 Composition of pea protein films

Films * Sodium Ammonium  Citric Malic Ethanol Water
phosphate sulphate acid (g) acid(g) (g (2
extract (g) extract (g)

PPISSP 1.7CA 5 0 1.70 0.00 0 40
PPI SSP 1.34MA 5 0 0.00 1.34 0 40
PPI SSP 1.7MA 5 0 0.00 1.70 0 40
PPI SEtOH 1.7CA® 0 0 1.70 0.00 5 40
PPISEtOH1.7MA 0 0 0.00 1.70 5 40
PPISW 1.7CA 0 0 1.70 0.00 0 45
PPI SW 1.7MA 0 0 0.00 1.70 0 45
PPC 5SP 1.7CA 5 0 1.70 0.00 0 40
PPC 5SP 1.34MA 5 0 0.00 1.34 0 40
PPC 5SP 1.7MA 5 0 0.00 1.70 0 40
PPCSEtOH 1.7CA 0 0 1.70 0.00 5 40
PPCSEtOH 1.7MA 0 0 0.00 1.70 5 40
PPC 5W 1.7CA 0 0 1.70 0.00 0 45
PPC 5W 1.7MA 0 0 0.00 1.70 0 45
PPC 5AS 1.7CA 0 5 1.70 0.00 0 40
PPC 5AS 1.34MA 0 5 0.00 1.34 0 40
PPC 5AS 1.7MA 0 5 0.00 1.70 0 40

# Glycerol was fixed at 0.455 g for all formulations
® this formulation did not yield a continuous film and was discarded

Moisture Content

Film specimens were weighed using an analytical balance with precision of 0.0001 g
(S-64, Denver Instrument, Denver, CO, USA) and dried in an oven (Gravity Oven,
Fisher Scientific, MA, USA) at 105 °C for 24 h (Kowalczyk & Baraniak, 2011). The
moisture content value was determined as the percentage of initial film weight lost
during drying and reported on wet basis. When transferring from oven to scale, films
were placed in a container filled with calcium chloride to prevent any reabsorption of

moisture.
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Mechanical Properties

The tensile strength and elongation at break were assessed using a tensile tester (EZ
Test EZ-LX HS, Shimadzu, Japan) with its accompanying software Shimadzu
Trapezium X following the procedures outlined in ASTM method D882-18 (ASTM
International, 2018b). Briefly, films were cut into the size of 50 x 7.5 mm, the initial
grip separation was set at 40 mm and the crosshead speed at 12.5 mm/min. Tensile
strength and elongation at break were then determined from the stress-strain curves.

Four replications from different films were tested for each formulation.

Optical Properties

Film samples were cut into rectangular strips (20 mm % 4 mm) and carefully inserted
onto the inner window of 1.5 mL semi-micro methacrylate cuvettes. An empty cuvette
was used as blank. Light transmission was determined from 285 to 750 nm with a
UV/Visible spectrophotometer (Genesys 10S, Thermo Scientific, USA). The opacity of
the films was calculated by Equation 2.2 (Shevkani & Singh, 2015) which was defined
as the ratio of absorbance at 600 nm to the film thickness. Three strips of each pea

protein film type were tested.

Water Vapor Permeability (WVP)

Water vapor permeability was tested according to ASTM method E96 (ASTM
International, 2016; Musso et al., 2019) with some modifications. Using a permeation
cell, each film sample was sealed over a circular opening of 0.00056 m? that was stored
at 19 °C in dessicators. Anhydrous calcium chloride (0% RH) was placed inside the cell
and 150 mL of water (87 to 99% RH) was used in the dessicators to maintain a relative
humidity (RH) gradient across the film. Weight increase was determined at 24 hours
and 48 hours. WVP was calculated using Equations 6.1 and 6.2 (Han et al., 2018; Musso
etal., 2019):

WVTR = 2% (6.1)
AAt
WVTR
WP = (Gt ) (62)
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Here, WVTR is water vapor transmission rate, 4w/At is the mass change of the cell per

time (g s™'), 4 is the permeation area (m?), P,/”?¢

is the saturation water vapor pressure
at test temperature (2199.82 Pa at 19 °C), RHs — RH. is the relative humidity gradient
across the film expressed as a fraction, and d is the film thickness (m). Each WVP value

represents the mean value of two samples taken from different films.

Thermal Properties

The thermal behaviour of pea protein films was evaluated by differential scanning
calorimetry (Q1000, TA Instruments, USA). Each sample of about 7 mg was heated on
an aluminum hermetic pan from 25 to 300 °C at 10 °C/min under inert atmospheric
condition with 25 mL/min of nitrogen gas. An accompanying Universal Analysis
software was used to obtain the melting temperature (7,,) and enthalpy of melting (4H).
Tm was taken as the temperature of the endothermic peak while AHm was determined
from the area under the endothermic peak. An empty aluminum pan with its lid was
used as the reference. For PPI and PPC powder samples, a protein suspension of
15% (w/w) was prepared with water and transferred into the pan (Shevkani & Singh,
2015). It was then hermetically sealed and allowed to stand for 2 hours at room

temperature. The scanning rate and temperature range were the same as the films.

Migration and Antioxidant Tests

Using 10% (v/v) ethanol as an alcoholic food simulant and 95% (v/v) ethanol as a fatty
food simulant (Han et al., 2018), 30 mg of the film was immersed in 5 mL of each
simulant in a centrifuge tube with continuous shaking at 100 rpm and 25 °C (G25
Controlled Environment Incubator Shaker, New Brunswick Scientific, NJ, USA).
Multiple tubes were prepared at the same time and the tubes were removed at intervals.
The films were immediately removed with a tweezer or filtered with a qualitative filter
paper (VWR, Grade 415), depending on whether the films had disintegrated. The
migration of total phenolic content (TPC) in 10% (v/v) ethanol and 95% (v/v) ethanol
was monitored for 1 hour and 51 hours, respectively (Han et al., 2018). TPC release
from the film was assessed using the Folin-Ciocalteu method (Singleton et al., 1999)
where 100 pL of the simulant was mixed with 200 pL Folin-Ciocalteu reagent (diluted
with water at a ratio of 1:10 by volume). After 5 minutes of incubation, 800 pL of 7.5%
(w/v) aqueous sodium carbonate solution was added. The solution was vortexed and

incubated for 2 hours in the dark at room temperature. The 10% (v/v) ethanolic mixture
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did not require centrifgution while the 95% ethanolic mixture was centrifuged at 1500 g
for 1 minute due to interference with the high ethanol content in the final reaction
mixture (Cicco et al., 2009). Its absorbance was determined at 765 nm using a
UV/Visible spectrophotometer (Genesys 10S, Thermo Scientific, USA). Gallic acid
monohydrate was used as the standard and calibration curves were plotted using the
corresponding simulants. The results were expressed in terms of mg gallic acid

equivalents (GAE)/g film.

To evaluate its antioxidant activity, radical scavenging activity (RSA) was evaluated
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Brand-Williams et al., 1995).
Here, 200 pL of simulant was mixed with 1.8 mL of 0.1 mM DPPH solution which was
prepared with ethanol. The solution was incubated for 30 min in the dark and
absorbance was measured at 517 nm. A control was made by using 10% (v/v) or
95% (v/v) ethanol instead of the simulants which was immersed with films. RSA was

calculated using Equation 6.3.

RSA (%) — Acontrol_Asample X 100 (63)

Acontrol

where Aconrrol 1S the absorbance of the control solution and Asumple is the absorbance of

the sample. Simulants from each interval were tested twice with the TPC and RSA assay.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed with Minitab statistical
software (Version 19, Minitab Inc. USA). This was used to test for significant
differences between means using Tukey’s multiple comparison test, and error bars

included in figures and tables represent the standard error of mean (SEM).

6.4 Results and Discussion

6.4.1 Characterization of Haskap Leaf Extracts from ATPE and ATPF

The concentrations of bioactive compounds in haskap leaf extracts obtained using
ATPE and ATPF are shown in Table 6.2. The sodium phosphate/ethanol extracts have
higher chlorogenic acid, total flavonoids, total phenolic content, and radical scavenging

activity compared to the ammonium sulphate extracts. This is due to the higher amount
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of leaves used in the sodium phosphate/ethanol ATPE which is 0.5 wt% while the
ATPF process used 0.025 wt% leaves.

Table 6.2 Concentration of bioactive compounds in pooled haskap leaf extracts

Bioactive compounds Sodium Ammonium
phosphate/ethanol sulphate/ethanol ATPF:
ATPE: 20 wt% (NH4)2S04,
10 wt% NaH2POu4, 27.5 wt% ethanol,
37 wt% ethanol, 52.5 wt% water,
53 wt% water, 0.025 wt% (5 mg) leaves,
0.5 wt% (0.1 g) leaves, 120 min flotation time,
5 min extraction time 28.6 mL/min air flow rate
Chlorogenic acid 182.18 +7.86 6.11+0.18
(ng/mL)
Total flavonoids 1.17+0.03 0.11+£0.01
(mg/mL)
Total phenolic content  0.37 + 0.00 0.03 £0.00
(mg GAE/mL) ?
Radical scavenging 74.99 £0.53 47.86 +3.30

activity, %
* GAE: gallic acid equivalents

For extracts obtained from sodium phosphate/ethanol ATPE, a prior study obtained
higher concentractions of chlorogenic acid (202.39 pg/mL) however the concentration
of total flavonoids (1.14 mg/mL) and TPC (0.38 mg GAE/mL) were similar to that
achieved in this study (Chong et al., 2020a). In another study, the ammonium
sulphate/ethanol ATPF technique produced extracts with a much lower chlorogenic
acid concentration of 0.02 pg/mL, and similar concentrations of total flavonoids and
TPC (0.14 mg/mL and 0.05 mg GAE/mL, respectively) (Chong et al., 2020b). Some
bioactive concentrations reported in Table 6.2 may differ with previous studies due to
factors such as differences in the dimensions of extraction vessel (Solano-Castillo &
Rito-Palomares, 2000). The increase in chlorogenic acid may be contributed by the
accumulation of sugars which act as substrates for its synthesis (Galani et al., 2017).
The variability of these biological samples was also evident in the reported deviations

between the predicted and experimental yields (Chong et al., 2020b).
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6.4.2 Film Thickness
The thickness of a film affects other properties such as strength and water vapor
permeability. It is also important to evaluate thickness as it is a specification for films.

Table 6.3 shows the thickness of the pea protein films.

Table 6.3 Thickness of pea protein films

PPI films thickness (mm)

Cross-linker Sodium phosphate

Ammonium

Water

Ethanol

extract sulphate extract
1.7g citric acid 0.111+0.003 ® N/A 0.090+0.008° Did not form
1.7g malic acid ~ 0.091 % 0.006 ° N/A 0.096+£0.006° 0.120 +0.007?
1.34g malic acid  0.098 + 0.003 N/A N/A N/A
PPC films thickness (mm)

Sodium phosphate Ammonium Water Ethanol

extract

sulphate extract

1.7g citric acid ~ 0.094 + 0.005 *¢

0.114 £ 0.005

0.084+0.004 ©

0.127 £0.009 @

1.7g malic acid ~ 0.089 + 0.003 *

0.118 £0.009 @

0.108+0.016*

0.096 £ 0.004 @

1.34g malic acid  0.081 & 0.003 ®

0.106 = 0.005 ®

N/A

N/A

Means with different letters in the same row are significantly different (P<0.05).

PPI films had thickness ranging from 0.090 to 0.120 mm and PPC films ranged from
0.081 to 0.127 mm. PPI SEtOH 1.7MA was thicker than other PPI films. This could be
due to the decreased solubility of malic acid in ethanol as compared to water (Yuan et
al., 2014), leading to some visibly embedded particles. Although citric acid is more
soluble in ethanol than in water (Oliveira et al., 2013), PPC SEtOH 1.7CA was thicker
than other PPC films. This may be due to denaturation induced by the ethanol. Authors
have found that whey protein isolate solutions prepared with 5% residual ethanol had
considerable retention of denaturation (Nikolaidis & Moschakis, 2018). The interaction
between ethanol and soybean protein has also shown partial and progressive
dehydration which transformed gel-like sediments into opaque flocks or precipitates
(Lambrecht et al., 2016). The precipitate may have caused a slight increase in thickness.

The addition of both types of extracts did not cause significant difference to the
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thickness of the PPC films with 1.7g malic acid. This may be due to the structure of pea
protein which consists of 65-80% globular and disordered protein (Sirtori et al., 2012).
The extracts may fill the gaps between the disorganized structure, resulting in limited
increase in thickness (Maryam Adilah et al., 2018). Other studies have reported that
incorporation of grape seed extracts in soy protein films observed an increase of the
thickness due to the increased cross-links between the proteins and polyphenols
(Sivarooban et al., 2008). In contrast, the average thickness of chitosan films remained
statistically the same with the incorporation of plant extracts (Souza et al., 2018). The
thickness of PPI films from this study is similar to other reported PPI films from 0.098
to 0.100 mm (Kowalczyk & Baraniak, 2011). According to Choi and Han (2001), PPC
films produced were much thicker ranging from 4.45 to 5.83 mm. The differences may
be due to the amount of film-forming solution casted onto the dishes where the authors
used 5 to 6 g while 5 mL of film-forming solution was used in this study. Viscosity of
the film-forming solution also affected the film thickness (Phan et al., 2005). In this
study, although the PPC solutions were observed to be slightly more viscous than PPI
solutions, the overall thickness of the films remained similar for both formulations.
Commercial bio-based food packaging films are thinner and they can range from 0.025
to 0.050 mm (Briassoulis & Giannoulis, 2018). Manufacturers commonly use blown
film extrusion to produce the films (Mallegni et al., 2018) as compared to bench-scale

casting which leads to precise and uniform thickness.

6.4.3 Moisture Content

Moisture content is related to the total void volume of water molecules in the film
microstructure (Goudarzi et al., 2017). Table 6.4 shows that PPI films had moisture
content from 17.1 to 24.0% and PPC films had moisture content from 18.8 to 38.9%.
Two samples, PPC 5SP 1.7MA and PPC 5EtOH 1.7CA had higher moisture content
than other films. This may be caused by a breakup of the film network which draws
more water molecules between the polymer chains through hydrogen bonding (Jouki et

al., 2014).
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Table 6.4 Moisture content of pea protein films

PPI films moisture content (%)

Cross-linker Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid 17.1+25° N/A 22.7+35° Did not form
1.7g malic acid  22.7+3.5°? N/A 240+1.3° 23.5+24°2
1.34g malicacid 19.0+2.0 N/A N/A N/A
PPC films moisture content (%)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid ~ 18.8 £0.3° 19.9+0.7° 224+14° 389+12°
1.7g malic acid  34.7+1.9° 212+ 1.4° 220+12° 23.4+08°
1.34g malicacid 19.6+1.0° 19.7+£0.5¢* N/A N/A

Means with different letters in the same row are significantly different (P<0.05).

Comparing with other pea protein films, PPI films without extracts had average
moisture content of 16.5% with 3wt% glycerol used (Kowalczyk & Baraniak, 2011).
Another study reported that the moisture content of 3.21 and 5.69% for PPI and PPC
films, respectively (Acquah et al., 2020). These values are lower than the values in this
study and it could be due to the lower protein concentration used, which was 4% (w/v)
compared to 10% (w/w) in this study. The carboxyl and hydroxyl groups in the protein
are hydrophlic, thus leading to an increase in water absorption (Yue et al., 2012). Table
6.4 also shows that the addition of 1.7 g malic acid with extracts resulted in higher
moisture content of the films. This could be due to the slightly higher hygroscopicity
of malic acid as compared to citric acid (Peng et al., 2001). With regards to addition of
extracts, Torres-Leon et al. (2018) found that the addition of 0.078 g L' mango seed
extracts in mango peel films did not alter the moisture content significantly. An addition
of raspberry extract to soy protein isolate films likewise have recorded similar moisture
content compared to soy control films (Wang et al., 2012a). Our findings are in contrast
with studies which reported an increase of moisture content with the addition of
aqueous extracts in carageenan films (Kanmani & Rhim, 2014) and ethanolic extracts
in starch films (Nouri & Mohammadi Nafchi, 2014) due to the increase of more
hydroxyl groups attracting more water molecules, and thus increasing the overall
hydrophilicity. Both phenolic compounds and the solvents used to dissolve the extracts

have hydroxyl groups. The consistent moisture content may be due to the presence of

134



ammonium sulphate and sodium phosphate salts in the extracts. These salts could have
contributed to the overall hygroscopicity of the film as sodium chloride (Séngerlaub et
al., 2013) and other salts (Takuno, 1992) have been used to create humidity-regulating

films.

6.4.4 Tensile Strength and Elongation at Break

Strong and flexible films are desired for various applications. Tensile strength (TS) is
calculated by dividing the maximum force by the original average cross sectional area
of the film. Elongation at break (EAB) shows the how much the film had extended until
the moment of rupture (ASTM International, 2018b). Table 6.5 shows the TS and EAB
for the pea protein films. The tensile strength for PPI films were from 2.5 to 5.2 MPa
while the tensile strength for PPC films ranged from 1.1 to 5.3 MPa. The EAB values
of PPI films ranged from 8.8 to 65.4% while PPC films had EAB values of 21.5 to
55.7%.

PPI films had an average higher tensile strength than PPC films and all EAB values of
PPC films were higher than the corresponding PPI films except for PPC 5SP 1.7MA.
Similarly, Choi and Han (2002) found that PPI films were 3 to 3.5 times stronger and
had lower EAB values than PPC films. During thermal denaturation, PPI which has
higher protein content will form more disulphide bonds between proteins, thus resulting
in a rigid protein matrix. In contrast, PPC with lower protein concentration and more
impurities such as starch and lipids form weaker films (Banerjee & Chen, 1995). The
tensile strength of films incorporated with sodium phosphate extract and ammonium
sulphate extract were lower than that of the control films. This may be caused by the
presence of residual salt in the extracts. Frohberg et al. (2010) who investigated the
addition of potassium nitrate into sodium caseinate films reported a considerable
decrease in the mechanical performance when a ratio of KNO3/NaCas of higher than
1:2 was used. This was associated with the formation of relatively very large crystalline
structures which damaged the macromolecular textures. It was also observed that the
pea protein films in this study had visibly embedded particles in PPI formulations with
malic acid. Citric acid and malic acid are non-toxic and economical cross-linkers which

were proven to improve the strength of protein films (Sharma et al., 2018). However
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the crosslinking mechanism also leads to restricted mobility of protein molecules,

resulting in less flexible and lower EAB values.

Table 6.5 Mechanical properties of pea protein films

PPI Films Tensile strength (MPa)

Cross-linker Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid ~ 2.5+0.2° N/A 52+06° Did not form
1.7g malicacid 3.6+04°? N/A 49+0.6* 3.7+£03%
1.34g malic acid 4.6+ 0.1 N/A N/A N/A
PPC Films Tensile strength (MPa)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid 2.4 +0.1 % 1.8+0.1¢ 53+03¢° 29+02°
1.7g malicacid  1.7+0.1° 1.1+0.1° 20+0.12 20+0.12
1.34g malic acid 2.3+0.1% 2.0+£032 N/A N/A
PPI Films Elongation at break (%)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid 17.8+3.6° N/A 8.8+2272 Did not form
1.7g malic acid ~ 65.4+8.8% N/A 29.1+64° 25.8+3.4°
1.34g malic acid 24.3+£4.5 N/A N/A N/A
PPC Films Elongation at break (%)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid ~ 43.1+3.6% 259+1.5° 21.5+4.5° 253+£3.2°
1.7g malic acid  52.2+3.8° 226+1.6° 46.5+58°? 557+5.1¢%
1.34g malic acid 409+39° 31.2+24° N/A N/A

Means with different letters in the same row are significantly different (P<0.05).

Table 6.5 also shows that for PPI films with sodium phosphate extract, the addition of
1.7 g malic acid produced stronger films than PPI films with 1.7 g citric acid. The
tensile strength further increased when a lower amount of malic acid was used. This
could be due to the effect of higher molecular weight as citric acid (192.12 g/mol) may
have caused a reduction in protein-protein interaction as compared to malic acid
134.09 g/mol) (Eswaranandam et al., 2004). However, the effect of different

concentrations of cross-linker on the tensile strength was not evident with PPC films.
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Films with differing strength and flexibility can be used for various end uses. PPC films
with lower tensile strength and moderate EAB values could be used to package dual-

textured food, for example to separate croutons in salad kits.

6.4.5 Transparency and Light Transmission

Optical properties are important packaging features as transparent packaging allows
consumers to view the product before purchasing and low light transmission prevents
the product from photodegradation, particularly from ultraviolet (UV) rays. The terms
opacity and transparency are used interchangeably to describe how well a film transmits
light. In this study, opacity is the preferred term (Equation 1) as a higher value translates
to a more opaque film. Despite the green coloration from haskap leaf extracts, the films
appeared yellow overall due to the pea protein sourced from yellow field peas. Table
6.6 shows that pea protein films are quite opaque as PPI films had opacity values of

1.34 to 3.50 mm™! while PPC films ranged from 2.79 to 7.54 mm".

Table 6.6 Transparency and light transmission of pea protein films

PPI films transparency (Aso mm™')

Cross-linker Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citricacid  3.50+£0.27? N/A 1.30£0.05° Did not form
1.7g malic acid  1.49+0.12° N/A 1.95+0.13° 1.34+0.11°
1.34g malic acid 1.54 £0.05 N/A N/A N/A
PPC films transparency (Asoo mm-)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid ~ 3.09+0.13° 7.54+ 149 3.81+£0.24° 3.37+0.14°
1.7g malic acid  2.79+£0.12? 3.67+£031°2 337+£0.28°? 3.57+£0.192
1.34g malic acid 3.26 £ 0.22° 485+0.18% N/A N/A

Means with different letters in the same row are significantly different (P<0.05).

PPC films were more opaque than PPI films and this was similar to other studies where
PPC and PPI films had opacity values of 1.7 and 1.3, respectively (Acquah et al., 2020).
Similarly, Kowalczyk and Baraniak (2011) obtained opacity values of about 1 for PPI
films. In contrast, Choi and Han (2002) reported an average opacity of 16.71 mm™' for
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PPI films. Whey protein films incorporated with essential oils had opacity from 1.158
to 2.422 mm™!' (Ribeiro-Santos et al., 2018) while gelatin-chitosan blend films with
ethanolic plant extracts had lower opacity from 0.233 to 1.230 mm™' (Bonilla & Sobral,
2016). The addition of sodium phosphate and ammonium sulphate extracts increased
the opacity of PPI 5SP 1.7CA, PPC 5AS 1.7CA, and PPC 5AS 1.34MA films. Similarly,
when potassium nitrate was incorporated into sodium caseinate films, the authors
reported an increasing opacity due to salt crystallization during solvent evaporation
(Frohberg et al., 2010). As a comparison to synthetic films, low-density polyethylene,
polyester, and polyvinylidene chloride films had opacity of 3.05, 1.51, and 4.58
respectively (Shiku et al., 2003).

UV and visible light are deteriorative as they can degrade sensitive bioactive
compounds such as vitamins and pigments (Spikes, 1981). Therefore packaging with
UV-absorbing properties can prevent UV from being transmitted to the product. To
evaluate light transmittance, methacrylate cuvettes were used and they are only accurate
at the wavelength 285 to 750 nm according to the manufacturer’s specifications.
Ultraviolet (UV) region can be classified into UVA (315 to 400 nm), UVB rays (280 to
315 nm), and UVC rays (100 to 280 nm) (Calvo et al., 2012). Figure 6.1 shows that the
films were able to absorb UV radiation in the UVB and UVA regions.
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Figure 6.1 Light transmittance of selected films in the UV/visible spectrum
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This property is associated with the presence of UV-absorbing chromophore in proteins,
particularly aromatic amino acids, namely tyrosine and tryptophan (Kowalczyk &
Baraniak, 2011). The addition of sodium phosphate extract in PPI films resulted in
higher UV absorption while in PPC films, the ammonium sulphate extract absorbed
more UV compared to PPC 5W 1.7CA. PPC 5EtOH 1.7CA had the highest UV
absorption at 380 nm and below. The presence of ethanol could have absorbed some
UV radiation, as it has been shown to protect yeast and bacteria against UVC irradiation
although the protection mechanism is still unclear (Neuzilova et al., 2019). Other
studies have also shown that the addition of extracts prevented UV transmission in
starch films (Nouri & Mohammadi Nafchi, 2014) and soy protein isolate films (Han et
al., 2018).

6.4.6 Water Vapor Permeability (WVP)

In the presence of high moisture content, fresh produce are at risk of spoilage caused
by microbial growth (Mahajan et al., 2008). Bakery products in contrast undergo staling
when moisture is lost from the crumb, causing hardening and loss of freshness (Melini
& Melini, 2018). WVP measures the amount of water that can transfer through the films.
Table 6.7 shows that the WVP for PPI films ranged from 2.27 to 3.31 x 107"° gH,O s
m!' Pa~! and PPC films ranged from 1.78 t0 3.36 x 10'° gH,O s 'm™! Pa™!. Past studies
have reported WVP of about 1.04 x 107'° gH,O s™' m™! Pa™! when 3% (w/w) glycerol
was used in PPI films (Kowalczyk & Baraniak, 2011) and 1.19 to 2.06x10? gH,O s!
m~!' Pa”! with PPC films (Choi & Han, 2001). WVP of films are influenced by the
storage relative humidity and the amount of plasticizers in the formulations (Choi &
Han, 2001). Other factors include the homogeneity and distribution of extract,
formation of void or porous channels, temperature, type of plasticizers, and protein
structure of the films (Maryam Adilah et al., 2018). In this study, PPI 5SP 1.7CA and
PPC 5AS 1.34MA had higher WVP than the rest of the films. Considering that glycerol
concentration was the same for all films, the increase in WVP could be due to the film
thickness. As shown in Table 6.3 where PPI 5SP 1.7CA and PPC 5AS 1.34MA are
thicker, a thicker film could form different structures (McHugh et al., 1993) and create
more voids for water to pass through. However this was not evident with PPI
SEtOH 1.7MA where it was the thickest film in comparison to the others but had
moderate WVP. Interactions between the cross-linkers and surrounding moisture could

also play a role to increase WVP as citric acid and malic acid were shown to absorb and
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desorb water continuously and reversibly (Peng et al., 2001). The moisture sorption
presumably leads to swelling, resulting in slightly thicker films which facilitates
permeation (Banker et al., 1966). From Table 6.7, the visibly embedded particles in pea
protein films containing malic acid did not affect WVP as there were increases and

decreases in WVP.

Table 6.7 Water vapor permeability (WVP) of pea protein films

PPI films WVP-10'° (gH20 s 'm™! Pa™!)

Cross-linker Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citricacid  3.31+£0.25°? N/A 227+0.15° Did not form
1.7g malic acid  2.89+£0.08 2 N/A 2.82+0.24°2 2.79+0.242
1.34g malic acid 2.64 £ 0.24 N/A N/A N/A
PPC films WVP-10"° (gH20 s'm™! Pa™)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid ~ 2.44+0.22 % 2.69+029° 2.57+0.16 % 1.78 £0.13°
1.7g malic acid ~ 2.47+0.10 ® 295+032° 2.87+0.27° 1.98+0.17°
1.34g malicacid 2.24+0.22° 336+0.162 N/A N/A

Means with different letters in the same row are significantly different (P<0.05).

6.4.7 Thermal Analysis

Thermally resilient films are important as it is exposed to a wide range of temperature.
The presence of intermolecular interaction of proteins, such as hydrogen bonds, ionic
interactions, and hydrophobic-hydrophobic interactions which stabilized the film
network can influence the thermal stability of films (Hoque et al., 2010). The thermal
behaviour of selected films formulated with PPI and PPC are shown in Table 6.8.
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Table 6.8 Thermal properties of pea protein flours and films

Sample Peak denaturation point, 7: (°C)  Enthalpy of denaturation, AH. (J/g)
PPI 104.3 1272

PPC 111.5 1426

Peak melting point, 7 (°C) Enthalpy of melting, AH. (J/g)

PPI 5SP 1.7MA 207.9 163.7

PPI 5W 1.7MA 211.6 133.8

PPC 5SP 1.7MA 200.5 172.6

PPC 5AS 1.34MA 172.8 202.5

Glass transition was not observed in all the flours and selected films tested using DSC.
In contrast, Acquah et al. (2020) reported glass transition temperatures at 96 °C for PPI
and PPC films, while Bora et al. (1994) found that mixed globulins of pea had one
thermal transition at 86.2 °C. Glass transition could not be observed and this may be
due to the overlapping enthalpy of relaxation and denaturation peaks (Zhou & Labuza,
2007). From 25 to 300 °C, the thermograms in Figure 6.2 showed that all the films had
a higher melting temperature than the PPI and PPC flours. The shift of 7, may be caused
by the interactions of the citric acid and malic acid with the pea proteins. According to
Sharma et al. (2018), cross-linking stabilizes the proteins and increases the overall
molecular weight, resulting in an increase in 75,. A notably lower 7;, was observed for
PPC 5AS 1.34MA when compared to PPC 5SP 1.7MA. Due to the similar tensile
strength between these two films as shown in Table 6.5, elongation at break was
compared. Elongation at break values for PPC 5AS 1.34MA was lower than that for
PPC 5SP 1.7MA. This supports that the weaker cross linking may have caused a lower
T'n. Thermogram of the films in Figure 6.2 also shows endothermic reaction from 106
to 129 °C. This may be caused by the presence of residual water in the films. Using
thermogravimetric analysis, studies have reported about 10% weight loss of films at
130 °C which was attributed to the loss of water or residual solvent mixture (Lopez-de-
Dicastillo et al., 2012; Ramos et al., 2013). Sharma et al. (2018) had also attributed
weight loss in sesame protein films from 130 to 170 °C to water loss. PPC 5SP 1.7MA
had an endothermic event at about 150 °C instead of 130 °C. This may indicate that this
film is more cohesive as a higher temperature was needed to cause an endothermic

change.
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As shown in Table 6.8, the enthalpies of denaturation, 4H,, of PPI and PPC flours are
1272 J/g and 1426 J/g, respectively. These values are much higher than the values
obtained by Shevkani and Singh (2015) where the authors reported an enthalpy of 16.2
J/g for field pea protein isolate suspensions. Grass pea protein isolate had enthalpies
from 12.60 to 19.03 J/g (Feyzi et al., 2018) while Sun and Amtfield (2010) reported
even lower enthalpy of commercial pea protein isolate at 0.036 J/g protein. The high
enthalpies reported in this study may be due to the enthalpy of vapourization of water
as the enthalpy of vapourization of pure water is about 2257 J/g (Newsham & Mendez-
Lecanda, 1982). In this study, 15% (w/w) pea protein dispersions were used and this
translates to a water content of 5.7 g water/g dry matter. In protein and milk dispersions,
the heat of fusion increased linearly with an increase in water content within 0 and
25 g water/g dry matter (Le Dean et al., 2001). Table 6.8 also shows AHy, for selected
films where PPC 5AS 1.34MA had the highest 4H,, while PPI 5W 1.7MA had the
lowest 4H;,. Although PPC 5AS 1.34MA had a lower T, than PPI 5W 1.7MA, 4Hx
does not necessarily increase with 7, (Kokoszka et al., 2010) as the chemical structure
of polymers greatly affects their properties (Ustunol & Mert, 2004). The decrease in
AHp for PPI 5W 1.7MA in comprison to PPI 5SP 1.7MA implies that the thermal
stability of the film was reduced (Shi & Dumont, 2014a) when the extracts were not
present. In the study by Acquah et al. (2020), PPI and PPC films were reported as
having enthalpies of 73.99 and 42.41 J/g, respectively, which are lower than the values
for the selected films in this study where malic acid was used as a cross-linker. The
increased cross-linkages between proteins and polyphenols in the extracts (Sivarooban
et al., 2008) may cause the 4H,, to increase as more energy is needed to break the
protein network. A higher 4H,, also indicates higher resilience to heat (Acquah et al.,

2020).

6.4.8 Migration and Antioxidant Tests

Functional films which are incorporated with extracts have the added benefits of
releasing the bioactive compounds when they are in contact with the packaged product.
To simulate alcoholic food and fatty food, 10% (v/v) ethanol and 95% (v/v) ethanol
were respectively used (Han et al., 2018; Rodriguez-Martinez et al., 2016). According
to the European Union Commission Regulation No 10/2011, 10% (v/v) ethanol
represents food that have a hydrophilic character while 95% (v/v) ethanol is a suitable

simulant for foods that have a lipophilic character.
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Table 6.9 Total phenolic content and radical scavenging activity of PPI and PPC films
in 10% ethanol

PPI films total phenolic content release into 10% ethanol at 60 minutes (mg GAE/g film)

Cross-linker Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citricacid  0.670+0.03 * N/A 0.323+£0.02° Did not form
1.7g malic acid  0.454 £ 0.03 * N/A 0.356 £ 0.06 2 0.393 +£0.02 2
1.34g malicacid 0.497 £ 0.05 N/A N/A N/A
PPC films total phenolic content release into 10% ethanol at 60 minutes (mg GAE/g film)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citric acid ~ 2.773£0.122 2.424 +£0.09 b 2.674+£0.04®  2.158+0.03°
1.7g malic acid  2.954+0.36* 2.044£0.222 2.371£0.04% 2.349+£0.132
1.34g malicacid 2.983+0.13 % 2.165+£0.11° N/A N/A
PPI films radical scavenging activity in 10% ethanol at 60 minutes (%)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citricacid  3.7+0.2? N/A 29+03¢* Did not form
1.7g malicacid 2.6+0.2° N/A 22+0.1% 2.1+£02¢%
1.34g malicacid 2.8+0.1 N/A N/A N/A
PPC films radical scavenging activity in 10% ethanol at 60 minutes (%)
Sodium phosphate Ammonium Water Ethanol
extract sulphate extract
1.7g citricacid 3.0+ 0.6 ® 2.1+0.3"% 40+03° 3.7+0.3%®
1.7g malic acid  3.7+0.3° 2.1+£02°% 34+0.1° 3.5+0.1°
1.34g malicacid 3.7+0.2° 20£02° N/A N/A

Means with different letters in the same row are significantly different (P<0.05).

The release of total phenolic content (TPC) and radical scavenging activity (RSA) into
10% ethanol was investigated from 0 to 60 minutes. Table 6.9 shows the TPC and RSA
of the films at 60 minutes. The overall release behaviour is shown in Appendix A
Figure A.6. PPC films had higher TPC ranging from 2.044 to 2.983 mg GAE/g film
compared to PPI films with TPC from 0.323 to 0.670 mg GAE/g film. PPC films were
also easily disintegrated in 10% ethanol while PPI films remain intact as whole pieces.
With the higher TPC release and disintegration, it is suggested that the PPC films are
overall more hydrophilic than PPI films. In a study by Reinkensmeier et al. (2015), PPC
flour had higher solubility than PPI flour at pH 7. In the present study, the pH of 10%
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ethanol is 6.9 therefore the higher flour solubility may have contributed to the film
solubility. The yellow field peas themselves contain phenolic compounds (Agboola et
al., 2010) and this could result in the increased release of TPC for films formed wih
PPC. Reinkensmeier et al. (2015) had also shown that the surface hydrophobicity of
PPI flour was higher than PPC at pH 7. This is in contrast with the study by Acquah et
al. (2020) who found that PPI films were more hydrophilic than PPC films based on the
measurement of surface contact angle with water. The difference could be due to protein
types, purity, and amino acid composition of the samples from different studies. Table
6.9 also shows that the addition of ammonium sulphate and sodium phosphate extracts
increased the TPC release as compared to the control films. This is due to the presence
of haskap leaf extracts as they contain bioactive compounds (Chong et al., 2020a;

Oszmianski et al., 2011).

Free radicals are reactive chemical species with unpaired electron and an
overproduction will lead to oxidative stress caused by a weakened bodily antioxidant
defense system (Mustafa et al., 2010). Radical scavenging compounds such as
antioxidants can delay or inhibit the oxidation of lipids and other molecules, therefore
a high RSA is desirable as it reflects high antioxidant activity. The RSA of PPI films
ranged from 2.1 to 3.7% while PPC films ranged from 2.1 to 4.0% in 10% ethanol. The
RSA values were similar for both PPI and PPC films despite the difference in TPC
release as discussed. This suggests that there are other secondary metabolites present in
haskap leaves such as flavonoids (Dawson, 2017; Oszmianski et al., 2011) that
contributed towards the RSA. Some film formulations such as PPI films with sodium
phosphate extracts and PPC 5SP 1.7MA showed increased RSA as compared to the
control films. Although the cross-linkers citric acid and malic acid are not phenolic
compounds as they do not have a phenolic or benzene ring, these carboxylic acids are
known to have antioxidant effects. The acids improve the efficiency of phenolic
primary antioxidants by chelating metal ions for catalyzing lipid autoxidation
(Chahardoli et al., 2020). This was demonstrated by the RSA in the control films that
had water and ethanol instead of the leaf extracts. Additionally, the yellow field peas
inherently contain phenolic compounds (Agboola et al., 2010) and was detected in
control films. In some studies, the Folin-Ciocalteu assay showed low correlation

between TPC and antioxidant activity due to its nonspecificity as it reacts with not only
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polyphenols but to other substances that could be oxidised by the Folin reagent (Babbar
et al., 2011; Fernandes de Oliveira et al., 2012; Singleton et al., 1999).

Using 95% ethanol to simulate fatty foods, TPC release was evaluated from 0 to 51
hours. The PPI and PPC films remained intact at all time intervals. Table A.4 in
Appendix B shows TPC release in 95% ethanol which simulates fatty food. PPI films
had a TPC release ranging from 1.546 to 2.116 mg GAE/g film while PPC films ranged
from 1.781 to 2.565 mg GAE/g film in 95% ethanol. PPI films had improvement of
TPC release with sodium phosphate extracts. PPC SEtOH and PPC 5SP 1.7MA also
showed high TPC diffusion into the fatty food simulant. The RSA at the test endpoint
of 51 hours indicated that PPI 5SP 1.7CA, PPC 5EtOH 1.7CA, and PPC 5SP 1.7MA

had high antioxidant activities.

Figure A.6 and Figure A.7 in Appendix A show that in general, PPC films with and
without the extracts released higher TPC in 10% ethanol than in 95% ethanol at
equilibrium. In this study, TPC release from both PPI and PPC films mainly occurred
in alcoholic food simulant for the first 6 minutes while Han et al. (2018) reported a
corresponding duration of 10 minutes. According to Han et al. (2018), protein may be
more soluble in 10% ethanol. The authors also attributed the hydrophilic nature of soy
protein isolate as the reason for more swelling in 10% ethanol than 95% ethanol. This
supports the observation in this work where PPC films disintegrated in 10% ethanol but
not in 95% ethanol. Pea protein films are hydrophilic as the water contact angle was
less than 90° (Acquah et al., 2020; Blossey, 2003). The disintegration of PPC films in
10% ethanol suggests that they may be utilized in orodispersible films (Hoffmann et al.,
2011) or film pouches for premeasured dry foods that dissolve rapidly in aqueous
solutions (Janjarasskul et al., 2020). In alcoholic food simulant, Han et al. (2018)
observed that the polyphenols released from soy protein isolate films with and without
licorice residue extract ranged from 3.5 to 5.5 mg GAE/g film. These values are higher
than the results from our study (Table 6.9) which ranged from 0.323 t0 2.983 mg GAE/g
film. Although the authors did not report the TPC of the initial extract to make
corresponding comparisons, the extracts were added in increasing concentrations in the
film formulation. In this study, TPC of haskap leaf extracts were 0.03 and
0.37 mg GAE/mL. These concentrations were used without purification to minimize

the post-extraction steps. In the fatty food simulant, the TPC values from this study
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which were 1.5 to 2 mg GAE/g film are similar to the soy protein isolate films with
10 g licorice residue extract with TPC of 2 mg GAE/g film (Han et al., 2018). The pea
protein films in this study which were tested for 51 hours in fatty food simulant had
higher TPC release than that of soy protein isolate films with 1 to 5% mango kernel
extracts where Maryam Adilah et al. (2018) reported 4.406 to 21.393 ug GAE/g film
after 7 days. The results from the TPC release test and RSA assay indicate that some of
these films could be used as antioxidative packaging to increase the the shelf life of
perishable products. However further testing would be necessary to determine the

minimum antioxidant levels required in the films for this purpose.

6.5 Conclusion

This work showed that haskap leaf extracts obtained by ATPE and ATPF can be directly
incorporated in pea protein films. The physical, mechanical, optical, water barrier,
thermal, and antioxidant properties of the films varied depending on the formulation.
Among the films with extracts, some formulations such as PPI 5SP 1.34MA and PPI
5SP 1.7MA showed relatively better mechanical properties. These pea protein films
also demonstrated UV absorbing properties, which indicates that they could protect
packaged products from UV degradation. Films such as PPI 5SP 1.7CA and PPC 5AS
1.34MA had higher WVP than the other films, indicating a possibility of being used as
packaging for fresh produce which requires higher moisture transfer. Additionally, the
melting point of selected films were well above 150 °C, suggesting that these films are
thermally stable. The films have also shown that their antioxidant properties can be
transferred to alcoholic and lipid-rich foods. Although PPC films disintegrated in 10%
ethanol, more bioactive compounds were released into the simulant as indicated by the
higher TPC levels as compared to PPI films, suggesting that PPC films could be used
for orodispersible and food pouches for rapid dissolvation. Since PPI films had higher
average tensile strength and remained intact as whole pieces in 10% ethanol when
compared to PPC films, PPI films are recommended as packaging for alcoholic or
aqueous food products. Additionally, films with sodium phosphate extract showed
higher TPC release compared to other films, suggesting that the presence of haskap leaf
extracts obtained by ATPE improved the bioactive content of the films and its
subsequent release in alcoholic and aqueous food. Therefore these functional films have

the potential to extend the shelf life of perishable products. Since the extracts can be
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directly incorporated into pea protein films, evaporation of alcohol and removal of the
salts are not necessary. The minimization of post-extraction steps points towards the
principles of green engineering where separation operations should be designed to
minimize energy consumption. Further investigations are needed to elucidate the

efficacy of these pea protein films on model food material.
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Chapter 7 : Conclusions

7.1 Summary and Conclusions

This thesis investigated salt/ethanol and sugar/propanol ATPS as an alternative
more sustainable extraction medium for the recovery of bioactive compounds from
haskap leaves, and demonstrated the feasibility of bubble-assisted configurations for
extraction and recycling of ATPS components. Upon further research which showed
that the salt/ethanol ATPE had higher extraction efficiency, these ATPE extracts were
used in the development of novel pea protein films that may have interesting
applications as a sustainable biobased material for food packaging.

In Chapter 2, recent literature on haskap plant, ATPS, ATPE, ATPF, recycling
techniques, and bio-based films were reviewed. Since there is growing interest of
haskap berries in North America, the is an opportunity to recover bioactive compounds
from haskap leaves by using environmentally friendly extraction methods. The extracts
could also be incorporated into bio-based films as potential food packaging.

In Chapter 3, four ATPS namely ammonium sulphate/ethanol, sodium
dihydrogen phosphate/ethanol, glucose/1-propanol, and maltose/1-propanol were used
and variables namely extraction time, sample loading, and tie line length were
investigated. Salt/ethanol ATPE had higher extraction efficiency than sugar/propanol
ATPE and more specifically, the sodium dihydrogen phosphate/ethanol ATPE had the
highest extraction efficiency of 93.9% for chlorogenic acid, 96.8% for flavonoids, and
97.8% for total phenolic content. Although the bioactive yields obtained by ATPE were
lower than that obtained by conventional extraction, Soxhlet extraction required 24
hours to achieve those yields. In addition to extracting at room temperature (25 °C) and
a relatively shorter extraction time (maximum 2 hours), the ATPE process is unique as
it concentrates the bioactive compounds at the top phase as shown by partition
coefficient values greater than one.

To improve the sustainability and economics of ATPE, recycling of the phase-
forming components for the four ATPS was investigated in Chapter 4. It was shown
that ethanol and salts can be recycled by rotary evaporation and dilution crystallization,
respectively to be used in two successive ATPE systems. The extraction efficiency

maintained throughout two stages, suggesting that recycling is feasible and can
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potentially reduce the post-handling costs and the amount of ATPE phase-forming
components. However, the sugars could not be separated from the slurries and only 1-
propanol was evaporated and recycled.

In Chapter 5, the ATPE process was enhanced by the presence of air bubbles
that facilitated mass transfer of biomolecules to the top phase. Since sugar/propanol
systems had lower extraction efficiency and the sugars could not be recycled,
salt/ethanol systems were used in this chapter. Ammonium sulphate/ethanol ATPF
increased the partition coefficient by 208% for chlorogenic acid and 170% for
flavonoids compared to ATPE using the same system. However, there was no
significant difference between ATPF and ATPE for sodium dihydrogen
phosphate/ethanol systems.

In Chapter 6, sodium dihydrogen phosphate/ethanol ATPE extracts and
ammonium sulphate/ethanol ATPF extracts were incorporated directly into pea protein
films for the potential application of food packaging. Citric acid and malic acid
functioned as cross-linkers while glycerol was added as plasticizer to improve the
strength and flexibility of the films. The extracts consisting of bioactive compounds,
ethanol, residual salt, and water had shown varying effect on the physical, mechanical,
thermal, and antioxidant properties of the films. Some formulations containing haskap
leaf extracts and residual salt demonstrated improved water vapour permeability and
flexibility. The thermally stable films also absorbed ultraviolet light, suggesting that the

films could protect products from ultraviolet degradation.

The specific conclusions relating to the original research objectives are as follows:

1) Among the four GRAS ATPE systems investigated, sodium dihydrogen
phosphate/ethanol ATPE had maximum extraction efficiency of 93.9% for
chlorogenic acid, 96.8% for flavonoids, and 97.8% for total phenolic content
from haskap leaves with corresponding partition coefficients of 1.73, 3.50, and
6.59.

i1) Two recycling stages for the four ATPE systems produced consistent
partitioning, extraction efficiency, and extraction yields. Both the salts and
ethanol in the salt/ethanol ATPE were recycled while only 1-propanol could be
recycled in sugar/propanol ATPE.

ii1l) Ammonium sulphate/ethanol ATPF was optimized at 5 mg leaves, 120 minutes

flotation time, and air flow rate of 28.6 mL/min with extraction efficiencies of
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97.1% for chlorogenic acid, 98.7% for flavonoids, and 99.6% for total phenolic
content. There was no significant difference between ATPF and ATPE for
sodium dihydrogen sulphate/ethanol systems.

iv) Novel pea protein films incorporating haskap leaf extracts obtained from ATPE
and ATPF were successfully developed, incorporating not only the bioactive
compounds but the ATPS phase components as well. Using citric acid and malic
acid as cross-linkers and glycerol as plasticizer, the resultant pea protein films
were assessed for their physical properties, mechanical properties, water vapour
permeability, thermal properties, and migration behaviour of bioactive
compounds into food simulants. Some formulations namely PPI 5SP 1.7CA,
PPC 5AS 1.7CA, and PPC 5AS 1.7MA containing haskap leaf extracts and
residual salt, demonstrated better water vapour permeability while PPI 5SP
1.7MA, PPC 5SP 1.7CA, and PPC 5SP 1.34MA showed improved flexibility.
The peak melting temperature of selected films were above 150 °C, indicating
thermal stability. Since PPI films had higher average tensile strength and
remained intact as whole pieces in 10% ethanol when compared to PPC films,
PPI films are recommended as packaging for alcoholic or aqueous food products.
Although PPC films disintegrated in 10% ethanol, more bioactive compounds
were released into the simulant as indicated by the higher TPC levels as
compared to PPI films. Additionally, films with sodium phosphate extract

showed higher TPC release compared to other films.

7.2 Contributions to Knowledge

Commercial products made with haskap berries are becoming well-known since the
berries have higher antioxidant activity compared to other berries. With the growing
interest of haskap farming for the berries, haskap leaves are generated as an agricultural
residue and the amount of this residue is expected to increase. This study provides
insights into the valorization of haskap leaves as an alternative and under-utilized
source for bioactive compounds. For the first time, haskap leaves were used as a source
of bioactive compounds, specifically chlorogenic acid and flavonoids, for the
development of packaging films. This study shows that ATPS is an alternative
environmentally friendly extraction method to efficiently recover the bioactive

compounds. This study also shows that ATPS, which has been used mainly to extract
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proteinaceous compounds, can likewise be applied to extract biomolecules from haskap
leaves. Additionally, this work has shown that the recycling of phase-forming
components for two stages is feasible while maintaining the extraction efficiency. This
implies that the amount of materials used and associated post-handling costs can be
reduced. The introduction of bubbles in the ATPF process enhanced the extraction
efficiency and partitioning behavior of the bioactive compounds particularly in

ammonium sulphate/ethanol systems.

For the first time, haskap leaf extracts obtained from ATPE and ATPF were added
directly into pea protein formulations to form novel films that incorporated not only the
bioactive compounds that were extracted, but the GRAS ATPS components as well.
The disintegration of PPC films in 10% ethanol suggests that PPC films can be used in
applications that require rapid dissolution and release such as in orodispersible films
for the paediatric and geriatric population. PPC films can also be used as film pouches
for premeasured dry foods that dissolve rapidly. Both PPI and PPC films with sodium
phosphate extracts demonstrated higher TPC release compared to other films,
suggesting that the presence of haskap leaf extracts obtained by ATPE improved the
bioactive content of the films and its subsequent release in alcoholic and aqueous food.
With Canada being the largest producer of dry peas, the development of
environmentally friendly bio-based packaging from peas is critical in developing new
markets for economic growth as value-added materials The formulations resulted in
varying film properties, suggesting that alcohol evaporation and salt precipitation are
not necessary with extracts obtained from ATPS. This reduction in post-processing
steps would reduce the associated processing costs and energy. This is in accordance
with the Principles of Green Engineering where extraction operations should minimize

energy consumption and material use.

7.3 Recommendations for Future Work
Based on the work performed in this thesis, there are some suggestions to advance this
area of research:
a) In addition to benchtop experiments, the partitioning behaviour of biomolecules
could be modelled by molecular dynamics simulation software. Many studies

using ATPS extraction including ATPE and ATPF have used one-factor-at-a-
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b)

d)

time (OFAT) approach and other studies, including this work, have used
response surface methodology (RSM) to optimize extraction conditions.
Molecular dynamics simulations have been done by other researchers to model
protein purification in ATPS containing polyethylene glycol. This will improve
understanding of the driving forces and specific properties of the target
compounds that influence partitioning.

During the recycling of phase-forming components, fresh components were
added to the recycled components to compensate for the diluted alcohol and
reduced salt precipitates. Although some alcohol could have been evaporated
into the atmosphere, the loss is negligible due to the small amount. However,
this loss may be significant when the ATPE process is scaled-up. Therefore, it
is recommended to investigate if there are remaining salt in the evaporated
alcohol so that further purification can be performed to increase the alcohol
concentration and recover more salt. Apart from dilution crystallization which
involves adding more alcohol to precipitate the salt, other environmentally
friendly and efficient techniques to recover the salt should be assessed.

At the end of the flotation time in the ATPF process, it was not possible to
perform centrifugation to promote phase separation. This may be the cause of
the insignificant difference in terms of bioactive yields, extraction efficiency,
and partition coefficient observed between sodium dihydrogen
phosphate/ethanol ATPE and ATPF. Therefore, the ATPF process could be
further improved by investigating the design parameters of the flotation column.
For batch settlers, a height/diameter ratio of less than one was recommended to
improve phase separation. This consideration should be integrated with the
partitioning behaviour of different systems for future ATPF work so that the
equilibration time can be reduced while achieving desired partitioning.

In addition to bubble-assisted ATPF, ATPE has been integrated with ultrasound,
microwave, and electricity to improve the extraction performance. Therefore,
these methods should be investigated to enhance the extraction of bioactive
compounds from haskap leaves. ATPE and ATPF were scaled-up to 100-folds
and 15-folds respectively in past studies, and the systems were shown to provide
consistent extraction performance when compared to bench-scale experiments.
This shows that scaling-up should be investigated with the ATPE and ATPF of

haskap leaves.
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e) It has been shown that the pea protein films incorporated with extracts from
ATPE and ATPF have varying properties. To evaluate the potential of the films
as food packaging, it is recommended to integrate model food systems. As an
example, climacteric fruits which can ripen after being picked could be used as
model systems as the fruit quality can be assessed as time progresses. In view
of this, it may be possible to prolong the shelf life of the fruits by packaging
them in pea protein films incorporated with extracts. The required concentration
of extracts in the film formulations should also be optimized to achieve the
desired shelf life extension. Since sodium chloride has been used to create
humidity-regulating trays and film, the incorporation of salt/alcohol ATPS
extracts which contains residual salt should be investigated to develop similar

packaging solutions.
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APPENDIX A: Supplementary Figures
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Figure A.1: HPLC chromatogram for ammonium sulphate/ethanol haskap leaf extract
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Figure A.2: HPLC chromatogram for glucose/1-propanol haskap leaf extract
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Figure A.6: Total phenolic content release from pea protein films in 10% ethanol
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APPENDIX B: Supplementary Tables

Table A.1: Octanol-water partition coefficients (log P) and distribution coefficients (log D)
of the phase-forming components (ChemAxon, 2019)

Salt-based systems Sugar-based systems

Ethanol log P =—0.16 I-propanol log P =0.36

(NH4)2S04 log D =-5.575  Glucose log P =-2.93

NaH>PO4 log D =-3.061 Maltose log P =—4.70

Table A.2: Octanol-water distribution coefficients (log D) of the compounds at top phase
pH for ATPE systems (ChemAxon, 2019)

log D
Compounds (NH4)2SOs/ethanol ~ NaH:POus/ethanol ~ Glucose/propanol Maltose/propanol
High TLL pH 5.5 Low TLL pH 3.8 High TLL pH 5.4 Medium TLL pH

5.7
Chlorogenic -2.419 —0.862 —2.324 —2.608
acid
Rutin -0.923 -0.87 -0.913 —0.952
Gallic acid —0.846 0.484 -0.75 —1.039
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Table A.3: Wavelength, retention time, and content of selected bioactive compounds from

HPLC

Compounds Wavelength (nm) Retention time (min) Content (ug/mg dry
weight leaves)®

Conventional extract

CGA 320 9.167 0.5741
Rutin 250 10.856 2.6790
Luteolin-7-O-glucoside 250 11.262 4.6675
Diosmin 250 11.907 1.4144
Optimized extract for (NH4)2SO4/ethanol

CGA 320 9.15 0.9703
Rutin 250 10.854 2.3194
Luteolin-7-O-glucoside 250 N.D. N.D.
Diosmin 250 nm 11.907 0.4745
Optimized extract for NaH2PO4/ethanol

CGA 320 9.153 0.3659
Rutin 250 10.854 1.6738
Luteolin-7-O-glucoside 250 11.275 4.2622
Diosmin 250 11.904 2.9085
Optimized extract for glucose/propanol

CGA 320 9.146 0.8005
Rutin 250 10.858 11.5225
Luteolin-7-O-glucoside 250 11.436 10.5078
Diosmin 250 11.919 4.7804
Optimized extract for maltose/propanol

CGA 320 9.14 0.1539
Rutin 250 10.841 2.0307
Luteolin-7-O-glucoside 250 11.417 1.6329
Diosmin 250 11.895 1.1444

AN.D. not detected
Note: These results were obtained from a single injection for each sample.
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Table A.4: Total phenolic content and radical scavenging activity of PPI and PPC films in

95% ethanol
PPI films total phenolic content release into 95% ethanol at 51 hours (mg GAE/g film)
Cross linker Sodium Ammonium Water Ethanol

phosphate extract  sulphate extract

1.7g citric acid  1.706 = 0.03 * N/A 1.616 +£0.03*  Did not form
1.7g malic acid 2.116 £0.07 * N/A 1.792+0.15* 1.967+0.14°
1.34g malic 1.546 +0.02 N/A N/A N/A
acid

PPC films total phenolic content release into 95% ethanol at 51 hours (mg GAE/g film)

Sodium Ammonium Water Ethanol
phosphate extract  sulphate extract
1.7g citric acid ~ 2.092 +0.05 ° 1.983 +£0.03° 1.979+0.07° 2.378 +0.08 *
1.7g malic acid 2.565+0.04 * 2.232+0.08° 1.781+0.03¢ 1.865+0.09 ¢
1.34g malic 1.794+0.02 ® 2.134+0.20° N/A N/A
acid
PPI films radical scavenging activity in 95% ethanol at 51 hours (%)
Sodium Ammonium Water Ethanol
phosphate extract  sulphate extract
1.7g citric acid  4.3+0.2°? N/A 29+£03° Did not form
1.7g malic acid 3.8+ 0.0° N/A 29+£03° 3.0+£02%
1.34g malic 3.6+£0.1 N/A N/A N/A
acid
PPC films radical scavenging activity in 95% ethanol at 51 hours (%)
Sodium Ammonium Water Ethanol
phosphate extract  sulphate extract
1.7g citric acid 4.0+ 0.2 % 3.5+0.2° 46+0.1° 44+02°
1.7g malic acid 5.0+0.1°? 42+£02® 3.5404° 42+£02®
1.34g malic 3.7£02° 40+03? N/A N/A
acid

Means with different letters in the same row are significantly different (P<0.05).
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