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Abstract

Leaf proteins are a potential sustainable protein source for human food as they contain
RuBisCo, the most abundant protein in the world (Ellis, 1979). However, these proteins,
particularly grasses, are still underutilized due to their undesirable characteristics, such as dark
green colour (Di Stefano et al., 2018) and grassy flavour, limiting food applications (Hatanaka,
1996). This thesis studies the effect of different isolation methods on leaf protein concentrates

(LPCs) and determines the physico-chemical characteristics of the selected LPCs.

In the first part of the study, leaf proteins were extracted through different extraction methods
using perennial ryegrass. The result shows that alkali-acid precipitation and alkali-acid
precipitation combined with activated carbon (AC) treatment could not remove the green
colour and grassy flavour of LPCs. The highest protein content (53.94 % dry basis) and yield
(9.64 % of dried grass) of LPC were obtained through alkali-acid precipitation without CaClz
treatment. The green colour and grassy flavour were improved using the heat coagulation
method without CaCl> and NaOH. The protein content was 48.16 % (dry basis); however, a
low extraction yield was obtained (1.12 % of dried grass). Although ultrafiltration and
chromatography techniques could isolate the brown and colourless LPC, a low yield and
protein content were observed. Combining CaClz or AC with the extraction process enhanced
the removal of green colour and grassy flavour, but the protein content and extraction yield
decreased. Alkali assisted the protein extractability when used with acid precipitation. In

contrast, the adverse effects of alkali combined with heat coagulation were obtained.

Two leaf protein concentrates (LPCs) were selected to be analysed in the second part: LPC
extracted through alkali-acid precipitation without CaCl2 (AAP-0), and LPC obtained through
heat coagulation without CaCl2 and NaOH (HC-0). AAP-0 had protein solubility higher than
HC-0 at pH below 2 and above 5. The protein solubility of AAP-0 was significantly improved
(p <0.05) after the treatment of 80 °C for 10 minutes combined with pH shift, while the protein
solubility of HC-0 was rarely affected using the same treatment. The denaturation temperature
and enthalpy of HC-0 were lower than AAP-0. SDS-PAGE results show that the large and
small subunits of RuBisCo protein were detected in HC-0, while the large subunit was not
detected in AAP-0 due to less protein purity recovered through alkali-acid precipitation. During
digestion, AAP-0 had higher solubility than HC-0, whereas its free amino N was lower than
HC-0. SDS-PAGE show that AAP-0 had lower digestibility than HC-0 as 10 kDa proteins still

appeared in AAP-0 at 180 minutes, while all protein bands were not observed in HC-0.
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MWCO = Molecular weight cut-off
N = Nitrogen

NaCl = Sodium chloride

NaOH = Sodium hydroxide

14



ND = Not detected

NOAEL = No observed adverse effect level

PAs = Pyrrolizidine alkaloids

pl = Isoelectric point

PPO = Polyphenol oxidase

RuBisCo = Ribulose-1,5-diphosphate carboxylase oxygenase
SDS-PAGE = Tricine-Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis
SEC = Size exclusion chromatography

SGF = Simulated gastric fluid

SIF = Simulated intestinal fluid

SSF = Simulated salivary fluid

Tda= Denaturation temperature

UF = Ultrafiltration

UNU = United Nations University

VOCs = Volatile organic compounds

WHO = World Health Organisation
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CHAPTER 1

Introduction

The demand for protein consumption and low-cost protein sources is on the rise due to the
world population growth (estimated to be 10 billion by 2050) (United Nations, 2019) and a
reduction goal of child undernutrition (Di Stefano et al., 2018). Vegetarian and vegan dietary
trends (Best, 2015) and the rise in people’s consciousness of food diversity (Bohrer, 2017) have
increased the demand for plant-based proteins. As a result of the rising protein need, sustainable
protein sources are required. Although meat and dairy are common protein sources due to their
high nutritional value, plant proteins are considered more sustainable than animal proteins

(Sutton et al., 2018).

Legumes, cereals, nuts, and seeds are common plant proteins (Gonzéalez-Pérez & Arellano,
2009). However, novel plant protein sources should be explored to contribute to sustainable
food goals (United Nations, 2020). Plant leaves are an interesting protein source as their protein
content is comparable to other proteins, such as cow milk (Barbeau & Kinsella, 1988). The
main soluble protein in plant leaves is RuBisCo which accounts for 50 % of total soluble leaf
proteins and is recognised as the most abundant protein in the world (Ellis, 1979). Sugar beet
leaves, spinach, and alfalfa are also common sources in this area of research. However, pasture
leaves, the most widespread plant used for animal feed, have not been studied. Perennial
ryegrass is the principal forage for ruminants in New Zealand and several countries. It is
abundant worldwide and easy to cultivate (Charlton & Stewart, 1999); thus, it is potentially a

novel protein source.

Although the abundance and sustainability of plant leaves are acknowledged, using leaf
proteins is still unavailable for humans. This is due to the laborious isolation process and
unacceptable sensory attributes, such as dark green colour caused by chlorophyll (Di Stefano
et al., 2018) and grassy flavour generated by lipid oxidation (lipoxygenase and unsaturated
fatty acids) (Hatanaka, 1996). Many techniques: chemical solvents, mechanical extraction,
enzymatic assistance, and a combination of those techniques, have been studied. However, the
final product was green in colour (Kaur et al., 2021). Consequently, using leaf protein
concentrate (LPC) as a food ingredient is challenging (Di Stefano et al., 2018). Hence, a more

effective extraction is needed to remove chlorophyll and grassy flavour.



This project was divided into two sections based on the objectives:

Objective (1): To evaluate the different extraction processes to isolate the colourless and

odourless LPC

Perennial ryegrass (cultivar-One50 Arl) was selected for this study as it delivers excellent
persistence from summer through winter. One50 Arl has a high protein content (18 % protein
dry basis) and provides a higher total dry matter (DM) yield by producing 3 % more than
standard ryegrass across all seasons (Agriseeds, 2013; Kerr et al., 2012). Different extraction
techniques (alkali-acid precipitation, heat treatment, divalent cations treatment, activated
carbon, ultrafiltration, and chromatography) were studied to isolate the colourless and
odourless LPC. Protein content and the final yield of LPC using the above methods were
determined. The colour and flavour of the final products were also evaluated. Furthermore, the
possibility of using ethanol for chlorophyll removal from grass leaves and final LPC was

explored.

Objective (2): To determine the physico-chemical and functional characteristics of the

selected LPC.

The selected LPCs were analysed for thermal denaturation, protein profile, protein solubility,
and protein digestibility. Differential scanning calorimetry (DSC), Tricine-Sodium
Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), Kjeldahl, and in vitro oral-
gastro-small intestinal digestibility analyses were conducted to determine the above

characteristics.



CHAPTER 2

Literature review

2.1. Introduction

Protein plays a vital role in growth, cell repair, muscle regeneration, and immunity
development (Sa et al., 2020), making it an essential nutrient. It is also utilised as a food
additive in a wide range of food products since its functional properties (e.g., emulsifying,
gelation, foaming, and solubility) contribute to the sensory attributes and stability of food

products (Day, 2013).

A double demand for proteins has been estimated since the world population is going to be
over 9 billion by 2050 (United Nations, 2019). A growing trend of vegetarianism, veganism
and a healthy lifestyle has also been observed (Best, 2015), resulting in the rising demand for
plant-based proteins. Another global issue is undernutrition which causes death in children
globally and health issues for 795 million people in low-income countries (Di Stefano et al.,
2018). This relates to the high cost of animal agriculture and meat production (Miiller &
Krawinkel, 2005). Thus, all the challenges mentioned above result in higher demand for protein

consumption and affordable proteins.

Meat and dairy have been used as the primary protein sources for humans since they are good
sources of essential amino acids (EAA), vitamin B, and many minerals (Bohrer, 2017).
However, the environmental impacts from livestock (such as greenhouse gas, nitrogen
footprint, and wastewater) make meat products less sustainable proteins and less profitable due
to carbon emission tax. In contrast, plant proteins are more sustainable than meat proteins since
plant farming causes fewer environmental impacts (Sutton et al., 2018). The agricultural cost
of plant proteins is also lower than livestock farming (Miiller & Krawinkel, 2005). Hence, plant
proteins should be further studied as alternative proteins to supply future demand and relieve

malnutrition issues.



2.2 Plant proteins

Many studies have reported that plant proteins contain lower protein density and EAA than
animal products (Bohrer, 2017; Di Stefano et al., 2018 S4 et al., 2020). Thus, consuming a
higher quantity of various plant proteins is suggested to compensate for the proteins and EAA
(Day, 2013). Nevertheless, some plant protein isolates (pea, soy, potato, chickpea, maize, and
brown rice) have sufficient EAA as the requirement of 0.66 g/kg body weight/day for adults,
as stated by the Joint World Health Organization/ Food and Agricultural Organization of The
United Nations/ United Nations University (WHO/FAO/UNU) (Gorissen et al., 2018). A
healthy vegetarian diet containing beans, peas, soy products, nuts, and cereals, is a well-
planned diet that can replace meat, seafood, and poultry in terms of nutrition (U.S. Department
of Health and Human Services, 2016).

2.2.1 Legumes

Legumes have been consumed as a universal food for over 20,000 years as they are excellent
sources of proteins, carbohydrates, fibre, vitamins, minerals, and energy. (Gonzalez-Pérez &
Arellano, 2009). Soybean, pea, chickpea, and lupin are commercial legumes consumed
worldwide (Sa et al., 2020). Soybean is a major crop among all legumes and contains
approximately 40 % protein and 32 to 50 % protein among all cultivars (Gonzalez-Pérez &
Arellano, 2009; Sa et al., 2020). Peas, lupin, and chickpeas are attractive plant-based proteins
in Europe due to their low allergen and non-GMO status (Amarakoon, 2012; Mattila et al.,
2018). Gorissen et al. (2018) reported that soy and pea protein isolates contained sufficient
EAA according to the WHO/FAO/UNU (2007) reference pattern. Most legumes contain a high
amount of lysine (Lys); however, the limiting amino acids are sulfur-containing amino acids

(methionine (Met) and cysteine (Cys)) and tryptophan (Trp) (Sa et al., 2020).

2.2.2 Cereals

Cereals or grains are edible plant seeds accounting for 50% of total plant-based protein
consumption worldwide. The most commonly consumed cereals are rice, wheat, barley and
maize. The protein content ranges from 7 to 13 % (7, 10, 11, and 11 % for rice, maize, wheat,
and barley, respectively) (Gonzéalez-Pérez & Arellano, 2009). The EAA of maize protein
isolate is sufficient to meet the WHO/FAO/UNU amino acid requirements, whereas wheat

protein isolate provides insufficient EAA (Gorissen et al., 2018). Similarly, rice and barley are



good nutrient sources (carbohydrates, vitamins, and minerals), but Lys is their limiting amino

acid (Sa et al., 2020).

2.2.3 Nuts

Nuts are excellent sources of fatty acids and proteins (18.22 g — 25.80 g/100g serving). Some
species of almonds (e.g., Baru almonds) exhibit complete EAA profiles (Sousa et al., 2011).
Consequently, the use of almonds to substitute milk in dairy beverages has increased (Qamar
et al., 2020). Almond milk, with a 1:3 nut and water ratio, contained 1.7 % protein (Alozie
Yetunde and Udofia (2015), as cited in Qamar et al., 2020). Similarly, Shakerardekani et al.
(2013) reported that 4 % of proteins were observed in pistachio milk. Thus, the protein content
in nut milk would be comparable to cow milk (3.5 % on average) (Barbeau & Kinsella, 1988).
However, consuming nuts provides higher energy than other food proteins. For instance, nuts
provide 553-579 kcal per 100 g, while soy-based products and raw meat provide 61-78 kcal
and 166 — 310 kcal per 100 g, respectively (Bohrer, 2017).

2.2.4 Seeds

A growing trend in seed consumption has been reported due to their high nutritional value.
Flaxseeds, chia, watermelon seeds, and paprika seeds have been used in human diets (El-
Adawy & Taha, 2001; Giacomino et al., 2013; Lakshmi & Kaul, 2011). Flaxseeds are a rich
source of protein, phenolic compounds, and fibre; however, Lys is the limiting amino acid
(Giacomino et al., 2013). Lys deficiency is also observed in chia (Olivos-Lugo et al., 2010).
Paprika seeds are rich in Lys, Met, and Cys; however, isoleucine (Ile) and sulfur amino acids
are insufficient compared to the WHO/FAO/UNU reference pattern (El-Adawy & Taha, 2001).
Watermelon seeds are an excellent source of leucine (Leu) and arginine (Arg); nevertheless,
their EAA content is below the WHO/FAO/UNU recommendation (Lakshmi & Kaul, 2011).
In conclusion, plant proteins are used as alternative proteins to substitute meat and dairy
products. Consuming a single plant protein provides lower proteins and EAA than animal
proteins; however, obtaining EAA from plant proteins per WHO/FAO/UNU recommendations
may be achieved by consuming various plant protein sources or higher quantities. Some plant
proteins (e.g., soy protein isolate, maize protein isolate, and pea protein isolate) also have a
complete EAA profile. The protein content and EAA profiles of plant proteins are shown in
Table 2.1.



Table 2.1: Proteins and essential amino acid profiles of various food proteins.

Protein sources Soybean Pea Chickpea Lupin Barley Maize Rice

Proteins (g/100g) 44.53 n/a 247+ 1.7 305+ 1.6 10.0 10.6 9.57+0.11

Essential amino acids (g/100g protein)

Isoleucine (Ile) 4.45 4.23 +0.09 6.0+0.1 3.94 +£0.01 3.5 3.9 3.25+0.11
Leucine (Leu) 7.82 7.11+£0.16 10.0£0.1 6.85 +0.04 7.7 11.6 6.51+0.32
Lysine (Lys) 591 6.93 £0.20 85+0.1 4.73 +£0.05 3.9 33 248 +£0.25
Valine (Val) 4.58 4.72+0.07 57+0.1 3.95+£0.05 5.4 4.9 3.52+0.13
Histidine (His) 2.58 222+0.12 3.3+0.1 2.56 £0.01 2.4 3.3 1.73 +£0.09
Threonine (Thr) 3.61 3.45+0.03 4.7+0.1 3.49 +£0.04 3.9 3.9 1.56 + 0.04
Tryptophan (Trp) 0.33 n/a n/a n/a n/a 1.0 n/a
Phenylalanine (Phe) n/a 4.87+0.27 7.9+0.1 3.86 +0.03 5.7 4.9 4.13+0.17
Methionine (Met) n/a 5.00 = 0.06 2.1+0.1 0.80 +0.01 2.1 2.0 1.74 £ 0.03
Source Vasconcelos Amarakoon Sanchez-Vioque Mattilaetal. Ejetaetal. Ejetaetal. Liu et al.
et al. (2006) (2012) et al. (1999) (2018) (1987) (1987) (2017)

n/a data was not reported in the respective study.



Table 2.1 (Continued)

Protein sources Flaxseeds Chia Watermelon seeds  Peanut Baru almond  Cashew nut

Proteins (g/100g) 26.35+0.05 24.6+£2.5 35.7 29.59+0.05 29.92+0.37 22.67+0.20

Essential amino acids (g/100g protein)

Isoleucine (Ile) 3.98 £0.06 3.66 £0.28 2.8 3.27 3.25 4.19

Leucine (Leu) 6.08 £0.13 5.55+0.77 7.7 6.71 7.44 7.31

Lysine (Lys) 3.66 +0.09 3.70 £ 0.43 3.14 4.38 6.64 4.46

Valine (Val) 4.80 +0.02 4.80+0.23 3.98 3.55 5.56 5.38

Histidine (His) 2.5+0.05 224 +£0.11 3.21 2.68 2.34 2.33

Threonine (Thr) 4.35+0.04 2.91+0.20 3.09 3.18 5.53 3.60

Tryptophan (Trp) 1.55+0.02 n/a 1.15 0.71 1.12 2.65

Phenylalanine (Phe) 4.88 £0.09 4.01£0.37 5.76 n/a n/a n/a

Methionine (Met) 1.52+£0.01 2.50+£0.25 1.71 n/a n/a n/a

Source Giacomino etal.  Olivos-Lugo El-Adawyand Sousa et al. Sousa et al. Sousa et al.
(2013) et al. (2010) and Taha (2001) (2011) (2011) (2011)

n/a data was not reported in the respective study.



2.2.5 Emerging proteins

Green biomass, such as plant leaves and algae, is an emerging alternative protein source. It has
been studied due to its abundant availability and high protein yield per cultivated area (Tenorio
et al., 2018). Many types of plant leaves, such as sugar beet leaves, spinach (Martin et al., 2014,
2019), and alfalfa (Lamsal et al., 2007), have been studied to extract the leaf proteins. Protein
content in plant leaves is similar to cow milk (3.5% protein), ranging from 1.2 to 8.2% protein
(3.5% on average) wet weight basis. However, the extraction process of leaf proteins is more
laborious than other food proteins, and half of the total leaf proteins are insoluble (Barbeau &
Kinsella, 1988). In addition, the difficulty of green colour removal makes the final isolated
proteins difficult to apply to food (Di Stefano et al., 2018). For these reasons, plant leaves have

been neglected as human protein sources.

Several limitations of leaf protein extraction still exist, one of which is low extraction yield.
The extraction yield of common plant proteins is around 50 to 60 %, with a high protein
content: 70 % in protein concentrates and 90 % in protein isolates, respectively. In comparison,
the extraction yield of green biomass is usually below 10 %, with 60 to 80 % protein purity
(Dale et al., 2009). Moreover, due to differences in the tissue structure, some current processes
used for seeds, legumes, and cereals cannot be applied to plant leaves and other green biomass.
For instance, dry fractionation is suitable for pulse and seeds (Tenorio et al., 2018).
Transportation and storage management for green biomass is costly due to its high moisture

content (Kammes et al., 2011).

Although current plant proteins can alleviate protein scarcity, researching novel protein
sources, such as plant leaves, is imperative to support future demand. However, pasture leaves
(such as grass and white clover) have not been widely explored. Thus, the extraction process
of leaf proteins, focusing on pasture leaves, should be studied and optimised to improve the

quality of products and other limitations.
2.2.5.1 White clover

White clover (Trifolium repens L.) is a common pasture for feeding cattle worldwide. It is
usually sown with ryegrass, lucerne, chicory, and plantain to increase total nitrogen in forage.
White clover has protein content ranging from 17 to 33 % dry basis (around 23 % on average)
(FAO, 2011). It has high protein, and its amino acid balance is comparable to soy, as shown in

Table 2.2; nevertheless, Met and Cys are the limiting amino acids. A good digestibility of white



clover leaves has been reported in monogastric young animals (e.g., rats) (Stedkilde et al.,

2018). However, low digestibility has been found in flowers, which make up a considerable

part of leave (up to 50 %) in summer (Seegaard, 1993). Considering white clover leaves as the

raw material of protein extraction, they may be inconstant across all seasons.

Table 2.2: Protein content and essential amino acid profiles of white clover and soybean.

Plant source White clover Soymeal
plant leaves

Crude protein (% dry basis) 32.56 39.86 n/a

Essential amino acids (g/16g N)

Isoleucine (Ile) 4.09 4.18 5.1

Leucine (Leu) 7.03 7.03 7.7

Lysine (Lys) 5.23 5.29 6.9

Valine (Val) 5.06 5.21 54

Histidine (His) 2.06 2.06 n/a

Threonine (Thr) 4.19 4.33 4.3

Tryptophan (Trp) 1.66 5.72 1.3

Phenylalanine (Phe) 4.68 5.89 9.4!

Methionine (Met) 1.36 1.40 2.4

Source Stedkilde et al. Stedkilde etal. ~ Barbeau and
(2018) (2018) Kinsella (1988)

' Phe+Tyr. 2Met+Cys.

n/a data was not reported in the respective study.

2.2.5.2 Grass

Grass has been used for animal feed worldwide and is one of the popular forages in New

Zealand. Perennial ryegrass (Lolium perenne L.) is the most widespread grazing pasture due to

the simplicity of planting (Charlton & Stewart, 1999). It contains approximately 17 to 21 %

protein (Jensen, 2003) depending on plant cultivar, irrigation level, temperature, humidity,

nutrient supply, and season (Barbeau & Kinsella, 1988). Although it is fast-growing, some

cultivars have poor quality in drought conditions (Charlton & Stewart., 1999).

One50 cultivar is the largest-selling perennial ryegrass in New Zealand due to its well-proven

persistence and smooth growth from summer through winter (Agricom research, 2020). The



persistence is evaluated by the percentage of ground cover and average plant pulling score.
These indicators dedicate the plant loss through animal grazing and pulling, leading to pasture
density loss. A study from nine trials in the North Island (New Zealand) from 2003 to 2011
reported that One50 Ar 1 (One 50 cultivar with endophyte 4r/) had a moderate ground cover
percentage (66 %) among all cultivars (54 to 71 %). The average plant pulling score was 7.7
(the top five cultivars among all studied samples). Also, the highest rust score was reported,
indicating excellent crown rust resistance (a pathogen reducing the photosynthetic area) (Kerr
et al., 2012). Moreover, One50 Arl provides a 3 % DM higher than the standard ryegrass
(Agriseeds, 2013; Kerr et al., 2012). It also has high protein content (17.8 % dry basis)
(Agriseeds, 2013).

Perennial ryegrass is the most widely used pasture in New Zealand, and its persistence in
drought conditions is better than white clover (Seegaard, 1993). One50 Arl, a perennial
ryegrass cultivar, has good persistency, smooth seasonal growth, high proteins, and high DM,
making this cultivar an attractive candidate as an alternative protein source. Thus, One50 Arl

was selected for the present study.
2.3 Nutritional compositions of plant leaves

The major components in plant leaves are carbohydrates, fat, protein, and fibre. Other
compounds, such as antioxidants, bioactive compounds, vitamins, and minerals, are minor
components (Gonzalez-Pérez & Arellano, 2009). The protein is mainly discussed in the present
study as it is relevant to the thesis. Therefore, two main areas are categorised: protein and non-

protein sections.
2.3.1 Proteins in plant leaves

Plant leaves have various proteins, such as membrane proteins, chlorophyll-protein complexes,
structural proteins, and enzymes. They are categorised into soluble cytoplasmic and insoluble

chloroplastic proteins or white and green proteins, respectively (Barbeau & Kinsella, 1988).
2.3.1.1 Non-soluble proteins

Non-soluble proteins account for 50% of total proteins in plant leaves, mainly lipoproteins
(membrane proteins) (Barbeau & Kinsella, 1988) and chlorophyll-protein complexes (Liu et
al., 2004). Membrane proteins are usually lost in the step of discarding leaf pulp due to their

low solubility (Lamsal et al., 2007), heterogeneity of proteins, and the interaction between
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proteins and other components (e.g., protein-lipid membrane and protein-enzyme cofactors)

(Wang et al., 2008).

The chlorophyll-protein complexes are located in the thylakoid membrane of chloroplast (Liu
et al., 2004). These complexes are crucial for plants’ photosynthesis, changing solar energy to
chemical energy. One of the strong bonds in these complexes is the hydrogen bond, which
strengthens the linkage between proteins and pigments. In photosystem I, a hydrogen bond
binds glutamic acid (Glu) with chlorophyll (Qin et al., 2015). Similarly, hydrogen bonds bound
the polypeptide's side chains in a light-harvesting complex (LHCI) with the C7-formyl group
of chlorophyll. This interaction makes separating proteins from the chlorophyll difficult,
resulting in many proteins being lost while removing the chlorophyll from leaf extracts

(McLuskey et al., 2001).
2.3.1.2 Soluble proteins (RuBisCo)

Soluble proteins in plant leaves are classified into Fractions I and II based on the molecular
weight (MW). Fraction I is a homogeneous protein with an MW of approximately 500 kDa,
whereas fraction II proteins are heterogeneous groups with MW between 10 to 200 kDa
(Horwarth et al., 1973). A major soluble protein in plant leaves is Ribulose-1,5-diphosphate
carboxylase oxygenase (RuBisCo) (Kobbi et al., 2017). RuBisCo is a metabolic enzyme in the
Calvin cycle, which catalyses the carbon fixation in the photosynthetic system to convert
carbon dioxide to organic carbon compounds (Barbeau & Kinsella, 1988; De Jong et al., 2014;
Kobbi et al., 2017). It also catalyses the first process of photorespiration on the condition that
the affinity between enzyme and oxygen molecule is higher than carbon dioxide (Barbeau &

Kinsella, 1988).

RuBisCo is densely packed, around 300 mg/ml in the stroma part (the mobile phase in the
chloroplast). It is presented abundantly in plant leaves (15-30% of total nitrogen or up to 25%
of total leaf proteins) since the first stage of photosynthesis reaction is slow; thus, plants create
a large amount of RuBisCo to overcome this inefficiency (De Jong & Nieuwland, 2011; Ellis,
1979). RuBisco has been considered the most abundant protein in the world (Ellis, 1979). It
has eight small (12-18 kDa) and eight large (50-55 kDa) protein subunits with a molecular
weight of 550 — 560 kDa (De Jong & Nieuwland, 2011; Udenigwe et al., 2017). Itisa
globular, mildly acidic, negatively charged protein at neutral pH. Its isoelectric point is around

pH 4.5 (De Jong et al., 2014).
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2.3.1.2.1 Nutritional value

As RuBisCo is the main soluble protein in plant leaves, it is used to determine the nutritional
value of the leaf proteins. Its EAA has been reported to meet the FAO/WHO nutritional
guidelines, and it is very rich in Leu, Phe, Trp, and Try compared with other food proteins, as
shown in Table 2.3 (Barbeau & Kinsella, 1988). Similarly, a study stated that leaf proteins
could compensate for the low Lys food, such as cereal-based food; however, Met is a limiting

amino acid (Takeiti et al., 2009)

Table 2.3: Essential amino acids in RuBisCo compared with other common protein sources

and FAO/WHO reference.

Amino acid FAO/ Whole Casein Soybean RuBisCo  Chemical
WHO egg score
(g/16 gN)

Lysine 5.5 6.4 8.0 6.9 6.5 >100
Tryptophan 1.0 1.2 1.3 1.3 2.7 >100
Threonine 4.0 5.0 43 43 6.5 >100
Y Cystine and

methionine 3.5 5.5 3.5 2.4 34 98
Valine 5.0 7.4 7.4 5.4 6.7 >100
Isoleucine 4.0 6.6 6.6 5.1 4.9 >100
Leucine 7.0 8.8 10.0 7.7 9.4 >100

Tyrosine and
6.0 10.1 11.2 9.4 12.8 >100
phenylalanine

(Barbeau & Kinsella, 1988)
2.3.1.2.2 Digestibility property

Protein digestibility is another factor in determining the nutritional value, demonstrating the
ability of proteins to be broken down and the amino acid absorption in the gastrointestinal tract.
Non-soluble proteins (green proteins) in leaves constitute chlorophyll-protein complexes
(presented in the thylakoid membrane) and membrane proteins. This protein group is usually
bound to insoluble compounds, making it less soluble. As a result, it is usually removed through
the discarding process (e.g., filtering and centrifuging) along with non-proteinous components,

such as insoluble fibre (Ramirez-Rodrigues et al., 2022). Eggum (1995) reported that dietary
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fibre impairs protein digestion in the gastrointestinal tract, resulting in low protein digestibility

of the non-soluble protein fraction.

Many studies have reported that a purified RuBisCo has good digestibility (De Jong &
Nieuwland, 2011; Ofori-Anti et al., 2008). For this reason, the nutritional value of the extracted
proteins is determined based on RuBisCo (soluble proteins). The protein digestibility of
purified RuBisCo was compared with six proteins (f-lactoglobulin, bovine serum albumin,
ovalbumin, jack bean concanavalin, and egg lysozyme). The result presented that the large
subunit of RuBisCo fully disappeared after 30 seconds of reacting with pepsin in pH 1.2 and
2. This result indicated that a purified RuBisCo has good digestibility (Ofori-Anti et al.,2008).

However, protease inhibitors, phenolic compounds, and toxins generally decrease protein
digestibility as these compounds can reduce protein availability and digestive enzyme
activities. Consequently, the nutritional value of isolated proteins is reduced (Day, 2013; De
Jong & Nieuwland, 2011). For instance, leaf proteins bound to chlorogenic acid had low protein
digestibility due to the decrease in trypsin rate (Lahiry et al., 1977). It would be said that several
parameters impact the digestibility of leaf proteins. A good digestibility of leaf proteins could
obtain by preventing contamination of these impurities mentioned above and retaining the

purity of RuBisCo.
2.3.1.2.3 Allergenicity

Food allergy is a vital issue impacting people's health, especially those allergic to proteins, such
as dairy, fish, shellfish, eggs, soybeans, wheat, and nuts (Gonzalez-Pérez & Arellano, 2009;
Gupta et al., 2017). For instance, a survey conducted between 2009 to 2010 presented that 8%
of children in the United States had suffered from food allergies that might be life-threatening
(Gupta et al., 2011). No medical treatment can directly cure food allergies. Thus, avoiding the
ingestion of food allergens is suggested. Moreover, food allergens also impact manufacturing
costs since manufacturers must apply food allergen management to produce safe food (Gupta
et al., 2017). Thus, a novel protein source should be from non-allergen or low-allergen raw

materials.

Criteria for determining the potential allergen have not been clarified. However, food
containing indigestible or low-digestible proteins, which cause food allergies, is suggested to
determine food allergens (De Jong & Nieuwland, 2011). B-conglycinin, a primary protein in
soybean, requires 60 minutes to be digested; hence high allergic reactions in humans have been

observed. In contrast, RuBisCo was digested in 30 seconds (Ofori-Anti et al., 2008). This
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indicates that RuBisCo has good digestibility and low allergenicity than other food proteins.
However, four people reported an incident in 2008 of food allergy after consuming vegetable
leaves (Genkov & Spreitzer, 2009). It was assumed that RuBisCo in vegetable leaves still does
not undergo modification, as happens during purification. Removing polyphenols and
carbohydrates during extraction might reduce the reactions with RuBisCo, which may trigger
allergenicity (De Jong & Nieuwland, 2011). Up to now, no new cases have been reported.

Thus, plant leaves could be a potential protein source due to their low allergen.
2.3.1.2.4 Functional properties

Protein functionalities significantly affect the food characteristics, contributing to the final
products' appearance, texture, mouthfeel, and shelf life (De Jong et al., 2014). Green proteins
are usually bound to non-proteinous compounds, making them less soluble (Kaur et al., 2021;
Ramirez-Rodrigues et al., 2022). Consequently, they are discarded during extraction; hence,
soluble proteins are assumed to be recovered into the isolated protein. RuBisCo, a main soluble
protein, has been reported to provide good solubility, gelation, foaming and emulsion;
however, its functionalities are influenced by purification methods and drying conditions (De
Jong et al., 2014; Kobbi, 2017). A review of RuBisCo’s functional properties and the relevant

factors is provided in the following sections.

Solubility

Protein solubility is defined as the dissolved proteins in a solution or supernatant after
centrifugation. In other words, it is defined as the total proteins in the liquid phase compared
with the total proteins in protein powder (Pelegrine & Gasparetto, 2005). This functionality is
a significant property of proteins since it relates to food processing and other functionalities

(e.g., emulsion, gelation, and foaming) (De Jong & Nieuwland, 2011).

RuBisCo provides good solubility comparable with other proteins; for instance, tobacco
RuBisCo provides better protein solubility than soy protein isolate (Sheen & Sheen, 1985).
Many studies have reported that RuBisCo has a good solubility at pH 6 to 9, which is the
normal pH of many foods (Prevot-D’Alvise et al., 2004; Van De Velde et al., 2011a). Similar
results for alfalfa leaf proteins have been reported. Its protein solubility increased from 10 %
to 90 % at pH 7 to 9, while the lowest solubility was observed at pH 3.5 to 5 (Prevot-D’ Alvise
et al., 2004). Similarly, De Jong et al. (2014) stated that the isoelectric point (pI) of RuBisCo

1s around 4.5.

14



pH is a vital factor relating to protein solubility, the same as RuBisCo since it impacts the
charges and electrostatic forces of protein molecules (De Jong & Nieuwland, 2011). The lowest
solubility of protein molecules is observed at the pH closest to their pI (Di Stefano et al., 2018;
Martin et al., 2019; Van De Velde et al., 2011a). This is due to the lowest electrostatic forces
at this point, where the charge of amino acids reaches net zero. As a result, increased protein-
protein interactions lead to proteins aggregating and having lower solubility (Damodaran et al.,
2007). An increase in protein solubility is observed on either side of the protein’s pl (acid and

alkali pH) since the electrostatic forces of protein molecules are increased (Kobbi, 2017).

Furthermore, the solubility of proteins is impacted by other factors, such as temperature, salt
concentration (Kaur et al., 2021), plant species, and isolation methods (Sheen, 1991). These
factors also would affect the solubility of leaf proteins. Kaur et al. (2021) reported that the
solubility of grass protein concentrate (GPC) extracted by enzyme treatment and acid
precipitation increased when the temperature of the GPC solution was increased to 60 and 80
°C, respectively. Their study also showed that a decreased protein solubility of GPC was
detected with increasing salt concentration. The effect of plant species on protein solubility has
been studied by De Jong & Nieuwland (2011). They found that RuBisCo of tobacco leaves
treated with magnesium ions was insoluble at pH below 7.5, whereas the solubility of spinach

leaf proteins was much less affected.

Foaming properties

Foam is gas suspended in a continuous phase (liquid or solid materials), stabilised by proteins.
The foam formation is induced by proteins decreasing the interfacial tension and rapidly
absorbing at the freshly formed air/water interface. Subsequently, the viscosity in the
continuous phase changes and the interfacial films form the foam structure. Hence, proteins
play a vital role in various food foams, contributing to the product’s texture, volume, and

stability (Foegeding & Davis, 2011).

The foaming properties of RuBisCo are comparable to other proteins, such as soybean, whey,
and egg white (Barbeau & Kinsella, 1988; Van De Velde et al., 2011a). Van De Velde et al.
(2011a) reported that the foaming capacity of RuBisCo isolate was higher than soy and whey
protein isolates. Better foam stability also was observed in the RuBisCo isolate. However, pH
and ionic strength are vital factors of foam stability. Foam is the most stable in conditions close
to pl, high ionic strength, and low temperature due to a minimal repulsive force of proteins

(Barbeau & Kinsella, 1988).
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Emulsifving properties

Emulsification is a surface-active property of food proteins. It refers to the ability of proteins
to form and stabilize emulsions in various food products (e.g., mayonnaise, butter, sausage,
and cake) (Barbeau & Kinsella, 1988). Emulsifying properties of RuBisCo have been studied
in many isolated leaf proteins. Barbeau & Kinsella (1998) reported that spinach RuBisCo
provided a lower emulsifying activity index than soy proteins and bovine serum albumin but
higher than ovalbumin. Lamsal et al. (2007) observed that the emulsion capacity (EC) of
RuBisCo was similar to the egg white proteins. Similarly, Martin et al. (2019) reported that

emulsifying properties of sugar beet leaf proteins were better than soy protein isolate.

Emulsifying properties are affected by pH, protein concentration, and purification methods
(Lamsal et al., 2007; Martin et al., 2019). Proteins rapidly absorb the oil droplets at pH close
to their pl, resulting in good EC and emulsion stability (ES) (Phillips et al., cited in Martin et
al., 2019). A study reported that the EC of RuBisCo was better at pH 4 than 7 since this
condition is close to RuBioCo’s pl (Lamsal et al., 2007). Protein concentration also influences
the ES of the emulsion food system. A decrease in ES was observed in the sample containing
low proteins (0.2 % RuBisCo protein isolate; [RPI]) due to the aggregation of oil droplets
stabilised by insufficient protein quantities. In contrast, a high protein sample (1 % RPI)
provided a smaller oil droplet size and better ES (Martin et al., 2019). Moreover, different
extraction methods provide different emulsifying properties. Lamsal et al. (2007) reported that
the alfalfa leaf proteins extracted through ultrafiltration provided the ES almost twice better

than the acid-precipitated sample.

Gelling properties

Gelation in food systems is influenced by proteins, which contribute to the food texture (e.g.,
elasticity and brittleness), and change in food characteristics (e.g., fat/moisture release)
(Foegeding & Davis, 2011). The gelling structure develops when the proteins denature;
subsequently, the intermolecular interactions of protein-protein or protein-other compounds

form, contributing to the gelling networks (De Jong & Nieuwland, 2011).

Gelling properties of RuBisCo have been studied in various leaf proteins: alfalfa, sugar beet
leaves, tobacco, and spinach. RuBisCo provides better gelling properties than other food
proteins, such as soy and egg white proteins. In addition, it needs a significantly lower protein
concentration to develop gelation compared with other proteins (Barbeau & Kinsella, 1988;

Martin et al., 2014, 2019). Barbeau & Kinsella (1988) reported that spinach proteins could
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form a gel using only 2.5 %, and a similar result was observed by Martin et al. (2019). In
comparison with soy protein isolate (SPI) and whey protein isolate (WPI), both proteins
required higher concentrations (approximately 10 %) to provide gel strength as same as

RuBisCo protein isolate (RPI) (Van De Velde et al., 2011a).

Many factors, such as temperature, protein concentration, and ionic strength, affect the gelling
properties (De Jong & Nieuwland, 2011). Protein denaturation temperature (Taq) is vital because
it is relevant to protein network formation (Martin et al., 2014). The study showed that RPI gel
formed at a temperature lower than WPI since the Ta of RPI (65 °C) was lower than WPI (72
°C). Adding calcium salt can reduce gelation time since high ionic strength reduces the Ta.
Moreover, higher protein concentration leads to higher gel strength (Van De Velde et al.,

2011a).

It can be seen that leaf proteins, mainly RuBisCo, provide good nutritional value, digestibility,
and functional properties comparable to conventional proteins. Leaf proteins also provide a
low risk of food allergy. Thus, plant leaves can be an alternative protein source for food
applications. However, many factors (e.g., purification, pH, ionic strength, and temperature)

relate to the functional properties of the isolated proteins (Martin et al., 2019).
2.3.2 Non-proteins in plant leaves

Apart from proteins, polysaccharides, cellulose, and lignin are the other main components in
plant leaves. Water-soluble carbohydrates are ruminants' primary carbohydrate and energy
source, which correlates to protein utilisation in animals’ rumen (Smith et al., 1999). Cellulose,
hemicellulose, and lignin are insoluble dietary fibres that absorb fluid and waste in the intestine.
They enhance intestine movement and prevent human gastrointestinal blockage, constipation,
haemorrhoids, and colon cancer. Consuming insoluble dietary fibres also decreases the risk of
obesity and diabetes (Otles & Ozgoz, 2014). Carotenoids, calcium, iron, magnesium, vitamin
C, folic acid, and riboflavin are the minor components in plant leaves (Gonzalez-Pérez &
Arellano, 2009). The chemical compositions of perennial ryegrass and white clover are

presented in Table 2.4.
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Table 2.4: Chemical compositions of perennial ryegrass and white clover (% dry basis).

Compositions Perennial Ryegrass White Clover
Dry matter 19.4! 19.07?
Water-soluble carbohydrates® 12.62 7.94
Hemicellulose® 12.63 9.70
Cellulose® 2543 20.93
Lignin’® 6.82 8.23
Nitrogen® 3.28 4.14
Crude protein 19.0% 23.0°
Ash? 12.72 10.32
- Calcium 0.65% 1.01°
- Phosphorus 0.40* 0.333
- Copper n/a 1.20°

 Minneé et al. (2019). 2 Spegaard et al. (1993). * Rattray and Joyce (1974). * Hannaway et al.
(1999). 5 FAO (2011).

2.4 Antinutritional components and toxins in plant leaves

Plant leaves naturally comprise antinutritional compounds, such as protease inhibitors,
polyphenol-protein complexes, and natural toxins. These compounds reduce protein
digestibility and may cause adverse health effects (Day, 2013; De Jong & Nieuwland, 2011;
Tadele, 2015). The effect of these compounds on protein properties and human health,

including inactivation methods, are discussed in the following subsection.
2.4.1 Protease inhibitors

Protease inhibitors (e.g., trypsin inhibitors and chymotrypsin inhibitors) are generally found in
the plant kingdom and usually interrupt digestive enzyme activity in the gastrointestinal tract
(Day, 2013; Thakur et al., 2019). Hazlewood et al. (as cited in Barbeau & Kinsella, 1988) found
that trypsin inhibitors from alfalfa leaves could reduce the activity of 30, 60, and 90 % of pepsin
pronase E, and trypsin, respectively. In addition, trypsin inhibitors can form the irreversible
enzyme-trypsin complex, causing lower protein digestibility and growth rate reduction (Thakur

et al., 2019).
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However, some food processing can inactivate the activity of protease inhibitors. Boiling and
autoclaving are effective methods to inhibit the activity of enzyme inhibitors; thus, cooking
raw plant food before consumption is recommended (Thakur et al., 2019). Furthermore, Smit
et al. (2006) reported that the protease inhibitors found in perennial ryegrass could be
inactivated by freeze-drying. Hence, enzyme inhibitors would not be a significant issue for leaf

proteins as food ingredients since they are inhibited during the food process.
2.4.2 Polyphenol-protein complexes

In general, polyphenols provide various benefits for human health since they act as
antimicrobial substances and antioxidants. Polyphenols also are used as preservatives in food
products (Winters et al., 2003). Nevertheless, polyphenols in food proteins are undesirable
since they can bind with proteins, reducing protein digestibility and absorption (De Jong &
Nieuwland, 2011; De Jong et al., 2014).

Polyphenols are found abundantly in plant materials, especially plant leaves, and react instantly
with polyphenol oxidase (PPO) once the plant cells are disrupted (Jang & Moon, 2011).
Subsequently, quinone products, the highly reactive substances, are generated. These
compounds can form covalent and non-covalent bonds with the nucleophilic site of amino acids
or proteins known as “cross-linked protein polymers” (Winters et al., 2003, p. 121). Non-
covalent polyphenol-protein complexes can retard the protease enzyme, whereas covalent
bonding complexes change amino acids to an unhydrolyzed form. Thus, bound proteins are
less digestible, causing their nutrition loss (Winters et al., 2003). Many polyphenols are
detected in plant materials; however, the primary phenolic compound found in forage is tannin

(Tadele, 2015).

Tannin is a water-soluble and heat-stable polyphenol in plant vacuole cells (Patel et al., 2013;
Tadele, 2015). It can bind with proteins and amino acids through hydrogen bonds and
hydrophobic interactions, making proteins unabsorbable and less digestible. It reduces the
activity of various enzymes (e.g., trypsin, amylase, and lipase) and interferes with iron

absorption (Natesh et al., 2017).

Tannin is categorised into hydrolysable and condensed tannin (CT). This review mainly
discusses CT since its effects on protein digestibility (Patel et al., 2013) and hydrolysis
resistance (Natesh et al., 2017) are higher than hydrolysable tannin. The effect of CT on

ruminant health has been studied; worse protein adsorption and swallowing problems were
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observed in ruminants consuming 2 to 4 % CT (Escaray et al., 2012). Similarly, laying hens
obtaining 0.5 to 2 % CT had a reduction in egg production and growth rate (Chung et al., 1998).
However, a small amount of CT is detected in perennial ryegrass (0.02 — 0.25 %) (Jackson et
al., 1996) and white clover (Burggraaf et al., 2003). Perennial ryegrass and white clover contain

CT almost ten times lower than that impact on animal health.
2.4.3 Natural toxic compounds

All ruminants obtain nutrients and energy from grasses, fodders, and legumes (e.g., clovers).
Nevertheless, animals sometimes get adverse illnesses due to the high level of natural toxins in
forage. Alkaloids, mycotoxins, and nitrates are occasionally found in grasses (Reed et al., 2011;
Stone, 1994). In comparison, saponin and cyanogenic glycosides are detected in legumes, such
as clovers (Naydenova et al., 2018; Sakamoto et al., 1992). These toxins interrupt nutrient
adsorption and reduce enzyme activity, affecting animal health (Samitiya et al., 2020; Tadele,
2015). Understanding these toxins' health effects, limitation levels, and inactivation methods

is critical for producing safe food.
2.4.3.1 Alkaloids

Alkaloids are organic nitrogen-containing bases in vascular plant cells, directly impacting the
neurological system by inhibiting electrochemical neurotransmission in humans and animals
(Tadele, 2015). Paralysis, rapid heartbeat, and fatal cases are found in animals that consume
alkaloid-contaminated feeds (Fekadu Gemede & Retta, 2014). This toxin group is detected in
perennial ryegrass (Stone, 1994) and white clover in small amounts (approximately 9 pg/kg)

(Burkin et al., 2017).

Pyrrolizidine alkaloids (PAs) have been important natural toxins in recent years due to the
increased occurrence of PAs in food matrices (Casado et al., 2022). Consuming food containing
PAs leads to liver and kidney damage  (Australia New Zealand Food

Authority (ANZFA), 2011). The European Commission has regulated the maximum levels of
PAs contaminated in various food products (e.g., herbal infusion, tea, food supplement, and
pollen products) at 75 — 1000 mg/kg. However, the maximum contamination level of liquid
products for infants and young children is allowed only 1 mg/kg (The European Commission,

2020).

Food process, such as boiling and soaking, has been reported to decrease the concentration of

alkaloids. A debittering process (soaking and washing with water) could reduce lupin's alkaloid
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content from 1-2 % to 0.05% (ANZFA, 2011). Also, alkaloids could be removed by boiling
since they are water-soluble. Thus, boiling and soaking accelerate the removal of these
compounds from seeds (Mohammed et al., 2017). It could be seen that alkaloids in perennial
ryegrass and white clover are lower than the maximum level regulated by The European

Commission. Also, these compounds are eliminated during food processing.
2.4.3.2 Mycotoxins

Mycotoxins are secondary metabolites and act as insecticides, increasing pasture persistence.
Nevertheless, these toxins cause health issues for grazing animals (Meat & Livestock Australia,
2020). Lolitrem B (Reed et al., 2011) and cyclopiazonic acid (CPA) (Burkin et al., 2017) are

the most critical mycotoxins in perennial ryegrass and white clover, respectively.
Lolitrem B

Lolitrem B is a mycotoxin produced by Neothyphodium lolii, a fungus that infects perennial
ryegrass. The amount of lolitrem B in perennial ryegrass relies on the season and the plant’s
part (Reed et al., 2011). The highest concentration of lolitrem B is usually detected in March
or between summer and autumn (Meat & Livestock Australia, 2020; Reed et al., 2011). A study
in France presented that lolitrem B in leaf base and the inflorescence is found at 0.01 to 3
mg/kg, while leaves contain lower than these levels (Repussard et al., 2014). Ingestion at high
concentrations leads to a neurological disorder and abnormal clinical symptoms (e.g.,

staggering and tremors), including slow weight gaining (Shimada et al., 2013).

The effect of lolitrem B on human health has been evaluated since people may consume meat
from cattle fed by infected grass (Shimada et al., 2013). The study also demonstrated that
lolitrem B at 12 pg/kg/body weight (BW) per day did not harm Japanese black cattle. This
concentration is designated as no observed adverse effect level (NOAEL). Moreover, the study
showed that humans might obtain this toxin at only 109 ng/kg/BW per day when consuming
contaminated beef. This level is much lower than NOAEL; thus, Shimada and his teams

concluded that ingesting lolitrem B from contaminated beef would not impact human health.

Furthermore, Lolitrem B is rarely observed in human food as common mycotoxins are
ochratoxin A, aflatoxins, patulin, zearalenone, and fumonisins (WHO, 2018). However,
minimising the risk of mycotoxins is discussed in this study. The ideal prevention is controlling
a properly dried environment during cultivation to prevent mould growth, as mycotoxins are

products of mould infection (WHO, 2018). Mycotoxins are difficult to eradicate once they
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contaminate the food as they can resist various processes. Many methods have been studied to
reduce mycotoxins concentration. A chemical agent, such as acid, quaternary ammonium,
peroxide, sorbate, sodium hypochlorite, and propionate, can decontaminate mycotoxins before
storage. Physical treatment (e.g., non-ionising irradiation, UV light, electron-beam irradiation,
ozone, microwave, ultrasonication, and high hydrostatic pressure) also is an effective

decontamination method (Cattini, 2019).

Cyclopiazonic acid

Cyclopiazonic acid (CPA) is the greatest mycotoxin detected in white clover (0.175 — 0.350
ug/g) (Burkin et al., 2017). CPA is a mycotoxin produced by Aspergillus and Penicillium. 1t is
not an acute toxin because of its low toxicity; however, some animals are sensitive to CPA
(e.g., rodents, chickens, and pigs). CPA is naturally found in various food (legumes, milk,
cheese, and meat), and the acceptable daily intake is 10 pg/kg/day or 700 pg/day (Burdock &
Flamm, 2000). It can be seen that the amount of contaminated CPA in white clover is much

lower than the acceptable daily intake.
2.4.3.3 Nitrates

Some forages, such as sudan grass and millet, can accumulate nitrate to toxic levels. A
perennial ryegrass/clover mixture also has been reported as a source of the outbreak in cattle
(Stone, 1994). A high level of nitrates in plants causes life-threatening in cattle since nitrates
are converted to nitrite and cannot be converted to protein completely. The remaining nitrite is
accumulated and absorbed through the bloodstream, converting haemoglobin (oxygen carrier)
to methaemoglobin (non-oxygen carrier). Consequently, a low oxygen level leads to fatal death

in grazing animals (Tadele, 2015).

Furthermore, nitrate toxicity in humans has been reported: consuming more than 45 ppm of
nitrate-rich food leads to methemoglobinemia, causing a lack of oxygen. Nevertheless, it rarely
occurs in adults since nitrates are converted to nitrite by nitrate-reducing bacteria in the lower
intestine, where nitrite is not absorbed into the bloodstream. The human body also excretes
nitrates through urine, sweat, and faeces within 24 hours. However, nitrates are harmful to
infants since the conditions in the upper gastrointestinal tract are optimal for nitrate-reducing
bacteria, and this area is excellent for nitrite adsorption (Majumdar, 2003). It can be seen that
obtaining nitrates from leaves would not be harmful to humans; however, it should be

considered carefully for infant food products.
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2.4.3.4 Saponins

Saponins are natural secondary metabolites in many plant species, especially legumes
(Samitiya et al., 2020). White clover (large-leaf species) also contains several saponins.
Nevertheless, the contamination level in clover leaves is very low, and the whole plant contains
1.5 to 75 mg/kg (Sakamoto et al., 1992). Saponins can impair vitamin E and lipid adsorption
since they bind the sterols; consequently, their structure is similar to fat-soluble vitamins
(Samitiya et al., 2020). Saponins also inhibit various enzyme activities, such as glucosidase,

amylase, lipase, chymotrypsin, and trypsin, leading to indigestion problems (Lee et al., 2015).

A study reported that consuming more than 150 mg/kg BW caused fatal cases in sheep;
however, saponins content in white clover is much lower than the fatal dosage mentioned
above. Samitiya et al. (2020) stated that consuming a low amount of saponin food would not
impact human health. It also enhances people’s health, such as anticancer, decreased risk of
heart disease, and reduced cholesterol. A high concentration of saponins also provides a bitter
taste, limiting food intake (Thakur et al., 2019). Moreover, a reduction in the content of
saponins in legumes was observed after the cooking process (Samitaya et al., 2020). Hill (2003)

reported that saponin removal in quinoa grains was achieved by soaking and washing.
2.4.3.5 Cyanogenic glycosides

Cyanogenic glycosides (cyanogen) are toxic substances found in white clover at 19.4, 28.4,
and 19.2 mg/100g dried leaves of small, middle, and large-leaf species, respectively
(Naydenova et al., 2018). Cyanogen is hydrolysed and converted to hydrogen cyanide, causing
human health problems, such as blood pressure drop, dizziness, vomiting, rapid pulse, and
respiration disorder (Thakur et al., 2019). However, health effects occur when a high dosage is
ingested. Furthermore, cyanide detoxification is a normal process in the human body by
changing cyanide to thiocyanate and excreting it through urine. Indeed, people currently
consume some plants containing cyanogen, such as cassava, almonds, sorghum, stone fruits,

and bamboo shoot (WHO, 2014).

Various methods, such as soaking, fermentation, and cooking process, can reduce the
concentration of hydrogen cyanide before consumption. Cyanogen is changed to cyanide
during soaking and fermentation, and it is dissipated out of food by air or water. Also, it is a
heat-labile substance; thus, it is degraded at high temperatures (Thakur et al., 2019). Ngudi et

al. (2003) found that the amount of cyanogen in cassava leaves was reduced by up to 99 %
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after boiling. Similarly, Ferreira et al. (1995) reported that cyanogen in the bamboo shoots was

reduced by 97 % after the cooking process (98 - 102 °C for 148-180 minutes).

According to Food Standards Australia New Zealand [FSANZ] (2015), there is no regulation
of antinutrients and natural toxins for leaf proteins. However, heating, soaking, washing, and
freeze-drying can inactivate protease inhibitors and decrease the content of antinutrients. The
concentration of polyphenols and some toxins (e.g., alkaloids) is lower than the dosage that
causes health problems. The human body has the natural process of excreting toxins out of the
body (e.g., nitrates and cyanogen). In addition, chemical use and physical treatments can also
reduce the risk of toxin contamination. Thus, using pasture leaves as a human protein source
should be further studied since plant leaves are potentially safe raw materials for food

applications.
2.5 Isolation process of leaf proteins

The nutritional value and functionality of RuBisCo make plant leaves an interesting protein
source. As a result, the extraction process of leaf proteins has been studied. However, leaf
proteins are still unutilised since removing chlorophyll and off-flavour requires laborious
processes (Di Stefano et al., 2018). The extraction process of leaf proteins comprises
harvesting, cell disruption, protein fractionation, and purification and concentration (Tenorio

et al., 2018), as shown in Figure 2.1.

Leaf pulp Chlorioplastic Polyphenols, salts, and
sediments other small molecules
Harvesting Cell Green protein Purification and
materials disruption fractionation concentration
— Mechanical Heat —| Heat coagulation
methods treatment
— Acid precipitation
Enzymatic Divalent
methods ions — Ultrafiltration
| Others (e.g., — Chromatography
ultrasound)
| Activated carbon

Figure 2.1: Extraction process of leaf protein concentrate.
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2.5.1 Harvesting plant materials

Harvesting is the process of gathering plant materials from the field. This process is vital to
maintain intact plant cells and retain the original quality since the damaged cells initiate
undesirable reactions. For instance, the oxidation reaction of PPO leads to low protein
digestibility (De Jong et al., 2014), and lipid oxidation generates a grassy flavour (Hatanaka,
1996). Moreover, the storage and handling procedure relates to the plant's quality. Avoiding
light and air exposure is suggested to minimise the effect of the oxidation reactions mentioned
above (Baysal & Demirddven, 2007). In addition, a storage temperature should be less than 15
°C to decrease enzyme activity; consequently, the original quality of plant cells is retained (De

Jong et al., 2014).
2.5.2 Plant cell disruption

Proteins in plant leaves are located inside plant cells. Particularly RuBisCo, the main soluble
protein in plant leaves, is enclosed inside the chloroplast (Barbeau & Kinsella, 1988). Thus, a
disruption process is essential to separate the proteins from plant tissue. At the same time, other
compounds (e.g., pigments, antinutrients, and enzymes) also are released during this process,
which reduces the purity of isolated proteins (Di Stefano et al., 2018). Moreover, stems or other
parts increase the impurities into isolated proteins, which may require a higher amount of food
additive or more process steps. Thus, removing non-leaf parts before the extraction process is

recommended (De Jong et al., 2014).

Disrupting plant tissues is achieved by mechanical instruments, such as a blender, high-
pressure homogeniser, screw-pressing homogeniser, and grinder. Kitchen homogenisers would
disrupt low-fibre plants (e.g., sugar beet leaves). High-pressure homogenisers, screw-pressing
homogenisers, and grinders are appropriate for high-fibre plants (De Jong et al., 2014). A
screw-pressing homogenizer has been used in several studies (De Jong et al., 2014; Martin et
al., 2014, 2019) for disrupting plant cells since it is an efficient machine for leaf juice extraction
without adding water. It also separates fibres from the soluble fraction in one step (De jong et
al., 2014; Di Stefano et al., 2018). Barbeau & Kinsella (1998) reported that leaf juice extracted
by this machine without water had good recovery of dry matter and proteins (up to 10 % DM
and 2 to 3 % protein (wet basis)).

Nonetheless, a high amount of foam is observed, which could induce covalent bonding between

polyphenols and proteins, reducing protein digestibility. Furthermore, non-mechanical
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methods have been studied for disrupting plant materials, for instance, enzymatic lysis, freeze-
thaw cycles, and ultrasound treatment. Nevertheless, these techniques are still unutilised due

to the difficulty of scaling up (De Jong et al., 2014).
2.5.3 Green proteins fractionation

Green protein fractionation is a process to separate insoluble from soluble fractions, which
comprises three steps: discarding leaf pulp, aggregating chloroplastic curd (chlorophyll), and
centrifuging or filtering. Discarding leaf pulp is done after cell disruption by filtering. It is the
first step to separating the insoluble fraction from the soluble (leaf juice). Subsequently,
chlorophyll is removed from the obtained green juice by aggregating chloroplast cells and
centrifuging to separate the precipitated chloroplastic curd from the solution. However, some
residual chlorophyll may not be eliminated. Therefore, microfiltration or activated charcoal is
used to remove the remaining chlorophyll (De Jong et al., 2014). As the aggregation of the

chloroplastic curd is the most challenging, the following subsection focus on this step.

Chlorophyll has various advantages, such as non-toxic, antioxidant, anti-mutagen, wound
healing, and anti-inflammatory prevention. It is also used as a colourant in food and cosmetic
products (Fu et al., 2017). However, the dark green colour is the main obstacle to consumer
acceptance and food applications (e.g., beverage products) (Van De Velde et al., 2011a). Thus,

chloroplastic curd fractionation is necessary to remove chlorophyll.

Chlorophyll is the primary pigment of plants responsible for green colour and a significant
component of photosynthesis. The structure of chlorophyll comprises a porphyrin ring (head)
and phytol chain (tail) with the Mg-atom at the centre. It is located in the chloroplast between
proteins and lipid layers, where the proteins link the porphyrin part, and the lipids link the
phytol tail (Attokaran, 2011).

The amount of chlorophyll depends on plant species (Kholmanskiy & Zaytseva, 2020), nutrient
supply, and environmental stress, such as drought, salinity, and temperature (Attokaran, 2011).
Kholmanskiy & Zaytseva (2020) reported that chlorophyll content in grass species and red
clover grown under sunlight was 0.85 - 0.95 and 0.9 mg/g, respectively. Zhang et al. (2020)
found that perennial ryegrass exposed to light for 14 hr had chlorophyll of 1.67 to 1.95 mg/g.
Although leafy species have less chlorophyll, about 1.6 times, than fruit plants (Kholmanskiy
& Zaytseva, 2020), separating the chlorophyll and retaining the proteins simultaneously is

26



challenging. As proteins are naturally bound with the photosynthetic system on the thylakoid

membrane (Liu et al., 2004), discarding chlorophyll also causes protein loss.
2.5.3.1 Chlorophyll fractionation by heat treatment

Heat treatment is a method to eliminate chlorophyll from leaf juice. Since some parts of
photosynthesis link with the proteins, protein denaturation leads to irreversible chloroplastic
curd formation (Ostbring et al., 2014). Udenigwe et al. (2017) stated that heating leaf juice at
40 — 60 °C could remove abundant green pigments, non-soluble proteins, and cell debris.
Similarly, De Jong et al. (2014) reported that plant juice is preferably heated at 40 — 60 °C for
15 - 30 minutes to precipitate chloroplast. This temperature range has been suggested for
aggregating chlorophyll to avoid RuBisCo denaturation, as its T4 is around 61.85 - 72.85 °C
(Béghin et al., 1993). The heated juice must be cooled down to less than 15 °C in a short time
to stop the heating effect. The efficiency of heat-induced chloroplast precipitation reduces

when the storage time increases (De Jong et al., 2014).
2.5.3.2 Chlorophyll fractionation divalent ions

Thylakoid membranes and organelles inside chloroplast have anionic binding sites; thus, they
can bind with divalent cations (Camm & Green, 1982); consequently, these negative charges
are neutralised. This results in thylakoid membrane stacking and chloroplast cell flocculation
(Chow et al., cited in Camm & Green, 1982). The interaction of thylakoid membranes and
cations has been studied since 1982. Chloroplast initially aggregated after adding 5 mM of
Mg?*, Ca®*, and Mn?" in a thylakoid solution, leading to the aggregated green layer (Camm &
Green, 1982). Similarly, De Jong et al. (2014) demonstrated that using 100 — 300 mM divalent
salts (based on plant materials weight) resulted in thylakoid membrane flocculation. Increasing
the concentration of cations enhanced the degree of thylakoid stacking; however, it decreased
protein extractability (Camm & Green, 1982). Moreover, the study also reported that divalent
cations, such as Ca?*, Mg?*, and Fe?", enhanced the effectiveness of heat-induced chloroplast

aggregation.

Removing chlorophyll by heat treatment may lead to partial RuBisCo denaturation since the
recommended temperatures (40 — 60 °C) are close to its Ta. However, the thermal treatment
reduces antinutritional compounds in plant leaves (Samitiya et al., 2020). Using divalent
cations to remove chlorophyll is an interesting approach due to no involvement of heat. In
addition, combining both techniques should be further studied to evaluate the effectiveness of

green colour removal and the effects on the protein content of extracted proteins.
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2.5.4 Protein purification

Purification aims to eliminate small molecules and impurities, such as pigments, polyphenols,
salts, and polysaccharides, from the initial source to purify the target proteins and enrich protein
content by removing the moisture content (Xie, 2017). Various techniques used for protein

purification are discussed in the following subsection
2.5.4.1 Heat coagulation

Heat coagulation is defined as the thermal precipitation method. Thermal treatment results in
protein denaturation; consequently, the hydrophobic sites of proteins are exposed, and the
proteins are aggregated (De Jong et al., 201). A study reported that protein precipitation from
chlorophyll-free alfalfa juice could be achieved by heating at 80 °C, followed by centrifugation
to obtain the protein precipitates. The obtained proteins were light-tan and bland; however,
they had irreversible structures, and their solubility was low (Edward et al., 1975). In contrast,
a good result in emulsion and foaming properties were observed in heat-coagulated proteins.
The isolated duckweed proteins by heat coagulation showed 93.33 %, 60.12 %, and 50.67 %
of foam capacity, foam stability, and emulsion stability. Nevertheless, only 34.41 % of crude
protein was recovered (Kalburgi, 2019). It could be seen that heat coagulation is a

straightforward and low-cost method.
2.5.4.2 Acid precipitation

Acid precipitation has been used extensively for protein recovery as it is a simple and low-cost
process. The crucial point of this technique is reducing pH to the isoelectric point of target
proteins, resulting in protein aggregation. At the isoelectric point, the net charge of proteins is
near zero (no net charge), which leads to protein molecules having the lowest electrostatic
forces. Subsequently, the water-protein interaction reduces, and the protein-protein interaction
increases; consequently, proteins are aggregated and lose the ability to solubilise (Pelegrine &
Gasparetto, 2005). Nevertheless, acid-precipitated proteins retain their solubility property more
than those obtained through heat coagulation (Knorr, 1982).

Improving the protein solubility has been conducted by pH shifting. Proteins are subjected to
an extremely low or high pH before adjusting to the neutral condition, resulting in partially
unfolded and refolded proteins. This structural change leads to molten globule conformation
and specific surface properties formation, enhancing the proteins' solubility (Jiang et al., 2014).

An increase in grass protein concentrates (GPC) solubility by using the pH shifting technique
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was observed. The study reported that GPC treated with strong alkali (pH 12 at 20 °C) before
shifting to pH 7 had protein solubility 5.3 times higher than untreated GPC (Kaur et al., 2021).
It can be seen that the pH-shifting process would be a method to improve protein solubility.
However, the structure of proteins is not reversed entirely since the structural conformation

appears in the tertiary structure (Jiang et al., 2009).
2.5.4.3 Ultrafiltration

Ultrafiltration is a process that allows products to pass through the three-dimensional structure
of the membrane to separate the contaminants from the target compounds. It is defined as a
separation technique based on the size of target molecules against the pore size of filters. Its
purification efficiency involves filtration mode, membrane type, hydrophobicity, and
electrostatic interaction. A study showed that low protein purity was obtained due to the
membrane blockage, leading to the impurities retained on the membrane. It usually occurs with
static filtration mode, where the separation is operated only by pressure force. Tangential flow
filtration is another design with swiping flow over the membrane; consequently, membrane

fouling decreases (Walter et al., 2011). The schematic flow of both filtration modes is presented

in Figure 2.2.
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Figure 2.2: Schematic flow of tangential filtration (a) and static filtration (b).
(Walter et al., 2011).

Unspecific protein adsorption can occur with some materials since the chemical surface
treatment can enhance the hydrophobicity and alter the membrane’s electrical charge. This
increases protein-membrane interaction and protein binding capacity. Synthetic membranes,
such as polysulfone, polyethersulfone, and polyvinylidene difluoride, are widely used due to
their excellent chemical compatibility and pH stability. However, a high membrane fouling is

observed due to its hydrophobic characteristic. Cellulose membranes, such as regenerated
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cellulose and cellulose acetate, contain hydrophilic molecular structures; consequently, protein
binding capacity is lower than synthetic polymers (Walter et al., 2011). Normal membranes

used in protein research are shown in Table 2.5.

Table 2.5: Commercial membrane polymers for protein research using in ultrafiltration.

Cellulose membranes Synthetic membranes Inorganic membranes
Cellulose acetate Polysulfone Ceramic
Regenerated cellulose Polyethersulfone Stainless steel
Cellulose nitrate Polyvinylidene difluoride
Hydrated cellulose Polypropylene

Polyamide

(Adapted from Walter et al., 2011)

Ultrafiltration has been studied for protein purification and concentration since extreme
conditions, such as heat and acid, are irrelevant; consequently, native proteins' properties
remain (De Jong et al., 2014). The purification and concentration of some leaf proteins have
been studied by ultrafiltration. Koschuh et al. (2004) reported that 59% of crude proteins could
be recovered from ryegrass juice using ultrafiltration at a molecular weight cut-off (MWCO)
of 1 kDa. Moreover, the study also reported that this membrane could not retain the silage
ryegrass proteins since plants naturally contain proteases, which could hydrolyse the proteins
in silage juice into small oligopeptides or amino acids. Hence, proteases would be a noticeable

factor leading to low protein recovery.
2.5.4.4 Chromatography technique

Chromatography has been used in various protein research, such as therapeutic use, biophysical
analysis, enzyme study, proteomics research, drug discovery, and food analysis. It is a physical
method to separate the target compounds in the mixture based on the retardation mechanism
between the target molecules in the mobile and stationary phases (Labrou, 2018).
Chromatography for protein purification is done using techniques based on the target proteins’
characteristics, such as affinity, hydrophobicity, net charge, and protein size (GE Healthcare,
2016). The present study focused on the separation techniques based on net charge and protein
size due to their uncomplicated operation and extensive protein purification use. Therefore, ion

exchange and size exclusion chromatography are discussed.
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Ion-exchange chromatography

Ion-exchange chromatography (IEX) is frequently used to purify proteins, peptides, and
charged molecules since it offers a good result with a high sample loading capacity
(micrograms to kilograms of samples) (GE Healthcare, 2012). Its fundamental principle
involves the interaction between the charge of proteins and the stationary phase. The process

of ion-exchange chromatography is illustrated in Figure 2.3.
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Figure 2.3: lon-Exchange chromatography process.

Positively charged proteins bind to the negatively charged stationary phase (cation exchanger).
In other words, negatively charged proteins bind to the positively charged stationary phase
(anion exchanger) (Labrou, 2018). Hence, the impurities, oppositely charged molecules from

proteins and non-charge molecules, are firstly washed from the column. Subsequently, the

31



adsorbed proteins are eluted using 0.1 — 1.0 M NaCl. The difference in protein's pl and pH
buffer enhances the strength of interactions, which requires high ionic strength to elute the
target proteins. Alternatively, altering the pH to the protein’s pl also elutes the adsorbed
proteins since their net charge is close to zero; consequently, proteins are eluted (GE

Healthcare, 2012).

As the principle of IEX is based on the net surface charge, pH is a significant factor. Proteins
comprise several amino acids containing the acidic carboxyl group (-COOH) and basic amino
group (-NH2); thus, protein charges change as a function of pH. Proteins have positive charges
if the pH is below their pl. In contrast, the proteins have negative charges if the pH of the
environment is higher than their pI (GE Healthcare, 2012). Moreover, the buffer and stationary
phase used for protein purification should be used in conditions where the most stable target
proteins are. RuBisCo is stable around pH 7 to 8, with a negative net charge (De Jong et al.,

2014). Thus, an anion exchanger, such as Q-sepharose, was selected for the present study.

IEX efficiency is also affected by other factors, such as salts, column packing, and enzymes.
High salt concentration induces the hydrophobic interactions between proteins and stationery
matrics, causing nonspecific protein adsorption. Moreover, some proteins are precipitated at a
high salt concentration, resulting in lower protein yield. Improper column packing, such as too
tight, loose and uneven, affects the separation efficiency due to loss of resolution. Protease in
protein extracts is another factor that leads to protein degradation; consequently, protein
recovery is low. Thus, enzyme inhibitors or chelators (e.g., EDTA) are recommended to add to

juice extracts (GE Healthcare, 2012).

Although IEX is an efficient method for separating substances, it requires a long operation time
which could take several hours or up to a day. The process duration relates to the mobile phase's
flow rate influenced by temperature, bead type, and separation efficiency (Dudas, 2011). The
temperature significantly affects the kinetic adsorption-desorption reaction of the mobile and
stationary phases. Moreover, increasing temperature enhances the diffusion rate, making
molecules move faster (Wirth, 2011). Bead size also impacts the speed of the solution moving
through stationary matric. Coarse resin beads provide a larger inter-space among the beads,
decreasing the capillary effect. Thus, coarser beads have faster fluid flow than fine-grain resins.

However, faster fluid flow results in insufficient separation (Dudas, 2011).
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Size exclusion chromatography

Size exclusion chromatography (SEC) or gel filtration distinguishes the components based on
molecular size. Large molecules (e.g., proteins) are eluted out of the column with the void
volume, while the small molecules (e.g., salts) penetrate the bead’s pores and are retained in
the column longer. SEC has been used in various applications, such as fractionation (monomer
separation from multimers), desalting (group separation), and molecular size analysis (Harvard

apparatus, 2012).

SEC has been used for desalting after IEX due to an uncomplicated technique. Nevertheless,
sample loading is still a limitation for SEC (Jason & Jonsson, 2011). Loading volume is usually
only 0.5 to 2% of the total column volume to obtain the maximum resolution; however, up to
5% 1is acceptable for group separation. Hence, concentrating the large sample volume is
suggested before loading to SEC to increase the separation efficiency and reduce the operation

time (Harvard apparatus, 2012).

Although SEC is a straightforward method, the efficiency of SEC is affected by pH, ionic
strength, solvents, SEC support, column dimension, and packing efficiency (Jason & Jonsson,
2011). SEC is irrelevant to any binding mechanism between proteins and the stationary phase,
which is different from other chromatography. However, unexpected protein adsorption may
occur (Labrou, 2018). Low ionic strength solvent, 25 — 150 mM NacCl, is suggested to avoid
since it induces weak electrostatic interactions between proteins and stationery matrics.
Moreover, avoiding high salt concentration and pH at protein’s pl is suggested to prevent

protein precipitation (Harvard apparatus, 2012).
2.5.4.5 Impurity removal by activated carbon

Activated carbon (AC), an inexpensive absorbent, has been used in various industries to
remove impurities, such as water purification, beverage manufacturing, and oral poisoning
treatment. It is also used in the protein separation process to remove small molecules from the
protein extracts (Stone & Kozlov, 2014). It can remove some residue chlorophyll that is not
eliminated in the fractionation step (Di Stefano et al., 2018). Therefore, AC is a feasible

material to remove phenolic compounds and other impurities in leaf protein extracts.
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Figure 2.4: The Anormalized RI detector response/Aactivated carbon volume represents the
binding capacity of activated carbon as a function of dextran molecular weight

(Stone & Kozlov, 2014).

The adsorption capacity of AC is due to its porous structures and the interactions of AC and
molecules. Large proteins possibly have a strong binding with AC; however, they cannot
penetrate through the micropore (less than 2 nm) and mesopore (2-50 nm) surface of AC
(Marsh & Rodriguez-Reinoso, 2006). Thus, the adsorption capacity between AC and large
proteins is limited. As shown in Figure 2.4, Stone and Kozlov (2014) reported that the
adsorption capacity increased when the molecular weight of dextran was small (1 — 3 kDa).
However, a decrease in adsorption capacity was observed in molecules with MW larger than
10,000 Da. As RuBisCo is a large protein with an MW of 550-560 kDa, using AC to remove

impurities and flavour along with retaining proteins should be further studied.

pH also affects the AC-protein binding capacity. A function of pH has been studied to
determine the effect of protein’s charge on AC-protein binding capacity. Proteins are less
adsorbed at the pH that is far from their pl. In contrast, proteins are much absorbed when the
pH is near their pl. (Stone & Kozlov, 2014). Proteins have minimum overall charges at pl,
leading to a reduction of electrostatic repulsion. Consequently, non-covalent bonds are formed
between proteins and AC (Vinu et al., 2004). However, Stone & Kozlov (2014) reported that

an increase in binding capacity at near pl occurred with low molecular weight proteins, such
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as cytochrome C (13400 Da), a-lactalbumin (14,175 Da), lysozyme (14,307 Da), and bovine
serum albumin (BSA) (66,430 Da). In contrast, MAb I (monoclonal antibody), a large protein

with 145 kDa, was bound with AC less than small proteins, as shown in Figure 2.5.
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Figure 2.5: The effect of pH solution on the binding capacity of activated carbon with different
proteins. (Stone & Kozlov, 2014)
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AC-protein binding capacity is also influenced by salt concentration since it relates to the
electrostatic repulsion of proteins. AC binding capacity at the pH far from the protein’s pI (high
electrostatic repulsion) increases when salt concentration increases. However, the binding
capacity at the pH near the protein’s pl (low electrostatic repulsion) is slightly impacted despite
a high salt concentration (Stone & Kozlov, 2014). Thus, AC binding capacity at the pH far

from the protein’s pl is significantly affected by salt concentration.

Using AC to remove antinutrients and improve off-flavour from protein extracts obtained from
napiergrass was studied by Xie, 2017. Applying activated carbon to protein extracts decreased
90 % of tannin and removed off-flavour from protein concentrate. However, the protein yield
was reduced in the protein concentrate extracted through alkali-acid precipitation along with
AC treatment. This might be due to improper conditions used in the AC column method,

leading to unspecific AC-protein absorption (Xie, 2017).
2.5.5 Other methods to enhance the protein purity

Grassy flavour and dark green colour are the characteristics of plant leaves. The colour mainly
relates to chlorophyll pigments (Di Stefano et al., 2018), and the grassy flavour is produced
because of lipid oxidation after cutting (Hatanaka, 1996). Both attributes significantly limit the
incorporation into human food. Removing chlorophyll and off-flavour compounds from plant
leaves at the initial step and final products is a feasible method for enhancing the final products’

quality.
2.5.5.1 Organic Solvents

Chlorophyll is soluble in organic solvents, such as methanol, ethanol, acetone, and chloroform
(Tsuji et al., 1985). Removing chlorophyll from plant leaves and LPC by organic solvents has
been studied. Fu et al. (2017) reported that chlorophyll of bamboo leaves was extracted
successfully by soaking them in acetone. The chlorophyll extractability increased when the
temperature rose from 35 to 45 °C but reduced at 55 °C. A similar result was reported; the
chlorophyll pigments of alfalfa and white clover protein concentrates were extracted effectively
by methanol, ethanol, and chloroform; however, only ethanol is considered the food-grade
solvent. The nitrogen content of treated samples increased while lipid content decreased, as
shown in Table 2.6. The grassy flavour of treated samples also was removed. Nevertheless, the

colour of LPC after treatment changed from green to brown without explicit ness improvement
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(Tsuji et al., 1985). It indicates that using organic solvents can remove chlorophyll and other

water-insoluble compounds (e.g., lipids) and improve flavour, enriching the protein content.

Table 2.6: Protein and lipid contents of green leaves and leaf protein concentrate (LPC) of

white clover and alfalfa after ethanol extraction.

Protein (%) Lipid (%)
Samples
Leaves LPC Leaves LPC
White clover 55.1 70.8 10.0 1.7
Alfalfa 48.4 72.2 9.7 2.1

(Adapted from Tsuji et al., 1985)
2.6 Factors affecting the quality of extracted proteins

Since plant leaves contain many natural compounds which can react once the plant cells are
damaged, causing undesirable reactions. Moreover, the properties of proteins rely on many
factors, such as pH and chemicals. Therefore, many factors during the extraction process affect

the quality of isolated proteins.
2.6.1 Lipid oxidation

Lipid oxidation is an undesirable reaction resulting in a grassy flavour (Hatanaka, 1996). This
reaction occurs after disrupting plant cells, leading to the interaction between unsaturated fatty
acids (such as a-linolenic and linoleic) in plant leaves and lipoxygenase (LOX) in the
chloroplast membrane. Consequently, hydroperoxide of fatty acids is generated and degraded
by hydroperoxide lyase. Subsequently, volatile organic compounds (VOCs) are developed, and
a grassy flavour (smell of freshly cut grass) is released (Baysal & Demirdoven, 2007; Hatanaka,
1996). Eight VOCs responsible for grassy flavour are C6-aldehyde, C6-alcohol, leaf aldehyde,
leaf alcohol, (2E)-hexenal, and (3Z)-hexanol (Hatanaka, 1996).

Heat treatment has been used widely to inhibit LOX activity as it is a cost-effective and
uncomplicated process. The heating process is an effective enzymatic inactivation method;
however, protein functionalities are affected due to protein denaturation. Additionally, the
cooked flavour is developed, causing undesirable flavour in the final products (Chang et al.,
2019). Chang et al. (2019) also used acetone, ethanol, and isopropanol to remove grassy flavour
since they are common organic solvents used to remove off-flavour from legumes, soybean,

and lupin. Nevertheless, the effectiveness depends on the type and concentration of solvents.
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They reported that lentil protein isolate (LPI) treated with acetone had higher VOCs, resulting
in an unfavourable flavour. In contrast, 75% ethanol and 70% isopropanol could remove off-

flavour from LPI, but the protein solubility reduced from 60 to 40% compared with the

untreated LPI.

2.6.2 pH

pH is a vital parameter for protein extraction since it relates to protein properties (e.g., surface
charge) and PPO activity. The optimum pH of extracted juice is 6.5 to 7.5 due to high RuBisCo
solubility. RuBisCo can link to the Mg?" at the surface of the thylakoid membrane maximally
at pH 8, causing protein loss. Nevertheless, this bonding can be cleaved by shaking with a
vortex mixer or adding a chelating agent (e.g., EDTA). pH under 6 should be avoided as it
causes co-precipitation of proteins and chloroplast membranes (De Jong et al., 2014). A similar
result was observed by Camm and Green (1982). The extractability of leaf proteins decreased

significantly at pH 4.5 since it was near the RuBisCo pl.
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Figure 2.6: PPO activities in the pH range 3 to 9 against methyl catechol in red clover (a) and

perennial ryegrass (b) (Winters et al., 2003).
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pH is a crucial factor related to PPO activity, which causes polyphenol-protein interactions and
reduces the nutritional value of target proteins. Winter et al. (2003) stated that high activity of
PPO in both perennial ryegrass and red clover was observed at neutral pH. As Figure 2.6, the
highest PPO activity reacting to the substrate (methyl catechol) was observed at pH 7 to 8 in
red clover and 6.5 to 8 in perennial ryegrass. A similar result was demonstrated by De Jong et
al. (2014); high pH enhanced the linkage between polyphenols and proteins, which led to lower
protein digestibility (De Jong et al., 2014). Furthermore, this enzyme is the primary cause of
browning reactions in vegetables and fruits, leading to economic loss and product development

limitations (Jang & Moon, 2011).

Thermal treatment (e.g., blanching) is the most effective method to inactivate enzymes;
however, it impacts end-product quality (Thakur et al., 2019). Thus, reducing agents are widely
used for enzyme inactivation (Jang & Moon, 2011). Sodium metabisulfite is an effective
reducing agent used in vegetable and fruit products. It is suggested to spray the solution on the
freshly harvested leaves before storage. Adding reducing agents during the cell disruption
process is another method. However, a high amount of reducing agents decreases the extraction
yield and protein purity due to salt contamination. Thus, the suitable concentration ranges from
0.2 to 1.5% of fresh plant materials (De Jong et al., 2014). Alternatively, ascorbic acid is also
used to inactivate PPO. However, Rojas-Graii et al. (2006) reported that the effectiveness of
ascorbic acid is temporary since it is easily oxidised. Thus, controlling pH during protein
isolation is significant since it is vital in protein extraction yield and controlling the oxidation

reaction of PPO.
2.6.3 Alkaline solution

Using an alkaline solution is a common practice to assist protein extraction. Alkali enhances
disruption of the leaf tissue (epidermis and lamella layer), resulting in more mesophyll proteins
being extracted (Zhang et al., 2015). Moreover, alkali pH increases the solubility of proteins;
therefore, a higher protein extraction yield is obtained (Di Stefano et al., 2018). Nevertheless,
strong alkali (pH>11) causes protein hydrolysis, impacting protein functionalities and losing
proteins. For instance, hydrolysed proteins provide a good emulsifier, while non-hydrolysed
and partially hydrolysed proteins contribute to gelling properties (Tenorio et al., 2018).
Therefore, mild alkali has been suggested for protein isolation, such as 0.1 M sodium hydroxide

(NaOH) and 0.1 M ammonium hydroxide (NH4OH) (De Jong et al., 2014).
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2.6.4 Chemical use (food additives)

Leaf membrane proteins are usually abandoned during the discarding leaf pulp process (De
Jong et al., 2014; Lamsal et al., 2007); thus, a high extraction yield would be obtained by
extracting more insoluble proteins. However, the extraction of leaf membrane proteins is more
complicated than a soluble fraction due to their heterogeneity (Tamayo Tenorio et al., 2017).
Tween 80 (polysorbate 80), a food-grade surfactant, is a chemical that assists in extracting
membrane proteins. It is allowed to use in food products at 1 — 10 % (w/w) (European
Commission as cited in Tamayo Tenorio et al., 2017) or at the GMP level (FSANZ, 2016).
However, its selectivity is not only for proteins; other compounds are co-solubilised with
proteins. Consequently, the protein purity decreases, resulting in more processes required to

remove the impurities (Tamayo Tenorio et al., 2017).
2.6.5 Process time and temperature

Time and temperature are significant factors for protein isolation since they relate to enzymatic
reactions and protein degradation, affecting the quality of final products. Winter et al. (2003)
presented that a long process time increased PPO activity, causing more polyphenol-protein
complexes. As shown in Figure 2.7, a higher molecular weight protein was observed in
perennial ryegrass and red clover after 24 hr of incubation. It demonstrated that proteins were
bound with polyphenols; consequently, larger proteins were observed. Although the advantage
of the large proteins is retarding proteolysis and increasing protein stability, the protein

digestibility decreases (Winter et al., 2003).
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Figure 2.7: Protein size distribution of protein extracts from perennial ryegrass and red clover

during 24 hours of incubation, as analysed by SDS-PAGE (adapted from Winter et al., 2003).
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Time and temperature are relevant factors in recovery protein yield. Koschuh et al. (2004)
studied the content of RuBisCo during 24-hour storage at different temperatures. A high
amount of RuBisCo was observed at low temperatures, while the lowest was observed at 30
°C, as shown in Table 2.7. Furthermore, they also studied the degradation rate of RuBisCo
stored at 20 °C. The result showed that RuBisCo decreased from 100 to 2 % after 24 hr due to
the protease in plant materials hydrolysing proteins to small peptides. This may cause protein
loss during extraction (De Jong et al., 2014). The above studies indicate that long processing
times and high temperatures accelerate protein degradation. Hence, leaf protein isolation

should be done at low temperatures and short cycles to avoid protein loss.

Table 2.7: Degradation rate of RuBisCo at different temperatures.

Temperature % RuBisCo
(°C) Fresh green juice 24-hr green juice
0 100 80
4 100 65
20 100 1
30 100 1

(Adapted from Koschuh et al., 2004)
2.7 Conclusions

Plant proteins are more sustainable than animal proteins, as the environmental impacts affected
by plant farming are less than animal agriculture. Several plant proteins, such as soybean, pea,
chickpea, wheat, and seeds, have been used globally for the human diet. However, novel plant
proteins should be studied due to the high protein demand in 2050. Plant leaves contain a
valuable protein called RuBisCo, providing good nutritional value and functionalities.
Therefore, leaf proteins are projected as a good protein source. Nevertheless, leaf proteins,
especially pasture leaves, have not been studied extensively. Although One50 AR1, a perennial
ryegrass cultivar, was selected for the present study, the isolation process could apply to other

plant leaves (e.g., white clover) with some modifications.

The protein isolation process consists of four steps: harvesting, cell disruption, protein
fractionation, and protein purification and concentration. Several factors, such as pH,
temperature, process time, alkaline, and chemicals, should be set at proper conditions to ensure

that RuBisCo is stable. The isolation conditions for RuBisCo should avoid extreme pH, high
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temperature, long process time, and high ionic strength. Consequently, high recovery protein

yield, good nutritional value, and good protein functionalities are obtained.

Different protein isolation methods also affect protein functionalities, nutritional value, and
recovery yield. In this study, various techniques: alkali-acid precipitation, heat coagulation,
ultrafiltration, chromatography, and activated charcoal treatment, have been studied. In
addition, different conditions of the relevant factors, such as salt concentration, temperature,
buffer ratio, cell disruption degrees, and a combination of those factors, have been varied.
Kjeldahl, SDS-PAGE, DSC, and in-vitro gastro-small intestinal digestion have been used to

determine crude protein, protein purity, and protein digestibility of leaf protein concentrate.

As there is no regulation for LPC, this study referred to an international general standard for
vegetable protein products (VPP). The final products from vegetables that are removed non-

protein constitutes should contain 40 % protein (dry weight basis) (Joint WHO/FAO, 2019).
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CHAPTER 3

The Effect of Different Extraction Methods on Physico-

Chemical Properties of Leaf Proteins

3.1 Introduction

Leaf proteins are projected as new alternative proteins for humans since they contain a valuable
protein called RuBisCo. It accounts for 50 % of total soluble proteins in leaves and has a good
nutritional value and functionalities (De Jong & Nieuwland, 2011). Scientists have studied leaf
proteins from many plant sources, such as spinach, sugar beet leaves (Martin et al., 2014, 2019),
and tobacco; however, pasture leaves have not been studied extensively. One50 ARI grass, a
perennial ryegrass cultivar, is the largest-selling grass cultivar in New Zealand (Agricom
research, 2020). It has dry matter and protein content higher than standard ryegrass across all
seasons (Agriseeds, 2013; Kerr et al., 2012); thus, it was selected as the raw material for this

study.

Different protein isolation methods affect the physico-chemical properties of isolated proteins,
such as recovery yield, protein content, functionalities, nutritional value, appearance and
flavour (Kaur et al., 2021, De Jong et al., 2014; Kobbi, 2017). Alkali-acid precipitation and
heat coagulation were conducted in this study as both are uncomplicated and cost-effective
extraction processes. However, these methods result in a loss of protein functionalities due to
harsh conditions used during extraction (Knorr, 1982; Pelegrine & Gasparetto, 2005).
Therefore, the effect of activated carbon, ultrafiltration, and chromatography on leaf protein
isolation was also studied as they involve mild conditions. Alkali-assisted extraction was also

studied as it increases the efficiency of protein extractability.

However, leaf proteins are still underutilized due to their dark green colour and grassy flavour
associated with chlorophyll; consequently, their food applications are limited. Heating and
divalent ions treatment have been studied for chloroplast aggregation, resulting in the potential
removal of green colour and grassy flavour. Therefore, different concentrations of divalent ions

and thermal treatment conditions were tested to remove chlorophyll from the isolated proteins.

Solvent extraction has been reported to remove green colour from green biomass, such as algae

and plants. Chloroform, methanol, acetone, and propanol, can extract chlorophyll and remove
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lipid-soluble components, increasing the protein content. However, only ethanol extraction is
considered food grade (Tsuji et al., 1985); thus, removing green colour and improving grassy
flavour by ethanol extraction was conducted in the present study. This chapter presents the
protein content, recovery yield, colour, and flavour of the isolated leaf proteins extracted

through each method mentioned above.

3.2 Materials and methods

3.2.1 Materials

Perennial ryegrass (cultivar-One50 Arl), native grass in New Zealand, was used for the protein
extraction experiments. The grass was harvested and stored immediately at -20 °C until further
use. The protein content of grass was determined using the Kjeldahl method, AOAC 978.04
(Horwitz, 1978) and was found to be 18.50 % (dry basis), using a nitrogen conversion factor
of 5.83 (Jiang et al., 2014). All chemicals used for protein extraction were food and USP-grade.

Other chemicals were analysis grade.
3.2.2 Protein extraction

3.2.2.1 Alkali-acid precipitation

Leaf protein concentrate (LPC) was extracted using a method of Kaur et al., 2021, with slight
modifications (Figure 3.1). Frozen grass was mixed with water and 0.1 M NaOH at the ratio of
1:1.7:0.7. The mixture was ground by a wet disintegrator (C200, JEFFRESS Engineering Pty
Ltd., Dry Creek, Australia) at 6000 rpm for 10 minutes. The obtained slurry mixture was
filtered through a nylon cloth (80 mesh), and the grass juice was collected and kept in the ice
bath until further use. Grass pulp was ground again using the same conditions to extract any
remaining proteins. The final grass juice was mixed with calcium chloride (CaCl2) at 0, 100,
200, or 300 mM based on frozen grass weight. Subsequently, the grass juice was centrifuged
at 17,200 x g for 20 minutes at 4 °C (Sorvall RC6+, Thermo Fisher Scientific Inc.,
Langenselbold, Germany). The pH of the recovered solution was reduced to 3.5 by using 0.1
M HCI, followed by centrifuging under the same conditions described above. The precipitated
proteins were freeze-dried (FD18LT Freeze Drier, Cuddon, Blenheim, New Zealand). Dried
LPC was ground in a coffee grinder (BCG200, Breville®, Sydney, Australia) and stored at -20

°C until further analysis.
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Figure 3.1: Extraction process of leaf protein concentrate: Alkali-acid precipitation.
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3.2.2.2 Protein extraction combined with activated carbon

Leaf protein concentrate (LPC) was extracted using a method of Van De Velde et al. (2011b)
with slight modifications (Figure 3.2). Frozen grass was mixed with water and 0.2 M Tris/HCl
(pH 6) containing 2 % sodium metabisulfite at the ratio of 1:1.6:0.8. The mixture was ground
by a wet disintegrator (C200, JEFFRESS Engineering Pty Ltd., Dry Creek, Australia) at 6000
rpm for 10 minutes. The obtained slurry mixture was filtered through a nylon cloth (80 mesh),
and the grass juice was stored in the ice bath until further step. The final grass juice was heated
at 60 °C for 5 minutes while stirring to distribute the heat uniformly and cooled down in the
ice bath to below 10 °C immediately. The heated and cooled grass juice was centrifuged at
14,000 x g for 20 minutes at 5 °C (Sorvall RC6+, Thermo Fisher Scientific Inc., Langenselbold,
Germany). The clear brown recovered solution was obtained, followed by dialysis overnight at
4 °C using a dialysis tube (MWCO 14 kDa). Activated carbon (AC) (powder form; particle size
<200 um) was added into the solution at different concentrations: 1.9 %, 3.8 %, and 5.7 %
(w/w). The mixture was stirred for 5 minutes before centrifuging under the same conditions
and filtered through 0.45 and 0.22 um PVDF filters. The final solution was then freeze-dried
(FD18LT Freeze Drier, Cuddon, Blenheim, New Zealand), followed by grinding in a coffee
grinder (BCG200, Breville®, Sydney, Australia) and storage at -20 °C until further analysis.
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Figure 3.2: Extraction process of leaf protein concentrate: Protein extraction combined with

activated carbon (powder form) treatment.
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3.2.2.3 Alkali-acid precipitation combined with activated carbon

Leaf protein concentrate (LPC) was extracted using the method of Kaur et al. (2021) and Van
De Velde et al. (2011b) with slight modifications (Figure 3.3). Frozen grass was mixed with
water and 0.1 M NaOH at two ratios (1:2.4:0 and 1:1.7:0.7), and then the mixture was ground
by a wet disintegrator (C200, JEFFRESS Engineering Pty Ltd., Dry Creek, Australia) at 6000
rpm for 10 minutes. The obtained slurry mixture was filtered through a nylon cloth (80 mesh),
and the grass juice was stored in the ice bath until further use. Grass pulp was ground twice
using the same conditions to extract any remaining proteins. The final grass juice was
centrifuged at 14,000 x g for 20 minutes at 5 °C (Sorvall RC6+, Thermo Fisher Scientific Inc,
Langenselbold, Germany). Subsequently, the obtained recovered solution was mixed with
activated carbon (AC) (powder form; particle size < 200 um) at 1.9 % (w/w) for 5 minutes.
The mixture was then centrifuged under the same conditions and filtered through filter paper
(LabServ qualitative filter paper; code: LBS0001.150; size: 150 mm). The pH of the solution
was reduced to 3.5 using 0.1 M HCI, followed by centrifuging under the same conditions
described above. The precipitated proteins were solubilised with water at the ratio of 1:20
before adjusting pH back to 7 using 0.1 M NaOH and stirring for 20 minutes at 20 °C. The final
solution was freeze-dried (FD18LT Freeze Drier, Cuddon, Blenheim, New Zealand), ground
in a coffee grinder (BCG200, Breville®, Sydney, Australia) and stored at -20 °C until further

analysis.
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3.2.2.4 Heat coagulation (effect of CaCl, treatment along with heating)

Slight modifications were made to the method of Damborg et al. (2020) to extract leaf protein
concentrate (LPC), as shown in Figure 3.4. Frozen grass was chopped into around 1 cm pieces
and sprayed with water containing 1 % sodium metabisulfite at a ratio of 1:0.2. Subsequently,
the chopped grass was pressed twice using a single screw presser (Titanium Major KMMO020,
Kenwood, United Kingdom). The final grass juice was filtered through a nylon cloth (80 mesh)
and stored in the ice bath. Calcium disodium EDTA (0.76 mM based on grass juice weight)
and CaCl: at different concentrations (Table 3.1) were added to the grass juice, and its pH was
adjusted to 7 using 0.1 M NaOH. The juice was heated under different conditions, as shown in
Table 3.1. Nitrogen was flushed in the headspace while stirring to avoid heat accumulation.

The heated juice was cooled down in the ice bath to lower the temperature below 10 °C.

Table 3.1: CaClz concentrations and heating conditions.

‘ . Concentration of CaCl2
Heating conditions o ]
(mM based on grass juice weight)
0
50 °C, 15 minutes 100
150
0
58 °C, 2 minutes 100

150

The grass juice was centrifuged at 5,000 x g for 10 minutes at 4 °C (Sorvall RC6+, Thermo
Fisher Scientific Inc., Langenselbold, Germany). The recovered solution was heated at 80 °C
for 30 seconds and immediately cooled down in an ice bath to lower the temperature below 10
°C. The cooled juice was centrifuged at 17,200 x g for 20 minutes at 4 °C to collect precipitated
proteins, followed by freeze-drying (FD18LT Freeze Drier, Cuddon, Blenheim, New Zealand).
Dried LPC was ground by a coffee grinder (BCG200, Breville®, Sydney, Australia) and stored
at -20 °C until further use.
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Figure 3.4: Extraction process of leaf protein concentrate: Heat coagulation with different
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3.2.2.5 Heat coagulation (effect of alkali solution)

Slight modifications were made to the method of Damborg et al. (2020) to extract leaf protein
concentrate (LPC), as shown in Figure 3.5. Extraction solutions were prepared by mixing water

and 0.1 M NaOH, as given in Table 3.2. All solutions contained 1 % sodium metabisulfite.

Table 3.2: Mixture ratio of extraction solutions.

The final concentration of Mixture ratio
Solutions
NaOH (M) Water 0.1 M NaOH
1 0.00 1.0 0.0
2 0.03 0.7 0.3
3 0.10 0.0 1.0

Frozen grass was chopped into around 1 cm pieces and sprayed with solutions at the ratio of
1:0.5. Subsequently, the chopped grass was pressed twice using a single screw presser
(Titanium Major KMMO020, Kenwood, United Kingdom). The final grass juice was filtered
through a nylon cloth (80 mesh) and stored in the ice bath. Calcium disodium EDTA (0.76 mM
based on grass juice weight) was added to the grass juice, and its pH was adjusted to 7 using
0.1 M NaOH. The obtained grass juice was heated at 50 °C for 15 minutes. Nitrogen was
flushed in the headspace while stirring to avoid heat accumulation. The heated juice was cooled
down in an ice bath to lower the temperature below 10 °C. The cooled grass juice was
centrifuged at 5,000 x g for 10 minutes at 4 °C (Sorvall RC6+, Thermo Fisher Scientific Inc.,
Langenselbold, Germany). The recovered solution was heated at 80 °C for 30 seconds and
immediately cooled down in the ice bath to lower the temperature below 10 °C. The cooled
solution was centrifuged at 17,200 x g for 20 minutes at 4 °C using the same centrifuge
machine. The precipitated proteins were freeze-dried (FDI18LT Freeze Drier, Cuddon,
Blenheim, New Zealand), ground in a coffee grinder (BCG200, Breville®, Sydney, Australia)

and stored at -20 °C until further use.
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3.2.2.6 Ultrafiltration

Slight modifications were made to the method of Martin et al. (2019) to extract leaf protein
concentrate (LPC), as shown in Figure 3.6. Frozen grass was chopped into around 1 cm pieces
and sprayed with water containing 1 % sodium metabisulfite at a ratio of 1:0.5. Subsequently,
the chopped grass was pressed twice using a single screw presser (Titanium Major KMMO020,
Kenwood, United Kingdom). The grass juice was filtered through a nylon cloth (80 mesh) and
stored in the ice bath. Calcium disodium EDTA (0.76 mM based on grass juice weight) was
added to the grass juice, and its pH was adjusted to 7 using 0.1 M NaOH. The final grass juice
was heated at 50 °C for 15 minutes. Nitrogen was flushed in the headspace while stirring to
avoid heat accumulation. The heated juice was cooled down in an ice bath to lower the
temperature below 10 °C. The cooled juice was centrifuged at 5,000 x g for 10 minutes at 4 °C
(Sorvall RC6+, Thermo Fisher Scientific Inc., Langenselbold, Germany). The recovered
solution was filtered through a 0.45 um PVDF filter before concentrating by Amicon stirred
cell ultrafiltration (regenerated cellulose at MWCO 100 kDa, Merck Millipore,
Massachusettes, United States of America). After the final volume was decreased to 1/10 of
the original volume, water was added to the retentate until reaching half of the original volume.
Subsequently, the mixture was dialysed to remove sodium metabisulfite and other salts (using
the same ultrafiltration) until the volume was 1/10 of the original volume. The final retentate
was freeze-dried (FreeZone!?"™s, Labconco, Kansas City, Missouri, United States of America),
ground in a coffee grinder (BCG200, Breville®, Sydney, Australia) and stored at -20 °C until

further analysis.
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Figure 3.6: Extraction process of leaf protein concentrate: Through the use of ultrafiltration.
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3.2.2.7 Chromatography technique

Slight modifications were made to the method of Martin et al. (2014) to extract leaf protein
concentrate (LPC), as shown in Figure 3.7. 500 g of frozen grass was chopped into around 1
cm pieces and sprayed with 250 g of water containing 1 % sodium metabisulfite. Subsequently,
the chopped grass was pressed twice using a single screw presser (Titanium Major KMMO020,
Kenwood, United Kingdom). The final grass juice was filtered through a nylon cloth (80 mesh)
and stored in the ice bath. Calcium disodium EDTA (0.76 mM based on grass juice weight)
was added to the grass juice, and its pH was adjusted to 7 using 0.1 M NaOH before heating at
50 °C for 15 minutes. Nitrogen was flushed in the headspace while stirring to avoid heat
accumulation. The heated juice was cooled down in an ice bath to lower the temperature below
10 °C. Before collecting the recovered solution, the grass juice was centrifuged at 5,000 x g for
10 minutes at 4 °C (Sorvall RC6+, Thermo Fisher Scientific Inc., Langenselbold, Germany).
The pH of the recovered solution was adjusted to 8 by adding 2.23 g/L of Tris base before
filtering through a 0.45 um PVDF filter. The filtered juice was diluted with Milli Q water to

decrease the conductivity until below 6.5 mS/cm.

The solution was mixed with 150 mL of Q-sepharose st-flow resin for 1 h in a cold room (resin
was equilibrated with 20 mM Tris/HCI (pH 8) before loading the sample). The mixture was
loaded into a column (diameter = 50 mm, height = 30 cm); subsequently, 500 mL of 0.1 — 1.0
M NaCl were loaded into a column to elute the target protein. The filtrate from the elution
process was analysed for the protein’s molecular weight (MW) using SDS-PAGE. Only the
filtrate from 0.3 M NaCl elution, which contained the highest content of RuBisCo, was
concentrated by centrifuging at 3,500 x g for 25 minutes at 20 °C using a centrifugal filter
(Centricon® Plus-70, regenerated cellulose 100 kDa, Merck Millipore, Carrigtwohill, Ireland).
The retentate was desalted into 50 mM sodium phosphate buffer (pH 7) using a Sephadex G75
column (70 ml, XK20/20, GE Healthcare, Uppsala, Sweden). The desalted fractions were
analysed by SDS-PAGE to determine the extracted protein molecular weight. The fractions
containing small and large subunits of RuBisCo were freeze-dried (FD18LT Freeze Drier,

Cuddon, Blenheim, New Zealand) and stored at -20 °C until further use.
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3.3 Removal of green colour and grassy flavour by ethanol extraction

3.3.1 Materials

Perennial ryegrass (cultivar-One50 Arl), native grass in New Zealand, was freeze-dried and
ground by Nutri Ninja™ Slim Blender (QB3001, Ninja, Brand Developers Ltd., New Zealand).
Leaf protein concentrate (LPC) was obtained from the protein extraction method as stated in
section 3.2.2.3 using water and 0.1 M NaOH at the ratio of 1.7:0.7. Both samples were stored
at -20 °C until further use. The protein content of freeze-dried grass leaves and LPC was
determined using the Kjeldahl method, AOAC 978.04 (Horwitz, 1978) and was found to be
18.50 % and 50.03 % (dry basis), respectively, using a conversion factor of 5.83 (Jiang et al.,
2014).

3.3.2 Ethanol treatment of freeze-dried grass leaves (ground form)

Slight modifications were made to Tsuji et al. (1985) method to remove the green colour and
grassy flavour from the grass leaves. In short, the freeze-dried and ground grass leaves were
mixed with 90 % ethanol with a ratio of 1:20 (w/w), followed by stirring at 45 °C in the water
bath under different conditions (Table 3.3). The heated mixture was cooled down in the ice
bath until the temperature was 20 °C. The cooled sample was centrifuged at 10,000 x g for 10
minutes at 20 °C (Sorvall RC6+, Thermo Fisher Scientific Inc., Langenselbold, Germany). The
precipitates were freeze-dried (FD18LT Freeze Drier, Cuddon, Blenheim, New Zealand) and
stored at -20 °C.

Table 3.3: Removal of green colour and grassy flavour from grass leaves by ethanol extraction

at different conditions.

Experiment Time (minutes) Repetition
1 60 1
2 20 3

3.3.3 Ethanol treatment of leaf protein concentrate

Slight modifications were made to Tsuji et al. (1985) method to remove the green colour and
grassy flavour from the leaf protein concentrate (LPC). In short, LPC was mixed with 90 %
ethanol with a ratio of 1:20 (w/w), followed by stirring at 45 °C for 60 minutes in a water bath.

The heated mixture was cooled down in the ice bath until the temperature was 20 °C before
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centrifuging at 10,000 x g for 10 minutes at 20 °C (Sorvall RC6+, Thermo Fisher Scientific
Inc., Langenselbold, Germany). The precipitates were mixed with 90 % ethanol at the same
ratio, stirred at room temperature for 20 minutes, and centrifuged under the conditions
described above. This process was repeated twice before collecting the final precipitates to
freeze dry (FD18LT Freeze Drier, Cuddon, Blenheim, New Zealand) and storing at -20 °C until

further analysis.
3.4 Physico-chemical analysis

Leaf protein concentrates (LPCs) using the different extraction methods, grass leaves and LPC

treated by ethanol extraction were analysed for their physico-chemical properties.
3.4.1 Moisture analysis

The moisture content of the liquid samples obtained from the extraction process was
determined using the hot air oven method (AOAC.930.15925.10). In short, 2 g of samples were
dried in an air oven at 108 °C for 4 h (Cat. No. 240, Contherm Scientific Ltd., New Zealand).
The moisture dishes were cooled down, and their weight was recorded. The moisture content

was calculated from the weight difference between the samples before and after drying.
3.4.2 Ash

Ash content was determined using a chamber furnace (Carbolite™, Thermos Fisher Scientific,
China) (Smith et al., 2011). In short, 2 g of samples was placed into the crucible and dried in
the furnace at 550 °C for 5 h. The crucibles were cooled in a desiccator and weighed. The
percentage of ash was calculated according to the following formula:

w2-wi(g)

% Ash = W3 9)

where W1 is the weight of the crucible and sample after drying (g), W2 is the weight of the
crucible and sample before drying (g), and W3 is the weight of the initial sample (g).

3.4.3 Protein content

The protein content of samples was determined using the Kjeldahl method, AOAC 978.04
(Horwitz, 1978). The nitrogen to a protein conversion factor of 5.83 was used (Jiang et al.,
2014). The procedure involved the conversion of the total organic nitrogen to ammonium

sulfate through digestion with concentrated sulfuric acid. Ammonia was distilled to boric acid
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under alkali conditions, and the borate anions were titrated with standardized 0.1 M HCI. The
nitrogen content representing the amount of crude protein in samples was calculated (Jiang et

al., 2014). The crude protein content was calculated via the equations below:

_ (A-B)xC x14 X100

0 N = AZBXCXARXA00 )

D X1000

% protein=% N X 583........ccciiiiiiiinnn.. 3)

where A4 is the volume of HCI (0.1 M) in the sample (mL), B is the volume of HCI (0.1 M) in
the blank (mL), C is the molarity of HCI (0.1 M) and D is the weight of the initial sample (g).

3.4.4 Colour and flavour

Leaf protein concentrates (LPCs) extracted through alkali-acid precipitation without CaClz
treatment are determined as a control sample: characterized by dark green colour and strong
grassy flavour. The colour and grassy flavour of LPCs extracted through different methods
were compared visually and by smelling the samples. The observations are reported in the

result and discussion section.

3.4.5 Tricine-Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) of filtrates from chromatography technique

The filtrates were concentrated using ultra 2 mL centrifugal filters (Amicon® ultrafilters,
Darmstadt, Germany) by centrifuging at 2500 x g for 5 minutes at 5 °C or until the final volume
was 1/10 of the original volume. The solutions were diluted (1:1) with sample buffer
(containing 5% B-mercaptoethanol) and heated at 95 °C for 5 minutes. Standard marker (10
pL) and samples (25 pL) were loaded into 16.5 % gradient Tricine gels (Criterion™ Precast
gel, Bio-Rad Laboratories Pty. Ltd., United States of America). The molecular weight of
standard markers was 10, 15, 20, 25, 37, 50, 75, 100, 150, and 250 kDa (Precision Plus
Protein™ Dual Xtra Prestained Protein Standards). The gels were run with a running buffer at
125 V voltage until the samples reached the bottom of the gels. A fixing solution (40 %
methanol, 10 % acetic acid) was used to treat gels for 30 minutes, then stained with a staining
solution (Bio-Safe™ Coomassie G-250) for 1 h. After this, the gels were de-stained in Milli-Q
water overnight and scanned using a gel scanning densitometer (Molecular Imager Gel Doc
XR, Bio-Rad Laboratories Pty. Ltd., New Zealand). The images were analysed using Image
Lab™ (Bio-Rad Laboratories Pty. Ltd., New Zealand).
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3.4.6 Statistical analysis

All the data reported in this study were performed at least in triplicate, except the extraction
yield (one replicate). The data are presented as mean + standard deviation. All data were
analysed with Minitab statistical software version 19 (Minitab Inc., State College, PA). One-
way ANOVA and Tukey’s test at the 95 % confidence level identified significant differences
(p < 0.05) for more than two sample groups. A two-sample t-test at a 95 % confidence level

was used to identify the significant difference between the two sample groups.

3.5 Results and discussion

3.5.1 Physico-chemical properties of the isolated leaf proteins

Protein content, protein yield, colour, and flavour of extracted proteins are significant factors
determining consumer acceptability and protein commercialisation. This study aimed to
remove the green colour and grassy flavour from the leaf protein concentrate (LPC). Hence,
the colour and flavour of LPC extracted through each method were virtually evaluated using
LPC extracted through alkali-acid precipitation without CaClz as a control sample (dark green

and strong grassy flavour).

Protein content determination is crucial for food proteins to determine their purity. This project
aimed to investigate the effect of extraction methods on protein extractability and protein loss
during the extraction process. Thus, the protein content of LPC from each method was analysed
and reported as a percentage (dry basis). Also, the selected fractions obtained during the
extraction process were analysed as the amount of recovered protein and reported in a unit of
g. The extraction yield of LPC was determined to study the effect of different extraction
methods on the yield of isolated proteins. The results were reported as a percentage (%) based

on the dried-weight grass.

Leaf protein concentrate (LPC) used for further studies (in Chapter 4) was selected depending
on high protein content, good extraction yield, and the most significant colour and flavour

improvement compared among all LPCs.
3.5.1.1 Alkali-acid precipitation with or without the addition of CaCl,

Acid precipitation has been used extensively in commercial products (e.g., cheese) to
concentrate proteins. Alkali pH increases protein extractability, resulting in more recovered

proteins in the final product. Nevertheless, leaf protein concentrate (LPC) obtained through
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alkali-acid precipitation had dark green colour and grassy flavour (Kaur et al., 2021). CaCl2
has been studied to agglomerate chloroplast cells since its positive charges (Ca®") can neutralize
negative charges on the thylakoid membrane; consequently, the chloroplast cells aggregate
(Camm & Green, 1982). Thus, adding CaClz in this experiment aimed to remove the green
colour and improve the grassy flavour. The effect on protein content and extraction yield also

was determined.

Green colour and grassy flavour

The dark green colour of leaf protein concentrate (LPC) was partially removed when 100 mM
CaClz2 was used. The green colour was eliminated and changed to brown and medium brown
when the concentration of CaClz was 200 and 300 mM, respectively (Table 3.4). These results
were due to the chloroplast flocculation phenomena. As divalent ions (Ca*") neutralise the
negatively charged thylakoid membrane, chloroplast aggregation occurs, and the chloroplast
cells flocculate (Camm & Green, 1982). Thus, an appropriate amount of divalent ions can

effectively remove the green colour.

The grassy flavour was reduced as the green colour was eliminated (Table 3.4). Leaf protein
concentrate (LPC) treated with 100 mM CaCl: still had a grassy flavour as strong as without
CaCl: treatment. However, a light grassy flavour was observed in LPCs treated with 200 and
300 mM CaClz. A study by Lelyveld & Smith (1989) can support the present observation. They
reported that the grassy taste of black tea leaves was related to chlorophyll. Hence, the more

chlorophyll removal, the less grassy flavour in the final LPC.

Table 3.4: Colour and flavour of leaf protein concentrate: Through alkali-acid precipitation

with different concentrations of CaCls.

CaCl, (mM) 0 100 200 300

Colour

Dark green Brownish green Brown Medium brown
Grassy Stron Stron Light Light
flavour £ £ £ £
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Protein content

Figure 3.8 shows the protein content of LPCs extracted through alkali-acid precipitation with
different CaCl> concentrations. A significant decrease (p < 0.05) in protein content was
detected when CaClz concentration was increased. The protein content of LPCs treated with 0,
100, 200, and 300 mM CaCl2 was 53.94 %, 51.14 %, 48.70 %, and 44.76 % (dry basis),
respectively. The salting-out effect might decrease the protein content of LPCs since ions of
salts are dissociated in the solution, reducing the electrostatic forces between the charge of
protein molecules (Mu et al., 2008). Consequently, protein aggregation occurs and protein loss
along with the chloroplastic sediments. Therefore, the amount of protein in the recovered
solutions (after the first centrifugation) significantly decreased (p < 0.05) when CaCl:

concentration was increased, as shown in Table 3.5.

56 |
=z
&
S 52 r
2
< c
X
= 48
2 d
g 4
3
g
A 40

0 100 200 300

CaCl, (mM)

Figure 3.8: Protein content (% dry basis) of leaf protein concentrate: Through alkali-acid

precipitation with different concentrations of CaClo.

Means (n = 3) that do not share a letter are significantly different (p < 0.05) (Tukey’s HSD multiple comparisons
and 95 % confidence). HSD (Honest Significance Test).

The above result could be supported by the protein content of different fractions obtained
during the extraction process. Table 3.5 shows that the amount of protein recovered in the final
grass juice was 6.21 g on average (6.15 to 6.23 g between 4 conditions). The similar protein
results in the grass juice might be due to using the same conditions and materials in the
disruption process. However, the proteins in the recovered solution were reduced from 3.74 to
2.44 g. CaClz concentration increased from 0 to 300 mM. This result was due to the salting-out

effect, reducing protein solubility in high-salt solutions (Mu et al., 2008). The same finding
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was investigated in the grass protein concentrate (GPC) solution reported by Kaur et al. (2021).
The solubility of GPC solutions decreased significantly (p < 0.05) from 27 % to 13 % in the
solutions containing 0 to 1 M sodium chloride. It could be seen that using high salt decreases
protein solubility in the solution, resulting in less available proteins being concentrated by acid

precipitation. Thus, a high concentration of CaClz leads to lower protein recovery in LPC.

Table 3.5: The amount of protein in the recovered fractions obtained from the extraction

process: Through alkali-acid precipitation with different concentrations of CaCla.

Sample CaCl, (mM) Recovered proteins (g)
Final grass juice - 6.21
0 3.74%
Recovered 100 2.73°
solution 200 2.64°
300 2.44¢
0 2.59°
LpC 100 0.70°
200 0.65°
300 0.36¢

Note: The starting grass was 250 g (wet weight), and the initial protein content was 7.84 g (dry weight).
Different letters in the same column of each sample represent a significant difference (p < 0.05). Results are
expressed as means (n = 3) with Tukey’s HSD multiple comparisons and 95 % confidence. HSD (Honest

Significance Test).

Moreover, proteins were also detected in the discarded fractions: grass pulp (18.03 to 20.45 %
dry basis) and chloroplastic sediments (30.80 to 38.82 % dry basis). The proteins in these
samples are non-soluble proteins in plant leaves, which account for up to 50 % of total leaf
proteins (Barbeau & Kinsella, 1988). They mainly are lipoproteins (membrane proteins)
(Barbeau & Kinsella, 1988) and chlorophyll-protein complexes (Liu et al., 2004). In addition,
the interactions between proteins and other components (e.g., protein-lipid membrane and
protein-enzyme cofactors) (Wang et al., 2008) make protein less soluble. Consequently, non-

soluble proteins are usually lost through the waste fractions.

Adding CaCl> leads to chloroplast cell agglomeration; therefore, chlorophyll-protein
complexes associated with chloroplast might also be precipitated (Camm & Green, 1982).

Therefore, a high protein loss along with chloroplastic sediments could occur. Nevertheless,
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protein content in chloroplastic sediments was decreased when CaCl. concentration was
increased. This result contradicts the theory of the salting-out effect that leads to high protein
precipitation. Thus, the percentage of ash in chloroplastic sediments was determined. The ash
content of chloroplastic sediments significantly increased (p < 0.05) with increasing CaClz
concentration. The results were expressed as mean + standard deviation in the unit of % (dry
basis) as follows: 13.92 + 0.03¢, 20.11+ 0.03¢, 23.52 = 0.28%, and 25.89 + 0.69% at 0, 100, 200,
and 300 mM CaCl.. It indicates that decreasing protein content in chloroplastic sediments

might be due to salt contamination.

Extraction vyield

The extraction yield of LPCs extracted through alkali-acid precipitation with different CaCl2
concentrations is shown in Figure 3.9. The yield of LPCs treated with 0, 100, 200, and 300 mM
CaClz2 were 9.61 %, 3.2 %, 3.14 %, and 1.96 % (based on dried grass), respectively. A notably
decreasing yield was observed when the concentration of CaCl2 was increased. This might
involve lower protein solubility due to the salting-out effect (Mu et al., 2008). In addition, a
higher concentration of divalent ions (Ca®") leads to a higher stacking degree of thylakoid
membranes, reducing green protein extractability (Camm & Green, 1982). Their study
presented that the maximum and minimum protein extractability were detected in the solutions
without and with Mg?", respectively. Thus, increasing divalent ions would reduce protein

extractability, leading to a lower yield of LPC.
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Figure 3.9: Extraction yield of leaf protein concentrate: Through alkali-acid precipitation with
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different concentrations of CaCla.
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It could be seen that the addition of CaClz ranging from 100 to 300 mM could partially remove
the green colour and grassy flavour. Protein content and extraction yield were decreased when
the concentration of CaCl2 was increased. In conclusion, the green colour and grassy flavour
were improved by increasing the concentration of CaClz. The high amount of CaClz reduced

the protein content and extraction yield of LPC.
3.5.1.2 Protein extraction combined with activated carbon

Thermal treatment was applied in this experiment to enhance chlorophyll fractionation. As
some parts of photosynthesis link with proteins, protein denaturation would cause chlorophyll-
protein complexes aggregation. This leads to irreversible chloroplastic sediments (green
protein sediments) (Ostbring et al., 2014). Removing chloroplastic sediments can improve the

appearance and flavour of the isolated LPC.

Activated carbon (AC) is an absorbent used to adsorb the impurities from the solutions due to
its porous structures. AC has been used to remove impurities in various processes, such as
water purification, beverage production, and protein purification (Stone & Kozlov, 2014).
Residue chlorophyll that cannot be eliminated in the fractionation step could be removed by
activated carbon (Di Stefano et al., 2018). Therefore, adding AC in the extraction process
expects to improve LPC's green colour and grassy flavour by removing chlorophyll and other
impurities. The combination of thermal and activated carbon treatment was studied to extract
colourless and odourless LPC. The Colour, flavour, protein content and extraction yield of LPC

are discussed below.

Green colour and grassy flavour

Table 3.6 shows that the colour of all LPCs was light brown and yellow, indicating that
chlorophyll was remarkably removed. This might result from the thermal treatment used for
chloroplast fractionation since the T4 of green protein fraction (chloroplastic and membrane
proteins) ranges from 50 to 65 °C (Nynés et al., 2021). Thermal treatment in this study (60 °C
for 5 minutes) might promote green protein coagulation; consequently, chloroplast and its
related proteins were flocculated. Similarly, Fiorentini and Galoppini (1983) observed that the
green protein fraction was destabilized by heating around 60 °C and removed by centrifuging;

consequently, a clear brown juice containing soluble proteins remained.

The pl of leaf proteins, such as sugar beet leaves proteins (Martin et al., 2019) and grass protein

concentrate (Kaur et al., 2021), is around pH 3.5 to 5. RuBisCo co-precipitation has been
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observed at a pH lower than 6 (De Jong et al., 2014). Thus, chlorophyll removal also relates to
the pH of solutions. The pH of the extraction buffer used in this experiment was 6, close to the
isoelectric point (pl) of leaf proteins (where the lowest protein solubility occurs). Hence, the

current pH of the extraction buffer also promoted green protein precipitation.

Since chlorophyll was removed, the grassy flavour was not detected in all LPCs extracted
through this process. Lelyveld & Smith (1989) reported that grassy flavour was associated with
chlorophyll; hence, flavour improvement was related to chlorophyll removal. Furthermore, Xie
(2017) reported that an improvement of off-flavour in grass protein extracts was observed after
AC treatment. Therefore, the grassy flavour was removed due to chlorophyll removal and AC

treatment.

Table 3.6: Colour and flavour of leaf protein concentrate: Through protein extraction combined

with activated carbon.

Activated carbon (%) 1.9

Colour

Light brown Light yellow Light yellow

Grassy flavour Not detected Not detected Not detected

Protein content

Figure 3.10 shows the protein content of LPCs treated with AC at different concentrations. A
significant decrease (p < 0.05) in the protein content of LPCs was detected: 16.50 %, 14.65 %,
and 13.30 % (dry basis) when the amount of AC was increased. Table 3.7 shows no significant
difference in the amount of recovered protein between the final grass juice and the recovered
solution due to using the same raw materials and conditions. However, proteins were recovered
slightly higher than in the previous method (alkali-acid precipitation with and without CaClz).
This might be due to a higher quantity of starting material (300 g grass) than the previous
method used (250 g grass).
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Figure 3.10: Protein content (% dry basis) of leaf protein concentrate: Through protein

extraction combined with activated carbon.

Means (n = 3) that do not share a letter are significantly different (p < 0.05) (Tukey’s HSD multiple comparisons
and 95 % confidence). HSD (Honest Significance Test).

Table 3.7: The amount of protein in the recovered fractions obtained from the extraction

process combined with activated carbon.

Sample AC (%) Recovered
proteins (g)
Final grass juice - 6.58
Recovered solution - 3.81
1.9 1.072
LPC 3.8 0.91°
5.7 0.40¢

Note: The starting grass was 300 g (wet weight), and the initial protein content was 9.41 g (dry weight).
Different letters in the same column of each sample represent a significant difference (p < 0.05). Results are
expressed as means (n = 3) with Tukey’s HSD multiple comparisons and 95 % confidence. HSD (Honest

Significance Test).

Furthermore, the protein content of all LPCs from this experiment was lower than the starting
raw material (18.50 % proteins (dry basis)). Proteins were detected in the discarded fractions,

such as grass pulp (18.91 to 19.78 % dry basis) and chloroplastic sediments (37.33 to 38.27 %
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dry basis). These results indicated that non-soluble proteins were lost through the waste stream
during extraction (Barbeau & Kinsella, 1988; Lui et al., 2004). Also, an inappropriate pH, long
processing time, and unexpected binding of AC could lead to more protein loss. The pH of the
extraction buffer was 6, as mentioned in the method section 3.2.2.2. This condition might
induce more protein precipitation, including, RuBisCo co-precipitation. Since the pH is near
RuBisCo’s pl (pH 4.5) (De Jong et al., 2014). Van De Velde et al. (2011b) stated that a suitable
pH for leaf protein extraction should be 6.5 to 8.5.

Proteins were detected in dialysis filtrate with protein content ranging from 11.70 to 12.08 %
(dry basis). This result indicated that some proteins were lost during the dialysis step. This
might be due to the long processing time (overnight), leading to protein hydrolysis induced by
proteases in plant leaves (De Jong et al., 2014). A similar result studied by Koschuh et al.
(2004) was reported; a reduction of RuBisCo content was investigated from 100 % to 40 %
after storage at 4 °C for 24 h. Hence, proteins could be hydrolyzed during dialysis to small
proteins than 14 kDa (MWCO used in the study). Consequently, the hydrolyzed proteins could

pass through the dialysis membrane.

Some proteins were detected in AC sediments ranging from 2.31 % to 5.27 % (dry basis). It
indicated that AC might adsorb proteins, resulting in protein loss through AC sediments. This
could be supported by a study by Xie (2017). Grass proteins treated with AC had lower proteins
than the untreated sample. Although RuBisCo is a large protein with a MW of 550 kDa, it is
degraded to large and small subunits during long extraction time by the endogenous proteases
present in plant materials (Koschuh et al., 2004). Protein degradation might cause an
unexpected binding between AC and small proteins (Stone & Kozlov, 2014). Hence the high
amount of AC could lead to more proteins being bound; consequently, lower proteins remained

in the final LPC.

Extraction vyield

Figure 3.11 presents the LPCs’ yield obtained from protein extraction combined with activated
carbon treatment. The extraction yield was reduced from 10.77 % to 5.07 % when AC
concentration was increased from 1.9 % to 5.7 % (w/w). This indicated that product yield was
associated with the AC quantity. Since AC can adsorb small impurities (i.e., tannin and
phenolic compounds) (Xie, 2017) and small proteins (Stone & Kozlov, 2014), using a high
quantity potentially leads to a higher binding capacity between AC and the hydrolyzed proteins,

as mentioned above. Consequently, lower proteins (Stone & Kozlov, 2014) and other soluble
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compounds (i.e., minerals and vitamins) (Bardar et al., 2011) would be recovered in the final

products, reducing extraction yield.
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Figure 3.11: Extraction yield of leaf protein concentrate: Through protein extraction combined

with activated carbon.

In conclusion, combining thermal and activated carbon treatment could enhance the efficiency
of chlorophyll removal. Thus, the green colour and grassy flavour were not observed in the
isolated LPCs. However, the protein content and extraction yield of the LPCs were reduced
due to the inappropriate buffer pH and long operation time. In addition, protein content and
extraction yield of LPCs were decreased when the amount of AC was increased. This was due

to the unexpected binding of AC with small proteins hydrolysed along the process.
3.5.1.3 Alkali-acid precipitation combined with activated carbon

Alkali-acid precipitation method without CaCl. treatment, as mentioned in section 3.5.1.1,
could isolate the leaf protein concentrate (LPC) with high protein content (53.94 % protein dry
basis). However, the green colour and grassy flavour remained. According to the previous
method (section 3.5.1.2), activated carbon (AC) could improve the green colour and grassy
flavour. Therefore, combining alkali-acid precipitation and AC treatment was studied to extract
high protein content, odourless and colourless LPC. Also, the non-alkali condition was

conducted to compare the results with the alkali-assisted extraction process.
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Green colour and grassy flavour

The green colour was observed in LPCs extracted through both non-alkali and alkali-assisted
extraction processes, as presented in Table 3.8. The remaining green colour in both LPCs might
be due to the thermal process not being used in this protocol, which might not induce
chloroplast coagulation (De Jong et al., 2014). Consequently, chlorophyll and cell membrane

debris were co-precipitated by acid precipitation and presented in LPC.

The condition using 0.1 M NaOH mixed with water as an extraction solvent resulted in LPC
having a darker green colour. This was because of the chlorophyll saponification reaction.
Chlorophyll is saponified in the presence of NaOH; consequently, chlorophyllin and phyton
are produced. The solubility property of chlorophyll is changed from water-insoluble to water-

soluble (Li et al., 2016), increasing chlorophyll solubility.

A decrease in grassy flavour was observed in both LPCs compared to the LPC extracted
through alkali-acid precipitation without AC treatment (section 3.5.1.1). The less grassy
flavour was due to the porous structures of AC, adsorbing off-flavour and impurities from the
protein solution. Similarly, Xie (2017) reported that the flavour of grass protein extracts was

improved after activated carbon treatment.

Table 3.8: Colour and flavour of leaf protein concentrate: Through alkali-acid precipitation

with activated carbon varied water and 0.1 M NaOH ratio.

Water:0.1M NaOH 2.4:0 1.7:0.7

Colour

s .

Brownish green Dark green
Grassy flavour Light Light

Protein content

Figure 3.12 shows the protein content of LPC extracted through alkali-acid precipitation
combined with activated carbon treatment. Leaf protein concentrate obtained from the non-
alkali process (water:0.1 M NaOH at 2.4:0) had 47.51 % protein (dry basis). Whereas LPC
extracted through the process using water and 0.1 M NaOH at the ratio of 1.7:0.7 had protein
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content significantly higher (p < 0.05): 50.03 % (dry basis). Alkali aids protein extraction,
enhancing cell disruption at the epidermis and lamella layer of leaf tissue (Zhang et al., 2015).

Consequently, more mesophyll proteins are extracted.
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Figure 3.12: Protein content (% dry basis) of leaf protein concentrate: Through alkali-acid

precipitation with activated carbon and varied water and 0.1 M NaOH ratios.

Means (n = 3) that do not share a letter are significantly different (p < 0.05) (Two-sample t-test comparison and

95 % confidence).

Table 3.9: The amount of protein in the recovered fractions obtained from the extraction
process: Alkali-acid precipitation combined with activated carbon at different ratios of water

and 0.1 M NaOH.

Sample Ratio of Recovered proteins
water and 0.1 M NaOH (2)
2.4:0 5.97°
Final Grass juice
1.7:0.7 8.00?
Recovered 2.4:0 2.99°
solution 1 1.7:0.7 4.55?
Recovered 2.4:0 1.54°
solution 2 1.7:0.7 2.93?
2.4:0 0.76°
LPC
1.7:0.7 1.95%

Note: The starting grass was 250 g (wet weight), and the initial protein content was 7.84 g (dry weight).
Different letters in the same column of each sample represent a significant difference (p < 0.05). Results are

expressed as means (n = 3) with Two-sample t-test and 95 % confidence.
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This reason is in accordance with the result of protein content in the final grass juice, the
recovered solution 1, and the recovered solution 2, as shown in Table 3.9. These solutions
extracted through the alkali-assisted process had significantly higher proteins (p <0.05) than
those using only water. In addition, the increased protein content was due to high protein
solubility at higher pH, leading to more proteins being extracted (De Jong et al., 2914).
Similarly, Kaur et al. (2021) reported that an increase in grass protein concentrate solubility
was detected when the pH of the protein solution was increased from 5 to 9. Furthermore, the
protein content in waste fractions (grass pulp, chloroplastic sediments, and AC sediments) was
significantly decreased when 0.1 M NaOH was used. Hence, alkali-assisted extraction could
increase protein solubility and extractability, reducing protein loss along with the discarded

fractions. Consequently, more proteins were recovered in the final LPC.

It could be seen that the protein content of LPC extracted through alkali-assisted extraction in
this experiment was higher than the LPC obtained from the previous method (section 3.5.1.2).
This result could be explained through the recovered proteins in the final grass juice, as shown
in Tables 3.7 and 3.9. The amount of protein in grass juice obtained from the extraction process
using water and 0.1 M NaOH at the ratio of 1.7:0.7 was 8.00 g, while the extraction process,
as stated in section 3.5.1.2, could recover protein in grass juice at 6.58 g. This result supports
that using alkali pH enhances the amount of extracted proteins, leading to high proteins being

recovered into the final product.

Activated carbon (AC) was used in this protocol to improve LPC’s colour and flavour. The
result shows that the green colour remained in the LPCs; however, the grassy flavour was
reduced, as shown in Table 3.8. Lower protein content was observed in LPC treated with AC.
This result is similar to the result mentioned in section 3.5.1.2 that the protein content of LPC
was decreased when AC concentration was increased. It could be said that the grassy flavour
could be improved by AC treatment; however, it could not remove the green colour when the

alkali solution was used. Also, the addition of AC reduced protein content.

Extraction vyield

An increasing yield of LPC was obtained when using 0.1 M NaOH as a co-extraction solvent
(Figure 3.13). The extraction yield of LPC using the alkali-assisted extraction was
approximately 2.5 times higher than the non-alkali process. This result indicated a higher
recovery yield related to the alkali solution used in the extraction process since protein

solubility increases when the pH of the solution is alkali (Kobbi, 2017). Increased protein
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solubility is due to high electrostatic repulsion among protein molecules, less protein-protein
interactions, and more protein-water interactions under alkali pH conditions (Ferreira Machado
et al., 2017). Hence, proteins in plant materials are highly solubilized and extracted into

extracted leaf juice.

Moreover, the increasing yield might result from non-proteinaceous components (Kaur et al.,
2021), such as chlorophyll. Since the darker green colour was observed in the LPC extracted
through the alkali-assisted extraction process shown in Table 3.8. Alkali enhances chlorophyll
saponification, producing chlorophyllin and phyton (Ferruzzi & Blakeslee, 2007). These
compounds change the solubility property of chlorophyll from water-insoluble to water-soluble
(Li et al., 2016). Consequently, more green pigments were solubilized and recovered in LPC.
Thus, the alkali-assisted extraction process would yield more LPC than non-alkali extraction.
However, using AC with alkali-acid precipitation as the current experiment resulted in a lower
extraction yield than only the alkali-acid precipitation method (section 3.5.1.1 without CaClz).
This was because AC can adsorb small impurities (i.e., tannin and phenolic compounds) and

small proteins (Xie, 2017; Stone & Kozlov, 2014).
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Figure 3.13: Extraction yield of leaf protein concentrate: Through alkali-acid precipitation with

activated carbon at different water and 0.1 M NaOH ratio.

In conclusion, combining an alkali solution with the extraction solvent aids protein
extractability, increasing protein content and product yield. However, a darker green colour
was obtained since the saponification reaction changed the solubility of chlorophyll. The grassy
flavour was improved noticeably due to AC treatment. However, using only AC treatment in

the presence of an alkali solution could not improve the green colour of LPC.
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3.5.1.4 Heat coagulation (effect of CaCl, treatment along with heating)

Thermal treatment has been reported to enhance chlorophyll fractionation. The heating process
denatures the proteins bound with photosynthesis; consequently, proteins are aggregated. This
leads to chloroplast cell aggregation, causing irreversible chloroplastic protein sediments
(Ostbring et al., 2014). Section 3.5.1.2 indicates that thermal treatment was a factor promoting
chlorophyll aggregation. The addition of CaClz in the extraction process, as mentioned in
section 3.5.1.1, has proven that it could partially remove chloroplastic proteins, reducing the
isolated LPC's green colour and grassy flavour. In addition, it could enhance the efficiency of
thermal coagulation (De Jong et al., 2014). Thus, combining two parameters (thermal and
CaCl: treatment) has been studied to remove the green colour and grassy flavour of LPC. The
effect on protein content, extraction yield, and improvement of colour and flavour were

determined.

Green colour and grassy flavour

Table 3.10 shows that the green colour of all LPCs was removed entirely. This was due to the
extraction process's thermal and CaClz treatment effect. The heating conditions used in this
experiment (50 °C, 15 minutes and 58 °C, 2 minutes) could induce green protein coagulation
(chloroplastic protein aggregation). As a result, the brown and clear recovered solutions
containing white protein fraction (Fraction-1 protein) were obtained (De Jong et al., 2014;

Udenigwe et al., 2017; Nynaés et al., 2021).

The brighter colour of LPC was obtained as an increasing concentration of CaCl2 (Table
3.10.). Similarly, the green colour of LPC extracted through alkali-acid precipitation decreased
when using high CaCl2 concentration, as reported in section 3.5.1.1. This is related to anion
binding sites of the thylakoid membrane, and chloroplast can be neutralised by cations, such
as Mg?*, inducing chloroplast cell agglomeration and precipitation (Camm & Green (1982).
Also, divalent ions enhance the effectiveness of heat-induced chloroplast aggregation since
cations decrease protein denaturation temperature (Tq) (Farkas and Mohécsi-Farkas, 1996). As

a result, more chlorophyll-protein complex precipitation would be obtained.

The less grassy flavour was observed in all LPCs, as presented in Table 3.10, since abundant
chlorophyll was removed (Lelyveld & Smith, 1989) with increasing CaClz. This result was in
accordance with the result obtained through alkali-acid precipitation (section 3.5.1.1).
Moreover, lipoxygenase activity was inhibited due to the thermal effect (Chang et al., 2019),

resulting in a reduced grassy flavour.
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Table 3.10: Colour and flavour of leaf protein concentrate: Through heat coagulation with

different CaClz concentrations and heating conditions.

Heat¥n.g 50 °C, 15 minutes 58 °C, 2 minutes
condition
CaCl,
(mM) 0 100 150 0 100 150
Colour Hesas _ 2
Light . Light .
brownish Light Yellow greenish Cream Light
brown yellow
yellow yellow
Grassy . . Not . Not Not
flavour Light Light detected Light detected detected

Protein content

Figure 3.14 shows the protein content of LPC extracted through heat coagulation with different
CaClz concentrations and heating conditions. At the same CaClz concentration, the protein
content of LPC treated at 58°C for 2 minutes was significantly lower (p <0.05) than LPC treated
at 50 °C for 15 minutes. A similar finding was reported by Nynés et al. (2021); protein bands
of green proteins analysed by SDS-PAGE started to disappear around 50 to 55 °C and fully
disappeared around 60 to 65 °C. This finding indicates that more protein precipitation occurred
at higher-temperature conditions. Protein precipitation is observed during thermal treatment
due to protein denaturation. High temperature induces protein conformation changes, such as
weakening electrostatic forces and hydrogen bonds. Consequently, the protein’s secondary,
tertiary or quaternary structure unfolds, and proteins subsequently aggregate (Farkas &
Mohaécsi-Farkas, 1996). Hence, heating at 58 °C, close to 60 °C, causes more protein
denaturation. As a result, the denatured proteins are precipitated and lost through the waste

stream (chloroplastic sediments).

76



10 L B 50°C, 15 min =58 °C, 2 min

35 |
30 | ¢ .d
25 2
20 | I
15
10 f

Protein content (% dry basis)

0 100 150
CaCl, (mM)

Figure 3.14: Protein content (% dry basis) of leaf protein concentrate: Through heat
coagulation with different CaClz concentrations and heating conditions.

Means (n = 3) that do not share a letter are significantly different (p < 0.05) (Tukey’s HSD multiple comparisons
and 95 % confidence). HSD (Honest Significance Test).

Table 3.11: The amount of protein in the recovered fractions obtained from the extraction

process through heat coagulation with different CaCl2 concentrations and heating conditions.

Recovered proteins

Sample Heating condition CaCl, (mM)
(®
Final grass juice - - 6.17
0 3.50%
50 °C, 15 minutes 100 3.43¢
Recovered 150 3.15¢%
solution 0 3.39¢
58 °C, 2 minutes 100 3.18%
150 2.71°
0 0.30%
50 °C, 15 minutes 100 0.16°
150 0.084
LPC

0 0.10°¢
58 °C, 2 minutes 100 0.10°¢
150 0.06°

Note: The starting grass was 500 g (wet weight), and the initial protein content was 15.68 g (dry weight).
Different letters in the same column of each sample represent a significant difference (p < 0.05). Results are

expressed as means (n = 3) with Tukey’s HSD multiple comparisons and 95 % confidence. 77



The above discussion could be supported by the results observed in the recovered solution.
Table 3.11 shows that all recovered solutions heated at 58 °C for 2 minutes had proteins lower
than the recovered solutions heated at 50 °C for 15 minutes. This result confirms that high
temperature leads to more protein denaturation; consequently, lower proteins are recovered in

the recovered solution and LPC.

At the same heating condition, Figure 3.14 shows that the protein content of LPC was
significantly decreased with the increasing concentration of CaClz> (p <0.05). Leaf protein
concentrates (LPCs) heated at 50 °C for 15 minutes had 41.26 %, 28.02 %, and 24.49 % protein
(dry basis) at CaClz2 concentrations of 0, 100, and 150 mM, respectively. Similarly, LPCs heated
at 58 °C for 2 minutes had 33.22 %, 26.21 %, and 21.16 % protein (dry basis) at CaClz
concentrations of 0, 100, and 150 mM, respectively. These results were similar to the LPCs
extracted through alkali-acid precipitation with CaClz (0 to 300 mM), as presented in Figure
3.8. A decrease in protein content at high salt concentrations was due to the salting-out effect
(Mu et al., 2008), leading to less soluble proteins in the recovered solution, as shown in Table

3.11. As aresult, lower proteins were recovered in the LPC.

Furthermore, high salt concentration can reduce protein denaturation temperature (Tq), causing
more precipitated proteins (Farkas and Mohécsi-Farkas, 1996). Their study found that
increasing ionic strength by adding 2 % curing salt to muscle proteins reduced Tq value. A
similar effect was also observed in other meats treated with phosphate and chloride salts. The
present study shows a similar observation (Table 3.11). At the same heating condition, a
reduction of proteins was detected in the recovered solution as CaClz concentration was
increased. Therefore, high CaClz concentration decreases protein solubility and T4, leading to

less protein being recovered in the recovered solution and LPC.

According to the salting-out effect, proteins are highly precipitated at a high salt concentration
(Mu et al., 2008) and lost through chloroplastic sediments. However, a decrease in protein
content was detected in chloroplastic sediments (waste fraction). Therefore, the percentage of
ash was analysed to determine the amount of salt contamination. The results are expressed as
mean =+ standard deviation in the unit of % dry basis. Higher ash content was found in the
chloroplastic sediments when increasing CaCl, concentration. At heating condition 50 °C for
15 minutes, ash content (% dry basis) in the chloroplastic sediments was 13.74 + 0.38%, 25.95
+ (0.54°, and 32.55 = 0.10? at the CaClz concentration of 0, 100, and 150 mM, respectively. The

same trend was observed in chloroplastic sediments obtained from the process using 58 °C for
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2 minutes. Ash content (% dry basis) was 13.92 £ 0.03¢, 23.49 + 0.219, and 29.80 = 0.05° at the
CaClz concentration of 0, 100, and 150 mM, respectively. Hence, lower protein content in the
chloroplastic sediments might be due to salt contamination as a high amount of CaCl> was

added.

Extraction vyield

Figure 3.15 shows the extraction yield of LPC extracted through heat coagulation with different
CaClz concentrations and heating conditions. At the same CaClz concentration, the low-
temperature method yielded LPC higher than the high-temperature method. This might relate
to the thermal coagulation behaviour of green proteins. As discussed above, Nynis et al. (2021)
reported that SDS-PAGE analysis did not detect green protein bands when the protein extract
was heated higher than 60 °C. In contrast, a higher intensity of protein bands was detected
when the protein extract was heated around 50 to 55 °C. This reason dedicates that high
temperature induces more green protein denaturation, resulting in green proteins (membrane
proteins and chlorophyll-bound proteins) being eliminated through chloroplastic sediments.

Consequently, the high-temperature method would give a lower yield of LPC.
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Figure 3.15: Extraction yield of leaf protein concentrate: Through heat coagulation with

different CaClz concentrations and heating conditions.

Figure 3.15 also shows a decreased yield of LPC when CaClz concentration was increased. The
extraction yield of LPCs treated at 50 °C for 15 minutes was reduced from 0.87 % to 0.4 %

(based on dried grass) as a higher CaClz concentration was used. The yield of LPCs treated at
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58 °C for 2 minutes ranged between 0.35 % to 0.40 % (based on dried grass). This result might
be due to a decrease in protein extractability at high salt concentrations. Thylakoid membrane
agglomeration is promoted at high salt concentrations, decreasing chlorophyll-related protein
extractability (Camm and Green, 1982). Consequently, the recovery yield would be reduced.
A similar result was obtained through the alkali-acid precipitation method, as shown in Figure

3.9, confirming that yield of LPC decreased with increased CaClz concentration.

In conclusion, heat coagulation with thermal and CaCl. treatment could remove LPC's green
colour and grassy flavour. This was due to the thermal treatment and CaCl, enhancing the
chlorophyll aggregation. The protein content and extraction yield of LPC depended on the
amount of CaClz and the temperature. The highest protein content (48.16 %) was detected in
LPC treated at low temperatures (50 °C, 15 minutes) without CaCl: treatment. High
temperature leads to more protein denaturation (Nynéds et al., 2021). Divalent ions reduce
protein solubility, decrease the Ta of proteins, and increase thylakoid stacking. Therefore, high-
temperature treatment (58 °C, 2 minutes) and high CaCl2 concentration decreased protein

content and extraction yield.
3.5.1.5 Heat coagulation (effect of alkali-solution)

A previous study has shown that heating at 50 °C for 15 minutes without CaClz was the
condition that could remove green colour, reduce grassy flavour, and recover the highest
proteins. Therefore, heating at 50 °C for 15 minutes was used in this experiment. Heat
coagulation at 80 °C for 30 seconds, the same condition used in the previous experiment, was
used to concentrate white protein fraction (Fraction I). NaOH was applied in the current
experiment to increase the protein content since alkali pH aids leaf tissue disruption (epidermis
and lamella layer), resulting in more mesophyll proteins being extracted (Zhang et al., 2015).
High pH also increases protein solubility; therefore, a higher extraction yield would be obtained

(D1 Stefano et al., 2018). The concentration of NaOH varied from 0 to 0.1 M.

Green colour and grassy flavour

Table 3.12 shows that using 0 and 0.03 M NaOH extraction methods could remove chlorophyll
from LPC, whereas a green colour was observed in LPC using 0.1 M NaOH. Although green
proteins can be removed by thermal treatment at 50 to 60 °C (Nynés et al., 2021) or 40 to 60
°C (De Jong et al., 2014; Udenigwe et al., 2017), the green colour was observed in LPC using

0.1 M NaOH as an extraction solution. This might be because alkali promotes chlorophyll
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saponification reaction, producing water-soluble chlorophyllin and phyton (Li et al., 2016).

The mentioned compounds are potentially extracted, providing a green colour LPC.

The grassy flavour was rarely detected in the LPCs extracted using 0 and 0.03 M NaOH, while
it was strong in LPC obtained from the process using 0.1 M NaOH. As grassy flavour is
associated with the chlorophyll in plant leaves (Lelyveld & Smith, 1989); thus, grassy favour
is detected in the LPC containing chlorophyll. In contrast, a reduction of grassy flavour would
be observed when chlorophyll is removed. Furthermore, the high temperature (80 °C) used for
protein concentration in this experiment also inhibits lipoxygenase (LOX) activity which
catalyses lipid oxidation and subsequently produces volatile compounds that are responsible

for grassy flavour (Chang et al., 2019).

Table 3.12: Colour and flavour of leaf protein concentrate: Through heat coagulation at

different concentrations of NaOH.

NaOH (M)
Colour

Brownish yellow Brownish yellow Dark green
Grassy flavour Light Light Strong

Protein content

Figure 3.16 shows the protein content of LPC extracted through heat coagulation with different
concentrations of NaOH. Although the amount of recovered protein in the final grass juice and
the recovered solution was increased when a higher concentration of NaOH was used, a
decrease in the protein content of LPC was observed (Table 3.13). Figure 3.16 shows the
protein content of LPC at 0, 0.03, and 0.1 M NaOH: 48.16 %, 42.94 %, and 38.81 % protein
(dry basis), respectively. An alkali solution theoretically assists protein extraction since alkali
pH aids plant tissue disruption and increases protein solubility. Consequently, more proteins
are potentially excreted (Zhang et al., 2015). However, the results from this experiment are

inconsistent with the theory mentioned above.
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Figure 3.16: Protein content (% dry basis) of leaf protein concentrate: Through heat

coagulation with different concentrations of NaOH.
Means (n = 3) that do not share a letter are significantly different (p < 0.05) (Tukey’s HSD multiple comparisons

and 95 % confidence). HSD (Honest Significance Test).

Table 3.13: The amount of protein in the recovered fractions obtained from the extraction

process through heat coagulation with different concentrations of NaOH.

Sample NaOH (M) Recovered proteins (g)
0.0 6.18°
Final grass juice 0.03 6.24°
0.1 6.72°
0.0 2.90°

Recovered
_ 0.03 2.70°
solution

0.1 3.74°
0.0 0.46°
LPC 0.03 0.50%
0.1 0.52°

Note: The starting grass was 500 g (wet weight), and the initial protein content was 15.68 g (dry weight).
Different letters in the same column of each sample represent a significant difference (p < 0.05). Results are
expressed as means (n = 3) with Tukey’s HSD multiple comparisons and 95 % confidence. HSD (Honest

Significance Test).
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Lower protein content in LPCs using 0.03 and 0.1 M NaOH might involve the thermal
coagulation behaviour of leaf proteins. Heat coagulation at 80 °C mainly recovers Fraction-I
proteins (soluble protein fraction), resulting in green proteins not being recovered (Edward et
al., 1975). This could be supported by the protein content in the discarded solution (after heat
coagulation). The protein content in this solution was significantly increased (p <0.05) from
11.30 % to 16.02 % (dry basis) when NaOH concentration increased. It indicates that alkali pH
enhances protein extraction; however, heat coagulation might not recover green proteins at this
temperature. Consequently, protein recovery might be lower in the LPC extracted through heat

coagulation with alkali conditions.

Moreover, the current results contradicted the findings obtained through alkali-acid
precipitation with AC treatment (section 3.5.1.3). The current experiment shows a decrease in
the protein content of LPC as increasing NaOH concentration. In contrast, the latter process
shows a higher protein content in LPC that used NaOH as an extraction solution. This might
relate to the thermal process used for chlorophyll fractionation and heat coagulation. The
current experiment used a heating condition at 50 °C for 15 minutes to enhance the chlorophyll
fractionation, removing the green protein fraction. In comparison, the heating process was not
used in the latter process, resulting in more green proteins being remained and recovered in the
final products. Also, heat coagulation recovers only Fraction-I protein (soluble proteins),
whereas acid precipitation could recover soluble and insoluble proteins at their pl (Pelegrine &
Gasparetto, 2005). Thus, the different concentration methods would lead to different recovered

protein amounts.

The LPC extracted through the current experiment without NaOH had a protein content
higher than LPC extracted through a similar method (heat coagulation without CaClz2 and
NaOH, as mentioned in section 3.5.1.4). This might be due to a higher ratio of water used in
the current experiment. The current method's ratio of grass and water was 1:0.5, while the
experiment in section 3.5.1.4 used 1:02. A higher extraction solution might result in more

soluble proteins being extracted (De Jong et al., 2014).

Extraction vield

The extraction yield of LPC obtained from this experiment was increased from 1.12 % to 1.58
% (based on dried grass) as NaOH concentration was increased from 0 to 0.1 M (Figure 3.17).
This was because alkali enhances protein extractability, resulting in high product yield. An

increasing yield might result from recovering non-proteinous components, such as chlorophyll
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(Kaur et al., 2021). The results presented in Table 3.12 also supported that the green colour
was detected when a high concentration of alkali (0.1 M NaOH) was used due to chlorophyll
saponification reaction (Li et al., 2016). In addition, a decrease in the protein content of LPC
was observed (Figure 3.16). These results confirm that an increasing yield was due to non-
proteinous compounds. Furthermore, the extraction yield of LPC extracted through a similar
method (heat coagulation without CaCl2 and NaOH), as mentioned in section 3.5.1.4, had
slightly lower than LPC extracted through this experiment using 0 M NaOH. This was due to
a lower amount of water used in the process mentioned in section 3.5.1.4. Therefore, that

extraction yield also relates to the amount of extraction solution.
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Figure 3.17: Extraction yield of leaf protein concentrate: Through heat coagulation with

different concentrations of NaOH.

In conclusion, high pH enhances protein extraction, as the results presented in the final grass
juice and the recovered solution. However, the protein content and yield of LPC extracted
through heat coagulation decreased when high alkali was used. This might relate to the thermal
process used for chlorophyll fractionation, which removes insoluble green proteins. Also, heat
coagulation recovers only the Fraction-I protein (soluble proteins), resulting in other insoluble
proteins not being recovered. Furthermore, green colour and grassy flavour were detected in
LPC using 0.1 M NaOH due to chlorophyll saponification. In summary, using an alkali solution
with heat coagulation could not increase the protein content and extraction yield of LPC and

would increase the green colour and grassy flavour in LPC.
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3.5.1.6 Ultrafiltration

Heat coagulation and acid precipitation are harsh and extreme methods that affect the isolated
proteins’ properties. In comparison, ultrafiltration (UF) is a mild condition used for protein
purification and concentration; consequently, native proteins' properties would be retained
(De Jong et al., 2014). Martin et al. (2019) have proven that RuBisCo protein isolate extracted
through UF had high solubility (80%) at pH above 5.5. Furthermore, UF has been reported to
remove the residual chlorophyll from protein solution (De Jong et al., 2014); hence, the colour

and off-flavour of LPC are expected to be improved through UF.

Green colour and grassy flavour

As Figure 3.18, the green colour of leaf protein concentrate extracted through UF was removed,
however, the brown colour was observed. A grassy flavour was not detected in LPC. The green
colour was removed due to the thermal process heating at 50 °C for 15 minutes, enhancing the
thermal coagulation of green proteins (Nynids et al., 2021) and being eliminated through
chloroplastic sediments. Also, UF can remove the remaining chlorophyll (DeJong et al., 2014),
enhancing the removal of green pigments. In addition, ultrafiltration can remove polyphenols
and polyphenol oxidase (PPO) (Walter et al., 2011), which induce an enzymatic browning
reaction in plant extracts (Jang & Moon, 2011). However, a long process promotes this
reaction, producing o-quinones and subsequently polymerising. An undesirable brown colour

was observed (Espin et al., 1998).

The grassy flavour was not detected in the LPC obtained from this method. As grassy flavour
is associated with the chlorophyll in plant leaves (Lelyveld & Smith, 1989); thus, grassy favour
is detected in the presence of chlorophyll. In contrast, a reduction of grassy flavour is observed

when chlorophyll is removed.

Figure 3.18: Colour and flavour of leaf protein concentrate: Through the use of ultrafiltration.
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Protein content

The protein content of LPC extracted through ultrafiltration was 22.73 % (dry basis), which
was lower than the heat coagulation method (as discussed in section 3.1.5.5). Similarly, the
current LPC had a lower protein content than sugar beet leaves protein isolate (93 g kg™ of
crude protein) extracted through a similar method (Martin et al., 2019). However, protein
recovery in the final grass juice and the recovered solution was similar to the results obtained
through heat coagulation. This might be because the same materials and methods were used.
Thus, low protein recovery from the present study might be due to the different plant sources
(Nynis et al., 2021), ultrafiltration mode (Walter et al., 2011), and protein degradation (De
Jong et al., 2014; Koschuh et al., 2004).

Nynés et al. (2021) found that using the same extraction method with nine crops has provided
different qualities and quantities of resulting proteins. Only seven crops were successfully
fractionated to obtain white proteins. Thus, they have confirmed that the origin of green leafy
biomass significantly impacts the resulting proteins. However, comparing the results between
different studies is rarely comparable in practice as the conditions of fractionation and
calculation are generally different (Nynés et al., 2021). The ultrafiltration mode used in the
present study was static mode lacking swiping flow over the membrane, which might have
resulted in membrane fouling, and other impurities could not pass through the filter (Walter et

al., 2014). Hence, low protein recovery might be due to membrane blockage.

Also, low protein content in the final LPC might be due to protein degradation, leading to
protein loss during the ultrafiltration process. This could be supported by Koschuh et al. (2004),
RuBisCo was determined only 2 % out of 100 % after 24 h of storage time. They confirmed
that a lower amount of RuBisCo was due to protein degradation. The ultrafiltration process in
this study was operated for 6 h at 20 °C; hence, RuBisCo and other proteins might be degraded
owing to the long processing time and high temperature. Therefore, the hydrolysed proteins
smaller than the filter size (100 kDa) could pass through the filter. This can be confirmed by
proteins detected in filtrates 1 and 2 with 10.06 % and 7.07 % (dry basis), indicating protein
loss through waste fraction. Thus, fewer proteins were recovered in retentate, resulting in low

protein content in LPC.
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Table 3.14: The amount of protein in the recovered fractions obtained from the extraction

process: Through the use of ultrafiltration.

Sample Recovered
proteins (g)
Final grass juice 6.71
Recovered solution 3.11
LPC 0.38

Note: The starting grass was 500 g (wet weight), and the initial protein content was 15.68 g (dry weight).

Extraction yield

The yield of LPC obtained from this process was 1.98 % based on dried grass or 0.34 % based
on fresh grass. Similarly, Martin et al. (2019) reported that sugar beet leaf isolate extracted
through ultrafiltration yielded 0.3 % based on fresh grass. A similar extraction yield might be
because of the similar protein content of starting material: 18.42 % protein (dry basis) was
detected in ryegrass used in this study, and 18.3 % protein (dry basis) was detected in sugar

beet leaves used in their study.

In comparison, LPC extracted through the same conditions, except using heat coagulation to
concentrate proteins (section 3.5.1.5 without NaOH), had an extraction yield of 1.12% (based
on dried grass. A recovery yield by ultrafiltration was slightly higher than heat coagulation,
possibly due to the recovery of non-proteinaceous components (Kaur et al., 2021). Since lower
protein content was obtained (22.73%) compared to the LPCs extracted through heat

coagulation (48.16%), as mentioned in section 3.5.1.5.

This study used ultrafiltration to purify leaf proteins due to its mild conditions; however, the
protein content detected in the LPC was very low. This could be relevant to a static filtering
mode used in this study, leading to membrane fouling and other impurities contamination. Long
processing time and inappropriate temperature (room temperature) promote protein
degradation, resulting in the hydrolysed proteins or amino acids that are smaller than the filter
size being lost through the filtrate. Thus, non-proteinaceous components and protein loss lead
to low protein content in the isolated LPC. LPC’s colour was brown due to the browning

reaction catalyzed by polyphenols oxidase and phenolic compounds (Jang & Moon, 2011).
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3.5.1.7 Chromatography

Chromatography is a physical method to separate the target compounds in the mixture solution.
It is amild process irrelevant to heat or extreme conditions; therefore, it has been used in protein
purification (Labrou, 2018). Consequently, native proteins' properties would be reminded (De
Jong et al., 2014). Furthermore, chromatography is a highly selective separation method; thus,
high purity of the isolated proteins would be obtained (GE Healthcare, 2012). The present study
has chosen ion exchange and size exclusion chromatography due to their uncomplicated

operation.

Green colour and grassy flavour

After the chromatography process, the white-cream colour and odourless LPC was obtained
(Figure 3.19). After removing the green protein fraction by a thermal process, the unwanted
residual compounds were eliminated by filtration and chromatography. De Jong et al. (2014)
stated that the residual chlorophyll could be decontaminated through a 0.45 pum filter. lon-
exchange chromatography can remove colourants and small impurities (i.e., polyphenols) from
protein extracts, as Labrou (2018) has stated. Although chromatography is a long process,
which may induce an enzymatic reaction, brown colour was not observed in the LPC. Similarly,
Martin et al. (2014) reported that polyphenol absorbance was not observed in the RuBisCo
protein isolate extracted through a chromatography technique, indicating that polyphenols and
browning pigments were decontaminated. Furthermore, they also reported that
chromatography could successfully eliminate the off flavour of protein isolate; hence, the

odourless LPC would be obtained.

Figure 3.19: Colour and flavour of leaf protein concentrate: Through the use of

chromatography.
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Protein content

The chromatography technique has been used for protein purification to obtain high purity of
target protein (GE Healthcare, 2012). However, the obtained LPC from this experiment had
only 14.24 % protein (dry basis), contradicting the theory mentioned above. As shown in Table
3.15, protein recovery in the final grass juice and the recovered solution was similar to the
results obtained through heat coagulation and ultrafiltration. This might be due to using the
same materials and methods. However, several factors could affect the efficiency of protein
recovery, such as packing column, protease, and process conditions. Improper packing columns
of ion-exchange chromatography (IEX), such as loose, tight, and short columns, might reduce
the resolution efficiency. This could contaminate the target protein with impurities (i.e., salt,

phenolic compounds, and other small molecules).

Table 3.15: The amount of protein in the recovered fractions obtained from the extraction

process: Through the use of chromatography.

Sample Recovered proteins
(®
Final grass juice 6.28
Recovered solution 3.05
LPC 0.03

Note: The starting grass was 500 g (wet weight), and the initial protein content was 15.68 g (dry weight).

During the chromatography process, some proteins were lost through waste fraction since 9.89
% protein (dry basis) was detected in filtrate 1 (the solution obtained after IEX). Uncharged
proteins and the same charged proteins with column materials were first eluted at the same
speed flow of sample buffer (GE Healthcare, 2012). SDS-PAGE was used to confirm protein
loss during the IEX process. The results were presented in lanes 1 and 2 of Figure 3.20. Many
protein bands were detected between the MW of 10 to 100 kDa, which could be green protein
fraction, large and small subunits of RuBisCo (Nynés et al., 2021), light-harvesting complex
chlorophyll (Shu Min, 2017), and Fraction-II proteins (Horwarth et al., 1973). It confirms that

some proteins were not recovered by IEX, resulting in protein loss.
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Figure 3.20: Tricine-SDS-PAGE electrophoretogram of filtrates obtained from ion-exchange
chromatography. Filtrate 1 (lanes 1 to 2); Filtrate eluted by 0.025 M NacCl (lanes 3 to 4); Filtrate
eluted by 0.1 M NaCl (lanes 5 to 6); Filtrate eluted by 0.2 M NacCl (lanes 7 to 8); Filtrate eluted
by 0.3 M NacCl (lanes 9 to 10); Filtrate eluted by 0.5 M NaCl (lanes 11 to 12); Filtrate eluted
by 1.0 M NacCl (lanes 13 to 14).

Using gradient buffer (0.25, 0.1, 0.3, 0.5, and 1.0 M NacCl) to elute the target protein from IEX
and selecting only the fraction containing the highest RuBisCo content might cause low protein
recovery. As shown in Figure 3.20 at lanes 9 and 10, the highest intensity bands of large and
small RuBisCo subunits (55 kDa and 14 kDa, respectively) were observed in the fraction eluted
by 0.3 M NaCl. Thus, this fraction was chosen to be purified further using size exclusion
chromatography (SEC), while other fractions eluted by other NaCl concentrations were
discarded. Proteins at MW of 10 to 100 kDa were observed in the discarded fractions,
indicating protein loss along with these fractions. Thus, a single elution solvent (no gradient

NacCl) should be used to avoid protein loss.

Furthermore, protein loss might be due to protein degradation during extraction. Target
proteins could be degraded by protease in grass leaves to small peptides and amino acids;
consequently, the hydrolysed proteins were lost through the waste fractions (De Jong et al.,
2014). This could be supported by the observation in filtrate 2 (the fraction from concentrating
process before loading to SEC). It had 8.92 % protein (dry basis), dedicating that some proteins

90



were hydrolysed during the extraction process. These hydrolysed proteins subsequently pass

the filter and lose through the filtrate.

Extraction yield

The extraction yield of LPC from the chromatography technique was 0.21 % based on dried
grass, which was lower than other extraction methods used in this study. It might be due to a
highly selective property of chromatography (GE Healthcare) and many steps used in this
protocol, possibly leading to the loss of proteins and other components along the process. As
mentioned above, there was protein loss through filtrates 1 and 2 with 9.89 % and 8.92 %
protein (dry basis). In addition, the results from SDS-PAGE showed that many protein bands
were detected in every fraction eluted by 0.1 — 1.0 M NaCl, as shown in Figure 3.20. It shows
that proteins were also lost through the elution step. Moreover, small impurities (i.e., salts,
phenolic compounds, uncharged proteins, and polysaccharides) were removed through

microfiltration, centrifugal filtration, and chromatography.

In conclusion, this process successfully removed LPC's green colour and grassy flavour.
However, it provided the lowest extraction yield (0.21 % of dried grass) and protein content
(14.14 % protein dry basis) compared to other extraction methods. Many factors affect protein
loss along the process, such as improper packing column, protease, and the number of
processes. In addition, uncharged and the same charged proteins with the ion-exchange
medium were lost through the filtrate; hence these proteins were not recovered in LPC. SDS-
PAGE shows that a single elution should be used to elute the bound proteins since many

proteins were detected in the filtrates eluted by gradient elution (0.1 to 1.0 M NaCl).
3.5.1.8 Summary

The different extraction methods were studied to isolate leaf protein concentrate with the
objective of colour and flavour removal. Physico-chemical properties of the resulting proteins
were determined to study the effect of isolation methods, including protein content (% dry

basis), extraction yield (% of dried grass weight), and colour and flavour improvement.
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Table 3.16: Physico-chemical properties of leaf protein concentrates using different extraction methods.

. . Protein  Extraction
Varied conditions

content yield Grassy
No. Extraction method ‘ Colour

Thermal CaCl>  Alkali-assisted Activated (% dry (% of dried flavour

treatment (mM) extraction carbon (% w/w)  basis) grass)
0 53.94 9.61 Strong

Alkali-acid Grass: water:
100 51.14 3.20 Strong
1 precipitation with - 0.1M NaOH -

200 48.70 3.14
CaClz treatment (1:1.7:0.7)
300 44.76 1.96

Light
Light

; .,. . :‘ -
1.9 16.50 10.77 ND
Protein extraction with 60 °C, _
2 - - 3.8 14.65 0.0 [ o
AC treatment 5 minutes o T
5.4 13.30 5.07 ks Y ND
Light
- 47.51 3.14 g
Alkali-acid 60 °C _
3 precipitation with s mi ’ - Grass: water: 1.9
minutes i
AC treatment 0.IM NaOH 5003 765 [N Light
(1:1.7:0.7)
Heat coagulation with 0 41.26 0.87 Light
: so°c. !
4 CaClz and thermal . 100 - - 28.02 0.67 ¥ Light
15 minutes :
treatment 150 24.29 0.40 ND
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Varied conditions Protein  Extraction
. Alkali- content yield
No. Extraction method Thermal CaCl Activated _ Colour Flavour
assisted (% dry (% of dried
treatment ~ (mM) ) carbon (% w/w) )
extraction basis) grass)
Heat coagulation with 0 33.22 0.40 Light
g ssec.
4 CaClz and thermal 100 - - 26.21 0.40 ; ND
2 minutes
treatment 150 21.10 0.35 ND
Heat coagulation with 50°C - 0.0M 48.16 1.12 Light
5 different concentrations ’ 0.03 M - 42.94 1.36 Light
15 minutes
of NaOH 0.1 M 38.81 1.58 Strong
50 °C,
6 Ultrafiltration - - - 22.73 1.98 ND
15 minutes
50 °C,
7 Chromatography - - - 14.14 0.21 ND
15 minutes

ND is referred to as Not detected.
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The result shows that leaf protein concentrate (LPC) obtained through different methods had
different protein content, extraction yield, colour, and flavour, as shown in Table 3.16. The
highest protein content (53.94 %) was detected in LPC extracted through the alkali-acid
precipitation method without CaCl: treatment at an extraction yield of 9.61 % (based on dried
grass). However, dark green colour and grassy flavour were observed. At the same time, colour
and flavour were improved as the concentration of CaCl2 was increased. However, protein

content and extraction yield decreased (Table 3.16, experiment 1).

Experiment 3 in Table 3.16 shows a significant increase in protein content (p < 0.05) and higher
extraction yield in LPC using alkali-assisted extraction compared to the non-alkali process. It
would confirm that alkali enhances cell disruption and protein extractability. The green colour
was observed in LPCs from both processes. This might be due to the thermal process used for
chlorophyll fractionation not being used. Hence, green protein fraction and membrane protein
remained (De Jong et a., 2014; Nynis et al.,, 2021). However, a darker green colour was
observed in the LPC using alkali-assisted extraction since a chlorophyll saponification reaction
occurred. The less grassy flavour was detected in both LPCs due to activated carbon treatment.
This could be confirmed by experiment 2, as shown in Table 3.16. Using activated carbon
reduced grassy flavour in LPC; however, protein content and extraction yield of LPC were

decreased.

Leaf protein concentrate extracted through heat coagulation had protein content and extraction
yield lower than the alkali-acid precipitation method; however, the green colour and grassy
flavour were noticeably improved. These results depend on the amount of CaClz, heating
conditions, and alkali concentration. High temperature (58 °C) and high CaCl2 concentration
decreased protein content and extraction yield. High temperature leads to more protein
denaturation (Nynés et al., 2021). CaCl2 promotes thylakoid stacking, resulting in fewer
proteins being extracted. Although alkali-assisted extraction enhances protein extraction, heat
coagulation mainly recovers Fraction-I protein. Thus, combining alkali-assisted extraction and
heat coagulation would not increase the protein content in the final LPC. Furthermore,
chlorophyll saponification induced by the presence of NaOH leads to the removal of the green

colour not being successful.

The protein content and yield of LPC extracted through ultrafiltration were very low (Table
3.16, experiment 6) compared to other studies. This could be relevant to the improper filtering

mode, leading to membrane fouling and contamination of other impurities. Long processing
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time and inappropriate temperature (room temperature) promote protein hydrolysis and

browning reaction, leading to small proteins being lost and brown LPC being obtained.

Leaf protein concentrate (LPC) extracted through chromatography had the lowest extraction
yield and protein content compared to other extraction methods. This might be affected by
improper packing columns, numerous processes, long processing times, and high temperatures,
which cause protein loss during the extraction process. In addition, uncharged and the same
charged proteins with the ion-exchange medium were not recovered. A single elution should
be used to elute the bound proteins to reduce protein loss. However, chromatography

successfully removed the final product's colour and grassy flavour.

3.5.2 Physico-chemical properties of grass leaves and leaf protein

concentrate after ethanol extraction

Grassy flavour and dark green colour are the natural characteristics of plant leaves, which relate
to chlorophyll pigments (Di Stefano et al., 2018). Both attributes significantly limit the
incorporation into human food. Chlorophyll is a water-insoluble compound but soluble in an
organic solvent. Chlorophyll removal was achieved using organic solvents, such as methanol,
ethanol, acetone, and chloroform. However, only ethanol is considered a food-grade solvent
(Tsuji et al., 1985). Therefore, removing chlorophyll and grassy flavour from the starting
material (grass leaves) and the final product (leaf protein concentrate: LPC) by ethanol

treatment was studied.
3.5.2.1 Colour and flavour improvement

This study used ethanol extraction to remove colour and grassy flavour from grass leaves and
LPC. The same trend of colour change was observed in both samples; the initial green colour
of grass leaves and LPC was removed and changed to light brown after ethanol extraction
(Table 3.17). A similar result was reported; the green colour of alfalfa and white clover protein
concentrates were successfully removed by ethanol extraction. This was due to the soluble
property of chlorophyll pigments in organic solvents (Tsuji et al., 1985). Chlorophyll removal
by organic solvent involves three main mechanisms: diffuse through plant cells, increase the
permeability of chloroplast membrane, and cleavage of the linkage of chlorophyll-protein
complexes (Hosikian et al., 2010). Consequently, chlorophyll is excreted from plant tissue, and
dechlorophyllised products are obtained. However, the obtained colour of grass leaves and LPC

were brown. The colour change might be due to polyphenol oxidation, leading to an enzymatic
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browning reaction. Also, chlorophyll decomposition stimulated by light, air, and acid produces

pheophobide: a derived product responsible for brown colour (Tsuji et al., 1985).

Table 3.17: Colour and flavour of grass leaves and leaf protein concentrate treated by ethanol

extraction.

Sample Grass leaves
Ethanol extraction Untreated leaves 60 min, 1 time 20 min, 3 times
Colour

Green Light green Medium brown
Grassy flavour Strong Light Not detected
Sample LPC
Ethanol extraction Untreated LPC 60 min, 1 time

and 20 min, 3 times
Colour
] Dark green h Brown

Grassy flavour Light Not detected

Furthermore, Table 3.17 shows that 1-time extraction (60 minutes) could partially eliminate
green pigments from grass leaves. In comparison, 3-time extraction (20 minutes at each time)
could successfully remove the green colour since the number of steps employed in the process

significantly affects the extraction efficiency (Cubas et al., 2008).

After soaking in the ethanol solvent, the grassy flavour of grass leaves and LPC was evaluated.
A reduction of grassy flavour was observed in both treated samples. Similarly, Chang et al.
(2019) reported that the off flavour of lentil isolate was improved after ethanol extraction since
the volatile compounds, which provide green and beany flavour in lentils, significantly reduced
(p <0.05). Furthermore, a less grassy flavour was observed in grass leaves treated with 1-time

extraction, whereas no grassy flavour was observed in the 3-time extracted sample. This result
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presents the same trend as colour removal (more extraction, less off flavour), confirming that

the degree of extraction affects flavour improvement.
3.5.2.2 Protein content and extraction yield

Protein content (% dry basis) was determined in treated grass leaves and LPC to compare with
the untreated samples. Table 3.18 shows an increase in the protein content of grass leaves after
ethanol treatment: 18.52 %, 19.08 %, and 19.74 % (dry basis) of untreated, 1-time, and 3-time
extracted samples, respectively. Also, the same trend was observed: LPC after ethanol
treatment had protein higher than untreated LPC. Similarly, the protein content of white clover
and alfalfa protein concentrate was increased from 55.1 % to 70.8 % and from 48.4 % to 72.2
% (dry basis), respectively, after 5-time ethanol extraction (Tsuji et al. 1985). Chang et al.
(2019) also reported the same observation. The protein content of lentil protein isolate was

increased from 75.34 % to 79.07 % (dry basis) after soaking in 75% ethanol.

An increase in protein content was due to a reduction of lipid and ash after organic solvent
extraction, as stated by Tsuji et al. (1985) and Chang et al. (2019). After 5-time ethanol
extraction, lipids in alfalfa and white clover protein concentrates remarkably decreased from
9.7 % to 2.1 % and 10 % to 1.7 %, respectively. At the same time, protein content was
unaffected (Tsuji et al., 1985). Change et al. (2019) detected a 3.31 % decrease in ash content

from lentil protein isolate after organic solvent extraction using 35 to 55 % concentration.

Table 3.18: Protein content and yield of grass leave and leaf protein concentrate treated by

ethanol extraction.

Sample Ethanol extraction Protein Yield

(% dry basis) (% based on untreated

sample)

1 Untreated 18.52 + 0.02° 100
QGrass

2 60 min, 1 time 19.08 + 0.50%P 53.21
leave

3 20 min, 3 times 19.74 +£ 0.252 51.15

1 Untreated 50.03 + 1.25° 100
LPC 60 min, 1 time

2 55.07 £0.972 53.13

and 20 min, 3 times
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Although the green colour and grassy flavour were successfully removed, the yield of the
treated samples was reduced. The final yield of grass leaves treated by 1-time, and 3-time
extraction was reduced by almost 50% of the untreated grass. A similar observation was
presented in Table 3.18. The treated LPC yielded 53.13 % (approximately 50%) of the
untreated LPC. The decreasing yield of all treated samples might relate to the loss of
chlorophyll pigments. Also, as mentioned above, a remarkable decrease in lipids and ash could
be another cause of yield loss. Since they are organic soluble components, they were removed

through waste fraction (Tsuji et al., 1985; Chang et al., 2019).

In conclusion, the present study shows that ethanol extraction can remove chlorophyll and
grassy flavour from freeze-dried grass leaves and leaf protein concentrate. Protein content was
increased in all treated samples as the organic solvent removed chlorophyll, lipids, ash, and
other organic soluble compounds. However, the final colour was brown due to an enzymatic
browning reaction induced by polyphenol oxidase, including chlorophyll decomposition,
producing brown pigments known as pheophobide. The final yield was decreased by almost 50

% of the starting materials, which was relevant to removing pigments, lipids, and ash.
3.6 Final Summary

The above findings show that the quality and amount of isolated leaf proteins are associated
with extraction methods and environmental conditions. Divalent ions and heat can enhance
green protein fractionation, enhancing the removal of green colour and grassy flavour.
However, a high concentration of divalent ions and high temperature reduce protein content
and extraction yield of the isolated LPC. Alkali enhances protein extractability, increasing
extraction yield and protein content; however, low protein content was detected in LPC when
using alkali with heat coagulation. Activated carbon, ultrafiltration, and chromatography, mild-
condition extraction processes, can remove grassy flavour. Nevertheless, short process time
and low temperature should be controlled along with these processes as protein degradation
stimulated by high temperature and time causes protein loss. Although green colour and grassy

flavour removal were successful by ethanol extraction, the product’s yield was decreased by

about 50 %.

The present study has selected two LPCs with and without green colour to compare physico-
chemical and functional properties. Leaf protein concentrate extracted through alkali-acid
precipitation without CaClz was selected to be represented as the LPC with green colour. Also,

it had the highest protein content (53.64 % cry basis) and high extraction yield (9.61 % of dried
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grass). Leaf protein concentrate extracted through heat coagulation treated at 50 °C for 15
minutes without CaCl2 and NaOH was selected to be represented as the LPC without green
colour. It had the highest protein content (48.13 % dry basis) and high extraction yield (1.12 %
of dried grass) compared to other dechlorophyllised LPCs. Therefore, these two LPCs were
analysed for their thermal denaturation properties, protein profile, protein solubility, and

protein digestibility. The results are discussed in the next chapter (Chapter 4).
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CHAPTER 4

Physico-Chemical and Functional Properties of The

Selected Leaf Protein Concentrates

4.1 Introduction

Leaf protein concentrate (LPC) extracted by two different methods (see Chapter 3) was selected
for further investigation. Leaf protein concentrate extracted through alkali-acid precipitation
was selected due to the highest protein content (53.94 % dry basis) and high recovery yield
(9.61% of dried grass) compared to other isolated-green LPCs. This LPC was represented as
LPC with green colour and was designated as AAP-0. The LPC extracted through heat
coagulation was selected for another LPC due to its less green colour and grassy flavour with
48.16 % protein (dry basis). It was represented as LPC without green colour and was designated
as HC-0. Although both alkali-acid precipitation and heat coagulation may affect protein
functionality, this study selected both methods due to their uncomplicated and low-cost nature
(Knorr, 1982; Pelegrine & Gasparetto, 2005). Additionally, all materials used in both methods

are food grade; thus, there is a potential to utilise both methods in the food industry.

Many studies have reported that the protein extraction method affects the physico-chemical
properties of isolated proteins, such as functionalities and nutritional value (Kaur et al., 2021,
De Jong et al., 2014; Kobbi, 2017). Hence, the effect of the extraction methods mentioned
above on the properties of the selected LPCs was studied. AAP-0 and HC-0 were determined
for protein solubility, thermal denaturation profile, protein types, and protein digestibility by
the Kjeldahl method, Differential scanning calorimetry (DSC), Tricine-Sodium Dodecylsulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE), and in vitro gastro-small intestinal

digestion, respectively.
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4.2 Materials and methods

4.2.1 Materials

Leaf protein concentrate (LPC) was obtained from two extraction methods, as mentioned in
Chapter 3, section 3.2.2.1 & 3.2.2.4.2. Leaf protein concentrate extracted through alkali-acid
precipitation with 0 mM CaCl2 was designated AAP-0. Leaf protein concentrate extracted
through heating at 50 °C, 15 minutes with 0 mM CaClz and then heat coagulation was
designated as HC-0. The protein content of AAP-0 and HC-0 was determined to be 53.94 %
and 48.16 % (dry basis), respectively. Both LPCs were stored at -20 °C until further analysis.

All chemicals used for analysis in this chapter were analytical grade.

4.2.2 Protein solubility

4.2.2.1 Effect of pH

The solubility of LPC was determined using the method of Kaur et al. (2021) with slight
modifications. In short, LPC was first dissolved (1 %, w/v) in distilled water. The pH of the
LPC solutions was adjusted from 2 to 9 using 1 M HCl or NaOH to determine the effect of pH
on LPC’s solubility. All solutions were mixed at 300 rpm for 1 h at 20 °C using a benchtop
shaker (Orbital shaker, OHAUS, New Jersey, United States).

4.2.2.2 Effect of temperature

The effect of temperature was determined by following the method of Pelegrine and Gasparetto
(2005) with slight modifications. In short, 1 % (w/v) of LPC solutions were prepared using
distilled water. The pH of the solutions was adjusted to 7 using 1 M NaOH, followed by mixing
at 300 rpm for 1 h at 20 °C using a benchtop shaker (Orbital shaker, OHAUS, New Jersey,
United States). The treated solutions were left to stir at 300 rpm using a magnetic stirrer for 10

minutes at 80 °C. The beakers were covered with aluminium foil to prevent moisture loss.
4.2.2.3 Effect of temperature in combination with pH shift

A pH-shift method along with thermal treatment was applied to LPC by following the method
of Kaur et al. (2021) with slight modifications. In short, LPC solutions (1%, w/v) were prepared
in distilled water. The pH of the solutions was adjusted to 12 using 1 M NaOH, followed by
mixing at 300 rpm for 1 h at 20 °C using a benchtop shaker (Orbital shaker, OHAUS, New
Jersey, United States). The pH of all solutions was adjusted back to 7 using 6 M HCI. The
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resulting solutions were left to stir at 300 rpm for 10 minutes at 80 °C using a magnetic stirrer.

The beakers were covered with aluminium foil to prevent moisture loss during heating.

All samples were centrifuged at 2400 x g for 15 minutes, and the obtained supernatants were
tested for soluble protein concentration (Ps) using the Kjeldahl method, AOAC 978.04

(Horwitz, 1978). The results were shown as the percentage of solubility, %S:

Ps

%S = x100 ...l “)

Initial protein concentration

4.2.3 Differential scanning calorimetry

The thermal properties of the LPC were assessed using differential scanning calorimetry (DSC)
analysis adapted from Ahmad et al. (2018), with slight modifications. Leaf protein concentrate
(12 mg) was weighed into aluminium pans (TA Instruments, TZero 901684.901), followed by
the addition of 18 mg of Milli-Q water to obtain 30 mg of 40 % (w/v) LPC dispersion. The
pans were then hermetically sealed and left overnight at 23 + 2 °C. Scans were then conducted
in the differential scanning calorimeter (Q2000, TA Instruments, USA) in triplicates, with
heating from 20 to 100 °C at a rate of 5 °C/minutes. The DSC was calibrated with indium and
gallium, with empty aluminium pans used as references. The thermal properties were analysed
using analytical software (TA Universal Analysis, TA Instruments, USA). Denaturation
temperature was taken at the maximum of the endothermic peak, and enthalpy was calculated

from the area of the transition peaks.
4.2.4 SDS-PAGE of leaf protein concentrate

Tricine SDS-PAGE under reducing conditions was performed to determine proteins' molecular
weight (MW) in the LPC. Samples were dispersed in milli-Q water at a concentration of 4
mg/mL protein content and shaken at 20 rpm for 1 h. Following this, the solutions were diluted
further to 2 mg/mL protein content with sample buffer (5 % B-mercaptoethanol) at a ratio of
1:1. The solutions were heated at 95 °C for 5 minutes. Molecular weight marker (Precision Plus
Protein™ Dual Xtra Prestained Protein Standards) (10 puL) and samples (25 pL) were loaded
into 16.5 % gradient Tricine gels (Criterion™ Precast gel, Bio-Rad Laboratories Pty. Ltd.,
United States of America). The gels were run with a running buffer at 125 V voltage until the
samples reached the bottom of the gels. The gels were kept in a fixing solution (40 % methanol,
10 % acetic acid) for 30 minutes, then stained with a staining solution (Bio-Safe™ Coomassie
G-250) for 1 h. After this, the gels were de-stained in Milli-Q water overnight and scanned

using a gel scanning densitometer (Molecular Imager Gel Doc XR, Bio-Rad Laboratories Pty.
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Ltd., New Zealand). The images were analysed using Image Lab™ (Bio-Rad Laboratories Pty.
Ltd., New Zealand).

4.2.5 Determination of in vitro gastro-small intestinal digestibility
4.2.5.1 Preparation of leaf protein concentrate paste

Leaf protein concentrates were mixed with Milli-Q water, and their pH was adjusted to 12
using 1 M NaOH to obtain 20 % (w/v) of LPC paste. The mixture was stirred at 20 °C for 1 h
before heating at 80 °C for 10 minutes under constant stirring at 300 rpm, using a magnetic
stirrer. Moisture lost in the heating process was then determined, and the amount of water lost

was topped up. The samples were then used to determine in vitro protein digestibility.

4.2.5.2 In vitro protein digestion
The number of salts used to mimic the digestion fluids in the oral, stomach and small intestinal
digestion phases during in vitro digestion are shown in Table 4.1, obtained from Minekus et al.

(2014). All digestions were conducted at 37 + 1°C.

Table 4.1: Electrolytes concentration of simulated salivary fluid (SSF), simulated gastric fluid
(SGF), and simulated intestinal fluid (SIF).

Composition  Stock SSF SGF SIF
concentration  pH 7 pH3 pH7
(M) Volume (mL) Volume (mL) Volume (mL)
KCl 0.5 15.1 6.9 6.8
KH2PO4 0.5 3.7 0.9 0.8
NaHCOs3 1 6.8 12.5 42.5
NaCl 2 0.0 11.8 9.6
MgCl(H20)s  0.15 0.5 0.4 1.1
(NH4)2CO3 0.5 0.06 0.5 0.0

CaCl2 (H20): 0.3 - - -
(Adapted from Minekus et al., 2014).

Note: The volume in this table was calculated for the final volume of stock solutions (400 mL). The simulated

fluids were 1.25X concentration.

SSF, Simulated Salivary Fluid; SGF, Simulated Gastric Fluid; SIF, Simulated Intestinal Fluid

103



The digestion protocol was obtained from Kaur et al. (2010) and Minekus et al. (2014), with
slight modifications. In short, 8 g of prepared LPC mixture was added to each reactor. SSF (3.4
mL) was added, followed by the addition of 40 uL. CaClz. The pH was maintained at 7 £+ 0.1
using 1 M NaOH. a-amylase (10025, Sigma Aldrich, USA) was added to obtain a concentration

of 75 U/mL activity in the mixture, and the solution was stirred for 2 minutes.

Following this, 24.12 mL of SGF was added, followed by 12 pL of CaClz. The solution was
adjusted to pH 3 + 0.1 using 6 M HCI. Porcine gastric pepsin (P7125, Sigma Aldrich, USA)
was added to obtain a concentration of 2.5 U/mg protein. Samples were drawn at 0, 30 and 60
minutes, and 10 pL of Pepstatin A (AB141416, Abcam Plc, New Zealand) (0.5 mg/ml

methanol) was added to every mL of digest collected.

For the small intestinal phase, 32.4 mL of SIF, 96 pL of CaClz, and 6 mL of bile (10 mM in
the final mixture) were added to the gastric digest, with the pH adjusted to 7 + 0.1 using | M
NaOH. Porcine pancreatin (4xUSP, P1750, Sigma Aldrich, USA) was added in a 1:100 ratio
of enzyme to substrate, and digests were collected after another 10, 60 and 120 minutes.
Protease inhibitor cocktail solution (SigmaFast™, Sigma Aldrich, USA) (350 ul/mL digest)
was added (4.5 mL for every mL of the digests collected). All digests were then placed in an
ice bath to stop the further enzymatic activity and stored at -20 °C until further analysis.

4.2.5.3 Digest sample preparation

All samples obtained from the in vitro digestion process were centrifuged at 14,100 x g for 10
minutes using a high-speed centrifuge (MiniSpin® plus centrifuge, Eppendorf South Pacific
Pty. Ltd., Australia). The supernatant was then filtered through a 0.45 pm PVDF filter.

4.2.5.4 Soluble protein content
The soluble protein content in the digests was determined using the Kjeldahl method, as per

AOAC 978.04 (Horwitz, 1978).

4.2.5.5 Free amino nitrogen content

The digested samples were treated with ninhydrin using a colourimetric method to determine
the ninhydrin reactive amino nitrogen content by following the method of Moore (1968) and
Kaur et al. (2021). In short, a standard curve was prepared using stock solutions of glycine in
0.05 % glacial acetic acid. The stock solutions and digest samples were mixed with ninhydrin

reagent (N7285, Sigma Aldrich Pty Ltd, USA) and heated for 10 minutes at 97 = 2 °C. The
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solutions were then cooled immediately, and ethanol (95 %, v/v) (2.5 mL) was added. The

absorbance of the solutions was then read at 570 nm using a spectrophotometer.

4.2.5.6 SDS-PAGE of digested leaf protein concentrate

Protein breakdown during digestion was done using tricine SDS-PAGE as described by Kaur
et al. (2016). The digests were not subjected to centrifugation and filtration (as stated in section
4.2.5.3). A homogenous sample was drawn from the digests and diluted to 2.5 mg/mL protein
content with Milli-Q water at pH 3 and 7 for the gastric and small intestinal digests,
respectively. Following this, the solutions were diluted further to 1.25 mg/mL protein content
using Tricine buffer (containing 2 % B-mercaptoethanol) at a ratio of 1:1. The solutions were
heated at 97 + 2 °C for 5 minutes. The sample solutions (25 pL) and standard (10 pL) (Precision
Plus Protein™ Dual Xtra Prestained Protein Standards) were loaded into 16.5 % gradient
Tricine gels. The gels were run with a running buffer at 125 V voltage until the samples reached
the bottom of the gels. The gels were kept in a fixing solution (40 % methanol, 10 % acetic
acid) for 30 minutes, then stained with a staining solution (Bio-Safe™ Coomassie G-250) for
1 h. After this, the gels were de-stained in Milli-Q water overnight and scanned using a gel
scanning densitometer (Molecular Imager Gel Doc XR, Bio-Rad Laboratories Pty. Ltd., New
Zealand). The images were analysed using Image Lab™ (Bio-Rad Laboratories Pty. Ltd., New
Zealand).

4.2.6 Statistical analysis

All the analyses reported in this study were performed at least in triplicate. The data were
represented as mean + standard deviation. All data were analysed with Minitab statistical
software version 19 (Minitab Inc., State College, PA). One-way ANOVA and Tukey’s test at
the 95 % confidence level was used to identify the significant differences (p < 0.05) for more

than two groups.
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4.3 Results and discussion

4.3.1 Protein solubility

Protein solubility is a vital property of food proteins as proteins with high solubility have a
high potential to obtain a uniform colloidal system, increasing the potential of food application
in various food products (Zayas, 1997). Thus, the selected LPCs determined the ability to be
utilised in food by determining the protein solubility under different pH conditions.
Furthermore, the solubility improvement was conducted under high temperature and pH-
shifting conditions. The total soluble nitrogen was analysed to indicate the ability of protein

solubility.

4.3.1.1 Effect of pH
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Figure 4.1: The effect of pH on protein solubility of leaf protein concentrates.
AAP-0, LPC extracted through alkali-acid precipitation with 0 mM CaCl,.
HC-0, LPC extracted through heating at 50 °C, 15 minutes with 0 mM CacCl,, followed by heat coagulation.

Figure 4.1 shows that the protein solubility of both LPCs was significantly affected (p <0.05)
when the pH of the LPC solutions was varied, indicating that the pH of the environment highly
impacts the protein solubility. The lowest protein solubility of LPC extracted through alkali-
acid precipitation (AAP-0) was observed at the pH range of 3 to 5. The same result was reported
by Kaur et al. (2021); the lowest protein solubility of grass protein concentrate (GPC) extracted

through acid precipitation was found at the same pH range as the present study. Also, the

106



protein solubility of LPC extracted through heat coagulation (HC-0) was lowest in the pH range
of 3 to 5. It has been concluded that proteins are least soluble at the pH nearest their isoelectric
point (pl) (Pelegrine & Gasparetto, 2005; Nynas et al., 2021). In addition, no significant
difference was observed between pH 3 and 5, as shown in Table 4.2, confirming that the

isoelectric pH of both LPCs ranges between 3 to 5.

The lowest soluble proteins are due to the lowest electrostatic forces at this point, where the
charge of amino acids reaches net zero, increasing protein-protein interactions. Consequently,
proteins aggregate and have lower solubility (Damodaran et al., 2007). However, the isoelectric
point of pure RuBisCo has been reported at pH 4 - 6, which is different from this study. This
difference might result from the unpurified form of RuBisCo extracted in LPC. Other forms of
proteins present in the plant leaves may be extracted, such as ATP synthase or protein kinase
(Xeuetal., 2015). Nynas et al. (2021) also supported that these compounds would significantly

impact the net charge of proteins, affecting their functionalities.

When the pH was increased from 7 to 9, the solubility of AAP-0 increased from 22.09 % to
41.34 %. In contrast, the solubility of HC-0 rarely changed. This was due to the extraction
method affecting the protein solubility (Lamsal et al., 2007). Betschart (1974) and Farkas &
Mohaécsi-Farkas (1996) also supported that thermal coagulation and acid precipitation provided
different results for RuBisCo’s solubility. Furthermore, the protein solubility of HC-0 was
lower than AAP-0, as shown in Figure 4.1. Similarly, mustard protein isolate concentrated by
steam injection had 20 — 40 % protein solubility at pH ranging from 1 to 12, whereas protein
isolate concentrated by isoelectric precipitation had a higher protein solubility (40 - 80%) at
the same pH range (Sadeghi & Bhagya, 2009). The lower protein solubility of HC-0 might be
due to a conformational change affected by thermal treatment. Protein denaturation occurs
during heat coagulation, leading to exposure of hydrophobic sites of proteins (De Jong et al.,
2014) and forming an irreversible structure (Edward et al., 1975). Therefore, a low protein

solubility was observed in HC-0 as its structure was irreversible.

Nevertheless, both LPCs displayed a similar trend of having higher solubility on either side of
their pl. This solubility curve was similar to the results obtained from other leaf sources
(Betschart, 1974; Farkas & Mohacsi-Farkas, 1996). The solubility curve of leaf proteins
involves a total negative or positive charge of proteins, which is acquired in acidic or alkali

conditions. The charge on the protein surface increases the electrostatic repulsion between
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molecules, resulting in decreased protein-protein interactions; thus, higher protein solubility is

observed (Machado et al., 2007).

Table 4.2: The protein solubility of leaf protein concentrates against the pH.

pH AAP-0 HC-0

2.0 9.60 £ 0.18° 11.20 + 0.04°
3.0 1.18 +0.79¢ 5.48 +0.05°
5.0 1.68 +0.034 6.30 + 0.99°
7.0 22.09+0.31° 14.33 + 0.88?
9.0 41.34 +0.63° 15.80 + 0.46

Different letter in the same column represents a significant difference (p < 0.05). Results are expressed as means
(n = 3) + standard deviation with Tukey’s HSD multiple comparisons and 95 % confidence. HSD (Honest
Significance Test).

AAP-0, LPC extracted through alkali-acid precipitation with 0 mM CaCl,

HC-0, LPC extracted through heating at 50 °C, 15 minutes with 0 mM CaCl,, followed by heat coagulation.

4.3.1.2 Effect of temperature
The solubility of proteins is relevant to protein-water interactions, which are affected by the
temperature of the protein solution (Kaur et al., 2021). Therefore, the effect of high temperature

was studied to improve the solubility of both LPCs (AAP-0 and HC-0) at neutral pH.

At neutral pH, the protein solubility of AAP-0 was increased significantly (» <0.05) from 22.09
% to 57.69 % when it was subjected to 80 °C for 10 minutes (Figure 4.2). Kaur et al. (2021)
reported a similar result: an increase in protein solubility of grass protein concentrate (GPC)
extracted by alkali-acid precipitation was observed when the GPC was subjected to 40, 60, and
80 °C. The protein solubility increases with the increasing temperature due to the increased
protein-water interactions. Also, thermal treatment leads to protein denaturation, weakening
hydrogen bonds and electrostatic forces that hold proteins’ structure (secondary, tertiary, and
quaternary) (Pelegrine & Gasparetto, 2005). Hence, protein solubility increases by increasing
the temperature of the medium that proteins are subjected to. However, the solubility of HC-0
after high-temperature treatment was rarely affected. This might be due to protein denaturation

induced by heat coagulation, leading to irreversible structure (Edward et al., 1975).
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Figure 4.2: The effect of high temperature and high temperature in combination with pH shift
on protein solubility of leaf protein concentrate.

Means (n =3) that do not share a letter are significantly different (p <0.05) (Tukey’s HSD multiple comparisons
and 95 % confidence). HSD (Honest Significance Test).

AAP-0, LPC extracted through alkali-acid precipitation with 0 mM CaCl,.

HC-0, LPC extracted through heating at 50 °C, 15 minutes with 0 mM CaCl,, followed by heat coagulation.

4.3.1.3 Effect of temperature in combination with pH shift

The process of pH-shifting involves subjecting the proteins to a highly acidic and alkali pH
before neutral pH, allowing the proteins to unfold and refold partially. This structural change
creates unique surface properties, enhancing the solubility of proteins. Also, the solubility of
proteins increases at high temperatures. Thus, the effect of high temperature combined with

pH-shifting was studied to improve the solubility of LPC.

The combination of temperature and pH shifting treatment significantly increased (p <0.05)
the protein solubility of AAP-0 to 84.05 %, as shown in Figure 4.2. At neutral pH, the protein
solubility of AAP-0 was increased approximately 4 times compared to the untreated sample
and 1.4 times compared to the heated sample. The protein solubility of HC-0 after this treatment
was also increased to 25.09 %, while only the high-treatment treatment rarely impacted its
protein solubility. These results were similar to the result reported by Kaur et al. (2021). Their

study showed that the solubility of GPC extracted by enzyme-assisted extraction was increased
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5.3 times after subjecting to the pH-shifting process. An increase in protein solubility was due
to thermal and pH effects. Thermal treatment leads to protein denaturation, weakening
hydrogen bonds and electrostatic forces that hold proteins’ structure (secondary, tertiary, and
quaternary) (Pelegrine & Gasparetto, 2005). Hence, protein solubility increases. Jian et al.
(2009) stated that proteins are partly unfolded in extreme pH conditions, resulting in the buried
side chain being exposed to the polar surface. However, the unfolding structure involves
primary and tertiary structures, which cannot be reversed entirely with refolding treatment at
pH 7. This conformation, called “a molten globule” structure, induces the proteins to be more
flexible. Consequently, the solubility improvement of the pH-shifting treated sample would be

observed.

4.3.2. Thermal stability

The thermal process has been widely used in the food industry since it enhances food’s
digestibility, palatability, and shelf-life (Farkas & Mohécsi-Farkas, 1996). When proteins are
heated, their structure undergoes conformational change and bond disruption, which is an
endothermic process. Hydrogen bonds, van der Waals and electrostatic forces that hold the
quaternary and tertiary protein’s structure are weakened after thermal treatment, exposing the
buried hydrophobic sites (Jiang et al., 2009). Consequently, protein molecules aggregate,
which is an exothermic process. The differential scanning calorimeter (DSC) has been used to
analyse thermal analysis in food research by measuring the difference between endo- and
exothermic processes (Farkas & Mohacsi-Farkas, 1996). The present study determined protein

denaturation profile and enthalpy using DSC analysis.

Table 4.3: Thermal denaturation temperature and enthalpy of leaf protein concentrate.

Samples Thermal denaturation Enthalpy (J/g)
temperature (°C)

AAP-0 69.98 + 0.14° 5.11 £0.66*

HC-0 65.26 £ 0.67° 0.34 +0.59°

Different letter in the same column represents a significant difference (p < 0.05). Results are expressed as means
(n = 3) + standard deviation with a Two-sample t-test and 95 % confidence.

AAP-0, LPC extracted through alkali-acid precipitation with 0OmM CaCl,.

HC-0, LPC extracted through heating at 50 °C, 15 minutes with 0 mM CaCl, and followed by heat coagulation
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Figure 4.3: Thermal denaturation curve
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Figure 4.4: Thermal denaturation curve of leaf protein concentrate: Through heating at 50 °C,

15 minutes with 0 mM CaCla, followed by heat coagulation (HC-0).
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Raw LPCs extracted through alkali-acid precipitation (AAP-0) and heat coagulation (HC-0)
were subjected to DSC analysis to analyse denaturation temperature (Td4) and enthalpy. Figures
4.3 and 4.4 show the result of the DSC analysis of AAP-0 and HC-0, respectively, where the
highest peak of the endothermic curve was determined to be T4. As shown in Table 4.3, the
triplicate result shows that the Td of AAP-0 and HC-0 was 69.98 + 0.14 °C and 65.26 + 0.67
°C, respectively. It indicates that the extraction methods affect the conformational change of
proteins, resulting in proteins unfolding at different temperatures. Similarly, Kaur et al. (2021)
observed that raw GPCs extracted through enzymatic-assisted extraction and acid precipitation
were denatured at different temperatures. RuBisCo obtained from alfalfa and tobacco has T4
between 61.85 to 72.85 °C (Béghin et al., 1993). It can be seen that the Tq of both AAP-0 and
HC-0 was in line with other plant sources; however, the difference could result from the

conditions used during DSC analysis and plant type (Béghin et al., 1993).

The enthalpies of denaturation of both LPCs obtained in this study were 5.11 + 0.66 J/g and
0.34 £ 0.59 J/g for AAP-0 and HC-0, respectively. However, these results were different from
the value of 26.3 J/g obtained from alfalfa RuBisCo (Tomimatsu, 1980). The difference might
relate to the presence of proteins other than RuBisCo (Privalov & Potekhin, 1986). Such as
ATP synthase or protein kinase in plant leaves (Xue et al., 2015). Furthermore, the pH near the
protein’s PI might affect the enthalpy property. Béghin et al. (1993) stated that a pH lower than
7 decreased the enthalpy of alfalfa RuBisCo. This was due to the decreased electrostatic
repulsion between protein molecules. Consequently, protein-protein interactions increased,
causing an irreversible aggregation. The enthalpy property was affected (Privalov & Potekhin,
1986). The pH of raw AAP-0 was near pH 3.5, which was close to its pl range (3 to 5); hence,

its enthalpy would decrease.

Leaf protein concentrate extracted by heat coagulation (HC-0) had lower T4 and enthalpy than
the LPC extracted by alkali-acid precipitation (AAP-0), as shown in Table 4.3. This might
involve the denatured proteins induced by heat coagulation used for concentrating proteins.
Thermal treatment weakens the bondings that hold protein structures, such as hydrogen bonds,
van der Waals, and electrostatic forces, causing protein aggregation (Pelegrine & Gasparetto,
2005). Differential scanning calorimeter (DSC) analysis measures the net change between the
endothermic (conformation change and bond disruption) and exothermic processes (protein

aggregation) (Farkas & Mohacsi-Farkas, 1996). Hence, the difference between the endo and
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exothermic processes of the HC-0 sample might be less detected, resulting in a lower Td and

enthalpy.

4.3.3 Protein molecular weight distribution

The molecular weight (MW) distribution of raw AAP-0 and HC-0 was investigated with
Tricine-Sodium  Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE),
determining the protein type in the isolated LPCs.
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Figure 4.5: Tricine-SDS-PAGE results of leaf protein concentrate: (a) LPC extracted through
alkali-acid precipitation with 0 mM CacClz (lane 1 to 3); (b) LPC extracted by heating at 50 °C,
15 minutes with 0 mM CaCla, followed by heat coagulation (lane 4 to 6).

Figure 4.5 shows SDS-PAGE results in triplicates of raw LPCs extracted through alkali-acid
precipitation (a) and heat coagulation (b), indicating that both LPCs contained various proteins.
Similarly, Lamsal et al. (2007) reported that leaf proteins from alfalfa juice contained various
proteins ranging between 6 kDa and about 550 kDa. This result could support that presence of
other proteins affect the isoelectric point value, causing the different pl between both LPCs

(pH 3-5) and a pure RuBisCo (pH 4-6), as mentioned in section 4.3.1.1.

The protein bands at MW above 250 kDa, 100 kDa, 50 kDa, and 37 kDa were detected in both
LPCs, as shown in Figure 4.5. The band at the top of the gels indicates MW above 250 kDa,
which could not migrate into the gels. It might represent the RuBisCo protein at a MW of 550
kDa (Barbeau & Kinsella, 1988). The protein band at 100 kDa was likely to be the green protein
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fraction. This could be supported by Lamsal et al. (2007). They reported that a protein band at
107 kDa was detected in alfalfa juice, whereas it disappeared when the green protein fraction
was removed. Therefore, they concluded that proteins at MW of 107 kDa were green proteins.
Moreover, the protein band at 100 kDa of AAP-0 had higher intensity than HC-0. It might
result from a darker green colour, indicating more green proteins being recovered in the AAP-
0. The MW, about 37 kDa, also was observed in both samples, which might represent the light-
harvesting complex chlorophyll. Sedigheh et al. (2011) and Ji et al. (1998) reported similar

results: a light-harvesting complex of wheat and soybean leaves was detected at 34 kDa.

A protein band at 50 kDa observed in both samples was likely to be large subunits of RuBisCo
as the MW of large subunits is 50-55 kDa (De Jong & Nieuwland, 2011; Udenigwe et al.,
2017). Nevertheless, small subunits of RuBisCo at MW of 12 — 18 kDa were not found in the
AAP-0, while it was detected in the HC-0. This indicates that the extraction process used for
HC-0 isolation would isolate the RuBisCo with higher purity than the alkali-acid precipitation
method. Lamsal et al. (2007) reported that clarified alfalfa juice (juice without green proteins)
contained proteins at 52 and 12.5 kDa, representing the MW of large and small subunits of
RuBisCo. In contrast, these two subunits were slightly observed in the whole alfalfa juice
(green juice). The protein band between 25 and 37 kDa observed in only the HC-0 might be
Fraction-II proteins (Lamsal et al., 2007) which are soluble proteins, except RuBisCo

(Horwarth et al. 1973).

4.3.4 In vitro protein digestibility

The protein digestibility of the selected LPCs (AAP-0 and HC-0) was investigated by in vitro
protein digestion under the simulated conditions of gastric and small-intestinal tracts. The
protein digestibility of these LPCs was evaluated by measuring the content of soluble N,
ninhydrin-reactive amino N, and protein MW distribution in the digested samples at different
digestion times. As mentioned above, the different extraction methods affect protein structure
and physico-chemical properties, which might impact protein digestibility. Thus, the study of

protein digestibility was conducted by comparing the results of these two LPCs.
4.3.4.1 Soluble nitrogen content

The soluble N content of AAP-0 and HC-0 after in vitro protein digestion is shown in Figure
4.6. The solubility of both LPCs increased with the prolongation of digestion time. During the
stomach phase of digestion, the soluble N content of both LPCs slightly increased after
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digestion for 30 and 60 minutes, which was significantly different (p <0.05) compared to the
starting point (0 minutes). However, the solubility of both AAP-0 and HC-0 increased
significantly (p <0.05) during the small-intestinal digestion phase (Figure 4.6). This might be
because prolonging time allowed pepsin to act the peptide bonds, causing protein hydrolysis
and higher solubility to be detected.
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Figure 4.6: Soluble nitrogen content (%) of leaf protein concentrate after digestion at 0, 30,

and 60 minutes of gastric digestion, and 70, 120 and 180 minutes of small-intestinal digestion.

Means (n = 3) that do not share a letter are significantly different (p < 0.05) (Tukey’s HSD multiple comparisons
and 95% confidence). HSD (Honest Significance Test).

AAP-0, LPC extracted through alkali-acid precipitation with 0OmM CaCl,.

HC-0, LPC extracted through heating at 50 °C, 15 minutes with 0 mM CaCl, and heat coagulation.

Nevertheless, a one-way analysis of variance shows that the solubility of HC-0 during the
small-intestinal digestion was significantly lower (p <0.05) than AAP-0. A similar result was
reported that the digestibility of cooked lentils and faba beans was impaired after thermal
treatment. The low digestibility observed in these legumes might relate to protein aggregation
due to the heat coagulation process (Carbonaro et al., 1997). Additionally, the lower solubility
of the HC-0 sample, as shown in Figure 4.1, might associate with protein digestibility. Duodu
et al. (2003) reported that low digestibility observed in cooked sorghum protein is potentially

related to a disulphide crosslink that appears after cooking—resulting in less soluble kafirin
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protein (a type of sorghum protein). Thus, irreversible protein aggregation and low solubility

might result in a low soluble N content of HC-0.

4.3.4.2 Free amino nitrogen
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Figure 4.7: Free amino nitrogen content (%) of leaf protein concentrate after digestion at 0, 30,

and 60 minutes of gastric digestion, and 70, 120 and 180 minutes of small-intestinal digestion.

Means (n = 6) that do not share a letter are significantly different (p < 0.05) (Tukey’s HSD multiple comparisons
and 95% confidence). HSD (Honest Significance Test).

AAP-0, LPC extracted through alkali-acid precipitation with 0OmM CaCl..

HC-0, LPC extracted through heating at 50 °C, 15 minutes with 0 mM CaCl, and heat coagulation.

Figure 4.7 shows that leaf protein concentrate extracted through alkali-acid precipitation (AAP-
0) had protein digestibility significantly lower (p <0.05) than HC-0 throughout the digestion,
which is inconsistent with the result of soluble N, as shown in Figure 4.6. This result might be

relevant to the purity of RuBisCo and the effect of the thermal process.

Many studies have reported that a purified RuBisCo has good digestibility (De Jong &
Nieuwland, 2011; Ofori-Anti et al., 2008): it could be digested faster than fS-lactoglobulin,
bovine serum albumin, ovalbumin, jack bean concanavalin, and egg lysozyme (Ofori-Anti et

al., 2008). As shown in Figure 4.5, large and small subunits of RuBisCo were found in HC-0.
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In comparison, the small subunits were not detected in the AAP-0. This indicates that the purity
of RuBisCo in HC-0 may be higher than in AAP-0. Furthermore, high protein digestibility
depends on the ease of access of digestive enzymes to peptide bonds, which is enhanced by a
lower amount of non-proteinous compounds (Aderinola et al., 2020). Therefore, the higher in

vitro protein digestibility of HC-0 would be due to protein purity and low non-protein materials.

Moreover, the thermal process has been reported to increase the digestibility of legume seed
proteins (Park et al., 2010). The thermal process leads to protein denaturation, enhancing pepsin
to act on the susceptible sites of denatured proteins. Consequently, protein digestibility would
be higher. Additionally, the heating process inactivates protease inhibitors (Carbonaro et al.,
1997). Therefore, a higher protein digestibility observed in HC-0 might be attributed to the
thermal process that denatures proteins and inactivates protease inhibitors, enhancing the

accessibility of the enzyme.

The lower in vitro protein digestibility of AAP-0 might be due to non-proteinous components.
Kaur et al. (2021) stated that a low digestibility of grass protein concentrate (GPC) was related
to non-protein materials since a high amount of dietary fibre was detected in GPC extracted
through the acid precipitation method. In agreement with Eggum (1995), dietary fibre affects
the process in the gastrointestinal tract, decreasing protein digestibility. Hence, it may imply
that the low protein digestibility observed in AAP-0 was attributed to the presence of non-

protein materials.

4.3.4.3 SDS-PAGE result of digested leaf protein concentrate
The digests of AAP-0 obtained at 0, 30, 60, 70, 120, and 180 minutes are displayed from left
to right, along with the protein standard marker (Figure 4.8). In addition, the digests of HC-0

obtained after the same digestion time are presented in Figure 4.9.

At 0 minutes of digestion, a protein band at MW above 250 kDa was observed in AAP-0 and
HC-0, indicating that protein complexes could not migrate into the gels. This protein could be
the main RuBisCo protein in which the MW is about 550 kDa (Barbeau & Kinsella, 1988).
Proteins at 50 kDa representing large subunits of RuBisCo were detected in both samples, but
a lower intensity was detected in AAP-0. Proteins with 25 and 14 kDa, which could be Fraction-
II protein and small subunits of RuBisCo, were observed only in the HC-0. These results accord

with the results observed in raw LPC, as shown in Figure 4.5. Thus, these results could suggest
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that proteins might be undigested at the beginning of digestion, which was accordant with a

low amount of soluble N (Figure 4.6) and free amino N (Figure 4.7).

The 250 kDa protein band intensity observed in AAP-0 and HC-0 decreased at 60 minutes of
digestion. This indicates that proteins of both LPCs could be digested in the gastric phase and
migrate into the gel when digestion time increased. The lower intensity of other proteins also
was observed during gastric digestion. However, complete digestion of AAP-0 and HC-0 could
not be obtained in the gastric phase as some proteins were detected in the intestinal digestion
phase (70 to 180 minutes). Thus, it could suggest that proteins of both LPCs are partly broken

down in the stomach.

The intensity of protein bands at MW of 100 and 250 kDa observed in AAP-0 was lighter as
the intestinal digestion time increased; however, small MW proteins (10 kDa) were detected at
120 and 180 minutes (Figure 4.8). In comparison, the intensity of protein bands at the same
MWobserved in HC-0 was lighter than in AAP-0 and disappeared at 180 minutes (Figure 4.9).
These results suggest that both LPCs could be digested in the intestinal tract. However, HC-0
might have a higher digestibility than AAP-0 as some proteins (10 kDa) still were observed in
AAP-0 at 180 minutes. This could be supported by a higher content of free amino N of HC-0
than the result obtained from AAP-0, as shown in Figure 4.7. Also, a higher digestibility of
HC-0 might be due to the purity of RuBisCo and protein denaturation induced by thermal

treatment.
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Figure 4.8: Tricine-SDS-PAGE result of leaf protein concentrate: Through alkali-acid precipitation with 0 mM CaClz after digestion at 0, 30, and

60 minutes of gastric digestion, and 70, 120 and 180 minutes of small-intestinal digestion.
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Figure 4.9: Tricine-SDS-PAGE result of leaf protein concentrate: Through heating at 50 °C, 15 minutes with 0 mM CacClz and followed by heat

coagulation after digestion at 0, 30, and 60 min of gastric digestion, and 70, 120 and 180 min of small-intestinal digestion.

120



4.4 Final summary

Overall, the protein solubility of both LPCs depends on the pH of the environment. Leaf protein
concentrate extracted through heat coagulation (HC-0) had lower protein solubility than the
LPC obtained by the isoelectric precipitation method (AAP-0). The lowest solubility of both
LPCs was found at pH 3 to 5, which is accordant with the isoelectric point of isolated RuBisCo
from other plant sources. High temperature could improve the protein solubility of AAP-0, and
a significant improvement (p <0.05) was observed after high-temperature treatment combined
with the pH-shifting process. However, less impact was observed in the HC-0 sample. Thermal
denaturation temperature and enthalpy of HC-0 were lower than AAP-0 due to the effect of
heat coagulation used for concentrating proteins. SDS-PAGE results have shown that both
LPCs contain various protein types; however, higher purity of RuBisCo might be obtained
through the heat coagulation method since both large and small subunits were found in the heat

coagulated LPC (HC-0).

Protein digestion was determined by measuring the soluble N content, free amino N, and the
protein MW distribution of digested samples. Overall, these three results have shown that the
protein digestibility of AAP-0 and HC-0 increased as the digestion time increased. A lower
solubility was observed in HC-0 than in AAP-0 due to the protein aggregation induced by
thermal coagulation. Also, a lower protein solubility of HC-0 (section 4.3.1) may impair its
protein digestibility. Nevertheless, the free amino N (%) of HC-0 was higher than AAP-0
through digestion, which is in accordance with the SDS-PAGE result, indicating that the heat-
coagulated LPC had higher digestibility than AAP-0. This might be attributed to the purity of
RuBisCo and protein denaturation. Therefore, the present results could confirm that the protein

extraction method affects the physico-chemical of the isolated proteins.
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CHAPTER 5

Conclusions and Recommendations

5.1 Conclusions

5.1.1 Assessment of extraction methods

The present study verifies that colourless and odourless LPC could not be obtained through the
alkali-acid precipitation method and alkali-acid precipitation combined with activated carbon.
Nevertheless, the high protein content and extraction yield were obtained. A suitable heating
condition to fractionate chloroplastic proteins (green protein fraction) was 50 °C for 15 minutes
to obtain the LPC without green colour. Subsequently, the clarified grass juice could be
concentrated to enrich the protein content in the final LPC. Heat coagulation at 80 °C for 30
seconds could enrich the protein content in LPC at 48.16 % (dry basis). In comparison,
ultrafiltration and chromatography used in this study were unsuitable for the protein
purification method since the isolated proteins from both methods contained low protein and

low recovery yield.
5.1.2 Assessment of relevant factors of isolated leaf protein concentrates

Various factors affect the quality and quantity of isolated proteins. CaClz partially removed the
green colour and decreased the grassy flavour; however, high concentration resulted in low
protein content and yield. The high temperature (58 °C for 2 minutes) used for chlorophyll
fractionation decreased protein recovery due to protein denaturation. Moreover, this study
proved that combining activated carbon with the extraction process could reduce the grassy
flavour of LPC. The pH of the solution is important as it relates to the charge of proteins. pH
lower than 6 may lead to RuBisCo co-precipitation as this pH is near its pl. Alkali-aid
extraction using NaOH increased the protein extractability, increasing protein recovery through
acid precipitation; however, the green colour remained in the final product as the solubility of
chlorophyll increased. In contrast, high protein content was not obtained when using alkali-aid
extraction with heat coagulation since the green protein fraction was not recovered by heat
coagulation. The long processing time and high temperature (room temperature) were
speculated as the reasons for protein hydrolysis, causing protein loss in ultrafiltration and

chromatography study.
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5.1.3 Assessment of ethanol extraction

Ethanol extraction was conducted in the present study to remove the green colour and reduce
the grassy flavour from the grass leaves and LPC. The results confirm that the green colour and
grassy flavour of both samples decreased after ethanol treatment; however, brown colour was
observed instead. The protein content of both samples increased, enhancing protein enrichment
in the final products. Nevertheless, this method led to approximately a 50 % product yield loss.
Although ethanol extraction can improve off-flavour and protein content, the final products
with brown colour might be unsuitable for food application. Furthermore, a large amount of

ethanol is required for this method, requiring a large-scale process.

5.1.4 Assessment of physico-chemical and functional properties of the

selected leaf protein concentrates

Leaf protein concentrate (LPC) from alkali-acid precipitation (AAP-0) and heat treatment at
50 °C for 15 minutes, followed by heat coagulation (HC-0), were selected to represent the LPC
with and without green pigment, respectively. The present study compared the protein
solubility, denaturation temperature, protein types, and digestibility of both LPCs to evaluate
the effect of extraction methods. Overall, the different extraction methods affected the
properties of proteins. The AAP-0 had higher protein solubility than HC-0 as a function of pH.
High temperature combined with pH shifting treatment significantly improved (p <0.05)
protein solubility of AAP-0, while the solubility of HC-0 was rarely affected. It could suggest
that high temperature combined with pH-shifting treatment would be a promising method to

improve protein solubility.

Thermal properties (T4 and enthalpy) of both LPCs were in the range of RuBisCo from other
leave sources; however, HC-0 had lower T4 and enthalpy. This was due to protein denaturation
by thermal treatment (heat coagulation). SDS-PAGE results show that both LPCs contain
various types of proteins. Nevertheless, large and small subunits of RuBisCo were detected
only in the HC-0, indicating that the extraction method used for HC-0 isolation might isolate
the higher purity of RuBisCo than the alkali-acid precipitation method. The in vitro protein
digestibility of both LPCs was low in gastric digestion and increased during the small-intestinal
digestion phase. The solubility (soluble N) of HC-0 was lower than AAP-0. This might relate
to irreversible protein aggregation induced by heat and a lower protein solubility profile.
However, a higher free amino N content was observed in HC-0, and the SDS-PAGE result of
digested samples shows that HC-0 had a higher digestibility than AAP-0. These two results
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show that a higher protein digestibility was observed in HC-0 than in AAP-0. This was due to

fewer non-proteinaceous materials in HC-0.
5.2 Recommendations

The present study successfully isolated LPC without green colour and with less grassy flavour
by thermal treatment. Green protein fractionation by thermal treatment is recommended to
obtain the clear juice; however, the temperature and time may be varied depending on plant
type. Protein concentration through heat coagulation affects the solubility of LPC, impacting
the digestibility properties. Protein solubility is vital for food proteins as it is relevant to the
ease of food application; thus, improvement of protein solubility would recommend for future
studies, such as using surfactants. Since the amphiphilic molecules of surfactant can bind the
proteins and shield the hydrophobic sites, resulting in protein solubility improvement.  Using
mild processes, such as ultrafiltration, would be another direction for protein concentration
instead of heat coagulation. To be noted, time and temperature should be controlled as the
proteases naturally present in plants may hydrolyse proteins, decreasing the recovery of target
proteins. The addition of protease inhibitors may be applied to inhibit the enzyme activities.
Lastly, innovative technologies (e.g., ultrasound and pulse electric field) or enzymatic-assisted
extraction with traditional extraction methods could be explored to improve yield and enrich

protein concentration in the final products.

124



References

Aderinola, T. A., Alashi, A. M., Nwachukwu, I. D., Fagbemi, T. N., Enujiugha, V. N., & Aluko,
R. E. (2020). In vitro digestibility, structural and functional properties of Moringa
oleifera seed proteins. Food Hydrocolloids, 101, 105574. https://doi.org/10.1016/].
foodhyd.2019.105574.

Agricom research. (2020). One’? Proven on farm New Zealand wide. https://www.agricom.co.
nz/products/one50.

Agriseeds. (2013). Trojan (NEA2) perennial ryegrass — Barenbrug. https://dxgh8910pzso3.
cloudfront.net/files/1/5/5/0/1/Trojan%20Technical%20Manual.

ANZFA, Australia New Zealand Food Authority. Lupin alkaloids in food, a toxicological
review and risk assessment. Technical report series no. 3. 2001, pp. 1-21.

Amarakoon, R. (2012). Study on amino acid content in selected varieties of Pisumsativum
(peas) by ion exchange chromatography. International Conference on Nutrition and
Food Sciences, 39,211-214.

Attokaran, M. (2011). Natural Food Flavors and Colorant (2nd ed.). John Wiley & Sons.

Barbeau, W. E., & Kinsella, J. E. (1988). Ribulose bisphosphate carboxylase/oxygenase
(rubisco) from green leaves-potential as a food protein. Food Reviews International,
4(1), 93-127. https://doi.org/10.1080/87559128809540823.

Baysal, T., & Demirdoven, A. (2007). Lipoxygenase in fruits and vegetables: A review.
Enzyme and Microbial Technology, 40(4), 491-496. https://doi.org/10.1016/
j.enzmictec.2006.11.025.

Best, D. (2015). Taking the pulse of America's leading dietary trends. Cereal Foods World,
60(5), 250-252. https://doi.org/10.1094/CFW-60-5-0250.

Betschart, A. A. (1974). Nitrogen solubility of alfalfa protein concentrate as influenced by
various factors. Journal of Food Science, 39(6), 1110-1115. https://doi.org/10.1111/
J-1365-2621.1974.tb07329.x

Béghin, V., Bizot, H., Audebrand, M., Lefebvre, J., Libouga, D. G., & Douillard, R. (1993).
Differential scanning calorimetric studies of the effects of ions and pH on ribulose 1,5-
bisphosphate  carboxylase/oxygenase. [International Journal of Biological
Macromolecules, 15(4), 195-200. https://doi.org/10.1016/0141-8130(93)90037-M.

Bohrer, B. M. (2017). Review: Nutrient density and nutritional value of meat products and non-
meat foods high in protein. Trends in Food Science & Technology, 65, 103-112.
https://doi.org/https://doi.org/10.1016/j.tifs.2017.04.016.

Burdock, G. A., & Flamm, W. G. (2000). Review Article: Safety Assessment of the Mycotoxin
Cyclopiazonic Acid. [International Journal of Toxicology, 19(3), 195-218.
https://doi.org/10.1080/10915810050074964.

Burggraaf, V. T., Kemp, P. D., Thom, E. R., Waghorn, G. C., Woodfiled, D. R. and Woodward,
S. L. (2003). Agronomic evaluation of white clover selected for increased floral
condensed tannin. Proceedings of the New Zealand Grassland Association, 65, 139-
145. https://doi.org/10.33584/jnzg.2003.65.2505.

Burkin, A. A., Kononenko, P. G., Gavrilova, P. O., & Gagkaeva, Y. T. (2017). Mycotoxins in
the legumes of natural fodder of The European Russia. Agricultural Biology, 52(2),
409-417. doi: 10.15389/agrobiology.2017.2.409eng.

Camm, E. L., & Green, B. R. (1982). The effects of cations and trypsin on extraction of
chlorophyll-protein complexes by octyl glucoside. Archives of Biochemistry and
Biophysics, 214(2), 563-572. https://doi.org/10.1016/0003-9861(82)90061-3.

125


https://doi.org/10.1016/j.%20foodhyd.2019.105574
https://doi.org/10.1016/j.%20foodhyd.2019.105574
https://dxgh891opzso3/
https://doi.org/10.1080/87559128809540823
https://doi.org/10.1094/CFW-60-5-0250
https://doi.org/https:/doi.org/10.1016/j.tifs.2017.04.016
https://doi.org/10.1080/10915810050074964
https://doi.org/10.33584/jnzg.2003.65.2505

Carbonaro, M., Cappelloni, M., Nicoli, S., Lucarini, M., & Carnovale, E. (1997).
Solubility—Digestibility Relationship of Legume Proteins. Journal of Agricultural and
Food Chemistry, 45(9), 3387-3394. https://doi.org/10.1021/;£970070y.

Casado, N., Morante-Zarcero, S., & Sierra, I. (2022). The concerning food safety issue of
pyrrolizidine alkaloids: An overview. Trends in Food Science & Technology, 120,
123-139. https://doi.org/10.1016/].tifs.2022.01.007.

Cattini, C. (2019). Reducing the risk of mycotoxins in foods. https://www.newfoodmagazine.
com/article/97787/reducing-the-risk-of-mycotoxins-in-foods/.

Chang, C., Stone, A. K., Green, R., & Nickerson, M. T. (2019). Reduction of off-flavours and
the impact on the functionalities of lentil protein isolate by acetone, ethanol, and
isopropanol treatments. Food Chemistry, 277, 84-95. https://doi.org/10.1016/
j.foodchem.2018.10.022.

Charlton, J, F, L., & Stewart, A, V. (1999). Pasture species and cultivars used in New Zealand-
a list. Processing of the New Zealand Grassland Association, 61, 147-166.

Chung, K.-T., Wong, T. Y., Wei, C.-1., Huang, Y.-W., & Lin, Y. (1998). Tannins and Human
Health: A Review. Critical Reviews in Food Science and Nutrition, 38(6), 421-464.
https://doi.org/10.1080/10408699891274273.

Cubas, C., Gloria Lobo, M., & Gonzalez, M. (2008). Optimization of the extraction of
chlorophylls in green beans (Phaseolus vulgaris L.) by N,N-dimethylformamide using
response surface methodology. Journal of Food Composition and Analysis, 21(2), 125-
133. https://doi.org/10.1016/j.jfca.2007.07.007.

Dale, B. E., Allen, M. S., Laser, M., & Lynd, L. R. (2009). Protein feeds coproduction in
biomass conversion to fuels and chemicals. Biofuels, Bioproducts and Biorefining, 3(2),
219-230. https://doi.org/10.1002/bbb.132.

Damborg, V. K., Jensen, S. K., Weisbjerg, M. R., Adamsen, A. P., & Stedkilde, L. (2020).
Screw-pressed fractions from green forages as animal feed: Chemical composition and
mass balances. Animal Feed Science and Technology, 261, 114401.
https://doi.org/10.1016/j.anifeedsci.2020.114401.

Damodaran, S., Parkin, K.L., & Fennema, O.R. (2007). Fennema’s Food Chemistry (4th ed).
CRC Press.

Day, L. (2013). Proteins from land plants — Potential resources for human nutrition and food
security.  Trends in  Food  Science &  Technology, 32(1), 25-42.
https://doi.org/10.1016/5.tifs.2013.05.005.

De Jong, A. & Nieuwland, M. (2011). Literature study on the properties of Rubisco (TNO
report V9436). TNO.

De Jong, G. A. H., (2014). Economical Process for The Isolation Protein from Plants
(International Publication No. WO 2014/104880 Al). World Intellectual Property
Organization International Bureau.

Di Stefano, E., Agyei, D., Njoku, E. N., & Udenigwe, C. C. (2018). Plant RuBisCo: An
Underutilized Protein for Food Applications. Journal of the American Oil Chemists'
Society, 95(8), 1063-1074. https://doi.org/10.1002/aocs.12104.

Duodu, K. G., Taylor, J. R. N., Belton, P. S., & Hamaker, B. R. (2003). Factors affecting
sorghum protein digestibility. Journal of Cereal Science, 38(2), 117-131.
https://doi.org/10.1016/S0733-5210(03)00016-X.

Eggum, B. O. (1995). The influence of dietary fibre on protein digestion and utilisation in
monogastric . Archiv fiir Tierernaehrung, 48(1-2), 89-95. https://doi.org/10.1080/
17450399509381831.

El-Adawy, T. A., & Taha, K. M. (2001). Characteristics and composition of different seed oils
and flours. Food Chemistry, 74(1), 47-54. https://doi.org/10.1016/S0308-
8146(00)00337-X.

126


https://doi.org/10.1021/jf970070y
https://doi.org/10.1080/10408699891274273
https://doi.org/10.1016/j.jfca.2007.07.007
https://doi.org/10.1016/j.anifeedsci.2020.114401
https://doi.org/10.1002/aocs.12104

Ejeta, G., Hassen, M. M., & Mertz, E. T. (1987). Invitro digestibility and amino acid
composition of pearl millet (Pennisetum typhoides) and other cereals. Proceedings of
the National Academy of Sciences of the United States of America, §4(17), 6016—6019.
https://doi.org/10.1073/pnas.84.17.6016.

Ellis, R. J. (1979). The most abundant protein in the world. Trends in Biochemical Sciences,
4(11), 241-244. https://doi.org/10.1016/0968-0004(79)90212-3.

Escaray, F. J., Menendez, A. B., Garriz, A., Pieckenstain, F. L., Estrella, M. J., Castagno, L.
N., Carrasco, P., Sanjudn, J., & Ruiz, O. A. (2012). Ecological and agronomic
importance of the plant genus Lotus. Its application in grassland sustainability and the
amelioration of constrained and contaminated soils. Plant Science, 182, 121-133.
https://doi.org/10.1016/j.plantsci.2011.03.016.

Espin, J. C., Garcia-Ruiz, P. A., Tudela, J., Varéon, R., & Garcia-Canovas, F. (1998).
Monophenolase and Diphenolase Reaction Mechanisms of Apple and Pear Polyphenol
Oxidases. Journal of Agricultural and Food Chemistry, 46(8), 2968-2975.
https://doi.org/10.1021/;971045v.

Farkas, J., & Mohacsi-Farkas, C. (1996). Application of differential scanning calorimetry in
food research and food quality assurance. Journal of thermal analysis, 47(6), 1787-
1803. https://doi.org/10.1007/BF01980925.

Fekadu Gemede, H., & Retta, N. (2014). Antinutritional factors in plant foods: Potential health
benefits and adverse effects. International Journal of Nutrition and Food Sciences, 3,
284-289.

Ferreira Machado, F., Coimbra, J. S. R., Garcia Rojas, E. E., Minim, L. A., Oliveira, F. C., &
Sousa, R. d. C. S. (2007). Solubility and density of egg white proteins: Effect of pH and
saline concentration. LWT - Food Science and Technology, 40(7), 1304-1307.
https://doi.org/10.1016/j.1wt.2006.08.020.

Ferruzzi, M. G., & Blakeslee, J. (2007). Digestion, absorption, and cancer preventative activity
of dietary chlorophyll derivatives.  Nutrition  Research, 27(1), 1-12.
https://doi.org/10.1016/j.nutres.2006.12.003.

Foegeding, E. A., & Davis, J. P. (2011). Food protein functionality: A comprehensive
approach. Food Hydrocolloids, 25(8), 1853-1864. https://doi.org/10.1016/j.foodhyd.
2011.05.008.

Food and Agricultural Organisation of The United Nations. (2011). Trifolium repens L.

Food Standards Australia New Zealand. (2015). Approval Report-Proposal P1016
Hydrocyanic Acid in Apricot Kernels & other Foods. The Australia and New Zealand
Food Regulation Ministerial Council.

Food Standards Australia New Zealand. (2016). Australia New Zealand Food Standards Code
— Schedule 15 — Substances that may be used as food additives.

Friso, G., Giacomelli, L., Ytterberg, A. J., Peltier, J.-B., Rudella, A., Sun, Q., & Wijk, K. J. v.
(2004). In-Depth Analysis of the Thylakoid Membrane Proteome of Arabidopsis
thaliana Chloroplasts: New Proteins, New Functions, and a Plastid Proteome Database.
The Plant Cell, 16(2), 478-499. https://doi.org/10.1105/tpc.017814.

Fu, J.J., Shen, S., Liu, W., Wang, H. B., & Gao, W. D. (2017). An Optimal Thermal Condition
for Maximal Chlorophyll Extraction. Thermal Science, 21(4), 1857-1860.
https://doi.org/10.2298/TSCI160901080F.

GE Healthcare. (2012). lon Exchange Chromatography: Principle and Methods. GE
Healthcare Bio-Sciences AB.

Genkov, T., & Spreitzer, R. J. (2009). Highly Conserved Small Subunit Residues Influence
Rubisco Large Subunit Catalysis. Journal of Biological Chemistry, 284(44), 30105-
30112. https://doi.org/10.1074/jbc.M109.044081.

127


https://doi.org/10.1021/jf971045v
https://doi.org/10.1007/BF01980925
https://doi.org/10.1105/tpc.017814
https://doi.org/10.1074/jbc.M109.044081

Giacomino, S., Pefias, E., Ferreyra, V., Pellegrino, N., Fournier, M., Apro, N., Olivera Carrion,
M., & Frias, J. (2013). Extruded Flaxseed Meal Enhances the Nutritional Quality of
Cereal-based Products. Plant Foods for Human Nutrition, 68(2), 131-136.
https://doi.org/10.1007/s11130-013-0359-8.

Gonzélez-Pérez, S., & Arellano, J. B. (2009). 15 - Vegetable protein isolates. In G. O. Phillips
& P. A. Williams (Eds.), Handbook of Hydrocolloids (2nd ed., pp. 383-419). Woodhead
Publishing. https://doi.org/10.1533/9781845695873.383.

Gorissen, S. H. M., Crombag, J. J. R., Senden, J. M. G., Waterval, W. A. H., Bierau, J., Verdijk,
L. B., & van Loon, L. J. C. (2018). Protein content and amino acid composition of
commercially available plant-based protein isolates. Amino acids, 50(12), 1685-1695.
https://doi.org/10.1007/s00726-018-2640-5.

Gupta, R. S., Springston, E. E., Warrier, M. R., Smith, B., Kumar, R., Pongracic, J., & Holl, J.
L. (2011). The Prevalence, Severity, and Distribution of Childhood Food Allergy in the
United States. Paediatrics, 128(1), €9-e17. https://doi.org/10.1542/peds.2011-0204.

Gupta, R. S., Taylor, S. L., Baumert, J. L., Kao, L. M., Schuster, E., & Smith, B. M. (2017).
Economic Factors Impacting Food Allergen Management: Perspectives from the Food
Industry. Journal of Food Protection, 80(10), 1719-1725. https://doi.org/10.4315/
0362-028x.Jfp-17-060.

Hannaway, D., Fransen, S., Cropper, J., Teel M., Chaney, M., Griggs, T., Halse, R., Hart, J.,
Cheeke, P., Hansen, D., Klinger, R., & Lane, W. (1999). Perennial ryegrass (Lolium
perenne L) (PNW 503). Oregon State University Extension Services.
http://hdl.handle.net/1957/17827.

Harvard apparatus. (2012). Guide to Gel Filtration or Size Exclusion Chromatography.

Hill, G. D. (2003). PLANT ANTINUTRITIONAL FACTORS | Characteristics. In B.
Caballero (Ed.), Encyclopedia of Food Sciences and Nutrition (2nd) (pp. 4578-4587).
Academic Press. https://doi.org/10.1016/B0-12-227055-X/01318-3.

Hosikian, A., Lim, S., Halim, R., & Danquah, M. K. (2010). Chlorophyll Extraction from
Microalgae: A Review on the Process Engineering Aspects. International Journal of
Chemical Engineering, 2010, 391632. https://doi.org/10.1155/2010/391632.

Howarth, R. E., Sarkar, S. K., Mc Arthur, J. M., & Hikichi, M. (1973). Bloat Investigations:
Denaturation of Alfalfa Fraction I Proteins by Foaming. Canadian Journal of Animal
Science, 53(3), 439-443. https://doi.org/10.4141/cjas73-069.

Hatanaka, A. (1996). The fresh green odour emitted by plants. Food Reviews International,
12(3), 303-350. https://doi.org/10.1080/87559129609541083.

Jackson, F. S., McNabb, W. C., Barry, T. N., Foo, Y. L., & Peters, J. S. (1996). The Condensed
Tannin Content of a Range of Subtropical and Temperate Forages and the Reactivity
of Condensed Tannin with Ribulose- 1,5-bis phosphate Carboxylase (Rubisco)
Protein. Journal of the Science of Food and Agriculture, 72(4), 483-492.
https://doi.org/10.1002/(SICI)1097-0010(199612)72:4.

Jang, J.-H., & Moon, K.-D. (2011). Inhibition of polyphenol oxidase and peroxidase activities
on fresh-cut apple by simultaneous treatment of ultrasound and ascorbic acid. Food
Chemistry, 124(2), 444-449. https://doi.org/10.1016/j.foodchem.2010.06.052.

Jason, J. & Jonsson, J, A. (2011). Introduction To Chromatography. In Janson, J. (Eds.),
Protein Purification:  Principles,  High-Resolution Methods, and Application (3rd
ed., pp. 25-47). John Wiley & Sons.

Jensen, K. B., Waldron, B. L., Asay, K. H., Johnson, D. A., & Monaco, T. A. (2003). Forage
Nutritional Characteristics of Orchardgrass and Perennial Ryegrass at Five Irrigation
Levels. Agronomy Journal, 95(3), 668-675. https://doi.org/10.2134/agronj2003.6680.

Ji, C., Boyd, C., Slaymaker, D., Okinaka, Y., Takeuchi, Y., Midland, S. L., & Keen, N. (1998).
Characterisation of a 34-kDa soybean binding protein for the syringolide elicitors.

128


https://doi.org/10.1007/s11130-013-0359-8
https://doi.org/10.1007/s00726-018-2640-5
https://doi.org/10.1542/peds.2011-0204
https://doi.org/10.4141/cjas73-069
https://doi.org/10.1080/87559129609541083

Proceedings of the National Academy of Sciences, 95(6), 3306-3311.
doi:10.1073/pnas.95.6.3306.

Jiang, J., Chen, J., & Xiong, Y. L. (2009). Structural and Emulsifying Properties of Soy Protein
Isolate Subjected to Acid and Alkaline pH-Shifting Processes. Journal of Agricultural
and Food Chemistry, 57(16), 7576-7583. https://doi.org/10.1021/j£901585n.

Jiang, J., Zhu, B., Liu, Y., & Xiong, Y. L. (2014). Interfacial Structural Role of pH-Shifting
Processed Pea Protein in the Oxidative Stability of Oil/Water Emulsions. Journal of
Agricultural and Food Chemistry, 62(7), 1683-1691. https://doi.org/10.1021/
jf405190h.

Jiang, B., Tsao, R., Li, Y., & Miao, M. (2014). Food Safety: Food Analysis Technologies
/Techniques. In (pp. 273-288). https://doi.org/10.1016/B978-0-444-52512-3.00052-8.

Joint FAO/WHO Food Standards Programme Codex Alimentarius Commission. (2019).
General standard for vegetable protein products (VPP) CXS 174-1989. In Codex
Alimentarius/Joint FAO/WHO Food Standards Programme, Codex Alimentarius
Commission; Food and Agriculture Organization of the United Nations, World Health
Organization: Rome, Italy.

Kalburgi, S. (2019). Evaluation of RuBisCO extraction methods using the aquatic plant, lemna.
[Master’s thesis, California State University]. http://hdl.handle.net/10211.3/209980.

Kammes, K. L., Bals, B. D., Dale, B. E., & Allen, M. S. (2011). Grass leaf protein, a coproduct
of cellulosic ethanol production, as a source of protein for livestock. Animal Feed
Science and Technology, 164(1), 79-88. https://doi.org/10.1016/j.anifeedsci.2010.12.
006.

Kaur, L., Rutherfurd, S. M., Moughan, P. J., Drummond, L., & Boland, M. J. (2010). Actinidin
Enhances Gastric Protein Digestion As Assessed Using an in Vitro Gastric Digestion
Model. Journal of Agricultural and Food Chemistry, 58(8), 5068-5073.
doi:10.1021/j903332a.

Kaur, L., Astruc, T., Vénien, A., Loison, O., Cui, J., Irastorza, M., & Boland, M. (2016).
High-pressure processing of meat: effects on ultrastructure and protein digestibility.
Food Funct, 7(5), 2389-2397. doi:10.1039/C5FO01496D.

Kaur, L., Lamsar, H., Lopez, 1. F., Filippi, M., Ong Shu Min, D., Ah-Sing, K., & Singh, J.
(2021). Physico-Chemical Characteristics and In Vitro Gastro-Small Intestinal
Digestion of New Zealand Ryegrass Proteins. Foods, 10(2). https://doi.org/10.3390/
foods10020331.

Kerr, G. A., Chapman, D. F., Thom, E. R., Matthew, C., Van Der Linden, A., Baird, D. B.,
Johnson, E., & Corkran, J. R. (2012). Evaluating perennial ryegrass cultivars:
improving testing. Proceeding of The New Zealand Grassland Association, 74, 127-
136.

Kholmanskiy, A., & Zaytseva, N. V. (2020). Dependence of chlorophyll content in leaves from
light regime, electromagnetic fields and plant species. JOJ Hortic Arboric, 3(1), 555 -
602. DOI: /10.19080/JOJHA.2020.03.555602.

Knorr, D. (1982). Effects of Recovery Methods on The Functionality of Protein Concentrates
from Processing Wastel. Journal of Food Process Engineering, 5(4), 215-230.
https://doi.org/10.1111/j.1745-4530.1982.tb00275 x.

Kobbi, S. (2017). Purification and Recovery of RuBisCO Protein from Alfalfa Green Juice:
Antioxidative Properties of Generated Protein Hydrolysate. Waste and Biomass
Valorization, 8(2), 493-504. https://doi.org/10.1007/s12649-016-9589-y.

Koschuh, W., Povoden, G., Thang, V. H., Kromus, S., Kulbe, K. D., Novalin, S., & Krotscheck,
C. (2004). Production of leaf protein concentrate from ryegrass (Lolium perenne x
multiflorum) and alfalfa (Medicago sauva subsp. sativa). Comparison between heat

129


https://doi.org/10.1021/jf901585n
https://doi.org/10.1016/B978-0-444-52512-3.00052-8
http://hdl.handle.net/10211.3/209980
http://dx.doi.org/10.19080/JOJHA.2020.03.555602
https://doi.org/10.1007/s12649-016-9589-y

coagulation/centrifugation and ultrafiltration. Desalination, 163(1), 253-259.
https://doi.org/10.1016/S0011-9164(04)90197-X.

Labrou, N. E., Chronopoulou, E., & Ataya, F. (2018). Handbook on Protein Purification:
Industry Challenges and Technological Developments. Nova.

Lahiry, N. L., Satterlee, L. D., Hsu, H. W., & Wallace, G. W. (1977). Characterization of the
chlorogenic acid binding fraction in leaf protein concentration. Journal of Food
Science, 42(1), 83-85. https://doi.org/10.1111/j.1365-2621.1977.tb01223 .x.

Lakshmi, A. J., & Kaul, P. (2011). Nutritional potential, bioaccessibility of minerals and
functionality of watermelon (Citrullusvulgaris) seeds. LWT - Food Science and
Technology, 44(8), 1821-1826. https://doi.org/10. 1016/j.1wt.2011.04.001.

Lamsal, B. P., Koegel, R. G., & Gunasekaran, S. (2007). Some physicochemical and functional
properties of alfalfa soluble leaf protein. LWT - Food Science and Technology, 40(9),
1520-1526. https://doi.org/10.1016/j.1wt.2006.11.010.

Lee, S. S., Mohd Esa, N., & Loh, S. P. (2015). In Vitro Inhibitory Activity of Selected Legumes
Against Pancreatic Lipase. Journal of Food Biochemistry, 39(4), 485-490.
https://doi.org/10.1111/jfbc.12150.

Liu, K., Zheng, J., & Chen, F. (2017). Relationships between degree of milling and loss of
vitamin B, minerals, and change in amino acid composition of brown rice. LWT - Food
Science and Technology, 82, 429—436. https://doi.org/10.1016/j.1wt.2017.04.067.

Liu, Z., Yan, H., Wang, K., Kuang, T., Zhang, J., Gui, L., An, X., & Chang, W. (2004). Crystal
structure of spinach major light-harvesting complex at 2.72 A resolution. Nature,
428(6980), 287-292. https://doi.org/10.1038/nature02373.

Majumdar, D. (2003). The Blue Baby Syndrome. Resonance, §8(10), 20-30.
https://doi.org/10.1007/BF02840703.

Marsh, H., & Rodriguez-Reinoso, F. (2006). Activated Carbon. Elsevier Science, Oxford.

Martin, A. H., Nieuwland, M., & de Jong, G. A. H. (2014). Characterization of Heat-Set Gels
from RuBisCO in Comparison to Those from Other Proteins. Journal of Agricultural
and Food Chemistry, 62(44), 10783-10791. https://doi.org/10.1021/j£502905g.

Martin, A. H., Castellani, O., de Jong, G. A., Bovetto, L., & Schmitt, C. (2019). Comparison
of the functional properties of RuBisCO protein isolates extracted from sugar beet
leaves with commercial whey protein and soy protein isolates. Journal of the Science
of Food and Agriculture, 99(4), 1568-1576. https://doi.org/10.1002/jsfa.9335.

Mattila, P., Mikinen, S., Eurola, M., Jalava, T., Pihlava, J. M., Hellstrom, J., & Pihlanto, A.
(2018). Nutritional value of commercial protein-rich plant products. Plant Foods for
Human Nutrition, 73(2), 108—115. https://doi.org/10.1007/s11130-018-0660-7.

Meat & Livestock Australia. (2020). Perennial ryegrass. https://www.mla.com.au/research-
and-development/animal-health-welfare-and-biosecurity/poisonings/toxic-
plants/perennial-ryegrass/#.

McLuskey, K., Prince, S. M., Cogdell, R. J., & Isaacs, N. W. (2001). The crystallographic
structure of the B800-820 LH3 light-harvesting complex from the purple bacteria
Rhodopseudomonas acidophila strain 7050. Biochemistry, 40(30), 8783-8789.
https://doi.org/10.1021/bi010309a.

Minekus, M., Alminger, M., Alvito, P., Ballance, S., Bohn, T., Bourlieu, C., . . . Brodkorb, A.
(2014). A standardised static in vitro digestion method suitable for food - an
international consensus. Food Funct, 5(6), 1113-1124. doi:10.1039/c3f060702;.

Minneé, E. M. K., Kuhn-Sherlock, B., Pinxterhuis, 1. J. B., & Chapman, D. F. (2019). Meta-
analyses comparing the nutritional composition of perennial ryegrass (Lolium perenne)
and plantain (Plantago lanceolata) pastures. Journal of New Zealand Grasslands, 81,
117-124. https://doi.org/10.33584/jnzg.2019.81.402.

130


https://doi.org/10.1038/nature02373
https://doi.org/10.1007/BF02840703
https://doi.org/10.1021/jf502905g
https://doi.org/10.1021/bi010309a

Mohammed, M. A., Mohamed, E. A., Yagoub, A. E. A., Mohamed, A. R., & Babiker, E. E.
(2017). Effect of Processing Methods on Alkaloids, Phytate, Phenolics, Antioxidants
Activity and Minerals of Newly Developed Lupin (Lupinus albus L.) Cultivar.
Journal of Food Processing and Preservation, 41(1), €12960.
https://doi.org/https://doi.org/10.1111/jfpp.12960.

Moore, S. (1968). Amino acid analysis: aqueous dimethyl sulfoxide as solvent for the ninhydrin
reaction. J Biol Chem, 243(23), 6281-6283.

Mu, T.-H., Tan, S.-S., Chen, J.-W., & Xue, Y.-L. (2009). Effect of pH and NaCl/CaClz on the
solubility and emulsifying properties of sweet potato protein. Journal of the Science of
Food and Agriculture, 89(2), 337-342. https://doi.org/10.1002/jsfa.3457.

Miiller, O., & Krawinkel, M. (2005). Malnutrition and health in developing countries.
Canadian Medical Association Journal, 173(3), 279-286. https://doi.org/10.1503/cmaj.
050342.

Natesh, N., Abbey, L., & Asiedu, S. (2017). An Overview of Nutritional and Antinutritional
Factors in Green Leafy Vegetables. Horticult Int J, 1 (2), 58-65. https://doi.org/10.154
406/hij.2017.01.00011.

Naydenova, G., Bancheva, T., & Bozhanska, T. (2018). Antinutritional components in the
forage of perennial legumes in Bulgaria. Journal of Mountain Agriculture on the
Balkans, 21(6), 57-67.

Ngudi, D. D., Kuo, Y. H., & Lambein, F. (2003). Cassava cyanogens and free amino acids in
raw and cooked leaves. Food and Chemical Toxicology, 41(8), 1193-1197.
https://doi.org/10.1016/S0278-6915(03)00111-X.

Nynés, A.-L., Newson, W. R., & Johansson, E. (2021). Protein Fractionation of Green Leaves
as an Underutilized Food Source—Protein Yield and the Effect of Process Parameters.
Foods, 10(11), 25-33. https://www.mdpi.com/2304-8158/10/11/2533.

Ofori-Anti, A. O., Ariyarathna, H., Chen, L., Lee, H. L., Pramod, S. N., & Goodman, R. E.
(2008). Establishing objective detection limits for the pepsin digestion assay used in
the assessment of genetically modified foods. Regulatory Toxicology and
Pharmacology, 52(2), 94-103. https://doi.org/10.1016/j.yrtph.2008.06.006.

Olivos-Lugo, B. L., Valdivia-Lopez, M. A., & Tecante, A. (2010). Thermal and physico
chemical properties and nutritional value of the protein fraction of mexican chia seed
(Salvia hispanica L.). Food Science and Technology International, 16(1), 89-96.
https://doi.org/10.1177/1082013209353087.

Ostbring, K., Rayner, M., Sjéholm, I., Otterstrom, J., Albertsson, P.-A., Emek, S. C., &
Erlanson-Albertsson, C. (2014). The effect of heat treatment of thylakoids on their
ability to inhibit in vitro lipase/co-lipase activity. Food & Function, 5(9), 2157-2165.
https://doi.org/10.1039/C3FO60651A.

Otles S., & Ozgoz S. (2014). Health effects of dietary ~ fibre. Acta Sci.Pol. Technol. Aliment,
13 (2), 191-202. https://doi.org/10.17306/J.AFS.2014.2.8.

park, S. J., Kim, T. W., & Baik, B.-K. (2010). Relationship between proportion and
composition of albumins, and in vitro protein digestibility of raw and cooked pea seeds
(Pisum sativum L.). Journal of the Science of Food and Agriculture, 90(10), 1719-1725.
https://doi.org/10.1002/jsfa.4007.

Patel, P. S., Alagundagi, S., & Salakinkop, S. (2013). The anti-nutritional factors in forages -
A review. Current Biotica, 6, 516-526.

Pelegrine, D. H. G., & Gasparetto, C. A. (2005). Whey proteins solubility as function of
temperature and pH. LWT - Food Science and Technology, 38(1), 77-80.
https://doi.org/10.1016/j.1wt.2004.03.013.

Prevot-D’Alvise, N., Lesueur-Lambert, C., Fertin-Bazus, A., Fertin, B., Dhulster, P., &
Guillochon, D. (2004). Continuous enzymatic solubilization of alfalfa proteins in an

131


https://doi.org/https:/doi.org/10.1111/jfpp.12960
https://doi.org/10.1002/jsfa.3457
https://doi.org/10.1016/S0278-6915(03)00111-X
https://www.mdpi.com/2304-8158/10/11/2533
https://doi.org/10.1039/C3FO60651A

ultrafiltration reactor. Enzyme and Microbial Technology, 34(5), 380-391.
https://doi.org/10.1016/j.enzmictec.2003.05.001.

Privalov, P. L., & Potekhin, S. A. (1986). Scanning microcalorimetry in studying temperature-
induced changes in proteins. Methods Enzymol, 131, 4-51. https://doi.org/10.1016/
0076-6879(86)31033-4.

Qamar, S., Manrique, Y. J., Parekh, H., & Falconer, J. R. (2020). Nuts, cereals, seeds and
legumes proteins derived emulsifiers as a source of plant protein beverages: A review.
Critical Reviews in Food Science and Nutrition, 60(16), 2742-2762.
https://doi.org/10.1080/10408398.2019.1657062.

Qin, X., Suga, M., Kuang, T., & Shen, J. R. (2015). Structural basis for energy transfer
pathways in the plant PSI-LHCI supercomplex. Science, 348(6238), 989.
https://doi.org/10.1126/science.aab0214.

Rattray, P. V., & Joyce, J. P. (1974). Nutritive value of white clover and perennial ryegrass.
New Zealand Journal of Agricultural Research, 17(4), 401-406. https://doi.org/10.
1080/00288233.1974.10421024.

Reed, K. F. M., Nie, Z. N., Walker, L. V., & Kearney, G. (2011). Fluctuations in the
concentration of ergovaline and lolitrem B produced by the wild-type endophyte
(Neotyphodium lolii) in perennial ryegrass (Lolium perenne) pasture. Animal
Production Science, 51(12), 1098-1108. https://doi.org/10.1071/AN11143.

Ramirez-Rodrigues, M. M., Metri-Ojeda, J. C., Gonzalez-Avila, M., Ruiz-Alvarez, B. E., &
Baigts-Allende, D. K. (2022). Digestibility and Bioaccessibility of Leaf Protein
Concentrates and their Impact on Children Gut Microbiota. Waste and biomass
valorization, 13(1), 299-314. https://doi.org/10.1007/s12649-021-01521-y.

Repussard, C., Zbib, N., Tardieu, D., & Guerre, P. (2014). Ergovaline and Lolitrem B
Concentrations in Perennial Ryegrass in Field Culture in Southern France: Distribution
in the Plant and Impact of Climatic Factors. Journal of Agricultural and Food
Chemistry, 62(52), 12707-12712. https://doi.org/10.1021/j504581y.

Rojas-Graii, M. A., Sobrino-Lopez, A., Soledad Tapia, M., & Martin-Belloso, O. (2006).
Browning Inhibition in Fresh-cut‘Fuji’ Apple Slices by Natural Antibrowning Agents.
Journal of Food Science, 71(1), S59-S65. https://doi.org/10.1111/.1365-
2621.2006.tb12407 .x.

Sa, A. G. A., Moreno, Y. M. F., & Carciofi, B. A. M. (2020). Plant proteins as high-quality
nutritional source for human diet. Trends in Food Science & Technology, 97, 170-184.
https://doi.org/10.1016/j.tifs.2020.01.011.

Sakamoto, S., Kofuji, S., Kuroyanagi, M., Ueno, A., & Sekita, S. (1992). Saponins from
Trifolium repens. Phytochemistry, 31(5), 1773-1777. https://doi.org/10.1016/0031-
9422(92)83145-0.

Samitiya, M., Aluko, R. E., & Dhewa, T. (2020). Plant food anti-nutritional factors and their
reduction strategies: an overview. Food Production, Processing and Nutrition, 2(1), 6.
https://doi.org/10.1186/s43014-020-0020-5.

Sanchez-Vioque, R., Clemente, A., Vioque, J., Bautista, J., & Millan, F. (1999). Protein isolates
from chickpea (Cicerarietinum L.): Chemical composition, functional properties and
protein  characterization.  FoodChemistry, 64(2), 237-243. https://doi.org/
10.1016/S0308-8146(98)00133-2.

Sadeghi, A., & Bhagya, S. (2009). Effect of Recovery Method on Different Property of
Mustard Protein. World Journal of Dairy & Food Sciences, 4.

Sedigheh, H. G., Mortazavian, M., Norouzian, D., Atyabi, M., Akbarzadeh, A., Hasanpoor, K.,
& Ghorbani, M. (2011). Oxidative stress and leaf senescence. BMC Res Notes, 4, 477.
https://doi.org/10.1186/1756-0500-4-477.

132


https://doi.org/https:/doi.org/10.1016/j.enzmictec.2003.05.001
https://doi.org/10.1080/10408398.2019.1657062
https://doi.org/10.1126/science.aab0214
https://doi.org/10.1007/s12649-021-01521-y
https://doi.org/10.1021/jf504581y
https://doi.org/10.1186/s43014-020-0020-5
https://doi.org/10.1186/1756-0500-4-477

Shakerardekani, A., Karim, R., & Vaseli, N. (2013). The effect of processing variables on the
quality and acceptability of pistachio milk. Journal of Food Processing and
Preservation, 37(5), 541-545. https://doi.org/10.1111/j.1745-4549.2012.00676.x.

Sheen, S. J. (1991). Comparison of chemical and functional properties of soluble leaf protein
from four plant species. Journal of Agricultural and Food Chemistry, 39(4), 681-685.
https://doi.org/10.1021/jf00004a011.

Sheen, S., & Sheen, V. (1985). Functional properties of fraction 1 protein from tobacco
leaf. Journal of Agricultural and Food Chemistry, 33, 79-83. doi: 10.1021/jf00061a023

Shimada, N., Yoshioka, M., Mikami, O., Tanimura, N., Yamanaka, N., Hanazumi, M., Kojima,
F., & Miyazaki, S. (2013). Toxicological evaluation and bioaccumulation potential of
lolitrem B, endophyte mycotoxin in Japanese black steers. Food Addit Contam Part A
Chem Anal Control Expo Risk Assess, 30(8), 1402-1406.
https://doi.org/10.1080/19440049.2013.790090.

Smith, K. F., Simpson, R. J., Oram, R. N., Lowe, K. F., Kelly, K. B., Evans, P. M., &
Humphreys, M. O. (1999). Seasonal variation in the herbage yield and nutritive value
of perennial ryegrass (Lolium perenne.) cultivars with high or normal herbage water-
soluble carbohydrate concentrations grown in three contrasting Australian dairy
environments. Australian Journal of Experimental Agriculture, 38(8), 821-830.
https://doi.org/10.1071/EA98064.

Smit H. J., Taweel H. Z. and Elgersma A. (2006). Can a natural protease inhibitor decrease
protein degradation of perennial ryegrass in the rumen?  Crop and Weed Ecology
Group (CWE), Department of Plant Sciences. https://library.wur.nl/WebQuery/
wurpubs/fulltext/573.

Smith, A., Harris, K., Haneklaus, A., & Savell, J. (2011). Proximate composition and energy
content of beef steaks as influenced by USDA quality grade and degree of doneness.
Meat Science, 89(2), 228-232.

Seegaard, K. (1993). Nutritive Value of White Clover. Food and Agriculture Organization of
The United Nations. http://www.fao.org/3/v2350e03.html.

Sousa, A. G. O., Fernandes, D. C., Alves, A. M., Freitas, J. B., & Naves, M. M. V. (2011).
Nutritional quality and protein value of exotic almonds and nuts from the Brazilian
Savanna compared to peanuts. Food Research International, 44(7), 2319-2325. https://
doi.org/10.1016/j.foodres.2011.02.013.

Stedkilde, L., Damborg, V. K., Jergensen, H., Larke, H. N., & Jensen, S. K. (2018). White
clover fractions as protein source for monogastric : dry matter digestibility and protein
digestibility-corrected amino acid scores. Journal of the Science of Food and
Agriculture, 98(7), 2557-2563. https://doi.org/10.1002/jsfa.8744.

Stone, B. A. (1994). Prospects for improving the nutritive value of temperate, perennial pasture
grasses. New Zealand Journal of Agricultural Research, 37(3), 349-363.
https://doi.org/10.1080/00288233.1994.9513073.

Stone, M. T., & Kozlov, M. (2014). Separating Proteins with Activated Carbon. Langmuir,
30(27), 8046-8055. https://doi.org/10.1021/1a501005s.

Sutton, K., Larsen, N., & Moggre, G-J., (2018). Opportunities in plant-based foods —
PROTEIN. (SPTS No. 15748). A Plant & Food Research report prepared for: Ministry
Primary Industries and Plant & Food Research.

Tadele, Y. (2015). Important Anti-Nutritional Substances and Inherent Toxicants of Feeds.
Food Science and Quality Management, 36, 40-47.

Takeiti, C. Y., Antonio, G. C., Motta, E. M. P., Collares-Queiroz, F. P., & Park, K. J. (2009).
Nutritive evaluation of a non-conventional leafy vegetable (Pereskia aculeata Miller).
International Journal of Food Sciences and Nutrition, 60(1), 148-160.
https://doi.org/10.1080/09637480802534509.

133


https://doi.org/10.1021/jf00004a011
http://dx.doi.org/10.1021/jf00061a023
http://www.fao.org/3/v2350e03.htm
https://doi.org/10.1080/00288233.1994.9513073
https://doi.org/10.1021/la501005s
https://doi.org/10.1080/09637480802534509

Tamayo Tenorio, A., Boom, R. M., & van der Goot, A. J. (2017). Understanding leaf
membrane protein extraction to develop a food-grade process. Food Chem, 217, 234-
243, https://doi.org/10.1016/j.foodchem.2016.08.093.

Tenorio, A. T., Kyriakopoulou, K. E., Suarez-Garcia, E., van den Berg, C., & van der Goot, A.
J. (2018). Understanding differences in protein fractionation from conventional crops,
and herbaceous and aquatic biomass - Consequences for industrial use. Trends in Food
Science & Technology, 71, 235-245. https://doi.org/10.1016/5.tifs.2017.11.010.

Thakur, A., Sharma, V., Thakur, A., Correspondence, V., & Sharma, V. (2019). An overview
of anti-nutritional factors in food. International Journal of Chemical Studies, 7(1),
2472-2479.

Tomimatsu, Y. (1980). Macromolecular properties and subunit interactions of ribulose-1,5-
bisphosphate carboxylase from alfalfa. Biochimica et Biophysica Acta (BBA) - Protein
Structure, 622(1), 85-93. https://doi.org/10.1016/0005-2795(80)90160-9.

Tsuji, T., Mori, T., Taniguchi, M., Shimizu, K., & Kobayashi, T. (1985). Solvent Extraction of
Plant Pigments from Leaf Protein Concentrate. Journal of Chemical Engineering of
Japan, 18(6), 539-544. https://doi.org/10.1252/jcej.18.539.

Udenigwe, C. C., Okolie, C. L., Qian, H., Ohanenye, I. C., Agyei, D., & Aluko, R. E. (2017).
Ribulose-1,5-bisphosphate carboxylase as a sustainable and promising plant source of
bioactive peptides for food applications. Trends in Food Science & Technology, 69, 74-
82. https://doi.org/10.1016/j.tifs.2017.09.001.

United Nations. (2019). World population prospects 2019: ten key findings.
https://population.un.org/wpp/Publications/Files/WPP2019 10KeyFindings.pdf.

United Nations. (2020). Goal 2: End hunger, achieve food security and improved nutrition
and promote sustainable agriculture. https://sdgs.un.org/goals/goal2.

U.S. Department of Health and Human Services. (2016). 2015-2020 Dietary Guidelines for
Americans Sth Edition. http://health.gov/dierary-guidelines/2015/guidelines/.

Van De Velde, F., Alting, A., & Pouvreau, L. (2011a). From waste product to food ingredient:
the extraction of the abundant plant protein RuBisCO. New Food, 14, 10-13.

Van De Velde , F., Alting, A., & Pouvreay, L. (2011b). Process for isolating a
dechrolophyllized RuBisCo preparation from a plant material (International
Publication No. WO 2011/078671 Al). World Intellectual Property Organization
International Bureau.

Vasconcelos, I. M., Campello, C. C., Oliveira, J. T. A., Urano, A. F., Bezerra, D. O., & Maia,
F. M. M. (2006). Brazilian soybean Glycine max (L.) merr. Cultivars adapted to low
latitude regions: Seed composition and content of bioactive proteins. Revista Brasileira
de Botanica, 29(4), 617-625. https://doi.org/10.1590/S0100-84042006000400012.

Vinu, A., Murugesan, V., Tangermann, O., & Hartmann, M. (2004). Adsorption of
Cytochrome ¢ on Mesoporous Molecular Sieves: Influence of pH, Pore Diameter, and
Aluminum Incorporation. Chemistry of Materials, 16(16), 3056-3065.
https://doi.org/10.1021/cm049718u.

Walter, J, K., Jin, Z., Jornitz, M, W., & Gottschalk, U. (2011). Membrane separation. In Janson,
J. (Eds.), Protein Purification: Principles, High-Resolution Methods, and
Application (3rd ed., pp. 281-316). John Wiley & Sons.

Wang, S.-B., Hu, Q., Sommerfeld, M., & Chen, F. (2004). Cell wall proteomics of the green
alga Haematococcus Pluvialis (Chlorophyceae). PROTEOMICS, 4(3), 692-708.
https://doi.org/10.1002/pmic.200300634.

Wang, W., Tai, F., & Chen, S. (2008). Optimizing protein extraction from plant tissues for
enhanced proteomics analysis. Journal of Separation Science, 31(11), 2032-2039.
https://doi.org/10.1002/jss¢.200800087.

134


https://doi.org/10.1016/j.foodchem.2016.08.093
https://doi.org/10.1252/jcej.18.539
https://sdgs.un.org/goals/goal2
https://doi.org/10.1021/cm049718u
https://doi.org/10.1002/pmic.200300634

Winters, A., Minchin, F., Merry, R., & Morris, P. (2003). Comparison of polyphenol oxidase
activity in red clover and perennial ryegrass, Aspects of Applied Biology, 70, 121-128.

World Health Organization. (2014). Concise International Chemical Assessment Document
61: Hydrogen Cyanide and Cyanides: Human Health Aspects.

World Health Organization. (2019). Mycotoxins. https://www.who.int/news-room/fact-
sheets/detail/mycotoxins.

Xie, R. (2017). Evaluation of Leaf Protein Content, Extraction, and Purification in Napier
Grass (Pennisetum purpureum SCHUMACH.). [Master’s thesis, Texas A&M
University]. https://core.ac.uk/download/pdf/186712097.

Xue, L., Ren, H., Li, S., Gao, M., Shi, S., Chang, E., Wei, Y., Yao, X., Jiang, Z., & Liu, J.
(2015). Comparative proteomic analysis in Miscanthus sinensis exposed to antimony
stress. Environmental Pollution, 201, 150-160. https://doi.org/10.1016/j.envpol.2015
.03.004.

Zayas J.F. (1997) Solubility of Proteins. In: Functionality of Proteins in Food. Springer, Berlin,
Heidelberg. https://doi.org/10.1007/978-3-642-59116-7 2.

Zhang, B., Zhang, H., Jing, Q., & Wang, J. (2020). Light pollution on the growth, physiology
and chlorophyll fluorescence response of landscape plant perennial ryegrass (Lolium
perenne L.). Ecological Indicators, 115, 106448. https://doi.org/10.1016/j.ecolind.
2020.106448.

Zhang, C., Sanders, J. P. M., & Bruins, M. E. (2014). Critical parameters in cost-effective
alkaline extraction for high protein yield from leaves. Biomass and Bioenergy, 67, 466-
472. https://doi.org/10.1016/j.biombioe.2014.05.020.

Zhang, C., Sanders, J. P. M., Xiao, T. T., & Bruins, M. E. (2015). How Does Alkali Aid Protein
Extraction in Green Tea Leaf Residue: A Basis for Integrated Biorefinery of Leaves.
PloS one, 10(7), €0133046. https://doi.org/10.1371/journal.pone.0133046.

135


https://doi.org/10.1371/journal.pone.0133046

Appendix

Permissions

1. Table 2.3: Essential amino acids in RuBisoCo compared with other common protein sources

and FAO/WHO reference.

Ribulose bisphosphate carboxylase/oxygenase (rubisco) from green leaves-potential as a food protein

Author: William E. Barbeau, , John E. Kinsella

Publication: Food Reviews International

Publisher: Taylor & Francis
Date: Jan 1, 1988

Rights managed by Taylor & Francis

Thesis/Dissertation Reuse Request

Taylor & Francis is pleased to offer reuses of its content for a thesis or dissertation free of charge contingent on resubmission of permission request if work is published

© 2021 Copyright - All Rights Reserved

Copyright Clearance Center, Inc. |

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

Privacy statement

Terms and Conditions

2. Figure 2.2: Schematic flow of tangential filtration (a) and static filtration (b).

14/9/64 15:14

CcCC Marketplace‘”

https:

.copyright, I

df94-0ffa-4397-a83b-540b11102e01/01dal2a3-5513-49e1-a7 1e-6bal4fi982ba

This is a License Agreement between Pakawan Meesiri ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightsholder identified
in the order details below, The license consists of the order details, the CCC Terms and Conditions below, and any Rightsholder Terms and Conditions

which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below,

Order Date
Order License ID
ISBN-13

LICENSED CONTENT

Publication Title

Author/Editor
Date

Language

REQUEST DETAILS

Portion Type

Number of charts / graphs /
tables / figures requested

Format (select all that apply)
Who will republish the content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

NEW WORK DETAILS

11-Sep-2021
11470181
9780471746614

Protein Purification : Principles,
High Reselution Metheds, and
Applications

Janson, Jan-Christer.
01/01/2011
English

Chart/graph/table/figure
2

Print, Electronic
Academic institution
Life of current edition
Up to 499

Main product and any product
related to main product

Type of Use
Publisher
Portion

Country
Rightsholder
Publication Type

Distribution

Translation

Copies for the disabled?
Minor editing privileges?
Incidental promotional use?

Currency

Republish in a thesis/dissertation
John Wiley & Sons
Chart/graph/table/figure

United States of America
John Wiley & Sons - Books
Book

Worldwide

Original language of publication
No

No

No

usD

136



Title Physico-Chemical and Functional Institution name Massey University
Properties of Leaf Protein

Expected presentation date 2021-09-17
Concentrates Isolated Using
different techniques
Instructor name Pakawan Meesiri
ADDITIONAL DETAILS
The requesting person / Pakawan Meesir|
organization to appear on the
license
REUSE CONTENT DETAILS
Title, description or numeric Figure 12.11 Schematic of static Title of the article/chapter the Membrane separations
reference of the portion(s) filtration, Figure 12.14 Schematic of portion is from
tangential flow filtration Author of portion(s) Janson, Jan-Christer.
Editor of portion(s) Joachlm H. Walter, Zuwei Jin, Maik Publication date of portion 2011-01-01
W. Jornitz, Uwe Gottschalk
Volume of serial or monograph N/A
Page or page range of portion 292, 296

RIGHTSHOLDER TERMS AND CONDITIONS

No right, license or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted hereunder, and you
agree that you shall not assert any such right, license or interest with respect thereto. You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley material. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process. In no instance may the total amount of Wiley Materials used in any Main Product, Compilation or Collective
work comprise more than 5% (if figures/tables) or 15% (if full articles/chapters) of the (entirety of the) Main Product, Compilation or Collective Work. Some
titles may be available under an Open Access license. It is the Licensors' responsibility to identify the type of Open Access license on which the requested
material was published, and comply fully with the terms of that license for the type of use specified Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html,

3. Figure 2.4: The Anormalized RI detector response/Aactivated carbon volume represents the

binding capacity of activated carbon as a function of dextran molecular weight

4. Figure 2.5: The effect of pH solution on the binding capacity of activated carbon

Dear Support ACS teams

According to the below email.

The material that | requested is designated as Author Choice, or Editor's Choice, which | cannot use the RightsLink permission system and the ACS Copyright
Office cannot assist.

Therefore, the Copyright team suggested contacting support services.

https://mail.google. 17ik=5423855490: = =thread-a%3Ar-1472799879757268288&simpl=msg-a%3Ar-212879585732077 1863&simpl=msg-f%3A171080385627680...  2/5

16/9/64 10:04 Gmail - A permission request to reuse the data in master thesis
Please kindly find the further detail as follows:
- A link to the ACS article that I'd like to reuse. >> https://doi.org/10.1021/1a501005s.
- A description of where the content will be used. >> Master Thesis (Topic: Physico-Chemical and Functional Properties of Leaf Protein Concentrates Isolated

Using Different Techniques)
- A portion of content >> Figure 1 (right figure) and Figure 3

IT Service Desk <support@services.acs.org> Tue, Sep 14, 2021 at 3:41 PM
Reply-To: support@services.acs.org
To: pwmeesiri@gmail.com

Dear Pakawan Meesiri,

Your permission requested is granted and there is no fee for this reuse. In your planned reuse, you must cite the ACS article as the source, add this direct link
https://pubs.acs.org/doi/10.1021/1a501005s and include a notice to readers that further permissions related to the material excerpted should be directed to the ACS.

If you need further assistance, please let me know.

Best regards,
Simran Mehra

Simran Mehra

ACS Publications Support

Customer Services & Information

Website: https://acs.service-now.com/acs
Email: support@services.acs.org

Phone: 800-227-9919 | 202-872-(HELP) 4357

[Quoted text hidden]
Ref:MSG0168086_wBLJAIUXINValgmAJOTI

137



5. Figure 2.6: PPO activities in the pH range 3 to 9 against methyl catechol in red clover (a)

and perennial ryegrass (b)

6. Figure 2.7: Protein size distribution of protein extracts from perennial ryegrass and red clover

during 24 hours of incubation, as analysed by SDS-PAGE.

Pakawan Meesiri <pwmeesiri@gmail.com> Sun, Sep 12, 2021 at 2:46 PM
To: geraint@aab.org.uk

Dear AAB team

My name is Pakawan Meesiri, a master student at Massey University, New Zealand
I'm writing this email to ask for permission to reuse the figures published by AAB in my master thesis. Please kindly find the detail below.

Authors: Winters, A. L., Minchin, F. R., Morris, P., & Merry, R. J

Title: Comparison of polyphenol oxidase activity in red clover and perennial ryegrass.
Jornal: Aspects of Applied Biology

Volume: 70. Crop Quality: Its role in sustainable livestock production.

Page 121-129. (2003)

Amount of material: 2 figures

-Figure 2. Effect of pH on oxidation of methylcatechol by PPO from (a) red clover and (b) perennial ryegrass

-Figure 3. SDS-PAGE separation of perennial ryegrass and red clover protein following incubation of extracts over a 24 hour period
in the presence and absence of ascorbic acid. Extracts without ascorbic acid were sampled after 0, 1 and 24h (0, 1 & 24). Extracts
including ascorbic acid were sampled after 24h (24a).

Reuse in material: Master thesis
Mailing address: 101 Linton Street, West end, Palmerston North, New Zealand, 4410
Deadline: 17 Sep 2021

Please kindly consider the above detail.
Best regards
Pakawan Meesiri

Geraint Parry <geraint@aab.org.uk> Wed, Sep 15, 2021 at 3:34 AM
To: Pakawan Meesiri <pwmeesiri@gmail.com>

Dear Pakawan,
| have no problem with this at all.

Good luck preparing your thesis.

138



	3.4.6 Statistical analysis
	4.2.6 Statistical analysis

