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 Prolamins are an effective encapsulation material for (hydrophilic) anthocyanins 

due to non-covalent interactions identified herein. The interactions between 

secalin/avenin and anthocyanin are primarily driven by the hydrophobic effect. In contrast, 

ionic interactions drive those between gliadin/hordein and anthocyanin. Prolamin particles 

encapsulating anthocyanins were subsequently produced by liquid antisolvent 

precipitation. For the studied anthocyanins (0.25% (w/v)), the loading efficiency of the 

gliadin and hordein nanoparticles was relatively high (~61 to 63%), while secalin and 

avenin nanoparticles displayed a much lower loading efficiency (~22 to 25%). In addition, 

the anthocyanins encapsulated in gliadin nanoparticles have higher stability against 

degradation by ascorbic acid than anthocyanins in solution, but no protection is conferred 

against UV-B light. Therefore, the prolamin-based encapsulation system may be suitable 

to protect anthocyanins against chemical degradation, especially by ascorbic acid.  
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1 Introduction 

 Anthocyanins are water-soluble plant pigments, which are used as natural colorants 

and antioxidants in food and beverage products (Khoo et al., 2017). They are classified 

as a major subgroup of the flavonoids, which are a large class of polyphenols. 

Anthocyanins are coveted due to their health benefits; they may inhibit the onset of type-

2 diabetes and cancer, and reduce the incidence of cardiovascular diseases (Guo et al., 

2016; Kimble et al., 2018). These benefits are primarily attributed to their potent 

antioxidant activity (Burton-Freeman et al., 2016). However, anthocyanins are highly 

susceptible to chemical degradation, leading to loss of colour and antioxidant activity (Ma 

et al., 2012; Sui et al., 2014). Anthocyanin chemical degradations is exacerbated by 

exposure to UV-light, high temperature, basic pH, and specific food matrix compositions. 

For this reason, there is a growing interest in finding ways to enhance the stability of 

anthocyanins during food processing and storage.  

 One possible strategy to protect anthocyanins against chemical degradations is to 

encapsulate these pigments inside colloidal nanoparticles. Prolamin nanoparticles are 

reported to be able to encapsulate (hydrophobic) polyphenolic bioactive compounds 

(Davidov-Pardo et al., 2015; Hu et al., 2015). These studies show that polyphenol stability 

improves upon encapsulation in prolamin-based colloidal systems. It is essential to 

evaluate the interaction between the bioactives and prolamin proteins as a way to assess 

if an encapsulation system would be a suitable carrier for a specific bioactive. 

 The nature and extent of interactions between anthocyanins and proteins have been 

assessed using spectroscopic techniques, particularly by monitoring the quenching of 

protein tryptophan fluorescence with the addition of anthocyanins (Cahyana & Gordon, 
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2013; Wiese et al., 2008). Fluorescence quenching is a process in which there is a 

decrease in the fluorescence intensity of the fluorophore (i.e., prolamin) caused by 

interactions with the quencher molecules (i.e., anthocyanins). The quenching mechanism 

and the thermodynamic parameters of the interaction between the protein (prolamins) 

and the quencher (anthocyanin) provide insight into the nature and strength of 

interactions between the hydrophilic anthocyanins and proteins (Joye et al., 2015; 

Lakowicz, 1999). This information is vital to effectively design prolamin particles for 

anthocyanins with high encapsulation efficiency. 

 Liquid antisolvent (LAS) precipitation is a promising technique to produce protein 

nanoparticles. The driving force behind this particle production technique is the 

supersaturation of the biopolymer in the liquid phase, induced by the addition of an 

antisolvent. Bioactives, such as anthocyanins, can be encapsulated during LAS through 

co-precipitation with the biopolymer. Biopolymer-based, including but not limited to 

prolamins, nanoparticles, produced using LAS precipitation methods, have been shown 

to encapsulate a range of mostly hydrophobic polyphenol bioactives effectively (Hu et al., 

2015; Joye et al., 2015). However, developing strategies for the encapsulation and 

protection of hydrophilic bioactives is far more challenging. Hydrophilic bioactives have a 

high affinity to water and, thus, may prefer to remain in aqueous-based food product 

matrix rather than inside a colloidal system.  

 The objectives of this study are: (1) to examine the nature and strength of interactions 

between a hydrophilic bioactive, i.e., anthocyanins, and prolamin proteins from wheat 

(gliadin), barley (hordein), rye (secalin) and oats (avenin); (2) to determine the 

encapsulation efficiency of anthocyanin inside gliadin, hordein, secalin and avenin 
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particles; (3) to assess the effect of anthocyanin encapsulation within gliadin 

nanoparticles on anthocyanin stability.  

2 Literature Review 

2.1 Anthocyanins: Structure and Functions 

 Anthocyanins are natural water-soluble plant pigments that give red, blue and purple 

colours to fruits, flowers and vegetables (Burton-Freeman et al., 2016; Prior & Wu, 2006). 

Anthocyanins are classified as flavonoids, which is the largest category of phenolic 

compounds found in nature (Burton-Freeman et al., 2016). The flavylium cation (C6-C3-

C6 base structure), also known as the anthocyanidin core, within the anthocyanin 

structure is responsible for their colours (Burton-Freeman et al., 2016; Kammerer, 2016). 

There are about 17 different anthocyanidins found in nature. Among them, cyanidin, 

peonidin, delphinidin, pelargonidin, malvidin, and petunidin are the most prevalent ones 

(figure 2.1) (Burton-Freeman et al., 2016; Prior & Wu, 2006). These anthocyanidins differ 

in their chemical structure by having different substituents at the 3’ and 5’ position of the 

B-ring (figure 2.1) (Prior & Wu, 2006).  In contrast to the structure of other flavonoids, 

anthocyanins carry a positive charge on the oxygen atom in their anthocyanidin structure 

at acidic pH (figure 2.1). 

 

 

 Name R1 R2 
Pelargonidin -H -H 

Cyanidin -OH -H 
Peonidin -OCH3 -H 

Delphinidin -OH -OH 

Petunidin -OCH3 -OH 
Malvidin -OCH3 -OCH3 

Figure 2.1. Structures of different anthocyanidins (Adapted from Ananga et al., 2013 and Burton-Freeman et 
al., 2016) 
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 Anthocyanins are O-glycosylated derivatives of anthocyanidins. The O-glycosylation 

typically takes place at positions 3, 5 or 7 of the A- and C-rings in the anthocyanidin 

structure (figure 2.1). Anthocyanins are more stable than non-glycosylated 

anthocyanidins and are, hence, the predominant form found in nature. Anthocyanins 

usually contain 1 to 3 monosaccharides in their structure. The most common 

monosaccharide residues in anthocyanins include glucose, galactose, arabinose, 

rhamnose, xylose, and glucuronic acid (Ananga et al., 2013). Some anthocyanins may 

also have different aliphatic or aromatic acids attached to the sugars in the molecule. The 

most common acids that are involved in the acylation of sugars are aromatic acids (e.g., 

p-coumaric, caffeic, ferulic acids) and/or aliphatic acids (e.g., malonic, acetic, and malic 

acids) (Schwartz et al., 2008).  

Anthocyanins can be used as natural food colorants (Burton-Freeman et al., 2016). 

Many factors contribute to their colour. Within the anthocyanidin structure, the degree of 

hydroxylation and methoxylation in the B-ring of the anthocyanidin core structure plays 

an important role in their colour (figure 2.1). Hydroxyl and methoxy groups are examples 

of auxochrome groups, which are electron-donating groups. They are not chromophores 

themselves but can deepen the anthocyanin hue when attached to the chromophore part 

of the molecule (Schwartz et al., 2008). The attachment of auxochrome groups can cause 

a bathochromic shift (i.e., absorbance spectral shift to longer wavelengths), which results 

in a colour modification depending on the extent of the shift (Schwartz et al., 2008). The 

colour of the molecule then assumes the complimentary color to the wavelength 

absorbed. Therefore, a higher extent of bathochromic shift leads to a deeper blue colour 

of the molecule. Methoxy groups have higher electron-donating capacity than the 
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hydroxyl groups, and, therefore, result in a more pronounced bathochromic shift than the 

hydroxyl groups (Schwartz et al., 2008). Thus, the increasing degree of methoxylation of 

anthocyanidins leads to a deeper blue colour. Glycosylation of anthocyanidins can also 

affect the colour of anthocyanins, usually resulting in a deeper red colour (Ananga et al., 

2013).  

A common reaction leading to colour loss in anthocyanins is the nucleophilic attack 

of water at positions 2 or 4 of the anthocyanidin core (figure 2.1), which eventually leads 

to ring fission and the formation of a colourless carbinol pseudobase (figure 2.2) 

(Kammerer, 2016; Schwartz et al., 2008). The anthocyanidin core of anthocyanins can 

be protected against this degradation by its association to a range of different molecules 

(Kammerer, 2016). These associations involve both inter- and intramolecular structural 

arrangements and are often referred to as ‘copigmentation.’ Intermolecular 

copigmentation involves the interaction of the anthocyanidin backbone with copigments 

that are not part of the anthocyanin structure. These copigments are often amino acids 

and/or organic acids (figure 2.3a) and are often themselves colourless compounds 

(Kammerer, 2016). Similar protective effects occur when anthocyanins interact with a 

copigment part of the same anthocyanin structure (such as aromatic acyl moieties) (figure 

2.3b) (Kammerer, 2016). The presence of aliphatic or aromatic acyl groups in the 

anthocyanin structure has a significant effect on the anthocyanin colour stability (Ananga 

et al., 2013). The aromatic acyl moieties align with the anthocyanidin core structure, 

sterically hindering the nucleophilic attack of water at positions 2 or 4 of the anthocyanidin 

core (Kammerer, 2016). 
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Figure 2.2. Nucleophilic attack of water on flavylium ions (adapted from Dangles & 
Fenger, 2018) 

Carbinol 

 

(A) 

(B) 

Figure 2.3. (A) Non-covalent interaction between prototypical anthocyanin with 
prototypical flavonoid copigment (intermolecular copigmentation); (B) Non-covalent 
interaction between phenolic acids and anthocyanin moiety of prototypical acylated 
anthocyanin (adapted from Trouillas et al., 2016) 
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In addition to their role on colour, the potent and distinct antioxidant properties of 

anthocyanins also relate to their structure. The hydroxyl groups in their flavonoid structure 

enable anthocyanins to scavenge free radicals by donating hydrogen atoms, forming 

stable phenoxyl radicals (Burton-Freeman et al., 2016; Zafra-stone et al., 2007). The 

phenoxyl radicals are stabilized through the resonance structure and/or electron 

delocalization over the flavonoid structure of anthocyanin (figure 2.4) (Burton-Freeman et 

al., 2016; Zafra-stone et al., 2007).  

 

 Anthocyanin’s addition to food and beverages can, therefore, have a dual effect: 

improving a product’s appearance and providing health benefits to the consumers. Health 

benefits stemming from the consumption of dietary anthocyanins have been extensively 

explored (Ananga et al., 2013; Brasanac-vukanovic et al., 2018; Burton-Freeman et al., 

2016). As mentioned before, these studies show that the antioxidant properties of 

anthocyanins are mainly responsible for their health benefits. These benefits include a 

reduced risk of cardiovascular diseases and type 2 diabetes (Guo et al., 2016; Kimble et 

al., 2018; Tresserra-rimbau et al., 2014).  

Figure 2.4. Resonance stabilization of anthocyanidin radicals (adapted from Ali et al., 
2016) 
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 However, to obtain their health benefits, the anthocyanins in the consumed products 

need to be absorbed at the gastrointestinal tract. Anthocyanins are normally absorbed 

rapidly after ingestion (maximum 2 h). They are mostly absorbed in the upper part of the 

small intestine (i.e., jejunum) and the colon through facilitated diffusion (Mueller et al., 

2017). In addition, many studies have also hypothesized that anthocyanins can already 

be absorbed in the stomach by facilitated diffusion through the mucosa cells (Mueller et 

al., 2017; Passamonti et al., 2003). These studies suggested that anthocyanins may 

interact with bilitranslocase to transport them from the lumen into the epithelial layers of 

the gastric mucosa (Mueller et al., 2017; Passamonti et al., 2003). However, more studies 

are needed to identify the detailed mechanism and transporter type for the anthocyanin 

absorption in the stomach.  

 Anthocyanins in food products are prone to degradation by many external factors 

during their manufacturing and storage. Before anthocyanins can be absorbed in the 

gastrointestinal tract (i.e., stomach and/or small intestine) and provide their health 

benefits in the body, they need to be protected against degradation triggered by these 

external factors. The subsequent chapters of this literature review will discuss 

anthocyanins stability and strategies to preserve them.  

2.2 Anthocyanins: Stability in Food Products 

 Anthocyanins are susceptible to degradation triggered and/or promoted by many 

external factors, such as extreme pHs (pH > 8), UV light exposure, and high-temperature 

(>100ºC) treatments (Ma et al., 2012; Sui et al., 2014; West & Mauer, 2013). Exposure to 

these external factors will generally lead to discoloration and severely reduced antioxidant 

activity of anthocyanins (Chung et al., 2015). Of the listed factors, anthocyanins are 
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particularly sensitive to pH changes. Anthocyanin colour changes from red (e.g., pH 1.0) 

to blue (e.g., pH 4.0) to yellow (e.g., pH 5.0) occur as function of increasing pH (Burton-

Freeman et al., 2016; Prior & Wu, 2006).  

 Anthocyanidins (and anthocyanins) exist as stable flavylium cations (bright red 

colour) only when they are kept at a pH below 2. As the pH increases (2<pH<4), a proton 

is rapidly lost, which leads to the formation of purple or blue quinoidal species (figure 2.5) 

(Kammerer, 2016; B. Tang et al., 2019). An additional pH increase to pH 5-6 results in 

nucleophilic attack of water in position C-2 to form colourless carbinol pseudobase 

(Kammerer, 2016; Tang et al., 2019). Above pH 8, the ionized quinoidal base is the 

predominant anthocyanin structure, which gives a deep blue color. The susceptibility of 

the colour with pH, however, will be highly dependent on the anthocyanin structure 

(Kammerer, 2016). 

 Anthocyanins are also sensitive to light exposure because of their conjugated double 

bond structures (figure 2.1) (Duncan & Chang, 2012). Exposure to light can lead to 

photodegradation of the flavonoid core structure of anthocyanins through the cleavage of 

the benzopyrylium (figure 2.1, A- and C-ring) and phenyl rings (figure 2.1, B-ring), forming 

a myriad of degradation products (Duncan & Chang, 2012). Ma et al. (2012) explored the 

effect of different types of UV light (UV-A, B, or C) on the anthocyanin content and colour 

stability of a magnolia (Schisandra chinensis) berry extract. All UV light types decreased 

the total monomeric anthocyanin content in the magnolia berry extract, but UV-C had the 

strongest degradation effect on the anthocyanins. The residual amounts of anthocyanins 

with an intact core structure (and colour) in the extract after 9 h of incubation in the UV 

chamber were approximately 90%, 87%, and 76% for UV-A, B, and C light, respectively. 
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Despite these results and for practical purposes (most UV-C from the sun is absorbed in 

the ozone layer of the atmosphere), the photodegradation of anthocyanins by UV-A and 

B is more relevant to and prevalent in our daily life (Ma et al., 2012).  

 

 Similarly, the flavonoid core structure of anthocyanins degrades when they are 

exposed to high thermal treatments (Lee et al., 2015; Ma et al., 2012). Anthocyanin 

colours fade due to thermal degradation of the anthocyanidin core structure, producing 

colourless carbinol and chalcone forms (Mateus & de Freitas, 2009). This thermal 

degradation follows first-order degradation kinetics (Lee et al., 2015). As temperature 

increases above 50°C, the residual amount of anthocyanins declines rapidly within 4 h 

(Ma et al., 2012). However, the addition of organic acids, such as citric acid, can improve 

Figure 2.5. Anthocyanidin structure at different pH conditions (adapted from Burton-Freeman et 
al., 2016) 

pH < 2 pH 2 - 4 pH > 8 

pH 5 

pH 6 
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thermal stability and slows down the thermal degradation of anthocyanins’ core structure 

(Lee et al., 2015). This improved stability is most likely caused by intermolecular 

copigmentation. The interactions between the added organic acids and anthocyanins 

provide a protective effect to anthocyanins against the enhanced nucleophilic attack of 

water molecules during thermal treatments (Kammerer, 2016).  

 Conversely, the presence of ascorbic acid and its degradation products may induce 

degradation of the flavonoid core structure of anthocyanins (Chung et al., 2015; Mateus 

& de Freitas, 2009). Chung et al. (2015) found that the presence of ascorbic acid reduces 

the chemical stability of anthocyanins in solution (observed as a considerable decrease 

in the samples’ absorbance at a wavelength of 523 nm and associated colour loss). There 

are two main proposed mechanisms for this effect: (1) a condensation reaction between 

ascorbic acid and anthocyanin, or (2) an oxidation reaction promoted by hydrogen 

peroxide formed during the oxidation of ascorbic acid (Chung et al., 2015). In the former, 

ascorbic acid attacks the carbon-4 (C4) of anthocyanins. This carbon is the most 

susceptible site in the anthocyanin structure prone to electrophilic attack. This 

condensation reaction releases a water molecule, forming a covalent bond between 

ascorbic acid and anthocyanin molecules (Farr & Giusti, 2018). The second mechanism 

is driven by hydrogen peroxide, generated during the oxidation of ascorbic acid (Barril, 

Clark, & Scollary, 2012). This oxidation reaction leads to the loss of colour and antioxidant 

activity of anthocyanins (figure 2.6).  
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2.3 Anthocyanins in Bilberry Fruits 

 The bilberry plant is a low growing shrub that is native to Northern Europe and 

belongs to a large genus of plants called Vaccinium (which also includes blueberry and 

cranberry species) (Chu et al., 2011; Tracy, 2007). This plant (Vaccinium myrtillus L.) 

produces small bilberry fruits (5-9 mm in diameter), that are bluish-black, and are often 

classified as functional foods (Benvenuti, Brighenti, & Pellati, 2018; Chu et al., 2011). This 

functional food classification stems from its high phenolic compound content. The 

phenolic compounds in bilberry fruits are redox-active antioxidants, such as flavanols, 

tannins, phenolic acids, and anthocyanins (Brasanac-vukanovic et al., 2018; Chu et al., 

2011). Among the listed phenolic compounds in bilberry fruits, the anthocyanins represent 

the most abundant and most widely studied class of bioactive compounds (Benvenuti et 

al., 2018; Chu et al., 2011).  The total anthocyanin content in bilberry varies between 300 

and 700 mg/100 grams fresh fruit, depending on the cultivar, growing conditions, and 

ripeness of the fruit (Benvenuti et al., 2018; Chu et al., 2011). The major anthocyanin in 

Figure 2.6. Mechanism of hydrogen-peroxide-mediated anthocyanin oxidation (1: cyanidin-
3-O-glucoside, 2: chalcone of cyanidin-3-O-glucoside) (adapted from Satake & Yanase, 
2018) 
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bilberry fruit is delphinidin-3-O-glucoside (table 2.1) (Benvenuti et al., 2018; Chu et al., 

2011). 

 

2.4 Anthocyanins as Natural Food Colorants 

 Colour is vital in food products because it enhances their appearance and facilitates 

the assessment of food quality. Natural food colourants have gained greater prominence 

with increasing public concern towards the safety of synthetic food colourants (Bridle & 

Timberlake, 1997; Khoo et al., 2017). Synthetic food dyes may affect human health, 

specifically behavioural problems such as hyperactivity syndrome, allergenicity, 

genotoxicity, and carcinogenicity (Corradini, 2019; Khoo et al., 2017). Moreover, natural 

colourants in foods have become more popular as consumers are shifting to food 

products with clean labels and natural ingredients (Katz, 2011).   

Table 2.1. Content of anthocyanins in bilberry fruit (in mg/100 g) 
(adapted from Benvenuti et al., 2018) 
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 Health Canada lists anthocyanins as permitted food colouring agents with several 

applications, such as dairy and bakery products (Health Canada, 2020). Anthocyanin-

based colourants is used in yogurt drinks and some mixed fruit juices (Khoo et al., 2017). 

However, the extensive use of anthocyanin-based colourants extracted from many fruits 

and vegetables, particularly non-acylated anthocyanins, have been hindered due to their 

limited oxidative stability (Giusti & Wrolstad, 2003). Recently, acylated anthocyanins are 

proposed as potential natural food colourants because of their relatively higher stability 

(Giusti & Wrolstad, 2003; Khoo et al., 2017). As mentioned in the previous section, 

acylation of anthocyanins can protect anthocyanins against the nucleophilic attack of 

water, improving their oxidative stability. Similarly, interactions of anthocyanins with 

proteins and amino acids can enhance their oxidative stability (Chung et al, 2015; Chung 

et al., 2017). These interactions can be studied further using several analytical 

techniques, particularly luminescence spectroscopy.  

2.5 Luminescence Spectroscopy 

 Luminescence spectroscopy is a sensitive and selective technique that can be used 

to analyze many inorganic and organic compounds. The wavelength distribution 

measurements of luminescence can provide vital information regarding the nature of the 

emitting species (Creaser & Sodeau, 1990). Luminescence can be defined as the 

emission of a photon from a compound after the compound has been brought to an 

electronically excited state by photoexcitation (Lakowicz, 1999). The most common form 

of luminescence is fluorescence (Lakowicz, 1999). The fluorescence phenomenon can 

be visualized in an energy state/Jablonski diagram (figure 2.7).  
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 When a fluorophore is photoexcited, an excited electronic state S1 is created (in this 

state, the excited electron has an opposite spin to the electron in the ground-state orbital). 

The excited electron will then rapidly return to the ground state, either through releasing 

a photon or through non-radiative decay (Lakowicz, 1999). This photon emission, when 

electrons from the excited singlet state (S1) return to the ground state, is referred to as 

fluorescence. The time between the excitation of a fluorophore and the subsequent 

photon emission is referred to as (fluorescence) lifetime, which is denoted by τ. The 

average fluorescence lifetime of a fluorophore is usually around 10 nanoseconds 

(Lakowicz, 1999). Due to the very fast non-radiative decay to the lowest vibrational level 

of S1 (subnanosecond scale), the wavelength of the excitation light is always shorter than 

wavelength of the emitted fluorescence light. This characteristic wavelength difference is 

called the Stokes’ shift (Lakowicz, 1999).  

 Resonance energy transfer (RET) is an electrodynamic phenomenon in which a 

donor molecule in the excited state transfers its energy to an acceptor molecule in the 

ground state (Lakowicz, 1999). For this to happen, the emission spectrum of the donor 

needs to overlap with the excitation spectrum of the acceptor. This energy transfer occurs 

Figure 2.7. Jablonski diagram explaining fluorescence (adapted from 
Lakowicz, 1999) 
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without the release of photon and is caused by long dipole-dipole interactions between 

the donor and acceptor molecules (Lakowicz, 1999). The rate of energy transfer is 

dependent on the extent of overlap between the emission spectrum of the donor and the 

absorption spectrum of the acceptor, and more importantly, the distance between the 

donor and acceptor molecules (Lakowicz, 1999). This distance at which RET can occur 

is called the Förster distance and is usually between 20 to 60 Å (Lakowicz, 1999). If the 

donor and acceptor are not within this Förster distance, energy transfer between the 

donor and the acceptor molecules cannot occur.  

2.5.1  Steady-State vs. Time-Resolved Fluorescence Spectroscopy 

Fluorescence measurements can be classified into two types: steady-state and time-

resolved measurements. In steady-state, the sample is illuminated with a continuous 

beam of light and the concentration-dependent emission spectrum (emission intensity vs. 

wavelength) is then recorded (Lakowicz, 1999). In time-resolved experiments, the sample 

is exposed to a pulse of light, and the emission intensity decay is recorded at one selected 

wavelength (figure 2.8) (Lakowicz, 1999). As mentioned above, fluorescence lifetime is 

the time that elapses between the excitation of a fluorophore and its photon emission. 

Both steady-state and time-resolved fluorescence are influenced by the local environment 

of the fluorophores (Lakowicz, 1999). However, time-resolved measurements typically 

provide different information than steady-state fluorescence measurements (Lakowicz, 

1999). For instance, time-resolved fluorescence is not concentration dependent and can 

be used to distinguish between multiple tryptophan (Trp) populations in proteins. Not all 

Trp populations in a protein will emit photons/deexcite at the same time. This is partly 

because the excited fluorophore may undergo relaxation to the lowest vibrational energy 
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of S1 before fluorescence occurs, which may lead to a longer lifetime, and vice versa 

(figure 2.7). The distribution of the emitted photons is defined as the fluorescence intensity 

decay (Lakowicz, 1999).  

 

There are two methods of measuring time-resolved fluorescence: time-domain and 

frequency-domain measurements. In the former, the sample fluorophore is excited with a 

pulse of light. The time-dependent intensity of the emitted light (I(t)) is measured after the 

sample is excited and the lifetime is calculated. In frequency-domain measurements, the 

sample fluorophore is excited with intensity-modulated light, which is usually a sinusoidal 

wave modulation. As the sample is excited in this manner, the emission is forced to follow 

the same modulation frequency (Lakowicz, 1999). Moreover, the emission is delayed in 

time compared to the excitation because of the lifetime of the fluorophore. The delay can 

be measured as a phase shift of emission time (3), which correspond to the lifetime of 

the fluorophore (Lakowicz, 1999).  

A sample containing only a single fluorophore (in a homogenous matrix) that is 

excited with a pulse of light will display a fluorescence intensity decay that follows a single 

exponential decay: 

Figure 2.8. Comparison between steady-state and time-resolved fluorescence 
measurements (retrieved from Lakowicz, 1999) 
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5(6) = 58	exp	(−6 => ) (Eq. 2.1) 

where Io is the initial fluorescence intensity (at time 0), I(t) is the momentary time-

dependent fluorescence intensity, t is decay time, and τ is the lifetime of the fluorophore. 

The lifetime of the fluorophore can be determined from the slope of the natural logarithm 

of I(t) versus t (i.e., −?

@
 ), or most commonly by fitting the decay data with a mathematical 

model (Lakowicz, 1999).  

Time-correlated single-photon counting (TCSPC) is the most common technique to 

conduct time-domain lifetime measurements of fluorophores (Lakowicz, 1999). In this 

technique, the instrument detects single photon events from a periodic laser pulse 

(Lakowicz, 1999). The decay times are measured between the multiple excitation pulses 

and the detected photons and are summarized in a histogram (figure 2.9) (Lakowicz, 

1999).  

 

Figure 2.9. Principle of time-correlated single photon counting (retrieved from 
Becker & Hickl GmbH, 2019) 
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2.5.2  Intrinsic Fluorophores in Proteins 

The aromatic amino acids in protein, i.e., phenylalanine (Phe), tyrosine (Tyr), and 

tryptophan (Trp), are frequently present as intrinsic protein fluorophores (Lakowicz, 

1999). Tyr and Trp are the most important intrinsic fluorophores in proteins as Phe has a 

low quantum yield and its emission is rarely detected (Joye, et al., 2015; Lakowicz, 1999). 

Both Tyr and Trp can be excited by ultraviolet light with a wavelength of 280 nm (Joye et 

al., 2015; Lakowicz, 1999). The emission wavelength and maximum intensity are 

dependent on the characteristics of the local environment of the fluorophores (Joye et al., 

2015; Lakowicz, 1999). For Tyr, the maximum emission band is around 300 nm, whereas 

for Trp, the wavelength of the maximal intensity is around 350 nm (in a polar solvent). 

However, when the local environment is less polar, the emission band of Trp normally 

undergoes a hypsochromic or blue-shift (i.e., the maximum emission wavelength 

decreases) (Lakowicz, 1999). RET from Phe to Tyr to Trp explains the relatively minor 

contribution of Phe and Tyr to the intrinsic fluorescence emission of proteins. Only when 

the conditions for RET from Trp to Tyr are not met, e.g., separations between Tyr and Trp 

that exceed the Förster distance, the Tyr band of proteins will be clearly distinguishable.  

Most proteins have more than a single aromatic amino acid residue in their structure. 

As mentioned above, the emission of these intrinsic fluorophores is highly dependent 

upon the properties of their local environment. Therefore, the fluorescence spectra and 

lifetimes of the intrinsic fluorophores in a protein is usually a reflection of the cumulative 

contributions of different amino acids at their individual (and often different) local 

environments (Lakowicz, 1999). Protein folding or conformational changes will result in a 

change in emission intensities and lifetimes as the aromatic amino acids becomes 
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exposed or buried. Therefore, many studies have used intrinsic protein fluorescence to 

study protein functionality and folding (Lakowicz, 1999).  

2.5.3  Fluorescence Quenching 

In fluorescence spectroscopy, quenching refers to processes that decrease the 

emission intensity of a fluorophore. The quencher, i.e., the molecule that suppresses the 

emission, can interact with (and deexcite) the fluorophore by a simple collision or by 

forming a non-fluorescent complex (Albani, 2007; Lakowicz, 1999). The first quenching 

mechanism is referred to as dynamic quenching, while the latter is called static 

quenching. In dynamic quenching, the quencher needs to diffuse to the fluorophore and 

the collision needs to take place while the fluorophore is in its excited state. Due to the 

collision, the fluorophore will return to the ground state without the emission of a photon 

(Lakowicz, 1999). In contrast, static quenching occurs when the fluorophore forms a 

ground state non-fluorescent complex with the quencher. The Stern-Volmer equation can 

describe the reduction in fluorescence intensity as a function of the quencher’s 

concentration: 

AB
A
= 1 + EF=0[H] = 1 + EJK	[H]  (Eq. 2.2) 

where F0 and F are the maximum fluorescence emission intensity in the absence and 

presence of quencher, respectively; Kq is the bimolecular quenching constant, τ0 is the 

lifetime of fluorescence emission in the absence of quencher, Ksv is the Stern-Volmer 

quenching constant; and [Q] is the concentration of the quencher.  

Quenching data are usually plotted as the relationship between the relative 

fluorescence emission intensity, LB
L

 , and the quencher’s concentration, [Q]. This graphical 

representation is called the Stern-Volmer plot. When the quenching is either by purely 
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static or dynamic, the relation between LB
L

 and the concentration of quencher  is linear 

(Lakowicz, 1999). The y-intercept of the Stern-Volmer plot is 1, while the slope 

corresponds to the Stern-Volmer quenching constant Ksv. However, a linear Stern-Volmer 

plot does not allow researchers to distinguish if the quenching occurs through dynamic or 

static quenching (Lakowicz, 1999). One way to differentiate dynamic quenching from 

static quenching is through careful examination of the temperature dependence of the 

quenching process. As temperature increases, diffusion processes would speed up, 

which would lead to a more pronounced reduction in the emission intensity. This can be 

visualized as an increase of the slope of the Stern-Volmer plot as a function of 

temperature (Lakowicz, 1999). In contrast, as temperature increases, weakly bound 

complexes that are typical for static quenching, will most likely dissociate, resulting in no 

or limited increase in emission intensity if static quenching is the main mechanism 

(Lakowicz, 1999) (figure 2.10). However, there may be some instances where static and 

dynamic quenching simultaneously occur between a fluorophore and a quencher. In such 

case, the Stern-Volmer plot will not be linear, but rather show an upward curvature, 

concave towards the y-axis (figure 2.11) (Lakowicz, 1999). 



 

 22 

 

 

Static quenching data can be used to study the nature of the interaction between the 

fluorophore and the quencher. The apparent binding constant and number of binding sites 

can be calculated from the quenching data using:  

log P
ABQA

A
R = logE + S	TUV	[H]  (Eq. 2.3) 

where F0 and F are the fluorescence intensity in the absence and presence of quencher, 

respectively, and [Q] is the concentration of the quencher. The logarithm of the apparent 

binding constant, log(K), and the number of binding sites, n, can be determined from the 

y-intercept and the slope of a plot of log[(F0-F)/F] versus log [Q], respectively.  

Figure 2.10. Dynamic/collisional and static quenching mechanisms and the effect of 
temperature on their respective Stern Volmer plots (retrieved from Lakowicz, 1999) 

Figure 2.11. Characteristic Stern-Volmer plot (solid green line) for the simultaneous dynamic 
and static quenching of a population of fluorophores. The dashed blue line corresponds to 
the dynamic contribution since lifetimes are not affected by static quenching (retrieved  from 
Lakowicz, 1999) 
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In terms of static quenching, the interactions between the fluorophore and the 

quencher can take several forms, ranging from hydrogen bonds, the hydrophobic effect, 

ionic interactions to covalent bonds (Chung et al., 2015; Joye et al., 2015). Indications on 

the most prevalent type of interaction can be obtained from calculating the 

thermodynamic parameters of the system based on the temperature-dependence of the 

quencher-fluorophore binding constant (Joye et al., 2015). These thermodynamic 

parameters are calculated by plotting the natural logarithm of the apparent binding 

constant K as a function of the inverse of the temperature (i.e., 1/T), also known as the 

Van’t Hoff equation:  

lnE = 	−
∆X

YZ
+	

∆[

Y
  (Eq. 2.4) 

where K is the apparent binding constant, ∆H is the change in enthalpy, ∆S is the change 

in entropy, R is the Universal gas constant (8.314 J K-1 mol-1), and T is the absolute 

temperature. The intercept of the Van’t Hoff can be used to calculate the change in 

entropy (∆S), while the slope will reflect the change in enthalpy (∆H) (Ross & 

Subramanian, 1981). The change in Gibbs free energy (∆G) can be calculated by: 

∆\ = 	∆] − ^∆_  (Eq. 2.5) 

The magnitude and sign of these thermodynamic parameters (i.e., ∆G, ∆H, ∆S) will 

yield information on the interaction type. First of all, ∆G < 0 indicates that the interaction 

between the quencher and the fluorophore is a spontaneous process. The nature of the 

predominant interaction can be derived from the obtained ∆H and ∆S values:  

• ∆H > 0, and 	∆S > 0 is an indication that the interaction is based on hydrophobic 

effects,  
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• ∆H < 0,	and ∆S < 0 is an indication of Van der Waals interactions, and/or hydrogen 

bonds, 

• ∆H < 0,	and	∆S > 0 is an indication of ionic interactions (Paul et al., 2013).  

Fluorescence quenching has been extensively used to study the molecular 

interactions between two molecules, especially when it comes to the interaction between 

proteins and polyphenols (Cahyana & Gordon, 2013; Chung et al., 2015; Joye et al., 2015; 

Wiese et al., 2008). For example, Chung et al. (2015) explored the nature of interactions 

between heat-denatured whey protein (HD-WPI) with anthocyanins and ascorbic acid in 

model beverage systems through fluorescence quenching experiments. The quenching 

of HD-WPI by anthocyanins is caused by static quenching. In contrast, the quenching of 

HD-WPI by ascorbic acid is caused by dynamic quenching. Their data suggested that the 

anthocyanins interact with HD-WPI through hydrogen bonds. This interaction leads to the 

protection of anthocyanins against degradation of the anthocyanidin core by ascorbic acid 

(Chung et al., 2015).  

Similarly, Joye et al. (2015) utilized a fluorescence quenching technique to investigate 

the complexation of resveratrol with zein and gliadin. They found that resveratrol 

interacted with both gliadin and zein spontaneously. The major interaction in resveratrol-

zein and resveratrol-gliadin systems were found to be hydrogen bonds and the 

hydrophobic effect, respectively (Joye et al., 2015). This finding opens perspectives on 

designing resveratrol-encapsulating zein and gliadin nanoparticles.  

Condurache et al. (2020) also used a fluorescence quenching technique to study the 

molecular interaction between lactoferrin (LF) and LF-derived peptides (referred to as 

small peptides (SP)) with anthocyanins from eggplant peels extract. The fluorescence 
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spectroscopy data of the samples were used to calculate the thermodynamic parameters 

of the molecular interaction between anthocyanins and both LF and SP. Based on these 

thermodynamic parameters, it was found that the main forces that stabilize LF- and SP-

anthocyanins systems were the hydrophobic effect and electrostatic interaction, 

respectively. These studies provide insights into the interaction between bioactives and 

proteins, which is important for the encapsulation and retention efficiency of these 

bioactives in various protein particles. The next chapter will specifically discuss the 

encapsulation capacity and efficiency of prolamin proteins-based carriers for small 

bioactive molecules. 

2.6 Prolamin-Based Encapsulation Systems 

 In 1907, a biochemist named Thomas Burr Osborne separated wheat proteins into 

four fractions based on their extractability (Belitz et al., 2009). The sequential extraction 

of cereal flour samples yields consecutively water-soluble albumins, salt-soluble 

globulins, 70% aqueous ethanol-soluble prolamins and the residual proteins in flour that 

are not extractable with any of the three solvents, the glutelins (figure 2.12) (Belitz et al., 

2009). Albumins and globulins mainly consist of metabolic proteins, such as enzymes, 

and transport proteins, whereas prolamins and glutelins are mostly storage proteins 

(Schalk et al., 2017). The same Osborne fractionation can be carried out on other cereal 

flours. The Osborne fractions of different cereal grains are often designated with a specific 

name (table 2.2). 
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 Prolamins are plant storage proteins that are insoluble in water and salt solutions 

but are soluble in ethanol-water mixtures (Davidov-Pardo et al., 2015). They are the major 

endosperm storage proteins of all cereal grains, except in oats and rice, where there is a 

Albumins 

Globulins 

Prolamins 

Glutelins 

Cereal Flours 

Water 

0.4 M NaCl 

70% EtOH 

Figure 2.12. Osborne sequential extraction of cereal proteins 

Table 2.2. Specific names of Osborne-fractions for different cereals 
(retrieved from Belitz et al., 2009)  



 

 27 

higher proportion of the globulin type storage proteins (Shewry & Halford, 2002). Their 

name ‘prolamine’ is derived from the observation that these proteins are rich in proline 

and amide nitrogen from glutamine residues (Shewry & Halford, 2002). Examples of 

prolamins are zein and gliadin, which are found in corn and wheat, respectively. The 

average prolamin contents in wheat, rye, barley and oats are shown in table 2.3.  

 

 Glutelins and other prolamins were initially classified as distinct groups of proteins. 

However, recently, it has been found that many glutelins are closely related to prolamins 

but are not soluble in 70% aqueous ethanol because of their high molecular weight and 

their polymeric structure stabilized by disulphide bonds (Shewry & Tatham, 1990). 

Therefore, glutelins and prolamins fractions (especially of wheat) are often referred to as 

polymeric and monomeric fractions of gluten proteins, respectively. Most prolamins and 

glutelins have the same structural features: (1) the presence of distinct regions or 

domains, which adopt different secondary structures; and (2) a characteristic amino acid 

sequence consisting of repeated blocks with one or more short peptide motifs rich in 

proline and glutamine residues (Shewry & Halford, 2002). The gluten proteins (i.e., 

prolamins and glutenins) of the Triticeae, which includes wheat, barley and rye, are 

generally classified into three groups: sulphur-rich (S-rich), sulphur-poor (S-poor) and 

high molecular weight (HMW) storage proteins (table 2.4) (Shewry & Halford, 2002). 

Table 2.3. Average prolamin content in flour from different cereals (g/100 g flour, 
dry matter base) (adapted from Schalk et al., 2017) 
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 Protein nanoparticles have been previously explored as delivery systems for 

bioactive compounds in food systems. Protein particles are receiving increasing attention 

because of several advantages associated with their use. They are compatible with many 

different food matrixes; they are biodegradable and natural; and they provide a clean label 

to food products (Hu et al., 2015). There are two main strategies to produce nanoparticles: 

top-down or bottom-up approaches. In the former, larger particles are broken down to 

form nanoparticles (Joye & McClements, 2013). In the latter, nanoparticles are made from 

single molecules or smaller particles that associate in larger particles (Joye & 

McClements, 2013). An example of a top-down approach process is homogenization, 

which breaks fat droplets in milk into smaller droplets to increase its shelf-life stability. In 

contrast, one of the most commonly used bottom-up approaches to produce biopolymer 

particles is liquid anti-solvent (LAS) precipitation (Joye & McClements, 2013).  

 LAS precipitation is a process in which biopolymers in a solvent phase are added 

into an antisolvent phase, resulting in the spontaneous formation of biopolymeric 

nanoparticles (figure 2.13) (Joye et al., 2015). Prolamin based encapsulation systems, 

Table 2.4. Main characteristics of wheat gluten proteins (adapted from Shewry & Halford, 2002) 

 

Components 
Mr (% 
total) 

Polymers or 
monomers 

HMW proteins 
65-90,000 

(6-10%) Polymers        HMW subunits of glutenin 
 
S-rich proteins   

       ɣ-gliadins 
30-45,000 
(70-80%) 

Monomers 
       !-gliadins Monomers 
       B- and C-type LMW subunits of glutenin Polymers 
S-poor proteins   

       "-gliadins 30-75,000 
(10-20%) 

Monomers 
       CD-type LMW subunits of glutenin Polymers 
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created using LAS, have been explored as a way to effectively encapsulate polyphenol-

type bioactives (Hu et al., 2015; Joye et al., 2015). Gliadin nanoparticles have been 

investigated as potential colloidal delivery systems because of their high capacity to 

interact with the mucosa in the gastrointestinal tract (i.e., mucoadhesive properties) and 

the multitude of different intermolecular interactions they can engage in with different 

molecules (Arangoa et al., 2001). For a protein, gliadin is exceptionally rich in neutral and 

hydrophobic amino acid residues, which promote interactions with the gastrointestinal 

mucosa through hydrogen bonds and with biological tissue by the hydrophobic effect, 

respectively (Arangoa et al., 2001). The interaction of gliadin nanoparticles with the 

gastrointestinal mucosa increases the residence time of these particles in the 

gastrointestinal tract and, hence, may promote the absorption of the encapsulated 

molecules (Joye & McClements, 2013).  

 

 As mentioned above, anthocyanins are mostly absorbed in the stomach and the 

upper part of the small intestine. Encapsulation of anthocyanins inside gliadin particles is, 

therefore, beneficial in protecting this labile bioactive before it reaches its site of 

absorption (as protease is only found in the stomach and small intestine) (Smith & Morton, 

Figure 2.13. Liquid anti-solvent precipitation (adapted from Corradini et al., 2017) 
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2010). This encapsulation process also enhances the absorption of the encapsulated 

anthocyanins due to the mucoadhesive properties of gliadin nanoparticles. 

 Many studies have explored the encapsulation efficiency of polyphenols inside 

prolamin nanoparticles. For instance, Hu et al. (2015) evaluated the characteristics of 

zein-pectin based nanoparticles as a way to encapsulate curcumin. These researchers 

found that zein-pectin nanoparticles, formed by LAS and redispersed in water, can 

encapsulate curcumin with a high loading efficiency (86-92%). The loading efficiency was 

calculated as the amount of the encapsulated bioactives relative to the total amount of 

bioactives in the initial system. Also, the curcumin-loaded zein-pectin nanoparticles had 

relatively small diameters (~250 nm) and overall negative surface charges (-34 mV) at pH 

4.0, which suggested that they were (physically) stable in water (i.e., no particle 

aggregation and sedimentation was observed) (Hu et al., 2015). Similarly, Luo et al. 

(2011) characterized a zein/chitosan complex for encapsulation of a hydrophobic nutrient, 

i.e., %-tocopherol (TOC). The physicochemical analyses (i.e., differential scanning 

calorimetry (DSC), FTIR) of the particles showed that hydrogen bonds and electrostatic 

interactions were the main driving forces behind the interaction between zein-chitosan 

complex and TOC. Moreover, the loading efficiency of TOC using a constant 

concentration of zein-chitosan complexes decreased as the TOC loading percentage 

(concentration of TOC relative to the concentration of zein-chitosan complex) increased 

from 10 to 30%. At a critical loading percentage, the maximum number of interactions 

that are possible are reached and, thus, all the excess bioactive ends up not being 

encapsulated. This reduces the loading efficiency drastically.   
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 Davidov-Pardo et al. (2015) investigated the functionality of coated gliadin-based 

colloidal systems for encapsulation of grape skin extract (GSE) rich in resveratrol. The 

loading efficiency increased in pectin-coated gliadin nanoparticles (0.69:0.10% 

gliadin:pectin) as the GSE concentration was continuously increased from 0.06% to 

0.30% (w/v). The researchers, however, observed supersaturation of non-encapsulated 

resveratrol in solution during particle production leading to the formation of resveratrol 

crystals. These resveratrol crystals were retained during the subsequent filtering step, 

thus decreasing the actual resveratrol content that could be encapsulated by the pectin-

coated gliadin nanoparticles while increasing the apparent GSE encapsulation efficiency. 

In this case, the concentration limit for excessive loading may not have been reached as 

the crystalized resveratrol could not be encapsulated by the colloidal nanoparticles. They 

also reported that the use of a hydrophilic copolymer in the particle matrix improved the 

resveratrol encapsulation efficiency in both gliadin and zein nanoparticles. 

 Strategies for the encapsulation, protection and controlled release of hydrophilic 

bioactives are more challenging than for lipophilic bioactives (McClements, 2015). This 

strategy is more challenging because hydrophilic bioactives have a high affinity for water 

and, thus, when incorporated in aqueous-based food products, they gravitate to the 

aqueous solution rather than remaining inside the colloidal systems (McClements, 2015). 

Nevertheless, prolamin-based encapsulation systems have been found to encapsulate 

hydrophilic bioactive compounds effectively. For instance, Liang et al. (2017) successfully 

encapsulated a hydrophilic bioactive, epigallocatechin gallate (EGCG), in zein/chitosan 

nanoparticles with a high loading efficiency (ranging from 61 to 80% depending on zein 

and EGCG concentrations). These studies showed the promising encapsulation 
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functionality of prolamin-based nanoparticles for both hydrophobic and hydrophilic 

polyphenol bioactives.  

2.7 Conclusion 

 In summary, there is an emerging interest in including natural colorants, such as 

anthocyanins, as replacements of synthetic dyes in food products. However, 

anthocyanins are highly susceptible to chemical degradation. Anthocyanin instability of 

anthocyanins can lead to discoloration and fading of colour in food products, which will 

adversely affect a product’s shelf life and quality. Many studies have explored ways to 

improve anthocyanin stability, such as the addition of amino acids and peptides (Chung 

et al., 2017), complexation with whey protein isolate (Chung et al., 2015), and addition of 

organic acids (Lee et al., 2015). Prolamin-based nanoparticles have been shown to 

effectively encapsulate and protect water-insoluble polyphenol bioactives, such as 

curcumin (Hu et al., 2015) and resveratrol (Davidov-Pardo et al., 2015). Nonetheless, only 

a few studies have explored the encapsulation of hydrophilic bioactives, such as 

anthocyanins, in biopolymer nanoparticles. In this study, the potential of prolamin-based 

nanoparticles to encapsulate and protect anthocyanins in a complex food matrix during 

processing and storage is explored. Hereto, a fluorescence spectroscopy technique is 

used to provide an initial in-depth study of the nature of interactions between bilberry 

anthocyanins and several prolamin proteins (i.e., gliadin, hordein, secalin and avenin). 

This information is important to assess the encapsulation and retention capacity of 

prolamins for anthocyanins. In a second part of this study, anthocyanins were 

encapsulated in prolamin-based nanoparticles produced through LAS and the protective 
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effect of encapsulated anthocyanin in these prolamin particles against various chemical 

degradations (i.e., presence of ascorbic acid and UV light) was investigated. 
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3 Understanding the Interaction Between Anthocyanin and 
Prolamins Through Fluorescence Quenching Experiments 

3.1 Abstract 

 Prolamins are excellent building blocks for encapsulation systems for hydrophobic 

bioactives in terms of the loading capacity and retention efficiency in a food matrix and 

upon food processing (Hu et al., 2015; Joye et al., 2015). For hydrophilic molecules, this 

functionality has not been studied in detail to date. As hydrophilic molecules will tend to 

partition into the aqueous food matrix, it is of utmost importance to gain insight into the 

interactions between the hydrophilic bioactive and the encapsulating proteins to optimize 

their loading and targeted delivery. Therefore, this chapter aims to examine the nature of 

the interactions between anthocyanins, a hydrophilic bioactive, and prolamin proteins 

(gliadin, hordein, secalin, and avenin). Fluorescence quenching analysis showed that the 

anthocyanin-induced quenching of the intrinsic prolamin fluorescence did not follow a 

linear relationship, but rather displayed an upward curvature suggesting that quenching 

occurs through both static and dynamic quenching processes. Time-resolved 

fluorescence was used to further explore the quenching mechanism. The limited 

decrease of amplitude-weighted lifetimes as a function of anthocyanin concentration 

suggests that static quenching was the predominant quenching mechanism. The 

thermodynamic parameters, e.g., ΔH, ΔS and ΔG, were calculated using the Van’t Hoff 

equation using the steady-state fluorescence data. The thermodynamic parameters 

revealed that the interactions between secalin/avenin and anthocyanin are mainly driven 

by the hydrophobic effect, while ionic interactions dominate the binding between 

gliadin/hordein and anthocyanin. The zeta-potential measurements were in line with the 

prevalence of ionic interactions between gliadin and hordein and anthocyanins, while the 
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RP-HPLC chromatograms were not in line with the hydrophobic interaction dominance 

for secalin and avenin.  

3.2 Introduction 

Anthocyanins are natural water-soluble plant pigments, which give red, blue, or purple 

colors to many fruits and flowers (Burton-Freeman et al., 2016; Chung et al., 2015; Prior 

& Wu, 2006). They are currently gaining interest as natural colorants and sources of 

antioxidants in food and beverage products (Burton-Freeman et al., 2016; Viljanen et al., 

2005). Anthocyanins are classified as flavonoids, a large class of polyphenols (Chung et 

al., 2015; Prior & Wu, 2006). Their structures include a central flavylium cation that is 

linked to various sugars, hydroxyl, and/or methoxy groups (Chung et al., 2015; Prior & 

Wu, 2006). Anthocyanins vary in their structures depending on the extent and nature of 

glycosylation and acylation (Prior & Wu, 2006). While they are associated with desirable 

functional properties and a variety of health benefits to consumers, anthocyanins are 

unfortunately highly susceptible to chemical degradation, leading to discoloration and loss 

of their bioactive properties (Cassidy et al., 2016; Chung et al., 2015; Kimble et al., 2018). 

Chemical degradation is hastened by exposure to high temperatures, elevated pH, and 

specific components (e.g., ascorbic acid) enclosed in the food matrix (Chung et al., 2015; 

Hubbermann et al., 2006; Sui et al., 2014).  

Anthocyanin encapsulation inside a colloidal system is one of several strategies 

explored to enhance the stability of these labile compounds (Arangoa et al., 2001; He et 

al., 2016; Wong et al., 2012). Prolamin particles are promising encapsulation systems for 

bioactive molecules (Joye et al., 2015; Patel at al., 2012; Xiao at al., 2015). The majority 

of the bioactive molecules studied have been hydrophobic in nature, and hence, do not 
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tend to partition into the aqueous food matrix but instead remain in the encapsulation 

systems. Due to the hydrophilic nature of anthocyanins, however, the encapsulation and 

retention of these bioactives in the encapsulation matrix may be more complicated. When 

the bioactives leach out of the encapsulation systems, the protective effect of the 

encapsulation matrix is nullified. In addition, particles made up of gliadin, i.e., wheat 

prolamin, display mucoadhesive properties, which are believed to prolong the residence 

time of the particles in the gastrointestinal (GI) tract (Arangoa et al., 2001). Extended 

residence time usually attests to the success of a carrier for controlled release and 

targeted delivery of bioactives in the GI tract (Arangoa et al., 2001).  

Insights into the interaction between anthocyanins and prolamins is crucial for 

assessing the anthocyanin encapsulation and retention efficiency of the prolamin-based 

colloidal systems. Fluorescence spectroscopy, particularly fluorescence quenching 

experiments, can be used to assess the interactions between polyphenol bioactives and 

proteins (Joye et al., 2015; Lakowicz, 1999). Fluorescence quenching refers to processes 

in which there is a decrease in the fluorescence intensity of a sample (Lakowicz, 1999). 

This decrease in fluorescence intensity can be caused by a variety of molecular 

interactions between the fluorophore and quencher molecules, such as ground state 

complex formation, or collisional quenching (Lakowicz, 1999). Static quenching involves 

the formation of a non-fluorescent complex between the quencher and fluorophore, while 

dynamic quenching refers to non-radiative decay triggered by the collision between the 

two molecules (Joye et al., 2015; Lakowicz, 1999). 

Previous studies have explored the complexation of various polyphenol bioactives 

with prolamin proteins (Joye et al., 2015; Keppler et al., 2014; Skrt et al., 2012). These 
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studies examined the fluorescence quenching of Tyr and Trp fluorescence of prolamin 

proteins. Both Tyr and Trp can be excited at 280 nm, with an emission maximum that 

depends on the local environment (Joye et al., 2015; Lakowicz, 1999). When excited at 

280 nm, the maximum emission wavelengths of Tyr and Trp are around 300 and 350 nm, 

respectively (Lakowicz, 1999).  

Skrt et al. (2012) explored the interactions between various catechins, flavones and 

hydroxycinnamic acids with BSA through fluorescence quenching. They found that the 

binding affinity between esterified catechins and BSA is high, while it is the lowest for 

epigallocatechin, compared with the other polyphenols studied. Similarly, Joye et al. 

(2015) investigated the complexation of resveratrol to zein and gliadin through 

fluorescence quenching experiments. Based on their thermodynamic data, these 

researchers concluded that while the hydrophobic effect predominantly causes the 

interaction of zein and resveratrol, hydrogen bond stabilize the interactions between 

gliadin and resveratrol. To date, however, no study investigating the interaction between 

anthocyanin and prolamins has been published. Therefore, the purpose of this study was 

to explore the nature of the interactions between anthocyanins from bilberry extract (BE) 

(mainly delphinidin-derivatives) and several prolamin proteins (i.e., gliadin, hordein, 

secalin and avenin) through fluorescence quenching analysis. 

 

3.3 Materials and Methods 

3.3.1 Materials 

 Commercial wheat gluten was purchased from Bulk Barn (Bulk Barn Foods, Aurora, 

ON, Canada). Barley and oats were from Wintermar Farms (West Montrose, ON, 

Canada), while rye was donated by the Department of Plant Science of the University of 
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Guelph (Guelph, ON, Canada). Barley, rye and oats wholemeal samples were prepared 

by grinding barley, rye and oats using a UDY mill (UDY Corporations, Fort Collins, CO, 

USA) with 0.50 mm screen. The bilberry extract (BE) was purchased from Evergreen 

Biotech Inc. (Xi’an, China). All chemicals, reagents and solvents were purchased from 

Fisher Scientific (Mississauga, ON, Canada) and of analytical grade.  

3.3.2 Prolamin Extractions 

 70% (v/v) ethanol was prepared by mixing 1.47 Liters ethanol (95% (v/v)) with 

deionized (DI) water to a total mixture volume of 2.00 Liters. Prolamin proteins were 

extracted from commercial wheat gluten, barley, rye, and oats wholemeal by slowly 

suspending 100 g of these powders in 400 mL 70% (v/v) ethanol. After all flour/wholemeal 

was added into the liquid phase, the suspensions were stirred for at least 2 h. Then, the 

suspensions were centrifuged for 10 min at 10000 g using an Allegra X-15R centrifuge 

(Beckman Coulter Inc., Indianapolis, IN, USA). The supernatants were vacuum filtered 

using Q5 Fisherbrand paper filters (Thermo Fisher Scientific, Mississauga, ON, Canada). 

The filtrates were then kept overnight in the fridge at 4°C to allow insoluble material to 

sediment, prior to being centrifuged (10000 g for 10 min) and vacuum filtered (using Q5 

Fisherbrand paper filters) for a second time. The final gliadin, hordein, secalin, and avenin 

extracts contained about 9.3%, 1.0%, 0.9%, and 0.6% (w/v) protein, respectively, as 

determined by DUMAS analysis (Leco FP-528, Leco Inc., St. Joseph, MI, USA). 

3.3.3 Steady-State Fluorescence Spectroscopy 

 70% (v/v) ethanol was prepared as described above. Sodium acetate buffer was 

prepared by mixing 158 mL 0.100 M acetic acid with 92.0 mL 0.100 M sodium acetate 
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solution, followed by pH adjustment to pH 4.5. Ethanol/acetate buffer solutions were 

made by mixing 70% (v/v) ethanol with sodium acetate buffer (pH 4.5, 0.100 M) at a 7:3 

ratio. A protein concentration optimization study was conducted for each prolamin sample 

prior to the anthocyanin quenching experiments. The protein concentration was optimized 

to ensure a high enough fluorescence intensity and to prevent the occurrence of the inner 

filter effect; i.e., reabsorbance of the emission.  

 For subsequent quenching measurements, the prolamin protein extracts were diluted 

with the ethanol/acetate buffer mixture to reach the optimized concentrations of 0.017%, 

0.018%, 0.010%, and 0.005% (w/v) for gliadin, hordein, secalin, and avenin, respectively. 

A 0.030% (w/v) BE stock solution was prepared by dissolving the BE powder in the 

ethanol/acetate buffer solution. The BE stock solution was then filtered using a 450 µm 

syringe filter (Thermo Fisher Scientific, Mississauga, ON, Canada) prior to further use. 

Various volumes of this BE stock solution were mixed with the protein solutions, ensuring 

a constant protein concentration as indicated above (i.e., optimized protein 

concentration). The BE concentration in the quenching experiments was varied between 

0 to 48.6 µM.  

 Fluorescence spectra were recorded using Shimadzu RF-5301PC spectrofluorimeter 

(Shimadzu Scientific Instruments Inc., Kyoto, Japan). The measurements were 

performed at five different constant temperatures (288-308 K). In all experiments, the slit 

width was optimized and kept constant (3 nm excitation and emission slits) for each 

sample to obtain adequate signals (i.e., maximum fluorescence intensity >10 AU). The 

excitation wavelength was set at 280 nm and the emission intensity was collected from 

290 to 450 nm.  
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3.3.4 Time-Resolved Fluorescence Spectroscopy 

 Fluorescence lifetimes measurements were carried out using a Fluoromax Plus C 

(Horiba Scientific, Edison, NJ, USA) equipped with a time-correlated single-photon 

counting (TCSPC) unit and a 283-nm nanoLED as the light source. The sample 

preparation was the same as described previously for the steady-state fluorescence 

measurements. 0.04% (w/v) LUDOX was used as a scatterer for the measurement of the 

instrument response function (IRF). The decays were deconvoluted using the DAS-6 

decay analysis software (Horiba Scientific, Edison, NJ, USA). The deconvolution method 

was performed with the non-extensive distribution (NED) method. The goodness of fit of 

the decay data is assessed by ef	criteria (ef values outside the range of 1.20 < ef < 1.00 

have been negated) and by visual inspection of the residuals (i.e., randomly distributed 

around zero within the range of a few standard deviations).  

3.3.5 Zeta-Potential Measurements 

 Gliadin extract was diluted to 1.0% (w/v) using 70% (v/v) EtOH. Hordein, secalin, and 

avenin extract were kept at their concentration of 1.0%, 0.9%, and 0.6% (w/v), 

respectively. Zeta-potential measurements were obtained for each prolamin extract by 

laser Doppler electrophoresis using a Zetasizer Nano ZS instrument (Malvern Panalytical, 

Worcestershire, UK). The material and dispersant was set as protein and 11.7% ethanol, 

respectively.  
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3.3.6 Reversed-Phase High Performance Liquid Chromatography (RP-HPLC)  

 Sample preparation for RP-HPLC included a dilution for the gliadin extract to a protein 

concentration of 1.0% (w/v), while the other prolamin extracts were kept at their initial 

concentrations specified in section 3.3.2. The separation of the proteins in the prolamin 

extracts was performed using a C-18 column (Gemini-NX, 5 micrometer C18 110 

angstrom, 250 * 4.6 mm) and a modular LC-10 HPLC system (Shimadzu, Kyoto, Japan). 

The detector wavelength was set at 224 nm and the injection volume for the extracts was 

20 µL. A binary gradient profile was used for sample elution. Eluent A was MilliQ-water, 

to which trifluoroacetic acid (TFA) (0.1% (v/v)) was added. Eluent B was acetonitrile 

(ACN), to which also TFA (0.1% (v/v)) was added. A linear gradient of 20 to 56% (v/v) B 

over 60 min was used to separate the proteins based on their polarity. The gradient elution 

program was run at a constant flow rate of 0.8 mL/minute and the column oven was set 

at 50ºC.  

3.3.7 Statistical Analysis 

 All experiments were carried out in triplicate unless mentioned otherwise, and the 

results are displayed as average values ± standard deviations. The fluorescence spectra 

collected for the fluorescence quenching study were normalized towards the maximum 

Trp fluorescence intensity of each prolamin in the absence of anthocyanins. Mean values 

of amplitude-weighted fluorescence lifetimes were subjected to the ANOVA test, and a p-

value < 0.05 indicated a statistical significant difference. If p-value < 0.05 for the sets of 

data, Tukey’s HSD was used to determine the relationship (i.e., statistical difference) 

between the sets of data. 
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3.4 Results and Discussion 

3.4.1 Prolamins Fluorescence 

 Two peaks with g
hij

kh
	  at 305 and 340 nm could be identified in the gliadin fluorescence 

spectrum, corresponding to intrinsic Tyr and Trp residues (figure 3.1A). Similar to gliadin, 

intrinsic Tyr and Trp bands were observed for hordein, secalin, and avenin (figures 3.1 B, 

C, and D). However, the Tyr peak is less pronounced than the Trp peak because the 

fluorescence of the Tyr moieties of these prolamins may be (partially) quenched via 

energy transfer to Trp (Ghisaidoobe & Chung, 2014; Lakowicz, 1999). The less 

pronounced Tyr peak implies that Trp is the major fluorophore in our prolamins that can 

be quenched by the quencher. In each of these prolamin samples, however, different 

populations of aromatic amino acids will be present. These populations differ in e.g., their 

location along the amino acid sequence, and local environment within the folded or 

unfolded protein structure. The generated spectra of each of the prolamin samples are, 

hence, a cumulative signal of different aromatic amino acid populations. These different 

populations will differ in their fluorescence intensity and emission maximum wavelength. 

Quenching of each of these different populations by anthocyanin will, hence, also be 

distinct due to the accessibility of the different aromatic amino acid populations. 

 The maximum fluorescence intensity steadily increases as function of the protein 

concentration (figure 3.1). However, as the protein concentration reaches a critical level, 

the maximum fluorescence intensity started to decrease. This decrease in fluorescence 

intensity is an indicator of the inner filter effect (Lakowicz, 1999). This effect is a common 

phenomenon in fluorescence spectroscopy and is often caused by attenuation of the 

excitation light and the reabsorbance of the emitted light by highly concentrated solutions 
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of the fluorophore. In this case, only a fraction of molecules (e.g., those close to the 

surface of the cuvettes facing the excitation beam) will be excited and will fluoresce 

strongly (Lakowicz, 1999). Additionally, non-excited molecules in close proximity of the 

excited molecules will reabsorb the emitted light. This reabsorption of emitted light will 

profoundly affect the detection of the emitted signal and the interpretation of the 

quenching experiments. The inner filter effects are avoided by choosing an appropriate 

protein concentration below the critical level above which the inner-filter effect is 

observed. These optimization studies are repeated to select the concentration of all the 

prolamins used. The chosen concentration were 0.017%, 0.018%, 0.010%, and 0.005% 

(w/v) for gliadin, hordein, secalin, and avenin extracts, respectively. 
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Figure 3.1. Normalized fluorescence sepctra of gliadin (A), hordein (B), secalin (C) and avenin (D) 
dissolved in ethanol 70% (v/v) at different concentrations. The samples were excited at 280 nm at a 
constant temperature of 298 K   
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3.4.2 Fluorescence Quenching Experiments 

 The fluorescence emission spectra of prolamin samples excited at 280 nm as a 

function of BE concentration showed that the addition of BE quenched the intrinsic Trp 

fluorescence emission (figures 3.2 and 3.3). Fluorescence quenching is any process in 

which there is a decrease in fluorescence emission intensity of fluorophore (e.g., Trp 

emission) as a function of the concentration of the quencher (e.g., anthocyanins).  The 

reduction in fluorescence intensity by the addition of a quencher can either be dynamic, 

resulting from the collision between fluorophore and quencher, or static, having the 

formation of a non-fluorescent ground state complex between the fluorophore and 

quencher (Lakowicz, 1999).  

 Progressive quenching with an increasing concentration of anthocyanins from BE at 

25°C is observed for both gliadin (figure 3.2) and secalin (figure 3.3). Fluorescence 

quenching can be described by the Stern-Volmer equation (Eq. 2.2), i.e., Al
A
= 1 +

	EF=8[H] = 1 +	EJK[H]. =8 has been found to be around 3 ns for Trp in water.   
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Figure 3.2. Fluorescence spectra of gliadin (0.017% w/v) at different anthocyanin 
concentration (gmn= 280 nm; pH = 4.50 in ethanol/acetate buffer; temperature: 298 K)  
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Figure 3.3. Fluorescence spectra of secalin (0.010% w/v) at different anthocyanin 
concentrations (λex= 280 nm; pH = 4.50 in ethanol/acetate buffer; temperature: 298 K) 
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 The mechanisms of anthocyanin-induced quenching of intrinsic fluorescence 

emission, i.e., static or dynamic quenching, of the prolamins can be deduced from the 

temperature-dependence of the Stern-Volmer plots. Pure static or dynamic quenching will 

exhibit linear Stern-Volmer plots. However, the Stern-Volmer plots for gliadin (figure 3.4), 

secalin (figure 3.5), hordein, and avenin (Appendix figures A1.2 and A2.2) deviate from 

linearity. Instead, these plots show a slight upward curvature. The deviation from linearity 

suggests the simultaneous occurrence of both static and dynamic quenching (Lakowicz, 

1999; Paul et al., 2013).  

 

  

 

 

 

Figure 3.4. Stern-Volmer plot of gliadin at different anthocyanin concentrations and 
temperatures 
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 In addition, the Stern-Volmer plots for the quenching of intrinsic fluorescence of 

gliadin, secalin (figures 3.4 and 3.5), hordein and secalin (Appendix figures A1.2 and 

A2.2) at increasing anthocyanin concentration are affected by temperature in different 

ways. A gradual reduction in quenching as temperature increases is typically observed 

for static quenching, while a progressive increase points to dynamic quenching (figure 

3.6) (Lakowicz, 1999). The more complex effect of temperature on the fluorescence 

quenching of our systems suggests that interplay of several factors occur, such as the 

formation of ground state complexes and their transient stability at higher temperatures; 

the effect of increasing amounts of quencher and ground state complexes on the protein 

conformation; and the differential diffusion of the quencher at the tested temperatures. 

Regardless, the results of the effect of temperature on Trp emission quenching suggest 

that gliadin (or hordein) interactions with the anthocyanins are stabilized by a different 

mechanism than those between secalin (or avenin).  

Figure 3.5. Stern-Volmer plot of secalin at different anthocyanin concentrations and 
temperatures 
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 When the Stern-Volmer plots are linear, the calculation of the bimolecular quenching 

constant (Kq in Eq. 2.2) provides information on the quenching mechanism. When Kq 

exceeds the maximum value for the diffusion limit quenching in water (i.e., 1010 M-1 s-1), it 

seems highly unlikely that the quenching mechanism would be purely dynamic (which is 

diffusion-limited), but rather be governed by complex formation (Lakowicz, 1999). 

Although upward curvatures in Stern-Volmer plots were observed (figures 3.4, 3.4 and 

figures A1.2 and A2.2), it should be noticed that the shape is disproportionally affected 

by the measures at the highest anthocyanin concentration. Therefore, an attempt was 

made to calculate the slope of a straight line fit through the data to obtain Kq. The 

calculated Kq values for each prolamin-anthocyanins system largely exceed the maximum 

Kq value for the diffusion-limited quenching in water (table 3.1). These large Kq values 

suggest that the anthocyanin-prolamin interaction is largely due to complexation-related 

(static) quenching rather than collisional (dynamic) quenching (Chung et al., 2016).  

  

Figure 3.6. Temperature effect on the Stern-Volmer plot of dynamic 
(left) and static (right) quenching (retrieved from Lakowicz, 1999) 

Table 3.1. Bimolecular quenching constant (Kq) of the prolamin-
anthocyanin systems  

Samples kq (M
-1 s-1)

Gliadin-Anthocyanin

Hordein-Anthocyanin

Secalin-Anthocyanin

Avenin-Anthocyanin

8.96 x 1012 ± 2.78 x 1011

1.08 x 1013 ± 1.64 x 1012

1.37 x 1013 ± 5.94 x 1011

1.47 x 1013 ± 8.43 x 1011
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3.4.3 Time-Resolved Fluorescence 

 Time-resolved fluorescence measurements provide additional photophysical 

properties of the studied systems, e.g., lifetimes. As the studied prolamin extracts are 

essentially a mixture of different proteins containing more than one aromatic amino acid 

residue, different populations of fluorophores must exist within these samples. Time-

resolved fluorescence can provide some guidance on identifying these different 

populations and their average lifetimes. As an illustration of this, the fluorescence decays 

of the aromatic amino acids in gliadin and the corresponding lifetimes of two major 

contributions are identified (gmn = 280	Sh, gmq = 	340	Sh) (figure 3.8). The fluorescence 

decays proved to be affected by the anthocyanin concentration. The anthocyanin 

concentration, hence, also affected the lifetime distribution for the different fluorophores 

populations in gliadin. The fluorescence decays and lifetime distributions of the hordein-

anthocyanin and secalin-anthocyanin systems are similar to those found for the gliadin-

anthocyanin system, in which two major lifetime contributions were found (Appendix 

figures B1, B2, B3, and B4). When a sample containing fluorophores is excited with a 

pulse of light, the excited state population will follow an exponential decay (Lakowicz, 

1999). The multi-exponential fluorescence decay (I(t)) can be described by: 

5(6) = 	∑ %&=&&  (Eq. 3.1) 

where αv is the pre-exponential decay factor or relative amplitude corresponding to the ith 

decay time constant, τv (Lakowicz, 1999; Paul et al., 2013). The amplitude-weighted 

lifetime is calculated as (Lakowicz, 1999): 

〈=x0〉 = 	
∑ z{@{|{

∑ z{{
 (Eq. 3.2) 
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 The amplitude-weighted lifetimes of all prolamins-anthocyanin fluorescence decay 

measurements (except avenin-anthocyanin because their fluorescence lifetime data have 

not been collected due to COVID-19 pandemic) (tables 3.2, 3.3 and 3.4) do not decrease 

discernibly (not more than 10%) as the anthocyanin concentration increases. This 

observation suggests that the quenching mechanism for the various prolamins-

anthocyanin systems is predominantly through static quenching (Lakowicz, 1999; Paul et 

al., 2013). However, although limited, the anthocyanin concentration-dependent 

decrease in the amplitude-weighted lifetimes for all prolamins-anthocyanin systems is 

statistically significant. Since the formation of ground state complex is formed between 

prolamins and anthocyanins, the lifetime contributions of the populations changed. As the 

concentration of anthocyanin increased from 0 to 48	µM, the exposed amino acids in the 

prolamin structure will interact with anthocyanins, increasing the formation of non-

fluorescent ground state complex. Therefore, as anthocyanin concentration increases, 

there is decreasing populations of fluorophores that are not interacted with anthocyanins 

(i.e., fluorophores that are not readily accessible by anthocyanins), which corresponds 

with the statistically-significant decrease of the amplitude-weighted lifetimes. The 

quantitative assessment and the nature of various prolamins-anthocyanins interactions 

can be delved in further by evaluating their binding constants and thermodynamic 

parameters.      
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Figure 3.7. Representative time-resolved fluorescence decays of gliadin in the absence (left) and presence of 48.6 

µM anthocyanins (right). The sharp blue profile shows the instrument response function  

Figure 3.8. Lifetime distribution of the different tryptophan populations in gliadin extract in the absence (left) and 

presence of 48.6 µM anthocyanins (right) 
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1

 Samples with different letter are significantly different at ⍺ = 0.05.  

Table 3.3. Time-resolved fluorescence decay parameters of hordein (0.018% (w/v)) in the presence of increasing anthocyanin 

concentrations (λex=283 nm, λem= 340 nm)
 

 

Samples !1 (ns) !2 (ns) !3 (ns) "2 〈$%&〉 
Hordein Alone 1.09 ± 0.01 3.83 ± 0.47 7.42 ± 0.31 1.13 ± 0.02 3.54 ± 0.02 a1 

Hordein + 8.20 µM anthocyanins 1.04 ± 0.02 3.61 ± 0.06 7.44 ± 0.24 1.18 ± 0.03 3.34 ± 0.04 ab 
Hordein + 12.2 µM anthocyanins 1.05 ± 0.03 3.64 ± 0.07 7.37 ± 0.46 1.15 ± 0.03 3.35 ± 0.03 ab 
Hordein + 24.3 µM anthocyanins 1.01 ± 0.03 3.70 ± 0.13 7.83 ± 0.57 1.13 ± 0.03 3.25 ± 0.08 b 
Hordein + 36.5 µM anthocyanins 0.96 ± 0.05 3.59 ± 0.13 7.21 ± 0.16 1.15 ± 0.01 3.23 ± 0.02 b 
Hordein + 48.6 µM anthocyanins 0.91 ± 0.04 3.51 ± 0.10 7.12 ± 0.37 1.18 ± 0.03 3.19 ± 0.02 b 

1

 Samples with different letter are significantly different at ⍺ = 0.05.  

Table 3.2. Time-resolved fluorescence decay parameters of gliadin (0.017% (w/v)) in the presence of increasing 

anthocyanin concentrations (λex=283 nm, λem= 340 nm)
 

 

Samples !1 (ns) !2 (ns) !3 (ns) "2 〈$%&〉 
Gliadin Alone 1.34 ± 0.02 4.15 ± 0.05 10.11 ± 0.16 1.17 ± 0.02 3.54 ± 0.04 a1 

Gliadin + 8.20 µM anthocyanins 1.13 ± 0.09 3.95 ± 0.17 21.71 ± 8.18 1.11 ± 0.02 3.53 ± 0.10 ab 
Gliadin + 12.2 µM anthocyanins 1.18 ± 0.10 4.13 ± 0.09 13.50 ± 3.05 1.13 ± 0.03 3.59 ± 0.11 a 
Gliadin + 24.3 µM anthocyanins 1.02 ± 0.08 4.01 ± 0.20 15.32 ± 0.29 1.16 ± 0.04 3.46 ± 0.03 abc 
Gliadin + 36.5 µM anthocyanins 0.92 ± 0.07 3.89 ± 0.07 16.77 ± 4.31 1.13 ± 0.02 3.37 ± 0.09 bc 
Gliadin + 48.6 µM anthocyanins 0.83 ± 0.01 3.69 ± 0.05 18.94 ± 2.48 1.16 ± 0.01 3.25 ± 0.02 c 
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1

 Samples with different letter are significantly different at ⍺ = 0.05.  

Table 3.4. Time-resolved fluorescence decay parameters of secalin (0.010% (w/v)) in the presence of increasing anthocyanin 

concentrations (λex=283 nm, λem= 340 nm)
 

 

Samples !1 (ns) !2 (ns) !3 (ns) "2 〈$%&〉 
Secalin Alone 0.96 ± 0.02 3.48 ± 0.05 7.99 ± 0.30 1.16 ± 0.04 3.24 ± 0.03 a1 

Secalin + 8.20 µM anthocyanins 0.88 ± 0.04 3.38 ± 0.04 8.01 ± 0.44 1.15 ± 0.03 3.01 ± 0.10 ab 
Secalin + 12.2 µM anthocyanins 0.87 ± 0.04 3.44 ± 0.21 7.97 ± 1.33 1.10 ± 0.06 3.03 ± 0.14 ab 
Secalin + 24.3 µM anthocyanins 0.78 ± 0.02 3.35 ± 0.04 8.22 ± 0.33 1.12 ± 0.04 2.96 ± 0.05 ab 
Secalin + 36.5 µM anthocyanins 0.66 ± 0.05 3.01 ± 0.17 8.39 ± 0.26 1.14 ± 0.03 2.80 ± 0.08 b 
Secalin + 48.6 µM anthocyanins 0.65 ± 0.04 3.10 ± 0.17 8.88 ± 0.54 1.20 ± 0.02 2.74 ± 0.18 b 
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3.4.4 Binding and Thermodynamic Parameters 

 Based on the combined results of the steady-state and time-resolved experiments, it 

is reasonable to use the steady-state data to estimate the thermodynamic parameters 

and, hence, the nature of interaction stabilizing the complex formed between the different 

prolamins and anthocyanins. The anthocyanin-prolamin interactions can be quantitatively 

assessed in terms of their binding constant (K) and Gibbs free energy (ΔG). Assuming 

only static quenching occurs (i.e., there is limited anthocyanin concentration-dependent 

decrease of the amplitude-weighted lifetimes), the binding constant (K) of anthocyanin-

prolamin interaction can be determined using Eq. 2.3. The apparent binding constant K 

and number of binding sites n, hence, can be estimated from the relationship between 

(Fo-F)/F and the quencher concentration, [Q], plotted in double logarithmic coordinates, 

where the intercept and slope provide the values of K and n, respectively (figures 3.9 and 

3.10).  

 The change in enthalpy and entropy (ΔH and ΔS) can then be determined from the 

Van’t Hoff plot (Eq 2.4). The parameters ΔH and ΔS can be estimated from the slope and 

y-intercept of the relationship of ln(K) and the inverse temperature (1/T) (figures 3.11, 

3.12, and Appendix figures A1.4, A2.4) (Acharya, Sanguansri, & Augustin, 2013; Paul et 

al., 2013). The Gibbs free energy (ΔG) can then be calculated using Eq 2.5.   
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Figure 3.9. Modified Stern-Volmer plot of gliadin at different anthocyanin 
concentrations and selected temperatures in double logarithmic coordinates 
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Figure 3.10. Modified Stern-Volmer plot of secalin at different anthocyanin 
concentrations and selected temperatures in double logarithmic coordinates 
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Figure 3.11. Van’t Hoff plot of gliadin-anthocyanin systems 

Figure 3.12. Van’t Hoff plot of secalin-anthocyanin systems 
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 The apparent binding constants (K) for gliadin, secalin, hordein and avenin with 

anthocyanins (tables 3.5, 3.6, 3.7 and 3.8) are similar to the reported binding constants 

of sodium caseinate, gliadin and zein with resveratrol (Acharya et al., 2013; Joye et al., 

2015). The binding constants for gliadin-anthocyanin and hordein-anthocyanin 

interactions decrease as temperature increases, while these values increase for secalin-

anthocyanin and avenin-anthocyanin. The temperature dependence of the K-value shows 

that the formation of gliadin-anthocyanin and hordein-anthocyanin complexes become 

less favorable at increasing temperature and the stability of the complex decreases. In 

contrast, the formation of secalin-anthocyanin and avenin-anthocyanin complexes 

become more favorable, and the stability of the complex increases as temperature 

increases. Comparisons between the absolute values of binding constants (K) for the 

different prolamins with anthocyanins suggest that at the lowest tested temperature (i.e., 

288 K), the non-covalent interactions between gliadin-anthocyanin and hordein-

anthocyanin complexes are strong. Conversely, the complexes between secalin and 

avenin, and anthocyanins exhibited higher binding constants at the highest tested 

temperature (i.e., 308 K). Therefore, the suitability of these prolamins to form a colloidal 

encapsulation system for anthocyanins will be affected by temperature. In other words, 

an in-depth knowledge of the food matrix characteristics, processing and storage 

conditions will be needed when designing prolamin-based colloidal anthocyanin 

encapsulation systems for food products.  
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Table 3.5. Thermodynamic parameters calculated from the quenching of intrinsic fluorescence of gliadin with anthocyanin in function of 
temperatures 

 

Tempera-
ture (K) n  K (M-1) ΔG (kJ mol-1) ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

288 1.35 ± 0.081 1.71 x 106 ± 1.37 x 106 -139 -86.6 ± 23.0 180 ± 74.9 
293 1.25 ± 0.036 9.44 x 105 ± 3.38 x 105 -140   
298 1.38 ± 0.033 1.51  x 106 ± 5.33 x 105 -140   
303 1.26 ± 0.014 6.13 x 105 ± 1.14 x 105 -141   
308 1.10 ± 0.046 9.34 x 104 ± 3.66 x 104 -142   

Table 3.6. Thermodynamic parameters calculated from the quenching of intrinsic fluorescence of hordein with anthocyanin in function of 
temperatures 

 

Tempera-
ture (K) n  K (M-1) ΔG (kJ mol-1) ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

288 1.35 ± 0.059 1.73 x 106 ± 8.47 x 105 -46.6 -32.2 ± 19.8 50.2 ± 19.9 
293 1.30 ± 0.032 8.32 x 105 ± 2.51 x 105 -46.9   
298 1.31 ± 0.085 1.15 x 106 ± 7.71 x 105 -47.1   
303 1.31 ± 0.065 1.01 x 105 ± 7.60 x 105 -47.4   
308 1.26 ± 0.014 6.14 x 105 ± 1.11 x 105 -47.6   
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Tempera-
ture (K) n  K (M-1) ΔG (kJ mol-1) ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

288 1.27 ± 0.057 6.66 x 105 ± 3.29 x 105 -31.4 74.1 ± 16.0 367 ± 54.0 
293 1.30 ± 0.033 8.31 x 105 ± 2.10 x 105 -33.2   
298 1.32 ± 0.050 1.26 x 106 ± 6.84 x 105 -35.1   
303 1.35 ± 0.034 1.75 x 106 ± 5.41 x 105 -36.9   
308 1.46 ± 0.048 6.07 x 106 ± 3.96 x 106 -38.7   

Table 3.7. Thermodynamic parameters calculated from the quenching of intrinsic fluorescence of secalin with anthocyanin in function of 
temperatures 

Table 3.8. Thermodynamic parameters calculated from the quenching of intrinsic fluorescence of avenin with anthocyanin in function 
of temperatures 

 

Tempera-
ture (K) n  K (M-1) ΔG (kJ mol-1) ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

288 1.33 ± 0.033 9.10 x 105 ± 8.47 x 105 -32.5 29.2 ± 20.5 214 ± 68.0 
293 1.29 ± 0.043 8.22 x 105 ± 2.51 x 105 -33.5   
298 1.33 ± 0.032 1.22 x 106 ± 7.72 x 105 -34.6   
303 1.37 ± 0.063 1.79 x 106 ± 7.60 x 105 -35.7  
308 1.36 ± 0.015 1.63 x 106 ± 1.11 x 105 -36.7  
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 Following the above assumption that the predominant mechanism of anthocyanin-

induced quenching of the intrinsic fluorescence of prolamins is caused solely by static 

quenching (as indicated from the time-resolved measurements), the thermodynamic 

parameters can be calculated to get an indication on the nature of the interaction between 

anthocyanins and the various prolamins. In principle, the apparent binding constants can 

also show if the nature of the interaction between each different prolamins with 

anthocyanins is through the hydrophobic effect or other non-covalent interactions. As 

mentioned above, the binding constants for gliadin-anthocyanin and hordein-anthocyanin 

interactions decrease as temperature increases. This decrease suggests that the 

interactions between gliadin/hordein and anthocyanins are through either Van der Waals 

interaction, hydrogen bonds, or ionic interactions. In contrast, the increase in binding 

constants for secalin-anthocyanin and avenin-anthocyanin as temperature increases 

suggests that their interactions are through the hydrophobic effect because the 

hydrophobic effect tends to increase with increasing temperature (entropy-driven) (Tsai, 

Maizel Jr., & Nussinov, 2002).  

3.4.5 Nature of the Interactions 

 The non-covalent interactions between proteins and small molecules can take several 

forms: electrostatic interaction, hydrogen bonding, van der Waals interactions, and 

interactions governed by the hydrophobic effect (Acharya et al., 2013; Joye et al., 2015; 

Paul et al., 2013). Assuming that the quenching mechanism is only through static 

quenching, the sign and magnitude of the thermodynamic parameters for each 

anthocyanin-protein interaction can provide a simple way to determine the main 

interaction type between anthocyanins and prolamins. 
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 The negative enthalpy change, ∆H, for gliadin and hordein (tables 3.5, 3.6) indicate 

that the interactions between gliadin/hordein and anthocyanins are exothermic. In 

contrast, the interactions between avenin/secalin and anthocyanins are found to be 

endothermic (i.e., positive ΔH) (table 3.7, 3.8). The change in the Gibbs free energy is 

found to be negative for all four prolamins, which indicates that the interaction between 

the four prolamins and anthocyanin is spontaneous. The positive entropy change (ΔS) for 

all interactions between prolamin proteins and anthocyanins suggests that the mixed 

system is in a less ordered state than the protein solution.  

 Ross and Subramanian (1981) reported the sign and absolute values of the 

associated thermodynamic parameters for various types of interactions (table 3.9). The 

sign of the derived thermodynamic parameters from the Van’t Hoff equation (Eq. 2.4) for 

the different prolamins and anthocyanins from BE, along with the main interaction type, 

are summarized in table 3.10. The negative change in enthalpy and positive change in 

entropy indicate that electrostatic/ionic interaction dominates the gliadin-anthocyanin and 

hordein-anthocyanin interactions. In contrast, the positive enthalpy and entropy change 

show that the predominant interaction of secalin-anthocyanin and avenin-anthocyanin is 

through the hydrophobic effect.   
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Table 3.9. Association of signs of thermodynamic 
parameters with various non-covalent interactions 

 

ΔH ΔS Interaction 

> 0 > 0 Hydrophobic forces 

< 0 < 0 

 

Van der Waals 
interaction, hydrogen 

bond formation 

< 0 > 0 electrostatic/ionic 
interactions 

 

 ΔH ΔS Interaction 

Gliadin-
Anthocyanins < 0 > 0 Electrostatic/ionic 

interactions 

Hordein-
Anthocyanins < 0 > 0 Electrostatic/ionic 

interactions 

Secalin-
Anthocyanins > 0 > 0 Hydrophobic 

forces 

Avenin-
Anthocyanins > 0 > 0 Hydrophobic 

forces 

Table 3.10. Predominant nature of interaction between various 
prolamins and anthocyanin 
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3.4.6 Prolamin Protein Characteristics 

 The nature of the main interaction between the different prolamins and anthocyanins 

found above is supported by the zeta-potential measurements (table 3.11). The zeta-

potential measurements of 0.1% (w/v) gliadin, hordein, and secalin show a positive value, 

with the secalin sample having the smallest absolute zeta-potential value. In contrast, 

0.1% (w/v) avenin and the BE have negative zeta-potential (< -9 mV), under the tested 

conditions. Therefore, these data provide additional indications that the conclusion drawn 

from the derived thermodynamic interaction parameters is correct and that gliadin and 

hordein (zeta-potential of 11.9 and 8.2 mV) might predominantly interact with bilberry 

anthocyanin extract (zeta-potential of -9.5 mV) through electrostatic/ionic interactions. 

The less substantial zeta-potential of secalin (2.9 mV) may explain why anthocyanin-

secalin interactions are not dominated by ionic interactions. Since the zeta-potential 

values of avenin sample and the BE have the same sign, these two molecules would 

rather repel each other. Prolamins, however, are fairly hydrophobic proteins with a high 

percentage of hydrophobic amino acids (43.6, 48.4, 45.0, and 47.7 mole% of hydrophobic 

amino acids for gliadin, hordein, secalin and avenin, respectively (Belitz et al., 2009)). It 

is, hence, not unlikely that for all of them, the hydrophobic effect is one of the interactions 

with anthocyanins. Anthocyanins have been reported in a previous study to take part in 

π-π hydrophobic stacking with other compounds (called the intermolecular interaction) 

(Trouillas et al., 2016). Therefore, for the prolamins that have too low of a zeta-potential, 

it is possible that the hydrophobic effect becomes the main interaction type with 

anthocyanins.  

 RP-HPLC, essentially a separation based on the polarity of the molecules, was used 

to explore the hydrophobicity of the different prolamin extracts (figure 3.14). The RP-
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HPLC chromatograms of the prolamins (with different prolamin concentrations as 

mentioned in the methods section) are in line with previous data presented by Wieser and 

Belitz (1989) on these prolamins. The chromatographic peaks collected in this study are 

separated into subgroups based on their hydrophobicity and in accordance with the 

groups identified by Wieser and Belitz (1989). Since the prolamin extracts have different 

concentrations, a comparison between elution times was made rather than a comparison 

between peak intensities. The RP-HPLC chromatograms show that the gliadin extract 

had more polar proteins (classified in the chromatogram as ω-gliadin – figure 3.13) 

compared to the other prolamin extracts because the first major group of proteins was 

already eluting ~18 min after injection. In addition, the RP-HPLC spectra for gliadin and 

secalin extracts show a shoulder at ~48 min after sample injection. This indicates that 

gliadin and secalin extracts have more apolar proteins than the other prolamin extracts. 

The RP-HPLC chromatographic data, therefore, do not align with the previous 

conclusions on the interactions between the different prolamins and anthocyanin. As the 

prolamins passed through the C-18 column, only the hydrophobic patches on the surface 

of the protein interact with the apolar stationary phase. The elution time is, thus, correlated 

with surface hydrophobicity instead of the overall hydrophobicity. However, the surface 

of prolamin that is accessible to the anthocyanins may not reflect the surface polarity of 

the protein. The correlation of elution time with surface hydrophobicity, instead of the 

overall hydrophobicity, may explain the disagreement of the RP-HPLC chromatographic 

data with the nature of interactions between the different prolamins with anthocyanin 

found in the previous section. 
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Table 3.11. Zeta-potential of different prolamin extracts (0.10% w/v) and bilberry extract 
(0.50% w/v) 

 

Sample Concentration 

(% W/V) Average ZP (mV) 

Attenuation 

Value 

Gliadin 0.10% 11.9 ± 0.76 

10 

10 

11 

Hordein 0.10% 8.18 ± 0.29 

6 

7 

6 

Secalin 0.10% 2.87 ± 0.11 

5 

5 

8 

Avenin 0.10% -9.98 ± 0.20 

5 

4 

4 

Bilberry 

Extract 
0.50% -9.46 ± 2.14 

11 

11 

11 
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Figure 3.13. RP-HPLC chromatograms of gliadin (1.00% w/v), hordein (1.01% w/v), secalin (0.87% w/v), 
and avenin (0.59% w/v) extracts 
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3.4.7 Further studies 

 These above experiments suggest predominant interaction types between 

anthocyanins and each of the prolamins. To gain further insight into the interaction and 

the molecular arrangements of anthocyanins and the prolamins, additional studies, 

particularly molecular simulations such as molecular docking, would be needed. Fourier 

Transform Infrared (FT-IR) spectroscopy can also be performed to further investigate the 

proposed conformation change of the protein secondary structure mediated by its 

interaction with anthocyanins at different concentrations (Tang et al., 2020). 

3.4.8 Summary 

 
 The interactions between bilberry anthocyanins and various prolamin proteins (i.e., 

gliadin, hordein, secalin and avenin) were explored through quenching of the intrinsic 

fluorescence of the proteins. Stern-Volmer plots of the prolamin-anthocyanin quenching 

data showed a deviation from linearity (upward curvature), which suggests the occurrence 

of simultaneous dynamic and static quenching. Time-resolved fluorescence data showed 

that there is a non-discernible decrease (not more than 10%) in amplitude-weighted 

lifetimes at increasing amount of anthocyanins, which suggest that the quenching was 

predominantly static. The fluorescence emission and lifetimes of various prolamin 

proteins in the presence of anthocyanins provide information on the interaction strength 

(in terms of binding constant). In contrast, the temperature dependence of the binding 

constants for each anthocyanin-prolamin mixture can be used to evaluate the 

thermodynamic parameters of the anthocyanin-prolamin interactions (assuming static 

quenching as the primary cause of the fluorescence quenching). The thermodynamic 

parameters, e.g., ΔH, ΔS, ΔG, of the prolamin-anthocyanins interaction show that the 
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interactions between both secalin and avenin with anthocyanins are predominantly driven 

by the hydrophobic effect, whereas the interaction between gliadin and hordein with 

anthocyanins are dominated by ionic interactions. These insights indicated that the 

interactions between the different prolamins and anthocyanins are differently affected by 

temperature. As such, this temperature dependence needs to be considered for the 

application of prolamins as encapsulation systems for anthocyanins in food products. In 

addition, the ionic interactions found for gliadin and hordein are in line with the zeta-

potential measurements. RP-HPLC, however, did not align with the hydrophobic effect 

dominance for secalin and avenin. In conclusion, the characterization of the binding 

strength and interaction type between the different prolamins and anthocyanins 

demonstrate that gliadin, hordein, secalin and avenin can be used as potential building 

blocks for colloidal encapsulation systems for anthocyanins with different potential 

applications and characteristics. Further studies are needed to confirm the interaction 

type and gain additional insight into the interaction sites.  
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4 Encapsulation of Anthocyanin in Prolamin-Based 
Biopolymer Particles: Characterization and Functionality 

4.1  Abstract 

 Anthocyanins are brightly coloured plant pigments to which many health benefits 

have been ascribed. As such, anthocyanins have received considerable attention as 

functional food ingredients. However, their utilization as health promoting ingredients is 

undermined by their poor stability to UV light or in the presence of ascorbic acid. The 

purpose of this study is to investigate the encapsulation efficiency and stability of bilberry 

anthocyanin in various prolamin particles. The loading efficiency of the gliadin and hordein 

nanoparticles for the studied bilberry anthocyanins was relatively high (~61-63%), while 

secalin and avenin nanoparticles displayed a much lower anthocyanin loading efficiency 

(~22-25%). Anthocyanins encapsulated in gliadin nanoparticles displayed a higher 

stability against degradation by ascorbic acid (70% retained after a 7-day of incubation 

period) than anthocyanins in solution (30% retained after a 7-day of incubation period). 

However, anthocyanin encapsulation inside gliadin particles was not successful at 

protecting anthocyanins against degradation triggered by UV-B radiation. The results of 

this study suggest that prolamin nanoparticles may be useful as colloidal protective 

encapsulation systems for anthocyanin in functional food and beverage products, but 

more research is needed to understand and mitigate the limited stabilizing effect against 

UV-B triggered degradation.    
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4.2 Introduction 

 Natural colorants are becoming increasingly popular in food products due to high 

consumer demand for clean labels and natural ingredients (Katz, 2011). Anthocyanins 

are water-soluble plant pigments that have been used as natural colorants because of 

their bright red and purple colours in acid conditions (Burton-Freeman et al., 2016; Chung 

et al., 2015). Anthocyanins are classified as flavonoids (Burton-Freeman et al., 2016). 

Their structure consists of a flavylium cation that is linked to various sugar moieties, such 

as glucose (Burton-Freeman et al., 2016). Apart from their bright colour, anthocyanins 

also have antioxidant activity that is linked to many health benefits, such as a reduced 

risk of type-2 diabetes and cardiovascular diseases (Burton-Freeman et al., 2016; 

Diaconeasa et al., 2015; Prior & Wu, 2006).  

 However, anthocyanins are highly susceptible to chemical degradation, triggered by 

exposure to UV light, elevated temperature, basic pH conditions (pH>8) and the presence 

of ascorbic acid (Ma et al., 2012; Sui et al., 2014; West & Mauer, 2013). The limited 

stability of anthocyanins during manufacturing and storage can lead to discoloration in 

food products, limiting their shelf life and perceived food quality. Previous studies have 

explored various strategies to reduce the chemical degradation of anthocyanins. For 

instance, anthocyanin stability was improved by complexation with whey protein isolate 

(Chung et al., 2015), amino acids and peptides (Chung et al., 2017), or other polyphenols 

(Chung et al., 2016). In this chapter, the potential encapsulation of anthocyanin in 

biopolymer nanoparticles will be explored as a way to provide protection against chemical 

degradation.  
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 Encapsulation is a proven strategy to protect hydrophobic bioactive molecules that 

are usually not only highly unstable but also incompatible with the generally water-based 

food matrix (Hu et al., 2015; Joye et al., 2015). Although anthocyanins do not suffer from 

the latter challenge, their instability can be improved by a protective encapsulation 

system. The encapsulation of hydrophilic molecules, however, is much more complex 

than what is the case for hydrophobic molecules because of their compatibility with the 

aqueous food matrix (McClements, 2015). As such, they can easily leach out of the 

encapsulation systems during production and storage of the particles, nullifying the 

potential effect of the protective layer/matrix (McClements, 2015).  

 In this study, the LAS precipitation method is used to produce protein nanoparticles 

and to encapsulate anthocyanins in these particles. LAS precipitation has extensively 

been used in many studies to produce biopolymer nanoparticles and already proved to 

be a good strategy to produce particles and to encapsulate (hydrophobic) bioactive 

molecules in these particles (Davidov-Pardo et al., 2015; Hu et al., 2015; Joye et al., 2015; 

Patel et al., 2012). In LAS precipitation, an antisolvent (non-solvent) is added to a 

biopolymer solution to induce biopolymer supersaturation, which leads to nucleation and 

subsequent particle growth (Joye & McClements, 2013). Moreover, bioactives, such as 

anthocyanins, can be encapsulated through co-precipitation with the biopolymer, which 

is done by adding them into the biopolymer solution or the antisolvent phase.   

 Prolamin-based biopolymer nanoparticles have been shown to effectively 

encapsulate polyphenol bioactives (Davidov-Pardo et al., 2015; Hu et al., 2015; Joye et 

al., 2015). To the best of our knowledge, no study has explored the efficiency of prolamins 

for the encapsulation and protection of anthocyanins. Therefore, in light of the relevance 
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to the food industry, this study aims to assess the suitability of the different prolamins (i.e., 

gliadin, hordein, secalin and avenin) to encapsulate bilberry anthocyanins and to protect 

them against degradation triggered by exposure to UV light or the presence of ascorbic 

acid.   

 

4.3 Materials and Methods 

4.3.1 Materials 

 Commercial wheat gluten was purchased from Bulk Barn (Bulk Barn Foods, Aurora, 

ON, Canada). Barley and oats were from Wintermar Farms (West Montrose, ON. 

Canada), while rye was donated by the Department of Plant Science of the University of 

Guelph (Guelph, ON, Canada). Barley, rye and oats wholemeal samples were prepared 

by grinding barley, rye and oats using a UDY mill (UDY Corporations, Fort Collins, CO, 

USA) with 0.50 mm screen. Bilberry extract (BE) was purchased from Evergreen Biotech 

Inc. (Xi’an, China). All chemicals, reagents and solvents were purchased from Fisher 

Scientific (Mississauga, ON, Canada) and of analytical grade. 

4.3.2. Solutions Preparation 

4.3.2.1. Preparation of Prolamin Extracts 

 70% (v/v) ethanol was prepared by mixing 1.47 Liters ethanol with deionized (DI) 

water to a total mixture volume of 2.00 Liters. Prolamin proteins were extracted from 

commercial wheat gluten, barley, rye and oats wholemeal by slowly suspending 100 g of 

these powders in 400 mL 70% (v/v) ethanol. After all flour/wholemeal was added into the 

liquid phase, the suspensions were stirred for at least 2 h. Then, the suspensions were 

centrifuged for 10 min at 10000 g using an Allegra X-15R centrifuge (Beckman Coulter 
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Inc., Indianapolis, IN, USA). The supernatants were vacuum filtered using Q5 Fisherbrand 

paper filters (Thermo Fisher Scientific, Mississauga, ON, Canada). The filtrates were then 

left overnight in the fridge at 4°C to allow insoluble material to sediment, prior to being 

centrifuged (10000 g for 10 min) and vacuum filtered (using Q5 Fisherbrand paper filters) 

for a second time. 

 The ethanol from the gliadin, hordein, secalin and avenin extracts was removed by 

rotary evaporation (Büchi Rotavapor R-210, Büchi Labortechnik AG, Flawil, Switzerland) 

and the concentrated extracts were subsequently freeze-dried (Virtis Genesis 25ES 

Lyophilizer, SP Scientific, Gardiner, NY, USA). The freeze-dried gliadin, hordein, secalin 

and avenin contained ~86%, 37%, 35% and 40% (w/w) total protein as determined by 

DUMAS analysis (Leco FP-528, Leco Inc., St. Joseph, MI, USA).  

4.3.2.2. Preparation of Anthocyanin-loaded Prolamin Nanoparticles 

 Anthocyanin-loaded prolamin nanoparticles were made through LAS precipitation. 

Prolamin and BE solutions were made by solubilizing the freeze-dried prolamins and BE 

in 70% (v/v) EtOH. The BE solution was mixed with the gliadin solution in 1:10, 1:4 and 

1:1 ratio to attain concentrations of 1.00% (w/v) prolamin and 0.10%, 0.25%, 1.00% (w/v) 

BE, respectively. The BE solution was mixed with each of the other prolamin solutions at 

a 1:4 ratio to attain concentrations of 0.25% (w/v) BE and 1.00% (w/v) prolamin. The 

prolamin-BE mixtures were then quickly added into Milli-Q water, serving as the 

antisolvent phase for the water-insoluble prolamins. The volume ratio of the 

biopolymer/anthocyanin solutions to the water phase during the LAS procedure was 1 to 

5. After the addition of the solvent phase to the antisolvent phase, the new particle 

suspension was stirred for 2 min at 450 rpm. A BE “suspension” was also made with the 
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same LAS procedure, replacing the prolamin solution with 70% (v/v) ethanol. Similarly, 

colloidal dispersions of pure (or “unloaded”) prolamin particles were made with the above 

procedure, in this case, replacing the BE solution with 70% (v/v) EtOH. In addition, the 

pure gliadin particle suspension (1.00% (w/v)) was mixed with 0.05% (w/v) BE 

“suspension” in a 1 to 5 ratio to make a physical mixture of the gliadin particles and BE. 

All samples were at least made in triplicate. 

4.3.2.3. Encapsulated Anthocyanin Stability Study 

 2.50% (w/v) ascorbic acid was dissolved in 11.7% (v/v) EtOH. 300 µL of the 2.50% 

(w/v) ascorbic acid solution was added to 14.7 mL of each anthocyanin-loaded gliadin 

nanoparticle suspension (in 1:4 ratio), BE “suspension”, physical mixture of gliadin 

nanoparticle suspension and BE solution and “unloaded” gliadin nanoparticle suspension 

to obtain a final ascorbic acid concentration of 0.05% (w/v). All samples were 

subsequently incubated for 7 days at room temperature while being exposed to ambient 

light.  

 In addition, similar samples, but without ascorbic acid, were placed in a UV cabinet 

equipped with a 9W UV-B lamp (365 nm; Melody Susie, Union City, CA, USA) and 

incubated for 48 h. Samples from both the ascorbic acid study and the UV study were 

collected at fixed time intervals over the incubation period and were then analyzed for 

anthocyanin content.   

4.3.3. Nanoparticles Characterization 

4.3.3.1. Particle Size and ζ-Potential Measurements 

 The particle size distribution of the colloidal dispersions (prepared as indicated in 

section 4.3.1.2) was measured by dynamic light scattering (DLS) using a Zetasizer Nano 
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ZS instrument (Malvern Panalytical, Worcestershire, UK). Besides the size distribution, a 

Z-average and polydispersity index were obtained from these light scattering 

measurements. The ζ-potential of the particles in the colloidal dispersions was measured 

by Laser Doppler electrophoresis using the same Zetasizer Nano ZS instrument.  

4.3.3.2. Anthocyanin Loading Efficiency Determination 

 Anthocyanin loading efficiency was determined by selectively precipitating the 

prolamin particles by increasing the ionic strength of the particle suspensions. Hereto, 

0.60 mL sodium chloride (NaCl) solutions (1.0 M) was added to 5.4 mL of the particle 

suspensions to obtain a final NaCl concentration of 0.10 M. After incubation for at least 

15 min, the particle suspensions were centrifuged at 1500 g for 10 min (Allegra X-15R 

centrifuge, Beckman Coulter Inc., Indianapolis, IN, USA). The supernatant obtained 

contains the non-encapsulated anthocyanins. The pH of the collected supernatants was 

then adjusted to pH 4.5 prior to the absorbance measurement.  

 Absorbance spectra (300-750 nm) of the collected supernatants and the pure BE 

solution (which has the same anthocyanin concentration as the total anthocyanin 

concentration added into the particle suspensions) were then measured using a UV-Vis 

Spectrophotometer (Genesys 180, Thermo Fisher Scientific, Waltham, MA, USA). The 

anthocyanin loading efficiency was calculated as follow: 

Loading Efficiency(%) = ()*+	-./01.*23)4567899:;	()*+	-./01.*23)<=>89?@A@?A
()*+	-./01.*23)4567899:

× 100% (Eq 4.1) 

where ‘Peak AbsorbanceBilberry’ is the maximum absorbance (~530 nm) of the pure BE 

“suspension” and ‘Peak AbsorbanceSupernatant’ is the maximum absorbance (~530 nm) of 

the collected supernatants (which contained the non-encapsulated anthocyanins). 
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Therefore, the numerator reflects the concentration of encapsulated anthocyanins and 

the denominator reflects the total concentration of anthocyanin that was added during the 

preparation of the particles. 

4.3.3.3. Determination of the Total Monomeric Anthocyanin (TMA) Content 

 TMA content was measured by the pH-differential method as described by Giusti and 

Wrolstad (2001), with some minor modifications. In short, all samples were dissolved in 

potassium chloride buffer (0.025 M, pH 1.0) or sodium acetate buffer (0.4 M, pH 4.5) 

according to a pre-determined dilution factor. The absorbance spectra of the samples 

were recorded from 340 nm to 720 nm using a UV-Vis Spectrophotometer (Genesys 180, 

Thermo Fisher Scientific, Waltham,, MA, USA). The absorbance (A) of the samples was 

calculated as follow: 

F = (FIJK	2L	 −	FNKK	2L)PQ	R.K	−	(FIJK	2L	 −	FNKK	2L)PQ	T.I (Eq. 4.2) 

where (A520 nm)pH 1.0 and (A700 nm)pH 1.0 is the absorbance of the samples in the potassium 

chloride buffer (pH=1) at 520 and 700 nm, respectively. (A520 nm)pH 4.5 and (A700 nm)pH 4.5 is 

the absorbance of the samples in the sodium acetate buffer (pH=4.5) at 520 and 700 nm, 

respectively. A520 nm was subtracted by A700 nm to correct for haziness of the samples. The 

TMA concentration [TMA] (g/L) for each samples was calculated based on the following 

equation: 

[VWF]	YLZ
[
\ = -	×	]^	×	_`	×	RKKK

a	×	R
  (Eq 4.3) 

where MW is the molecular weight of the main anthocyanin in BE (i.e., delphinidin-3-O-

glucoside MW = 465.2 g/mol), DF is the dilution factor (DF = 15) and ε is the molar 

absorptivity of the main bilberry anthocyanin (delphinidin-3-O-glucoside ε = 23700 M-1 cm-

1). The results were, hence, expressed as delphinidin-3-O-glucoside equivalents.  



 

 87 

4.3.4. Statistical Analysis 

 All experiments were carried out in triplicates unless mentioned otherwise and the 

results are displayed as average values ± standard deviations. The data were analyzed 

by an ANOVA test and a p-value < 0.05 indicated a statistical significant difference. If p-

value < 0.05 for the dataset, Tukey’s HSD was used to determine the differences between 

the sets of data. 

 

4.4. Results and Discussion 

4.4.2. Gliadin-Anthocyanin Particles 

 As mentioned above, anthocyanin loading efficiency is determined by increasing the 

ionic strength of the particle suspensions to precipitate the particles out of the suspension. 

Preliminary studies (data not presented) showed that prolamin particles are prone to 

aggregation with the addition of 0.10 M NaCl. This physical suspension instability is the 

basis of the anthocyanin loading efficiency determination.  

 In a first encapsulation trial, different w:w ratios of bilberry extract and gliadin, i.e., 

1:10, 1:4 and 1:1, were explored while keeping the protein concentration at a fixed value 

(i.e., 1.00% (w/v)). The average particle diameter of the 1:10 BE:gliadin particle 

suspension was significantly lower than that of the 1:4 and 1:1 BE:gliadin particle 

suspensions (table 4.1). In contrast, the average particle diameters for the 1:4 and 1:1 

BE:gliadin particle suspensions were not significantly different from each other. The 

polydispersity index (PdI) for all the different ratios of BE:gliadin particle suspensions is 

less than 0.70, which indicates that the particle samples have a narrow size distribution 

and most of them are monodisperse (figure 4.1) (Malvern Instruments Limited, 2011). 
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However, the 1:4 BE:gliadin particle suspension sample is shown to have a bimodal 

distribution (figure 4.1b), which is correlated to its PdI of 0.51 (close to 0.70).  

 

Figure 4.1.  Particle size distributions for different w:w ratios of 1:1 (A), 1:4 (B) and 1:10 (C) bilberry 
extract:gliadin particle suspension samples  
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 The ζ-potential of the 1:1 BE:gliadin particle suspension was significantly higher than 

the ζ-potential of the 1:10 and 1:4 BE:gliadin particle suspensions (table 4.2). In addition, 

the loading efficiency for 1:4 BE:gliadin particle suspension is significantly higher than 

that of the other two samples (table 4.3). A decrease of the loading efficiency as the 

concentration of the encapsulated molecules increases has been described previously. 

Above a specific bioactive concentration, all interaction sites on the encapsulating matrix 

material are occupied and there is no further increase in the encapsulated molecules 

possible (Luo et al., 2011). In this study, this may explain the apparent decrease in loading 

efficiency observed when the ratio of BE to gliadin particle suspensions increased from 

1:4 to 1:1. The lower loading efficiency found of the 1:10 BE:gliadin particle suspension 

relative to samples with the other ratios may be caused by an inadequately low amount 

of bilberry anthocyanins in the system. In addition, the bilberry anthocyanin may prefer to 

interact with themselves (i.e., intramolecular interaction) rather than with the gliadin during 

the LAS precipitation step (Kammerer, 2016). FTIR can be performed to confirm whether 

the anthocyanins may prefer to interact with themselves rather than gliadin in the same 

experimental design as the 1:10 BE:gliadin particle suspension. Therefore, since 1:4 

 Samples Particle Diameter 
(nm) PdI 

1:10 Bilberry Extract:Gliadin 119.63 ± 4.61 b1 0.29 ± 0.05 
1:4 Bilberry Extract:Gliadin 168.20 ± 2.11 a 0.51 ± 0.03 
1:1 Bilberry Extract:Gliadin 177.63 ± 15.44 a 0.35 ± 0.08 

1.0 % (w/v) Gliadin 96.23 ± 3.73 0.09 ± 0.02 

Table 4.1.  Average particle diameters, polydispersity index (PdI) for the different 
bilberry:gliadin extract suspensions, and unloaded gliadin particle suspensions 

1
 Samples with the same letter are not significantly different at ⍺ = 0.05  
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BE:gliadin particle suspensions in this research had the highest loading efficiency, 1:4 

BE:prolamin ratio was used for the remainder of this study.  

 

 

4.4.3. Characterization comparison of Various Prolamin-Anthocyanin Particles 

 The average diameter obtained for most of the anthocyanin loaded prolamin particles 

is relatively small (d≈168, 198 and 88 nm for gliadin, secalin and avenin, respectively) 

(table 4.4). Conversely, the hordein nanoparticles loaded with anthocyanin were 

comparatively bigger (d≈705 nm) than the other prolamin nanoparticles. This larger 

average particle diameter suggests that anthocyanin-loaded hordein nanoparticles may 

not be stable in suspension (compared to the other anthocyanin-loaded prolamin 

nanoparticles). In other words, it is possible that hordein nanoparticles may aggregate in 

suspension. More research would be needed to verify this assumption. In addition, the 

Table 4.2. Zeta-potential of bilberry:gliadin extract suspensions, 
gliadin particle suspensions, and bilberry extract solutions 

 

Samples Zeta-Potential 
1:10 Bilberry Extract:Gliadin 20.77 ± 1.50 
1:4 Bilberry Extract:Gliadin 24.20 ± 0.98 
1:1 Bilberry Extract:Gliadin 28.33 ± 2.18 

1.0 % (w/v) Gliadin 17.60 ± 1.51 
0.25% (w/v) Bilberry Extract -3.07 ± 1.49 

 

Samples Loading Efficiency (%) 
1:10 Bilberry Extract:Gliadin 47.7 ± 1.3% c1 

1:4  Bilberry Extract:Gliadin 62.9 ± 0.3% a 
1:1  Bilberry Extract:Gliadin 56.3 ± 0.8% b 

1
 Samples with the same letter are not significantly different at ⍺ = 0.05.  

Table 4.3. Anthocyanin loading efficiency of gliadin particles with 
different bilberry concentrations 
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PdI values for the anthocyanin-loaded hordein, secalin and avenin nanoparticles are far 

below 0.70, which means that they have a narrow size distribution (figures 4.2b, c, d). As 

mentioned above, the PdI for the anthocyanin-loaded gliadin nanoparticles is close to 

0.70, indicating more polydisperse samples compared to the other prolamin particles 

(figure 4.2a). 

 

 The loading efficiency of anthocyanins in gliadin and hordein-based encapsulation 

systems is significantly higher than that found for anthocyanins on secalin and avenin 

systems (table 4.5). The loading efficiencies of anthocyanin in gliadin and hordein 

particles are fairly high, considering anthocyanin is a hydrophilic bioactive (which is 

usually harder to encapsulate than hydrophobic bioactive) (McClements, 2015). The data 

from the fluorescence quenching experiment showed that the major interaction type for 

gliadin-anthocyanin and hordein-anthocyanin systems is electrostatic/ionic. In contrast, 

the major interaction type of secalin-anthocyanin and avenin-anthocyanin system is the 

hydrophobic effect. From these findings, it is concluded that, with the same experimental 

design, anthocyanins seem to be more efficiently bound in particles made with prolamins 

through which they interact through electrostatic/ionic interaction rather than through the 

hydrophobic effect. Based on Belitz et al. (2009), prolamin contains around 38% charged 

 

Samples Particle Diameter 
(nm) 

PdI 

1:4  Bilberry Extract:Gliadin 168.20 ± 2.11 b1 0.51 ± 0.03 

1:4 Bilberry Extract:Hordein 704.77 ± 192.27 a 0.10 ± 0.09 
1:4 Bilberry Extract:Secalin 197.77 ± 5.52 b 0.05 ± 0.03 
1:4 Bilberry Extract:Avenin 87.57 ± 5.68 b 0.28 ± 0.03 

Table 4.4. Particle size and polydispersity index (PdI) of anthocyanin-loaded prolamin 
nanoparticles 

1
 Samples with the same letter are not significantly different at ⍺ = 0.05.  
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amino acids (i.e., aspartate and glutamate), assuming there is no aspartic acid and 

glutamic acid present in their structure. These charged amino acids can then interact with 

anthocyanins through ionic/electrostatic interaction. A molecular docking study may be 

useful to show that the structure of prolamin particles may better accommodate 

interaction with anthocyanins through ionic interactions rather than through the 

hydrophobic effect. In addition, the significantly low loading efficiency of anthocyanin in 

secalin and avenin may also be explained by the less pure freeze-dried secalin and 

avenin extract (i.e., non-protein material is the dominant fraction in these prolamin 

extracts).  

 

 

 

 

 

1
 Samples with the same letter are not significantly different at ⍺ = 0.05 

Table 4.5. Anthocyanin loading efficiency in prolamin particles   
 
 
 
 
 
 
 
 
 

 

Samples Loading Efficiency 
(%) 

4:1 Gliadin:Bilberry Extract 62.9 ± 0.3% a1 
4:1 Hordein:Bilberry Extract 61.3 ± 1.4% a 
4:1 Secalin:Bilberry Extract 22.2 ± 4.2% b 
4:1 Avenin:Bilberry Extract 24.8 ± 4.1% b 
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4.4.4. Effect of Ascorbic Acid on Anthocyanin Stability 

 Ascorbic acid accelerates the chemical degradation and associated colour loss of 

anthocyanins (Hernández-Herrero & Frutos, 2015; West & Mauer, 2013). The effect of 

ascorbic acid on the anthocyanin sample without prolamins is studied by making a BE 

“suspension” sample through the LAS procedure, replacing the prolamin solution with 

70% (v/v) ethanol. In reality, however, this sample did not contain any particulate material, 

as anthocyanins are soluble both in the 70% (v/v) ethanol phase (solvent) and the 11.7% 

(v/v) (final liquid phase in the particles suspensions after the LAS procedure). As such, 

anthocyanins will not precipitate during the LAS cycle to form particles. In analogy with 

previous studies, the BE “suspension” in this study also displayed a quick decrease of the 

TMA concentration in the presence of ascorbic acid (figure 4.3). The anthocyanin 

concentration difference between BE “suspension” with and without ascorbic acid was 

already significant after two days of incubation. Similarly, the visual appearance (figure 

4.4a) of the BE “suspension” with ascorbic acid shows that there is a pronounced colour 

loss in the sample after a 7-day incubation. This colour loss (or decrease in TMA 

concentration) may be caused by the generation of hydrogen peroxide from the 

autooxidation of ascorbic acid, which can cleave the flavylium core structure of the 

anthocyanins (West & Mauer, 2013). Many commercial beverage products contain both 

anthocyanins, as natural colorants, and ascorbic acid, which acts as a flavoring agent, 

antioxidant and vitamin. The ascorbic acid concentration used in this study (i.e., 0.05 

(w/v)%) is comparable to the maximum ascorbic acid concentration found in commercial 

beverage products (Pisoschi et al., 2011). Thus, this study explores the potential of 

encapsulating anthocyanins in prolamin nanoparticles as a way to prevent colour loss of 
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anthocyanins in ascorbic acid-containing aqueous media, such as commercial 

beverages.  

 Interestingly, in the absence of ascorbic acid, the TMA concentration of anthocyanin-

loaded gliadin particle suspensions decreased significantly faster than the concentration 

found in the BE “suspensions” after more than four days of incubation in ambient light 

(figure 4.3). This might be due to the oxidation of particular amino acid residues of gliadin 

(they are photosensitizers; e.g., tryptophan, tyrosine, phenylalanine) by UV radiation from 

sunlight. The oxidation of these photosensitizers can produce free radicals that can act 

as pro-oxidant towards anthocyanins and ascorbic acid (Pattison et al., 2012). Although 

there was significant colour loss observed for anthocyanin-loaded gliadin particles 

suspensions than BE “suspension” in the absence of ascorbic acid, it is clear that there 

is a significantly faster colour loss for anthocyanins in solution (i.e. BE “suspension”) than 

the anthocyanins encapsulated in the gliadin particles in the presence of ascorbic acid 

(figure 4.3). 

 There is no significant difference in TMA concentration decrease upon exposure to 

ascorbic acid between anthocyanin-loaded gliadin particles suspensions and the physical 

mixture of gliadin particles and BE (figure 4.3). This non-significant decrease suggests 

that anthocyanins are protected against chemical degradation triggered by the presence 

of ascorbic acid when either encapsulated in gliadin nanoparticles or interacting with 

gliadin nanoparticles (but not encapsulated).  
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Figure 4.3. Degradation of anthocyanins (free vs. encapsulated vs. physical mixture) as a function of time with 

the addition of ascorbic acid. Samples: Bilberry extract “suspension” (0.042% (w/v)), anthocyanin-loaded gliadin 

particles, and physical mixture of gliadin particles (0.17% (w/v)) and bilberry extract (0.042% (w/v)). C0 indicates 

total monomeric anthocyanin concentration at day 0 and C(t) indicates the momentary total monomeric 

anthocyanin concentration
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Figure 4.4. Visual appearance of anthocyanin solution in the presence and absence of 

ascorbic acid at day 0 (left) and 7 (right) (a – Anthocyanin solution with ascorbic acid; b – 

Anthocyanin solution)
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4.4.5. Effect of UV-B on Anthocyanin Stability 

 The anthocyanin-loaded gliadin particle suspension and BE “suspensions” were 

subjected to a 48-hour incubation in a UV-B light cabinet. In all systems, i.e., the BE 

“suspensions,” the anthocyanins-loaded gliadin particles, and physical mixtures of gliadin 

particles and BE, a decrease of anthocyanin concentration and loss of colour was 

observed (figures 4.5 and 4.6). After the 48 h incubation, the overall anthocyanin 

degradation in the gliadin nanoparticle-encapsulated anthocyanins and the physical 

mixture of gliadin particles and BE was more pronounced than in the BE “suspension.” 

As mentioned before, proteins are photosensitizers and, thus, are prone to oxidation 

triggered by UV light (i.e., photo-oxidation) (Davies, 2016). Amino acids, such as 

tryptophan, tyrosine, methionine, cysteine and histidine side chains, are prone to 

oxidation by UV light, producing radicals (Leinisch et al., 2020; Pattison et al., 2012). 

These radicals can act as pro-oxidants to anthocyanins, which could be an explanation 

for the more extensive decrease in TMA concentration in those samples containing gliadin 

nanoparticles. However, the rate of this process is dependent on the protein structure 

(Pattison et al., 2012). The transfer can be slow if the protein has a rigid structure. 

Although the exact conformation of the gliadins in the nanoparticles is not known, gliadins 

are known for their ‘flexible’ conformation in an ethanol extract (Ang et al., 2010). If this 

flexible conformation is also prevalent in the particle form, this could, hence, trigger a 

more pronounced electron transfer and oxidation of the encapsulated anthocyanins. 

Further research is needed to confirm this hypothesis.  

 There was a significantly slower decrease in TMA concentration for the physical 

mixture of gliadin particles and BE relative to anthocyanin-loaded gliadin particles. This 

significant decrease may be due to the different structure of gliadin particles in 
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anthocyanin-loaded gliadin particles and the physical mixture of gliadin particles and BE. 

When gliadin particles encapsulate anthocyanins, they may have a flexible structure, 

which can accommodate a faster electron transfer from gliadin radicals to anthocyanins. 

In contrast, “bare” gliadin particles may have a rigid structure that promotes a slow 

electron transfer from gliadin radicals to anthocyanins. Moreover, in a physical mixture of 

gliadin particles and BE, fewer anthocyanins are encapsulated and thus in tight contact, 

within the gliadin particles compared to anthocyanin-loaded gliadin particle suspension 

sample. Therefore, anthocyanins are more prone to be oxidized by the gliadin radicals 

when they are encapsulated within the gliadin particles because of their close contact 

with the radicals.    

 Photo-oxidation of gliadin may also lead to unfolding and conformational changes, 

which can affect the encapsulation efficiency of the gliadin particles (Pattison et al., 2012). 

After 48 h, “bare” gliadin particles in the physical mixture and the “unloaded” gliadin 

particle suspensions precipitated (figures 4.6c and 4.7), whereas anthocyanin-loaded 

gliadin particle samples did not show any precipitation after 48 h of incubation under UV-

B light (figure 4.6b). Aggregates may arise when protein radicals react with each other 

(i.e., radical-radical termination reactions) (Pattison et al., 2012). The electron transfer 

between anthocyanin in the anthocyanin-loaded gliadin particle samples and the gliadin 

radicals may stabilize the gliadin radicals, decreasing their reactivity. Therefore, no 

aggregation was observed in the anthocyanin-loaded gliadin particle samples. In 

conclusion, although there was no aggregation observed in anthocyanin-loaded gliadin 
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particles, the encapsulation of anthocyanin in gliadin particles is not an effective way to 

protect anthocyanins against UV-B light-triggered degradation. 
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Figure 4.5. Degradation of anthocyanins (free vs. encapsulated vs. physical mixture) as a function of 

time with the exposure to UV light. Samples: Bilberry extract “suspension” (0.042% (w/v)), anthocyanin-

loaded gliadin particles, and physical mixture of gliadin particles (0.17% (w/v)) and bilberry extract 

(0.042% (w/v)). C0 indicates the total monomeric anthocyanin concentration at 0 hour and C(t) indicates 

the momentary total monomeric anthocyanin concentration
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Figure 4.6. Visual appearance of samples after 0 (left), 24 (middle), and 48 hours (right) of 

incubation inside a UV-B chamber (A – Bilberry extract; B – Anthocyanin-loaded gliadin particles; 

C – Physical mixture of gliadin particles and bilberry extract)
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4.5. Summary 

 Prolamin-based nanoparticles were successfully prepared using the LAS 

precipitation method. Some of these nanoparticles, i.e., gliadin and hordein nanoparticles, 

are able to encapsulate bilberry anthocyanins at a relatively high loading efficiency (i.e., 

61-63%). Based on the fluorescence quenching data, the interactions between 

gliadin/hordein and anthocyanin are speculated to be predominantly ionic. In contrast, the 

hydrophobic effect drives the interactions between secalin/avenin and anthocyanin. 

Based on these (limited) data sets, anthocyanins can be more efficiently encapsulated 

inside prolamin particles when they interact with the encapsulation material through ionic 

interactions. Prolamin-anthocyanin particles are relatively small when gliadin, secalin and 

Figure 4.7. Visual appearance of gliadin particle suspension 

(0.17% (w/v)) in 11.7% (v/v) ethanol after 48 hours of incubation 

inside the UV chamber
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avenin are used. Hordein-anthocyanin particles, however, have a larger mean diameter 

compared to the other prolamin nanoparticles.  

 Moreover, the gliadin particles protect anthocyanins against chemical degradation in 

the presence of ascorbic acid. This protection is indicated as a less significant decrease 

of TMA concentration of anthocyanins encapsulated inside gliadin particles compared to 

anthocyanins in solution (i.e., BE “suspension”) after a 7-day incubation period in the 

presence of ascorbic acid. However, anthocyanin-loaded gliadin particles are not an 

effective strategy to protect anthocyanins against chemical degradation induced by UV-

B light. A possible explanation of the latter is that the UV-B promoted photo-oxidation of 

gliadin results in the formation of radicals that can act as pro-oxidants, speeding up the 

degradation of anthocyanins. In conclusion, the nanoparticles developed in this study may 

be suitable for application in functional foods and beverage products as a way to protect 

anthocyanins against chemical degradation triggered by ascorbic acid. However, further 

studies are needed to explore the chemical stability of anthocyanins in the other prolamin 

particles in the presence of ascorbic acid and the effect of different food common 

conditions on anthocyanin stability. More insights are also needed for the degradation of 

anthocyanins in the presence of prolamin particles triggered by UV-light.  
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5. Conclusion and Future Work 
 The present study explored the capability and efficiency of prolamin-based colloidal 

systems for encapsulating bilberry anthocyanins. In chapter 3, the intrinsic tryptophan 

(steady-state) fluorescence quenching of various prolamins (i.e., gliadin, hordein, secalin 

and avenin) by bilberry anthocyanin was used to study the prolamin-anthocyanin 

interactions. The Stern-Volmer analysis of the data showed a deviation from linearity 

(displaying an upward curvature), which likely points to the simultaneous occurrence of 

both static and dynamic quenching. Based on ensuing time-resolved fluorescence 

spectroscopy and the observation of a non-discernable decrease in amplitude-weighted 

fluorescence lifetimes of each prolamin as a function of bilberry anthocyanin 

concentration, the observed quenching is likely dominated by static quenching. The 

binding constants for each prolamins-anthocyanin complex suggest that secalin and 

avenin are better suited to encapsulate anthocyanin at high temperature (303-308 K). In 

comparison, gliadin and hordein perform better at low temperatures (288-293 K). The 

thermodynamic parameters for the interaction of prolamin and anthocyanins suggest that 

the predominant interactions for secalin-anthocyanin and avenin-anthocyanin are 

predominantly driven by the hydrophobic effect. In contrast, for gliadin-anthocyanin and 

hordein-anthocyanin complexes, ionic interactions play a dominant role. These findings 

are in agreement with the zeta-potential data.  

 In chapter 4, prolamin nanoparticles are more closely investigated as encapsulation 

systems for bilberry anthocyanins. The data showed that gliadin- and hordein-based 

nanoparticles are able to encapsulate considerable amounts of bilberry anthocyanins (in 

a 1:4 prolamin particles:BE) with a high loading efficiency (i.e., 63% and 61%, 
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respectfully). These data suggest that anthocyanins are more effectively encapsulated 

inside prolamin particles when they interact with the proteins through ionic interaction 

than when the interaction is driven by hydrophobic effect (assuming that the trend for the 

interaction is similar in different concentration of ethanol). In addition, encapsulation of 

anthocyanins in gliadin particles increase the chemical stability of anthocyanins in the 

presence of ascorbic acid. This is demonstrated by a less significant colour loss of 

encapsulated anthocyanins after a 7-day incubation period in the presence of ascorbic 

acid. However, encapsulation of anthocyanin inside gliadin particles is found to be a non-

effective way to protect anthocyanins against chemical degradation induced by UV-B 

light. Therefore, the prolamin nanoparticles are shown to be a promising way to 

encapsulate and protect anthocyanins against chemical degradation caused by ascorbic 

acid, for application in functional foods and beverages.  

 Future studies are needed to further investigate the exact interaction sites for 

anthocyanins in each prolamin protein through molecular docking study. In addition, the 

chemical stability of encapsulated anthocyanins in other prolamins triggered by ascorbic 

acid, UV-light and temperature should be explored. This will be beneficial to show if other 

prolamin particles can provide better anthocyanin protection against chemical 

degradation triggered by the above-mentioned treatments. Their bioaccessibility during 

digestion in in vitro model should be explored in a next step to determine the effectiveness 

of prolamin particles as a colloidal delivery system for anthocyanins.  
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APPENDICES 

Appendix A. Quenching of aromatic amino acids by anthocyanins in the studied 

prolamins 

This appendix presents the figures corresponding to the spectra at increasing 

concentration of anthocyanins, their corresponding Stern-Volmer plot and the effect of 

temperature on these relationships and the overall quenching process (Van’t Hoff). 

 

A.1. Hordein: 

 

 

Figure A1.1. Fluorescence spectra of hordein (0.018% w/v) at different anthocyanin 

concentration (λex= 280 nm; pH = 4.50 in ethanol/acetate buffer; temperature: 298 K) 
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Figure A1.2. Stern-Volmer plot of hordein at different anthocyanin concentrations and 

temperatures 

 

Figure A1.3. Double logarithm plot of log (F0-F/F) in function of log [Anthocyanin] of 

hordein-anthocyanins at different temperatures (varied between 288 and 308 K) 
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A.2. Avenin: 

 

Figure A2.1. Fluorescence spectra of avenin (0.005% w/v) at different anthocyanin 

concentration (!"#= 280 nm; pH = 4.50 in ethanol/acetate buffer; temperature: 298 K) 
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Figure A1.4. Van’t Hoff plot (ln(K) in function of 1/T) for hordein-anthocyanin 

interaction 
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Figure A2.2. Stern-Volmer plot of avenin at different anthocyanin concentrations and 

temperatures 

 

Figure A2.3. Double logarithm plot of log (F0-F/F) in function of log [Anthocyanin] of 

avenin-anthocyanins at different temperatures (varied between 288 and 308 K) 
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Figure A2.4. Van’t Hoff plot (ln(K) in function of 1/T) for avenin-anthocyanin 

interaction 
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Appendix B. This appendix presents typical representation of the lifetime of prolamins – anthocyanin 
mixtures and their analysis 
 

 

 

Figure B1. Representative time-resolved fluorescence decays of hordein in the absence (left) and 
presence of 48.6 µM anthocyanins (right). The sharp orange profile shows the instrument response 
function 

Figure B2. Representative time-resolved fluorescence decays of secalin in the absence (left) and 
presence of 48.6 µM anthocyanins (right). The sharp orange profile shows the instrument response 
function 
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Figure B3. Lifetime distribution of the different tryptophan populations in hordein extract in the absence (left) and presence of 
48.6 µM M anthocyanins (right) 
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Figure B4. Lifetime distribution of the different tryptophan populations in secalin extract in the absence (left) and presence of 
48.6 µM M anthocyanins (right) 
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