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Abstract 

Colour plays a crucial role in food manufacturing, providing product consistency, 

addressing off-colouring issues, and enhancing consumer appeal. However, the 

availability of blue food colorants is severely limited, with only a few options in the 

US (Brilliant blue FCF and indigo carmine) and an additional choice in Europe. Given 

the rising demand for naturally derived additives, confectionery companies have 

struggled to find a suitable naturally derived substitute. Anthocyanins, plant-based 

pigments that exhibit a range of colours from red to blue, have been explored as 

potential food colorants. However, their inherent instability at the pH required for 

generating blue colours has presented a significant challenge. The complex mixture 

of anthocyanins derived from butterfly pea consists of 15 delphinidin-оόсέ-

malonyl), 3',5'-O-triglucoside derivatives acylated with p-coumarate which are 

highly stable and produce a blue colour at mildly acid pH. In this study, a new flash 

chromatography method for the rapid fractionation of ternatins was developed, 

allowing for efficient and food safe separation based on the terminal sidechain 

residues. This method offers a high capacity and quick separation technique for 

food applications. Through this research, it was demonstrated empirically that acyl 

residues stabilised the anthocyanin against degradation by stacking over the 

delphinidin C-ring. Glycosylation weakens these sidechain interactions, thereby 

decreasing stability. In both cases, acylation and glycosylation resulted in a 

bathochromic shift. The mechanisms by which acylation and glycosylation cause 

bathochromic shifts were explored using a combination of molecular dynamics and 

quantum mechanical simulations. Quantum mechanics simulations of delphinidin-3-

O-glucoside rotamers have demonstrated that UV-VIS ŀōǎƻǊōŀƴŎŜ ˂max increases 

with an increasing dihedral angle. Molecular dynamics simulations of ternatins 

showed decreased interaction between the acyl residue and chromophore upon 

glycosylation, with an associated increase in dihedral angle. This thesis establishes 

ǘŜǊƴŀǘƛƴǎ ŀǎ ǇƻǘŜƴǘƛŀƭ ΨƴŀǘǳǊŀƭΩ ǊŜǇƭŀŎŜƳŜƴǘǎ ŦƻǊ ǎȅƴǘƘŜǘƛŎ ōƭǳŜ ŦƻƻŘ ŎƻƭƻǳǊŀƴǘǎΦ 
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Chapter 1: General Introduction 

1.1 Introduction 

Throughout history, our culture has been intrinsically linked to the colours of 

pigments and dyes accessible to us (Barnett, Miller and Pearce, 2006). Colour is one 

of the primary visual indicators of food spoilage, so it comes as no surprise that we 

have evolved with innate psychological responses to abnormally coloured food; 

effects so strong that food not matching colour expectations can taste less appealing 

ǘƘŀƴ ƻǘƘŜǊǿƛǎŜ ƛŘŜƴǘƛŎŀƭΣ άŎƻƭƻǳǊ-ŎƻǊǊŜŎǘέ ŦƻƻŘǎ (Spence, 2015).  

To aid in product uniformity, and to correct  for colour-loss upon storage of food 

items, synthetic colourants have been used historically in industrial applications to 

colour or colour-correct foods . Of the synthetic blue pigments approved for use in 

food products, only three exist, of which all are derived from petrochemical 

products: brilliant blue FCF, indigo carmine and patent blue V (Figure 1.1). The safety 

of these colourants has been questioned, starting with the Food and Drug Act of 

1906 in the USA, and more recently promoting a shift towards natural sources of 

pigment.  

With recent trends towards use of natural pigments in food, manufacturers have 

invested heavily in developing replacements for synthetic colourants. The 

replacement of all colours with natural alternatives has proved challenging however, 

and natural blue pigments have proved particularly elusive (Newsome, Culver and 

Van Breemen, 2014), due to their increased sensitivity to light, temperature, and 

oxygen, as well as their low water solubility compared to synthetic dyes. 

To date, only one natural pigment is readily available for use as a blue food 

colourantτphycocyanin (Figure 1.1)Σ ŘŜǊƛǾŜŘ ŦǊƻƳ ά{ǇƛǊǳƭƛƴŀέΣ ǿƘƛŎƘ ƛǎ ŎƻƳǇƻǎŜŘ 

of a mixture of three species of cyanobacteria, namely, Arthrospira platensis, 

Arthrospira fusiformis, and Arthrospira maxima. 
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Figure 1.1 Chemical structures of European Food Safety Authority approved blue food colourants; brilliant blue, patent blue V, indigo carmine and phycocyanin 
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1.2 Availability of natural pigments 

Plants produce an array of natural colourants, which can be broadly separated into 

four major groups (Figure 1.2): chlorophyll (green), carotenoids (yellow ς red), 

betalains (yellow and red), and flavonoids (yellow ς blue). Plants utilise these 

pigments to perform essential functions such as photosynthesis, radical scavenging, 

and attracting pollinators. Many fruits and vegetables are coloured with red and 

orange pigments, which have the greatest contrast against green foliage. This 

increases the likelihood they will be seen and eaten, allowing their seeds to be 

dispersed widely. 

This seed dispersal strategy is so effective that three unique red pigments have 

evolved: lycopene (a carotenoid found in fruits such as tomatoes), betacyanins 

(betalains found in some of the Caryophyllales) (Chandran et al., 2014), and 

anthocyanins (such as the major pigment in strawberries, pelargonidin 3-O-

glucoside) (Lin-Wang et al., 2014). 

In contrast, natural blue pigments are rare in nature. Despite the appearance of blue 

colouration on many animals,  only the blue of one species of butterfly, Nessaea 

obrinus, is the result of pigmentation. Instead, many apparently blue organisms 

create multi-layered nanostructures to reflect shorter wavelength light selectively, 

giving them their iridescent blue hues (Moyroud et al., 2017). Unlike pigments 

however, structural colour is iridescent and will change in appearance, depending 

on the viewing or illumination angle.  

Despite the wide variety of pigments synthesised by plants, few blossoms or fruits 

are blue. In fact, some estimates suggest only 10% of angiosperm species include 

blue varieties (Lee, 2007). A major difficulty in producing blue pigments arises, in 

part, due to how pigments are coloured in the first place.  
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Figure 1.2 Chemical structures of plant derived pigments; chlorophyll a, betacyanin, lycopene and cyanidin 
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1.3 The difficulty of producing blue pigments 

Electrons in the highest occupied molecular orbital of chromophores (HOMO) can 

absorb a discrete amount of energy (corresponding to a specific wavelength of light) 

which promotes an electron to the lowest unoccupied molecular orbital (LUMO) 

(Englman and Jortner, 1970). The light reflected is a mixture of all unabsorbed 

ǿŀǾŜƭŜƴƎǘƘǎΣ ǿƘƛŎƘ ŎǊŜŀǘŜǎ ǘƘŜ ŎƻƭƻǳǊǎ ǿŜ ǎŜŜΦ !ƭǘŜǊƴŀǘƛƴƎ ˉ ōƻƴŘǎ ƛƴŎǊŜŀǎŜ ǘƘŜ 

delocalisation of electrons, reducing the energy an electron requires to move from 

the ground state to the excited state (Meier, Stalmach and Kolshorn, 1997). As the 

HOMO-LUMO energy gap shrinks, longer wavelength (lower energy) light is 

absorbed, causing a bluing in colour. To produce true blues, the absorbed 

wavelength of light is relatively long at between 580ς620 nm. 

Compounds with the conjugated systems necessary to absorb light in this range are 

typically large and complex, requiring multiple biosynthetic steps and heavy energy 

investments in their biosynthesis. Compounding this problem, blue colouration 

provides only a relatively niche evolutionary advantage in attracting specific 

pollinators (Real, 1981). Combined, these are the principal reasons that blue 

pigments are relatively uncommon in nature. However, blue-flowered varieties have 

been heavily selected by breeders and horticulturalists, increasing the range of blue 

flowers available to enthusiastic gardeners. 

Because of this, a diverse array of natural blue shades is available in floral systems, 

based on pigmentation by anthocyanins. However, anthocyanins are typically 

unstable in solution, especially under conditions where blue colouration could 

potentially be observed. This is due to the rapid formation of colourless forms, and 

the eventual isomerisation into yellow forms, leading to browning of products. To 

stabilise the anthocyanin quinonoid base and generate blue colours, anthocyanins 

form complexes through intramolecular copigmentation, intermolecular 

copigmentation, and metal chelation. Many of these strategies have been adopted 

in nature by plants that produce blue flowers or fruit. 
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1.4 General Features of Anthocyanins 

Anthocyanins are a subclass of flavonoids; polyphenolic derivatives consisting of a 

fused benzopyrylium core (C- and A-rings) with an additional phenyl group attached 

at C2 (B-ring) formed by condensing a C6-C3 unit (p-coumaroyl-CoA) with three 

molecules of malonyl CoA. 

Twenty-seven naturally occurring anthocyanidins have been identified to date, 

however, six account for approximately 92% of all anthocyanins reported (Andersen 

and Jordheim, 2013). These six are pelargonidin, cyanidin, delphinidin, peonidin, 

petunidin, and malvidin (Table 1.1). The distributions of these six anthocyanidin 

classes in fruits and vegetables are cyanidin 50%, delphinidin 12%, pelargonidin 12%, 

peonidin 12%, petunidin 7%, and malvidin 7% (Castañeda-Ovando et al., 2009). 

Anthocyanidins are really only stable at very acid pH values (around pH 1); at 

physiological pH, they are quickly hydrated to form colourless forms (hemiketals). 

They are glycosylated at C3 in order to stabilise natural anthocyanidins, and these 

compounds are termed anthocyanins. Further decoration of the anthocyanin with 

carbohydrate, aromatic, and aliphatic moieties produces the wide array of 

anthocyanins seen in nature. It is these compounds which are responsible for almost 

all the orange/blue colours of floral systems. 

Substitution of the B-ring with either hydroxyl or methoxy groups influences the 

absorbance maxima of the anthocyanidin, and hence alters their colour from orange 

(pelargonidin) to bluish-purple (malvidin). Blue flowers commonly contain 

delphinidin derivatives, although there are a few exceptions where cyanidin-based 

anthocyanins confer blue (Sasaki and Nakayama, 2015). 

The addition of hydroxyl groups on the B-ring tends to increase the maximum 

ŀōǎƻǊǇǘƛƻƴ ƻŦ ǘƘŜ ŀƴǘƘƻŎȅŀƴƛƴǎ ƛƴ ǘƘŜ ǾƛǎƛōƭŜ ǊŀƴƎŜ ό˂max in nm) under specified 

conditions. Thus, for pelargonidin 3-glucose, cyanidin 3-glucoside, and delphinidin 3-

ƎƭǳŎƻǎƛŘŜΣ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ǾƛǎƛōƭŜ ˂max values are 510, 530, and 543 nm in 1% HCl in 

methanol (Santiago et al., 2014). 
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Table 1.1 General structures of common anthocyanins (Houghton, Appelhagen 

and Martin, 2021). 
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Due to the electronegativity of the oxygen atom in the B-ring (Table 1.1), substituent 

groups delocalise electron density away from the aromatic centre. The additional 

substituent groups in the ortho and para positions of the B-ring have a lone pair of 

electrons present on the oxygen atom and are adjacent to the sp2 orbital of the B-

ring. Electrons are donated through resonance with the C2-/мΩ ōƻƴŘΣ ǿƘƛŎƘ ōŜŎƻƳŜǎ 

more electron-rich in the presence of ortho and para hydroxyl groups on the B-ring 

(Mao, Head-Gordon and Shao, 2018).  

This increased electron density increases the energy of both the ground state 

(HOMO) and excited states (LUMO). As these interactions occur through the non-

bonding orbital (which is energetically closer to the HOMO), the ground state 

experiences a greater magnitude of effect, effectively shrinking the transition energy 

gap and promoting absorption of longer wave-length light and a bathochromic shift. 

1.5 Biosynthesis of anthocyanins 

The flavonoid biosynthetic pathway has been well characterised using model species 

such as petunia (Petunia hybrida), snapdragon (Antirrhinum majus), arabidopsis 

(Arabidopsis thaliana) and maize (Zea mays) (Sun, Li and Huang, 2012; Shi and Xie, 

2014). The flavonoid biosynthetic pathway is a continuation from the general 

phenylpropanoid biosynthetic pathway and is well conserved between plants 

species (Figure 1.3). 

After the formation of p-coumaroyl CoA, there is a stepwise condensation reaction 

with three molecules of malonyl CoA (arising from fatty acid metabolism). The 

condensation reaction produces naringenin chalcone and is facilitated by chalcone 

synthase, the first committed step of flavonoid biosynthesis (Zhang, Butelli and 

Martin, 2014). Naringenin chalcone then undergoes isomerisation mediated by 

chalcone isomerase, forming naringenin which is the earliest intermediate with a 

flavonoid skeletal core (Jiang et al., 2015).  

The biosynthetic pathway of flavonoids is divergent from naringenin, either 

undergoing a dehydration reaction catalysed by flavone synthase to produce 

flavones or hydroxylated by flavanone-3-hydroxylase (F3H) to from 

dihydrokaempferol. 
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Figure 1.3 The core pathway for anthocyanin biosynthesis with related pathways for flavone and 

flavonol biosynthesis. The general phenylpropanoid pathway is catalysed by phenylalanine 

ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H) and 4-coumaryol CoA ligase (4CL). The 

enzymes involved in flavonoid biosynthesis are chalcone synthase (CHS), chalcone isomerase 

(CHI), flavanone 3-őǃĬƖŸǂǃũċƚĲШы[ΟcьЯШŉũċƻċŰŸŰĲШΟќ-őǃĬƖŸǂǃũċƚĲШы[ΟќcьШċŰĬШŉũċƻċŰŸŰĲШΟќЯΡќ-

őǃĬƖŸǂǃũċƚĲШ ы[ΟќΡќcьЮШ ŰƣőŸĦǃċŰŔŰƚШ ċƖĲШ ƚǃŰƣőĲƚŔƚĲĬШ ĤǃШ ĬŔőǃĬƖŸŉũċƻŸŰŸũ reductase (DFR), 

anthocyanin synthase (ANS) and one or more glycosylations initially catalysed by a UDP-

flavonoid glycosyl transferase (UFGT) on the C3 hydroxyl group (Zhang, Butelli and Martin, 2014). 
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Dihydrokaempferol can be further hydroxylated by flavonoid-оΩ-ƘȅŘǊƻȄȅƭŀǎŜ όCоΩIύ 

forming dihydroquercetin, or by flavonoid-оΩΣрΩ-ƘȅŘǊƻȄȅƭŀǎŜ όCоΩрΩIύ ƭŜŀŘƛƴƎ ǘƻ 

dihydromyricetin. The dihydroflavonols are then oxidised by the oxidoreductase 

flavonol synthase leading to the formation of flavan-4-ols (kaempferol, quercetin 

and myricetin), or undergo dehydration by dihydroflavonol-4-reductase (DFR) to 

form leucoanthocyanidins.  

The final reaction is a reduction of the leucoanthocyanidin C-ring, catalysed by 

anthocyanidin synthase (ANS) and forming the fully oxidised heterocyclic ring system 

of anthocyanidins. The biosynthesis of anthocyanidins may include further 

decoration; mainly by glycosylation, methylation and acylation, which is particularly 

important for their stabilisation.  

1.5.1 Enzyme localisation 

Successive enzymes involved in the phenylpropanoid and flavonoid pathways have 

been proposed to be grouped together into weakly bound multienzyme complexes, 

termed metabolons, which coordinate the activity of enzymes and metabolites in 

shared pathways (Nakayama, Takahashi and Waki, 2019). This allows for the 

concentration of intermediates at the site of synthesis, preventing loss to the bulk 

phase of the cell cytoplasm (Winkel, 2004).  

It is suggested that the flavonoid biosynthetic pathway is organised into a linear array 

of enzymes (Figure 1.4) associated with the cytoplasmic face of the rough 

endoplasmic reticulum (RER) (Burbulis and Winkel-Shirley, 1999).  Membrane-bound 

P450 monooxygenases, such as cinnamate 4 hydroxylase (C4H) and flavonoid-оΩ-

ƘȅŘǊƻȄȅƭŀǎŜ όCоΩIύ ŦǳƴŎǘƛƻƴ ŀǎ ƴǳŎƭŜŀǘƛƻƴ ǎƛǘŜǎ ǿƘƛŎƘ serve to recruit other soluble 

enzymes into membrane associated complexes (Saslowsky and Winkel-Shirley, 

2001).  
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 Figure 1.4 Schematic of the branch pathway of anthocyanin metabolism in Arabidopsis, organised as an individual metabolon. 
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[ΟќΡќcШыŰŸƣШƚőŸƽŰШŔŰШĬŔċŊƖċůьШŔƚШƖĲƕƨŔƖĲĬШŉŸƖШΟќЯΠќЯΡќ-trihydroflavonoids. Enzymes are; phenylalanine ammonia lyase (PAL), cinnamate 

4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavonoid 3-őǃĬƖŸǂǃũċƚĲШы[ΟcьЯШŉũċƻŸŰŸŔĬШΟќ-hydroxylase 

ы[ΟќcьЯШĬihydroflavonol reductase (DFR), Anthocyanin synthase (ANS). Enzymes are coloured green for general phenylpropanoid 

ƓċƣőƽċǃЯШĤũƨĲШŉŸƖШĲċƖũǃШĤŔŸƚǃŰƣőĲƣŔĦШĲŰǍǃůĲƚШċŰĬШƻŔŸũĲƣШŉŸƖШũċƣĲШĤŔŸƚǃŰƣőĲƣŔĦШĲŰǍǃůĲƚЮШ9ΠcШċŰĬШ[ΟќcШċƖĲШƚőŸƽŰШċƚШůĲůĤƖċŰĲ anchored 

proteins (Winkel, 2004). 
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Chalcone synthase and chalcone isomerase, the enzymes responsible for the first 

committed steps of flavonoid biosynthesis, have been localised to the RER (Hrazdina, 

Zobel and Hoch, 1987), which is consistent with the multienzyme complex 

hypothesis. Although the evidence for the localisation of other key enzymes is 

sparse, the multienzyme hypothesis is considered a favourable model for 

biosynthesis of anthocyanins (Shi and Xie, 2014). 

1.5.2 Glycosylation of anthocyanins 

Glycosylation is important in increasing the hydrophilicity and stability of 

anthocyanidins. It is arguably the most important post-biosynthetic step, as 

anthocyanidins are inherently unstable under physiological conditions. Mutants of 

red grapes missing the genes responsible for the initial glycosylation of C3-OH of 

anthocyanidins accumulate no anthocyanidins in their berries, despite having an 

intact anthocyanin biosynthetic pathway (Boss, Davies and Robinson, 1996; He et al., 

2010). 

In plants, glycosylation is carried out by UDP-glucose : flavonoid glycosyltransferases 

(UF3GT), which catalyse the O-glycosylation, recognising either anthocyanins or 

anthocyanidins as sugar acceptors and UDP-glucose as sugar donors (Sparvoli et al., 

1994). A variety of other sugar donors exist, such as UDP-galactose, UDP-rhamnose, 

UDP-xylose and UDP-arabinose (Springob et al., 2003).  

UFGTs belong to family 1 glycosyltransferases, characterised by the presence of a 

conserved C-terminal domain termed the plant secondary product 

glycosyltransferase (PSPG) box (Cheng et al., 2014), which is the domain responsible 

for binding the UDP moiety of the sugar donor. Genes encoding many UFGTs have 

been identified in a range of plant species, and have been divided into two groups, 

based on their specificity for sugar acceptors (Cheng et al., 2014). Group one is 

responsible for the glycosylation of anthocyanidins, such as anthocyanidin 3-O-

glycosyltransferase. The second group are involved in the further glycosylation of 

anthocyanins, such as the UDP-glucose : ŀƴǘƘƻŎȅŀƴƛƴ оΩΣрΩ-O-glucosyltransferase of 

C. ternateaΣ ǿƘƛŎƘ ƎƭǳŎƻǎȅƭŀǘŜǎ ǘƘŜ оΩ ŀƴŘ рΩ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇ ƻŦ о-O-όсέ-O-malonyl)-

ʲ -glucoside) (Kogawa et al., 2007).  
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1.5.3 Anthocyanin localisation 

Although synthesis of  anthocyanins has been proposed to occur at the rough 

endoplasmic reticulum (RER), anthocyanins need to be stored under acidic 

conditions within the vacuole to gain stability and function as coloured pigments. 

Little is known about the transport of these molecules through the tonoplast. There 

are currently two models proposed, the first is membrane localised transporters, and 

the second is vesicle mediated transport through the endomembrane system.  

1.5.3.1 Transporter-mediated  

Transporters can be divided into two major groups, Primary transport mediated by 

ATP-binding cassette (ABC) transporters, and secondary transporters which depend 

on a proton gradient. ATP-binding cassette (ABC) transporters couple hydrolysis of 

ATP to transport their substrates across the tonoplast. To date, only multidrug 

resistance-associated protein (MRP)-type ABC transporters have been implicated in 

flavonoid transport. 

MRP-type ABC transporters can transport glutathione conjugates to the vacuole 

(Zhao and Dixon, 2010). These seemingly rely on the glutathione S-transferase (GST), 

which conjugates the flavonoid with glutathione (Petrussa et al., 2013). Transport of 

flavonoids in their glutathionated form (GS-X) is inhibited by vanadate, an inhibitor 

of ABC-mediated transport, but not by inhibitors that dissipate the proton gradient 

(Kang et al., 2011). However, evidence is increasing against the involvement of GST 

conjugation in anthocyanin localisation, as no anthocyanin-glutathione conjugates 

have ever been observed in plant cells. Instead, the GST protein itself may serve as 

a chaperone for anthocyanins, increasing their solubility and may play a role in 

protecting anthocyanins from oxidative degradation while escorting them to the 

tonoplast (Sun, Li and Huang, 2012). 

Secondary transporters rely on V-type H+-ATPase or H+-pyrophosphate (V-PPase) 

proton pumps to maintain proton gradients across the tonoplast (Zhao and Dixon, 

2010). Multidrug and toxic efflux (MATE) transporters then use the proton gradient 

to import substrate across the tonoplast. TT12, which encodes a MATE antiporter in 

Arabidopsis thaliana has been demonstrated as necessary for vacuolar uptake of 
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proanthocyanidin precursors and cyanidin-3-O-glucoside in vitro (Marinova et al., 

2007). MATE transporters of anthocyanins have also been identified in Vitis vinifera 

(grapevine) (Gomez et al., 2009, 2011). 

The genetic control of the vacuolar proton gradient in petals has been investigated 

in morning glory, where a structural gene was found which encodes a Na+/H+ 

antiporter, that is highly expressed before petal opening (Yamaguchi et al., 2001). 

This mechanism is important in controlling the colour of Japanese morning glory, 

which presents reddish brown flower buds that change to a brilliant blue as the 

petals unfold. This colour change accompanies an increase in pH of the vacuoles from 

6.6 in buds to an unusually high value of 7.7 in mature petals. The increase in 

vacuolar pH is conferred by a tonoplast-located Na+/H+ exchanger responsible for 

increasing the vacuolar pH by exchanging H+ for Na+ in vacuoles of petal cells during 

flower opening (Eiro and Heinonen, 2002; Yoshida, Mori and Kondo, 2009). This 

increased vacuolar pH has been shown to be specific to anthocyanin accumulating 

epidermal cells (Yoshida et al., 1995). 

1.5.3.2 Vesicle-mediated 

The idea of vesicle-mediated transport was based on the discovery of anthocyanins 

and other flavonoids within discrete membrane bound structures (termed 

anthocyanoplasts) (Pecket and Small, 1980; Falcone Ferreyra, Rius and Casati, 2012), 

which may be imported into the vacuole through an autophagic mechanism (Pourcel 

et al., 2010). Vesicles were found to be involved in the transport of flavonoids in 

maize cells which were induced to accumulate anthocyanins (Grotewold et al., 

1998). Similar transporters to those found in the tonoplast could be responsible for 

the loading of pigment into the ER compartment and vesicles (Petrussa et al., 2013). 

If transporters in the vesicles and vacuole occur at a similar density per membrane 

unit, small vesicles would be energised more efficiently due to their large surface-to-

volume-ratio (Martinoia et al., 2012). 

Microscopic studies have suggested that there might be multiple  vesicle trafficking 

pathways (Lin, Irani and Grotewold, 2003). One is a trans Golgi network (TGN)-

independent pathway which transports substrate to the cell wall, which may be 
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suited to the long-distance transport of flavonoids (Buer, Muday and Djordjevic, 

2007).  

MATE2 in the leaves and flowers of Medicago truncatula has been localised using 

fluorescence microscopy to vesicle structures. This MATE transporter shows higher 

transport capacity for anthocyanins in contrast to other flavonoid glycosides (Zhao 

et al., 2011). Decoration of the anthocyanin may play an important role in targeting 

to the vacuole. Decoration of the anthocyanin with a malonic acid residue increases 

the affinity and transport efficiency into MATE2-containing vesicles (Petrussa et al., 

2013). A similar selectivity for cargo was reported for grape MATE transporters 

(Gomez et al., 2009). 

Direct genetic, biochemical or molecular evidence for vesicle mediated transport is 

still lacking. Particularly the cargo proteins and N-ethylmaleimide sensitive factor 

attachment protein receptors (SNAREs) required for the budding, trafficking, docking 

and fusion of vesicles associated with anthocyanin transport have yet to be identified 

(Zhao and Dixon, 2010). 

1.6 Anthocyanin Multistate Equilibrium 

All features of anthocyanin pigmentation need to be explained in the context of the 

multistate equilibrium which exists for anthocyanins in solution. Anthocyanins 

function as weak diacids due to their chromophore containing a strongly electron-

withdrawing ǇȅǊƛƭƛǳƳ ǊƛƴƎΣ ƎƛǾƛƴƎ ǘƘŜ ǇƘŜƴƻƭƛŎ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇǎ ŀǘ /пΩΣ /рΣ ŀƴŘ /т 

fairly acidic properties. Of these hydroxyl groups, the C7-OH is the most acidic (pKa1 

Ғ пύΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ /пΩ ƘȅŘǊƻȄȅƭ όǇYŀн Ҕ тύ ŦƻǊ ǎƛƳǇƭŜ ŀƴǘƘƻŎȅŀƴƛƴǎ (Dangles and 

Fenger, 2018). As weak diacids, anthocyanins become deprotonated as pH increases 

which, in turn, increases electron polarisation and increases the absorption maxima 

towards higher wavelengths. 
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Anthocyanin colour therefore is the result of the ratio of the three coloured species 

in equilibrium at any specific pH. At very acidic pH values (around pH < 2), the 

formation of the red flavylium ion (AH+) is favoured (Figure 1.5). This species is fully 

protonated and has a delocalised positive charge across the chromophore. As the pH 

increases above pKa1, the first deprotonation occurs, converting flavylium ions into  

the neutral quinonoid base (A) and the colour changes from red to purple. At pH 

values above pKa2, the quinonoid base is deprotonated further, forming the anionic 

ǉǳƛƴƻƴƻƛŘ ōŀǎŜ ό!ҍύ ǿƛǘƘ ŀ ƴŜƎŀǘƛǾŜ ŘŜƭƻŎŀƭƛǎŜŘ ŎƘŀǊƎŜ (Basílio and Pina, 2016) 

(Figure 1.5). This deprotonation sequence is accompanied by two shifts in m˂ax, the 

ŦƛǊǎǘ ό!IҌҦ !ύ ǘȅǇƛŎŀƭƭȅ ƻŦ нлςол ƴƳ ŀƴŘ ǘƘŜ ǎŜŎƻƴŘ ό!Ҧ !ҍύ ŀ ŦǳǊǘƘŜǊ ǎƘƛŦǘ ƻŦ рлς

60 nm (Dangles and Fenger, 2018). 

5ǳŜ ǘƻ ǘƘŜ ƛƴǎǘŀōƛƭƛǘȅ ƻŦ ! όŀƴŘ !ҍύΣ ŦƻǊ ǎƛƳǇƭŜ ŀƴǘƘƻŎȅŀƴƛƴǎΣ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ !IҌ 

to A is generally less thermodynamically favourable than hydration at C2, giving the 

colourless hemiketal (B), and tautomerisation of B to give colourless isomeric 

chalcones (Ct and Cc). As the most stable products above pH 3, species B and 

chalcones deplete the available pool of the coloured species, and the red or purple 

colours begin to disappear as the pH is increased. 
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Figure 1.5 Structural transformation of cyanidin-3-O-glycoside as a function of pH. The three cyanidin species 

are given with their expected colours as outlined. Deprotonation from the C5-OH has been omitted for 

simplicity (Houghton, Appelhagen and Martin, 2021). 
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1.7 Copigmentation 

The diversity of colours observed in floral systems cannot be explained by 

differences in chemical substituent groups and the pH equilibrium alone; without 

interactions that stabilise the chromophore at physiological pH within the vacuole 

(which is usually about pH 5.5), most flowers would be devoid of their attractive hues 

and would instead be colourless or pale yellow (as a result of hemiketal and chalcone 

formation, respectively; Figure 1.5). Anthocyanins are large, planar compounds 

which lend themselves to the formation of non-covalent interactions with molecules 

termed copigments (Figure 1.6). Generally, these interactions are favourable 

towards the stabilisation of the coloured species through blocking hydration of the 

flavylium cation to the colourless hemiketal by the addition of water at C2 (He et al., 

2019). These interactions occur with the highest affinity between the coloured forms 

of the anthocyanin species and the copigment, and less so with the hemiketal and 

chalcone forms due to decreased conjugation of the tricyclic core upon ring opening 

(Dangles and Fenger, 2018) (Figure 1.6). Observations from the anthocyanins found 

typically in red wines have demonstrated these copigmentation interactions 

produce the largest hyperchromic shifts at around pH 3.6, or when A is the dominant 

species (Brouillard et al., 1991).
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Figure 1.6 Schematic of an anthocyanin : copigment interaction (Houghton, Appelhagen and Martin, 2021). Left : Co-pigmentation interaction 

between cyanidin 3-O-glucoside and quercetin.lue clouds above the structures denote polarisable surface area. Direct electrostatic interactions 

form between substituent groups, stabilising the coloured species. Right: Ring opening breaks the conjugated system across the tricyclic ring, 

significantly reducing the planar surface for copigmentation. 
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1.7.1 Self-Association 

Anthocyanins can also form self-association interactions with other anthocyanins. 

However, these complexes are typically less strongly associated than intermolecular 

copigmentation, requiring a relatively high concentration of anthocyanins before 

they are observed (around 1 mM) (González-Manzano et al., 2008). Self-association 

interactions are strongest between neutral species and are destabilised by charge 

repulsion between pairs of positively charged flavylium cations and between 

negatively charged anionic bases (Dangles and Fenger, 2018) (Figure 1.7). 

This self-associative behaviour is dependent on the substitutions present on the B-

ring. It has been shown that the self-association constant decreases in the series 

delphinidin 3-O-glucoside > pelargonidin 3-O-glucoside > cyanidin 3-O-glucoside. The 

ŀŘŘƛǘƛƻƴ ƻŦ ŀ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇ ǘƻ ǘƘŜ /оΩ Ǉƻǎƛǘƛƻƴ ƛƴǘǊƻŘǳŎŜǎ ǎƭƛƎƘǘ ǘƻǊǎƛƻƴ ƛƴǘƻ ǘƘŜ .-

ring: C-ring linkage, reducing the planarity and thus the proximity at which the 

cyanidin molecules can associate.  

The opposite effect is observed with methylation where self-association increases 

from pelargonidin 3-O-glucoside < peonidin 3-O-glucoside < malvidin 3-O-glucoside. 

The steric hinderance of the methoxy groups on the B-ring may dictate the 

orientation of the complex, favouring associations with better alignment.  

Decoration with sugars also influences the self-association stacking arrangement. 

Although not aromatic, the sugars are heteroatoms, with electron density polarised 

towards the oxygen. This property may induce further polarisation in the interacting 

molecule, strengthening the association, but the position and size of the sugar 

determines the overall alignment of the complex. Glycosylation at C3 and C5 of 

delphinidin increases the propensity for self-association, likely due to enhanced 

polarisation and the presence of additional hydrogen bonds. In contrast, this effect 

is reversed for malvidin 3,5-O-diglucoside, in which the addition of the C5 glucose 

sterically hinders self-association. 
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Figure 1.7 Self-association interaction between two cyanidin-3-O-glucoside quinonoid bases (Houghton, 

Appelhagen and Martin, 2021). 
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1.7.2 Effect of Copigmentation on Colour 

The effects of copigmentation can be divided into three categories: the first two 

involve the selective stabilisation of the coloured species which manifest as an 

hyperchromic shift (Figure 1.8, A). The first effect is due to favourable interactions 

between the coloured anthocyanin species and the copigment, which depletes the 

available pool of free unbound anthocyanins and drives the equilibrium towards the 

formation of more coloured species (Lambert et al., 2011). Secondly, 

copigmentation enhances the resistance of the chromophore to hydration at C2 by 

steric hinderance. This increases colour half-life and reducing colour fading by 

reducing reversible hydration, as well as the irreversible hydrolysis of the hydrated 

anthocyanins (Li et al., 2018). 

The third effect of copigmentation is the bathochromic shift (Figure 1.8, B), caused 

by distortions in the electron orbitals between closely interacting aromatics (Silva et 

al., 2016). Light is an electromagnetic wave, and relative to the strength of the 

electromagnetic field, atomic nuclei are too dense to experience any substantial 

polarisation. However, electrons which are comparatively small experience a 

polarising effect when exposed to electromagnetic fields.  

As electrons carry a negative charge and oscillate in electromagnetic fields (harmonic 

oscillation, they induce dynamic polarisation in the molecular orbitals, termed the 

dipole moment. Electrons which oscillate at the same frequency as an incident 

photon (termed degenerate) can absorb energy from those photons, promoting 

them from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO). This additional energy is radiated to the surroundings 

within picoseconds through a number of mechanisms as the electron moves back 

into the ground state (Dangles and Fenger, 2018) 
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Figure 1.8 Effects of copigmentation interaction between malvidin 3-glucoside and quercetin 

(Houghton, Appelhagen and Martin, 2021). (A) Co-pigmentation of malvidin 3-glucoside with quercitin 

ċƣШƓcШΟЮΣЮШΝШӀШΡΜΜШ͓~ШůċũƻŔĬŔŰШΟ-ŊũƨĦŸƚŔĬĲЯШΞШӀШΡΜΜШ͓~ШůċũƻŔĬŔŰШΟ-glucoside + 1 mM quercitin (Lambert 

et al., 2011). (B) The molecular orbital correlation diagram of malvidin 3-O-glucoside and quercetin 

shows the energy changes as a result of co-pigmentation complex formation. Reduction of highest 

occupied molecular orbital of chromophores (HOMO)тlowest unoccupied molecular orbital (LUMO) 

ĲŰĲƖŊǃШŊċƓШы̍EьШƖĲƚƨũƣƚШŔŰШċШĤċƣőŸĦőƖŸůċƣŔĦШƚőŔŉƣШ(Li et al., 2018). 
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The changes in electron density between the excited and ground state cause a 

ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ, and therefore the energy absorbed 

corresponds to the frequency of oscillation between these two different dipole 

moments, termed the transition dipole moment (µge, Figure 1.9, A). The transition 

dipole is proportional to the polarisability (h) of the compound (Figure 1.9, C), and 

therefore distortion of the chromophore electron orbitals by the copigment 

decreases the energy gap, resulting in a bathochromic shift diagrammed in figure 

1.8. 

In particularly strongly associated pigment : copigment complexes, interactions 

result in the formation of a through-space charge transfer excitation state. This 

ƻŎŎǳǊǎ ǿƘŜƴ ǘƘŜǊŜ ƛǎ ǇŀǊǘƛŀƭ ƳƛȄƛƴƎ ƻŦ ǘƘŜ ˉ ƻǊōƛǘŀƭǎ ƻŦ ǘƘŜ ǘǿƻ ƛƴǘŜǊŀŎǘƛƴƎ ƳƻƭŜŎǳƭŜǎΦ 

After photoexcitation to a higher energy state, the molecule then rearranges the 

electron density to a lower energy state. This reduces the excitation energy gap 

between HOMO and LUMO, and increases the absorption wavelength maxima, 

shifting the colour towards blue (Li et al., 2018). In most charge transfer interactions, 

orbital mixing is relatively small, and so the charge transfer band appears as a 

shoulder peak (or broadening of the main absorption peak as seen in Figure 1.8). 
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Figure 1.9 Simplified schematic of light absorption by cyanidin 3-O-glucoside. (A) When cyanidin 

absorbs electromagnetic radiation, the energy of the radiation can cause an electron to transition 

from a lower energy state (HOMO) to a higher energy state (LUMO). This transition can be 

accompanied by a change in distribution of electron density, and generation of internal magnetic 

forces due to moving electric charges. These transitions are the result of the magnetic 

component of electromagnetic waves (B), with the frequency of oscillation between dipole 

moments corresponding to the frequency of the electromagnetic radiation. (C) The energy (E) of 

the interaction between electrons and electromagnetic radiation is dependent on the strength of 

the oscillating electric dipole (µge) and the polarisation of the molecule у ͈бШŔŰШőŔŊőũǃШƓŸũċƖŔƚĲĬШ

systems such as anthocyanins, the transition energy is reduced, allowing absorption of lower 

energy (longer wavelength) electromagnetic radiation. 

 

ÑőĲШƣƖċŰƚŔƣŔŸŰШĬŔƓŸũĲШůŸůĲŰƣШы͓ŊĲьШŔƚШƣőĲШĬŔŉŉĲƖĲŰĦĲШĤĲƣƽĲĲŰШƣőĲШĲŰĲƖŊǃШŔŰШƣőĲШŊƖŸƨŰĬШƚƣċƣĲШċŰĬШ

ƣőĲШĲǂĦŔƣĲĬШƚƣċƣĲЮШ[ŸƖШƓƖŸůŸƣŔŸŰШŸŉШċŰШĲũĲĦƣƖŸŰШƣŸШċШőŔŊőĲƖШůŸũĲĦƨũċƖШŸƖĤŔƣċũЯШ͓ŊĲШӀШ͒ЮШы9ьШÑőĲШ

strength of the interaction between electrons and electromagnetic radiation is dependent on the 

polarisationу͈бШŔŰШőŔŊőũǃШƓŸũċƖŔƚĲĬШƚǃƚƣĲůƚШƚƨĦőШċƚШƣőĲШċŰƣőŸĦǃċŰŔŰƚЯШƣőĲШƣƖċŰƚŔƣŔŸŰШĲŰĲƖŊǃШŔƚШ

reduced, allowing absorption of longer wavelength light. 
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1.7.3 Types of Copigment 

Owing to their large and rigid, polarisable surface, anthocyanins can theoretically 

form vertical stacking assemblies with over ten-thousand compounds (Trouillas et 

al., 2016). However, the major natural copigment compounds identified are the 

hydrolysable tannins, flavonoids (such as flavones, flavonols, and other 

anthocyanins), and phenolic acids (Figure 1.10). 

The basic requirement for a copigment is the presence of a planar arene moiety, 

which favours interaction with the anthocyanin chromophore. Increasing the size of 

the aromatic system or the substituent groups can have profound effects on the 

degree of copigmentation (Escribano-Bailón, Rivas-Gonzalo and García-Estévez, 

2018). Planar flavonols such as kaempferol, quercetin, and myricetin are conjugated 

over their A-, B-, and C-rings and thus have the highest affinity for copigmentation. 

Hydroxycinnamic acid (HCA) derivatives such as p-coumaric, caffeic, ferulic, and 

sinapic acids are commonly observed as both inter- and intramolecular copigments, 

producing a similar degree of colour modulation to planar flavonoids (Dangles and 

Fenger, 2018). Increasing substitution of the arene group with hydroxyl and methoxy 

substituents increases the thermodynamic binding constant, and the affinity for 

copigmentation increases along the series: p-coumarate < caffeic acid < ferulic acid 

< sinapic acid όaŀǊƪƻǾƛŏΣ tŜǘǊŀƴƻǾƛŏ ŀƴŘ .ŀǊŀƴŀŎΣ нллрΤ DŀƭƭŀƴŘ et al., 2007).  

Despite the advances in understanding copigmentation interactions, it is still unclear 

whether this increased affinity for highly substituted groups is attributable to 

distortion in pigment electron density, or the formation of additional direct 

electrostatic interactions between the substituent groups and the anthocyanin 

chromophore, although it is highly likely that both mechanisms play a role. 
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Figure 1.10 Examples of chemical structures of commonly observed copigments 

(Houghton, Appelhagen and Martin, 2021). In nature, copigmentation is dependent 

on co-localisation of anthocyanins and copigments within the vacuole. 

Consequently, flavone and flavonol copigments are glycosylated in order to facilitate 

their transport to the vacuole. Hydroxycinnamoyl quinic acids such as 3-O-caffeoyl 

and 3-O-p-coumaroyl quinic acids can be transported to the vacuole as aglycones 

and are found as copigments in hydrangea flowers, for example (Ito et al., 2019). 
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1.7.4 Blues from Intermolecular Copigmentation 

Blue colouration by intermolecular copigmentation alone is not common, and when 

it occurs, it is usually the result of copigmentation of anthocyanins with glycosylated 

flavonols and flavones. The blue-purple-coloured flowers of cranesbill, Geranium 

άWƻƘƴǎƻƴΩǎ .ƭǳŜέΣ Geranium pratense, and Geranium sanguineum all contain the 

same anthocyanins: malvidin 3-O-glucoside-5-O-(6έ-O-acetylglucoside) and a minor 

fraction of malvidin 3-O-(6έ-O-acetyl glucoside) (Markham, Mitchell and Boase, 

1997).  

The variation in colour between these varieties (Figure 7) results from differences in 

the molar concentrations of flavonol copigments kaempferol and myricetin 3-O-

glucoside and 3-O-sophoroside, with the blue-coloured petals of Geranium 

ΨWƻƘƴǎƻƴΩǎ .ƭǳŜΩ ŀƴŘ G. pratense containing significantly higher molar ratios of 

flavonols than G. sanguineum (Markham, Mitchell and Boase, 1997; Yoshida, Mori 

and Kondo, 2009) (Figure 1.11). 

Pigment-copigment complexes are weak interactions and are attenuated by heating, 

dilution, and changes in pH. The formation of these complexes requires high molar 

ratios of copigment relative to the concentration of anthocyanins, the ratio 

depending on the affinity of the copigment for the anthocyanin. Observations of 

copigmentation with flavonols and flavones demonstrate the highest stabilising 

effect on anthocyanin/copigment complexes at ratios of 1 : 2 ς 1 : 20, whereas 

hydroxycinnamic acids require concentrations between 1 : 10 and 1 : 100 for 

comparable hyperchromic and bathochromic shifts (Eiro and Heinonen, 2002; 

Lambert et al., 2011). 
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 Figure 1.11 The different colours of varieties of cranesbill are determined by intermolecular copigmentation between malvidin 3-O-glucoside-5-O-(6-

O-acetylglucoside) and varying relative amounts of flavonol copigments kaempferol and myricetin 3-O-glucoside and 3-O-sophoroside [30]. From 

(Houghton, Appelhagen and Martin, 2021) 
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Using genetic engineering, Noda et al. (Noda et al., 2017) were able to generate blue 

through the expression of the gene encoding UDPτglucose : ŀƴǘƘƻŎȅŀƴƛƴ оΩΣрΩ-O-

glucosyltransferase from butterfly pea (Clitoria ternateaύ ŀƴŘ ǘƘŜ ŦƭŀǾƻƴƻƛŘ оΩΣрΩ-

hydroxylase from Canterbury bells (Campanula medium) in chrysanthemum, which 

does not naturally have the capacity to make blue flowers (Figure 1.12), in part 

ōŜŎŀǳǎŜ ƛǘ ƭŀŎƪǎ ŀ ƎŜƴŜ ŜƴŎƻŘƛƴƎ ŦƭŀǾƻƴƻƛŘ оΩΣрΩ-hydroxylase and consequently the 

ability to make delphinidin-based anthocyanins. However, expression of flavonoid 

оΩΣрΩ-hydroxylase alone in chrysanthemum produced only a purple/violet colour 

(Brugliera et al., 2013; Noda et al., 2013). 

Expression of the gene encoding UDPτƎƭǳŎƻǎŜ Υ ŀƴǘƘƻŎȅŀƴƛƴ оΩΣрΩ-O-glucosyl 

transferase resulted in the modification of delphinidin 3-O-όсέ-O-malonyl) glycoside 

in order to produce delphinidin 3-O-όсέ-O-malonyl) glycoside-оΩрΩ-di-O-glucoside 

όǘŜǊƴŀǘƛƴ /рύΦ Lƴ ƛǎƻƭŀǘƛƻƴΣ ǘƘŜ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ƻŦ оΩ ŀƴŘ рΩ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇǎ ƻƴ ǘƘŜ .-ring 

ƻŦ ǘƘŜ ŀƴǘƘƻŎȅŀƴƛƴ ŎŀǳǎŜŘ ŀ ǊŜŘŘŜƴƛƴƎ ƻŦ ǘƘŜ ŀƴǘƘƻŎȅŀƴƛƴ ǿƛǘƘ ǘƘŜ ˂max in the visible 

range dropping from 527 nm for delphinidin 3-O-όсέ-O-malonyl) glycoside to 511 nm 

for delphinidin 3-O-όсέ-O-malonyl) glycoside-оΩрΩ-di-O-glucoside at pH 2.7.  

In fact the bluing of the chrysanthemum flowers was due to an increased capacity 

for copigmentation with the flavones luteolin 7-O-όсέ-O-malonyl) glucoside and 

tricetin 7-O-όсέ-O-malonyl)glucoside, which are present naturally in chrysanthemum 

flowers, which turned from violet in the presence of delphinidin 3-O-όсέ-O-malonyl) 

glycoside, to blue in the presence of delphinidin 3-O-όсέ-O-malonyl) glycoside-оΩрΩ-

di-O-glucoside. 
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Figure 1.12 Noda et al. (Noda et al., 2013) ċĦőŔĲƻĲĬШĤũƨĲШĦŸũŸƨƖƚШŔŰШĦőƖǃƚċŰƣőĲůƨůШƣőƖŸƨŊőШƣőĲШĲǂƓƖĲƚƚŔŸŰШŸŉШ9ůΟќΡќcШыŉũċƻŸŰŸŔĬШΟќЯΡќ-őǃĬƖŸǂǃũċƚĲьШċŰĬШ9ƣΟќΡќ]ÑШ

(UDPуŊũƨĦŸƚĲШаШċŰƣőŸĦǃċŰŔŰШΟќЯΡќ-O-glucosyltransferase). Hydroxylation of cyanidin 3-O-ыΣњ-O- ůċũŸŰǃũьШŊũƨĦŸƚŔĬĲШċƣШΡќШƽċƚШŰŸƣШƚƨŉŉŔĦŔĲŰƣШƣo generate blue colours, 

requiring the addition of two glucose groups to the B-ƖŔŰŊЯШĬĲůŸŰƚƣƖċƣĲĬШĤǃШƣőĲШƚőŔŉƣШŔŰШƻŔƚŔĤũĲШ͒max shown on the right (Houghton, Appelhagen and Martin, 2021). 
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¢ƘŜ ōŀǘƘƻŎƘǊƻƳƛŎ ǎƘƛŦǘ ƻŦ ˂max in the visible range was greater for the shift from 

cyanidin to delphinidin-based anthocyanins than for the di-glycosylation of the B-

ring. However, delphinidin 3-O-όсέ-O-malonyl)glycoside-оΩрΩ-di-O-glucoside in 

combination with the flavonol copigments showed a strong shoulder of absorption 

at 590 nm, giving the bluing effect of copigmentation (Figure 8). For the delphinidin-

based anthocyanins, copigmentation with flavonols increased the relative 

abundance of quinonoid base in the multistate equilibrium, whereas the abundance 

of anionic quinonoid base increased in the equilibrium of delphinidin 3-O-όсέ-O-

malonyl)glycoside-оΩрΩ-di-O-glucoside with its flavonol copigments (Noda et al., 

2017). 

In nature, intermolecular copigmentation is dependent upon the co-localisation of 

the copigment with the anthocyanins in the vacuole of petal cells. For this reason, 

flavonol and flavone copigments in flowers are always glucosylated since 

glycosylation provides the signal for their transport to the vacuole. For other 

copigments such as caffeoyl and p-coumaroyl quinic acids in blue hydrangeas, 

accumulation in vacuoles does not involve glycosylation signals (Ito et al., 2019). 

Most blue flowers produce anthocyanins that are stabilised by additional 

copigmentation interactions, which fall into two categories, namely, intramolecular 

association and metal cation chelation. 

1.7.5 Intramolecular Association 

Anthocyanins show a wide array of chemical diversity; of the nearly 700 species 

reported, close to 300 are acylated with one or more aromatic or aliphatic acyl 

groups, while approximately 100 of these contain both (Andersen and Jordheim, 

2006). Although the acylated anthocyanins which produce the blue colours of flower 

petals are structurally diverse, the predominant anthocyanins are usually delphinidin 

derivatives. 

Anthocyanins which are acylated with aromatic hydroxycinnamic (HCA) derivatives 

form non-covalent intramolecular associations with their covalently linked HCA 

moieties, which fold over the chromophore, protecting the chromophore from 

hydration (Malien-Aubert, Dangles and Amiot, 2001) (Figure 1.13).  
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Figure 1.13 Typical structure of poly-acylated anthocyanins allowing non-covalent interaction between the anthocyanin chromophore and covalently linked acyl 

moieties (intramolecular copigmentation) (Houghton, Appelhagen and Martin, 2021). 
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These interactions can be loosely categorised into two types: type 1 where the 

anthocyanin forms intramolecular copigmentation interactions with HCAs both 

above and below the chromophore, and type 2 where the anthocyanin forms 

intramolecular interactions on only one plane, leaving one plane exposed for the 

formation of self-association interactions with other anthocyanins, or 

copigmentation with a non-anthocyanin copigment (Trouillas et al., 2016).  

As these copigments are covalently linked (intramolecular) their effects on colour 

and stability are not dependent on concentration. As an example, the polyacylated 

anthocyanin pelargonidin 3-O-όнέόŎŀŦŦŜƻȅƭƎƭǳŎƻǎȅƭύ-сέ-(caffeoylglucosylcaffeoyl) 

glucoside)-5-O-glucoside produces a bathochromic shift compared to the non-

acylated anthocyanin equivalent to the addition of external caffeic acid copigment 

at a concentration of 0.6 M (Dangles, Saito and Brouillard, 1993). 

These types of interactions are dependent on specific structural features of the 

anthocyanin which, as a consequence of the diversity of aromatically acylated 

anthocyanins and potential copigments, are incompletely defined. In general, for 

HCA moieties linked to either the B- or C-rings of the anthocyanidin by 

monosaccharides or disaccharides, intramolecular copigmentation (as observed in 

ternatins, heavenly blue anthocyanin (HBA) from Japanese morning glory, and 

gentiodelphin) is more common than self-association. Anthocyanins with extended 

acyl residue linkers or repeating sugarςHCA sequences linked to sugars attached to 

the A- or C-rings favour self-association (as observed with tecophilin) (Trouillas et al., 

2016). 

The position of linkage of glycosylςHCAs to the anthocyanin core imposes some 

geometric constraints, influencing how well the copigment can align with the 

anthocyanin chromophore, and hence the strength of the association (as measured 

by the degree of bathochromatic shift). The investigation of mono-acylated 

ŀƴǘƘƻŎȅŀƴƛƴǎ Ƙŀǎ ƭŜŘ ǘƻ ǘƘŜ ǇǊƻǇƻǎŀƭ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǊŀƴƪƛƴƎΥ оΩϤрΩ Ҕ т Ҕ о . 
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Figure 1.14 Simplified schematic of the two major types of intramolecular copigmentation. Type 1 complexes form intramolecular copigmentation interactions 

above and below the anthocyanin chromophore. Type 2 complexes form only one intramolecular interaction, and self-association interactions on the reverse plane.  
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Similarly, the position of acylation on the sugar can influence stacking interactions. 

!Ŏȅƭ ƎǊƻǳǇǎ ŀǊŜ ǳǎǳŀƭƭȅ ōƻǳƴŘ ǘƻ ǘƘŜ /сέ-OH of the primary sugar, allowing enough 

bond flexibility for efficient stacking (Moloney et al., 2018). Acyl groups have been 

ƻōǎŜǊǾŜŘ ƭŜǎǎ ŦǊŜǉǳŜƴǘƭȅ ŀǘ /нέ-hIΣ /оέ-hI ŀƴŘ /пέ-OH groups of the primary sugar 

ǘƘŀƴ ƻƴ ǘƘŜ /сέ hI ƎǊƻǳǇ (Zhao et al., 2017). In contrast to acyl groups linked to 

ǇǊƛƳŀǊȅ ǎǳƎŀǊ hI ƎǊƻǳǇǎΣ ŀŎȅƭŀǘƛƻƴ ƻŦ ǘƘŜ ǎŜŎƻƴŘŀǊȅ ǎǳƎŀǊ ƻƴ ƎǊƻǳǇǎ ǎǳŎƘ ŀǎ ŀǘ /пέ-

OH appear to not interact with the chromophore at all (Nerdal and Andersen, 1992). 

Studies of di-acylated anthocyanins from red cabbage have shown that addition of a 

ǎƛƴƎƭŜ ǎƛƴŀǇƻȅƭ ƎǊƻǳǇ ǘƻ ǘƘŜ /сέ Ǉƻǎƛǘƛƻƴ ƻŦ ŦƛǊǎǘ ǎǳƎŀǊ όDмύ ƻƴ /о ƻŦ ŎȅŀƴƛŘƛƴ о-O-

sophorose-5-O-ƎƭǳŎƻǎƛŘŜ ŎŀǳǎŜǎ ŀ ōŀǘƘƻŎƘǊƻƳƛŎ ǎƘƛŦǘ ƻŦ мл ƴƳ ƛƴ ˂max in the visible 

ǊŀƴƎŜΣ ǿƘƛƭŜ ŀŘŘƛǘƛƻƴ ƻŦ ŀ ǎŜŎƻƴŘ ǎƛƴŀǇƻȅƭ ƎǊƻǳǇ ƻƴ /нέ ƻŦ Dн ƎƛǾŜǎ ŀ ōŀǘƘƻŎƘǊƻƳƛŎ 

ǎƘƛŦǘ ƻŦ нп ƴƳ ƛƴ ˂max. The equivalent bathochromic shifts that could be achieved with 

addition of free sinapic acid to cyanidin 3-O-sophorose-5-O-glucoside and cyanidin 

3-O-όсέ-sinapoyl) sophorose-5-O-glucoside were 4 and 11 nm, respectively (Moloney 

et al., 2018), demonstrating the effectiveness of intramolecular copigmentation 

compared to intermolecular copigmentation. 

Acylated anthocyanin complexes have increased colour stability and generally 

increased aromatic acylation increases blueness and anthocyanin stability. The 

addition of water to C2 of the flavylium ion is key to fading of anthocyanins because 

it causes the formation of colourless hemiketal epimers. By promoting the formation 

of quinonoid bases in the multistate equilibrium, HCA decoration increases 

anthocyanin stability because quinonoid bases cannot undergo hydration reactions. 

Aromatic acylation also increŀǎŜǎ ǘƘŜ ǎǘǊŜƴƎǘƘ ƻŦ ˉ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƴŘ ǎƭƻǿǎ 

irreversible colour loss by chemical degradation involving cleavage of the C-ring, 

although these latter processes are not well understood (Moloney et al., 2018).  

Consequently, aromatic acylation causes big increases in the stability of anthocyanin 

pigments, as illustrated in Figure 1.15 for extracts of di-acylated anthocyanins from 

the desert bluebell (Phacelia campanularia) and quadri-acylated anthocyanins from 

butterfly pea (Clitoria ternatea) compared to the non-acylated cyanidin 3-O-

rutinoside.



Chapter 1: General Introduction 

 

38 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 Demonstration of increasing blueness and increasing stability associated with multiple acylation of anthocyanins. Cyanidin 3-O-rutinoside was 

purchased commercially, and anthocyanins were extracted from desert bluebell (Phacelia campanularia) and butterfly pea (Clitoria ternatea). The most highly 

acylated anthocyanins in each extract are illustrated to the right. The plates show the colours of the anthocyanin extracts at different pH values and following storage 

at room temperature for 1, 7, and 14 days (Houghton, Appelhagen and Martin, 2021). 
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1.7.6 Aggregation of Aromatically Acylated Anthocyanins 

Depending on the position of HCA attachment and the presence of additional 

stabilising glycosylation, some acylated anthocyanins aggregate, even at low 

concentration, at pH values greater than 2 and less than 8. Studies of aggregation 

undertaken at elevated temperatures have suggested that aggregation is the result 

of intermolecular rather than intramolecular associations (Mendoza et al., 2020). 

Aggregation of this type can occur naturally in plant cells giving rise to the formation 

of anthocyanic vacuolar inclusions (AVIs) (Markham et al., 2000; Kallam et al., 2017). 

The production of aggregated acylated anthocyanins in AVIs is used in some flowers 

to create dark spots of colour, as seen in the central region of the sepals of lisianthus 

(Eustoma grandiflora). In the case of lisianthus, it is the absence of additional 

glycosylation of the C3 of delphinidin and cyanidin 3-O-galactoside-5-O-(p-

coumaroyl) glucoside and 3-O-galactoside-5-O-(feruloyl)glucoside on the inner 

epidermis of the base of the sepals that is associated with AVI formation compared 

to the delphinidin and cyanidin-3-O-(rhamnosyl) galactoside-5-O-(p-coumaroyl) 

glucoside and 3-O-(rhamnosyl) galactoside-5-O-(feruloyl) glucoside. 

These observations have been interpreted in terms of reduced glycosylation 

favouring AVI formation, which fits well with in vitro observations that 5-O-

glycosylation reduces AVI formation in vivo (Kallam et al., 2017). The role of AVI 

formation in patterning the flowers of lisianthus is illustrated in Figure 1.16. 
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Figure 1.16 Presence of anthocyanin aggregates in the sepals of lisianthus is associated with the production of aggregates of acylated anthocyanins. The 

anthocyanic vacuolar inclusions (AVIs) that give the dark colour to the base of the sepals do not fluoresce under UV light. The soluble anthocyanins in lisianthus 

sepals fluoresce as do some additional anthocyanin aggregates from the outermost regions of the sepals (Houghton, Appelhagen and Martin, 2021). 
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Anthocyanins from blue flowers commonly also contain aliphatic acyl groups, such 

as malonic acid. Addition of malonyl groups does not impact the colour of 

anthocyanins directly (Luo et al., 2007). The contribution of aliphatic acyl groups to 

stacking interactions (and hence indirectly to colouration) is unclear, although a few 

functions have been proposed. Acylation with a malonyl group was observed to 

lower the pKa of anthocyanins in Matthiola incana, possibly by stabilising the neutral 

species through the formation of hydrogen bonds between the malonyl group and 

the oxygen at C7 of the quinonoid base (Trouillas et al., 2016).  

Acylation with multiple aromatic groups reduces the solubility of anthocyanins in the 

aqueous cytoplasm. This may pose a problem during the biosynthesis of poly-

acylated anthocyanins, such as the ternatins; the largest of which is acylated with 

four p-coumaroyl moieties. Therefore, acylation with aliphatic organic acids on 

glucose moieties at C3, C5, or C7 may help keep these anthocyanins soluble in the 

aqueous cytoplasm during biosynthesis (Luo et al., 2007; Kallam et al., 2017). 

1.8 Anthocyanin metal complexes 

Anthocyanins such as cyanidin, delphinidin, and petunidin, with two free hydroxyl 

groups on the B-ring, demonstrate a colour change upon chelating multivalent metal 

cations. 

The metal cation competes with the hydrogen ions and the red flavylium cations are 

transformed to form the blue quinonoid base anions (Sigurdson et al., 2016). The 

complexes are then stabilised through typical copigmentation interactions with 

external copigments, or through self-association with other anthocyanins, where 

both the copigment and anthocyanin are coordinated by the metal cation. 

1.8.1 Fuzzy-metal complexes 

These complexes still require high relative molar concentrations of copigment, and 

are blue only in aqueous solution, where their colour is similarly attenuated by 

dilution.  
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Further, their colour is lost upon attempts to crystallise or isolate these pigments. 

CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ǘƘŜȅ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŦǳȊȊȅ ƳŜǘŀƭ ŎƻƳǇƭŜȄŜǎέΣ ŘǳŜ ǘƻ ǘƘŜ 

difficulties in clarifying the mechanisms of association (Yoshida, Mori and Kondo, 

2009). 

The best studied cases of fuzzy metal complexes are those present in Hydrangea 

macrophylla. These flowers range in colour from red to mauve to blue, and all 

contain delphinidin 3-O-glucoside, copigments (mainly 3-O-caffeoyl and 3-O-p-

coumaroyl quinic acids), and Al3+ in differing concentrations (Figure 1.17). 

Neither Al3+ or 3-O-caffeoylquinic acid alone could produce blue colour when mixed 

with delphinidin 3-O-glucoside, the anthocyanin present in both blue and red 

hydrangeas, in the molar ratios found in the flower sepals. The blue variety, 

however, had significantly higher concentrations of copigment and Al3+ compared to 

the red variety (Takeda, Kariuda and Itoi, 1985).  

In a recent publication, it was shown that the anthocyanin accumulates in the sub-

epidermal layer of sepals of both red and blue varieties. The concentration of 

caffeoyl/p-coumaroyl 3-O-quinic acids, which serve as copigments, are high in 

several cell layers of the sepals of hydrangea. However, it is the high levels of 

aluminium in the subepidermal layer that confer the specificity of blue, achieved 

through the association of anthocyanins, copigments, and Al3+ ions in the 

subepidermal layer of blue flowers (Figure 1.17). In the comparator red-flowered 

variety, levels of Al3+ were found to be much lower in the subepidermal cell layer of 

the sepals (Ito et al., 2019). 

Historically, this mechanism has been exploited to glean structural information 

about the anthocyanin under investigation, the addition of Al3+ producing a 

characteristic blueing of the anthocyanin indicating the presence of two free 

hydroxyl groups present on the B-ring. Gardeners have used hydrangea flower 

colour to demonstrate the effect of soil pH on flowers; plants grown on acid soils are 

bluer because low pH results in more bioavailable Al3+ to form the fuzzy metal 

complex. Cultivation of the same varieties on more alkaline soils results in red 

flowers due to the low availability of Al3+ under these conditions (Hayter, 1949; 

Chalker-Scott, 2018) 
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Figure 1.17 Hydrangeas produce blue flowers due to the formation of metal chelates between 

delphinidin, copigments, and Al3+. This complex stabilises the anionic quinonoid base species, 

ƓƖŸĬƨĦŔŰŊШċШĤċƣőŸĦőƖŸůŔĦШƚőŔŉƣШŸŉШΡΞШŰůЯШċƚШƚőŸƽŰШƽŔƣőШƣőĲШƚőŔŉƣШŔŰШ͒max for the visible absorption 

spectra shown on the left (Houghton, Appelhagen and Martin, 2021). 
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1.8.2 Metalloanthocyanins 

A specific subset of metal-coordinated anthocyanins form large supramolecular 

structures termed metalloanthocyanins, which have been demonstrated to perform 

an important role in the development of blue colour in several floral systems. These 

complexes are composed of stoichiometric amounts of anthocyanins, flavones, and 

metal ions. For all metalloanthocyanins, these ratios are fixed at 6:6:2, respectively 

(Yoshida, Mori and Kondo, 2009). 

The formation of these complexes requires similar structural properties to those 

seen in the more typical metal-coordination with anthocyaninsτtwo unsubstituted 

neighbouring hydroxyl groups on the B-ring. Both the anthocyanins and flavones 

self-associate in pairs with distances between the aromatic rings of the respective 

pair of approximately 3.3 Å, indicative of hydrophobic interaction (Shiono, Matsugaki 

and Takeda, 2008) (Figure 1.18). 

To date, only a few metalloanthocyanins have been identified with colours ranging 

from purple to blue. These known metalloanthocyanins consist of either delphinidin, 

cyanidin, or petunidin and Mg2+, Al3+, or Fe3+ as metal cations centralised within the 

complex (Yoshida, Mori and Kondo, 2009). Generally, in nature cyanidin-based 

anthocyanins tend to form complexes with Fe3+, whereas delphinidin-based 

anthocyanins form complexes with Mg2+, although there are exceptions to this 

άǊǳƭŜέΦ hŦ ŎƻǳǊǎŜΣ ƛƴ ǾƛǘǊƻ ǘƘŜǎŜ ǇǊŜŘƻƳƛƴŀƴǘ ƳŜǘŀƭǎ Ƴŀȅ ōŜ ŎŀǇŀōƭŜ ƻŦ ōŜƛƴƎ 

substituted by others (unavailable in nature), which may impact the colour and 

stability of the complex (Ratanapoompinyo et al., 2017). 
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Figure 1.18 Assembly of metalloanthocyanin complex by self-assembly of six anthocyanin molecules, six flavone molecules, and two 

metal cations (Houghton, Appelhagen and Martin, 2021). 
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1.9 Forces Involved in Copigmentation 

Hunter and Sanders (Hunter and Sanders, 1990) ƻǊƛƎƛƴŀƭƭȅ ǇǊƻǇƻǎŜŘ ǘƘŀǘ ǘƘŜ ˉ 

electron density of an unsubstituted aromatic ring results in a quadrupole moment, 

with a partial negative charge above both aromatic faces, and partial positive charge 

ŀǊƻǳƴŘ ǘƘŜ ǇŜǊƛǇƘŜǊȅΦ ˉ-interaction is an attractive force between electrical 

ǉǳŀŘǊǳǇƻƭŜǎΣ ƻǾŜǊǇƻǿŜǊƛƴƎ ǘƘŜ ǊŜǇǳƭǎƛƻƴ ƻŦ ˉ-electron clouds. Where aromatic 

ǎȅǎǘŜƳǎ ǎƘŀǊŜ ŀ ǎƛƳƛƭŀǊ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅΣ ˋς̄  ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ŦŀǾƻǳǊŀōƭŜ ŀƴŘ ǎƘƻǳƭŘ 

therefore favour an edge-to-face or off-centre parallel arrangement, disfavouring 

face-centred arrangements (Figure 1.19). 

The addition of electron-withdrawing substituents to an aromatic (arene) polarises 

ˉ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ŀǿŀȅ ŦǊƻƳ ǘƘŜ ŀǊƻƳŀǘƛŎ ŎŜƴǘǊŜΣ ǊŜǾŜǊǎƛƴƎ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ 

quadrupole (Li et al., 2018). Pairs of electron-rich and electron-deficient aromatics 

preferentially pair in a face-ŎŜƴǘǊŜŘ ŀǊǊŀƴƎŜƳŜƴǘΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŀǊƻƳŀǘƛŎ ŘƻƴƻǊς

ŀŎŎŜǇǘƻǊ ƛƴǘŜǊŀŎǘƛƻƴέ όFigure 1.19). 

Pigmentςcopigment ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ƻŦǘŜƴ ŀǘǘǊƛōǳǘŜŘ ƻǾŜǊǿƘŜƭƳƛƴƎƭȅ ǘƻ ˉς̄  

interactions. However, these fail to account for other molecular forces which can 

initiate and drive copigmentation. The magnitude of the interaction is the product 

of all forces acting between the two aromatic systems, maximising electrostatic 

forces and dispersive attraction. 
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Figure 1.19 Alternative modes of stacking are shown, emphasising the locations of electrostatic attraction or repulsion. As the interaction 

energy increases, so too does complex stability (Houghton, Appelhagen and Martin, 2021). 
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ς̄̄  ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ƴƻǘ ƭƛƳƛǘŜŘ ǘƻ ŀǊŜƴŜ ƳƻƛŜǘƛŜǎΤ ŎȅŎƭƛŎŀƭ ŀƭƛǇƘŀǘƛŎ ƳƻƭŜŎǳƭŜǎ ƘŀǾŜ 

also been demonstrated to take part in these interactions, suggesting that the 

requirement for electron delocalisation (as seen in aromatics) is not strict (Molcanov 

ŀƴŘ YƻƧƛŏ-tǊƻŘƛŏΣ нлмфύ. This is particularly noteworthy within non-aromatic 

heterocycles, such as glucose, where the presence of an oxygen atom introduces 

asymmetry within the heterocycle, resulting in polarisation. Within any anthocyanin 

or copigment, there will be regions of high- and low-electron density. Therefore, the 

overall strength of intra- and intermolecular copigmentation interactions will 

depend on the alignment of these regions (Hunter and Sanders, 1990). 

{ǳŎƘ ƛƴǘŜǊŀŎǘƛƻƴǎ Ƴŀȅ ŀƭǎƻ ŜȄǇƭŀƛƴ ǿƘȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ŀ ǎƛƴƎƭŜ ƎƭǳŎƻǎŜ ƳƻƛŜǘȅ ŀǘ /оΩ 

ŀƴŘ /рΩ όǘƻ ǇǊƻŘǳŎŜ ǘŜǊƴŀǘƛƴ /рύ ǿŀǎ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ƎŜƴŜǊŀǘŜ ōƭǳŜ ŎƻƭƻǳǊŀǘƛƻƴ ƛƴ 

butterfly pea and also in genetically modified chrysanthemum όaŀǊƪƻǾƛŏΣ tŜǘǊŀƴƻǾƛŏ 

and Baranac, 2005; Noda et al., 2017). These glucose groups may increase the 

dispersive attraction, and possibly direct electrostatic interactions, pulling the 

copigment closer to the chromophore and reducing the transition energy gap, thus 

producing a bluer colour (Figure 1.12). 

1.9.1 The Hydrophobic effect 

Anthocyanins form the strongest copigmentation interactions when dissolved in 

polar solvents and there is a decrease in magnitude of the copigmentation effect in 

non-aqueous solvents, where copigmentation has been attributed largely to the 

hydrophobic effect (Brouillard et al., 1991). 

These are both classical (entropic) and nonclassical (enthalpic). Water molecules 

solvating anthocyanins and their copigments form a highly organised hydrogen bond 

network around the aromatic intramolecular region (hydrophobic cavity) (Trouillas 

et al., 2016). As the pigment and copigment come together, the hydrogen bonds 

between water molecules in the solvation shell are broken and released from the 

hydrophobic cavity, increasing the system entropy and enthalpy (Figure 1.20). The 

barrier to complex formation is further reinforced by the required decrease in the 

ǎȅǎǘŜƳ ŜƴǘǊƻǇȅ όǊŜǉǳƛǊƛƴƎ ŜƴŜǊƎȅύ ŀǎ ǘƘŜ ŀŎȅƭ ƎǊƻǳǇ ǊƻǘŀǘŜǎ ŀōƻǳǘ ǘƘŜ /сέ ŀȄƛǎ ǘƻ 

form a highly ordered structure.
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Figure 1.20 Classical and non-classical hydrophobic forces involved in the formation of 

copigmentation complexes. As the two interacting aromatics approach each other, hydrogen 

bonds between the highly organised hydration shell are broken, increasing both enthalpy and 

entropy. New hydrogen bonds form between the displaced water molecules and the bulk water, 

decreasing enthalpy. A further decrease in enthalpy is observed due to the formation of attractive 

dispersive and electrostatic interactions. All observed copigmentation interactions are 

ĲǂŸƣőĲƖůŔĦШыҽ̍cьШċŰĬШƚƓŸŰƣċŰĲŸƨƚШыҽ̍]ΜьШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲШыΞΟШ҄9ьШ(Houghton, Appelhagen 

and Martin, 2021). 
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However, all observed copigmentation interactions are spontaneous at room 

temperature. To account for the energy deficit from the initial bond-breaking, 

energy is counterbalanced by a decrease in enthalpy by the formation of new 

hydrogen bonds between the liberated water molecules. In all cases investigated, 

pigment-copigment complexes have been exothermic (Dangles and Brouillard, 

1992). 

Generally, intermolecular copigmentation requires water as a solvent, indicating the 

importance of the hydrophobic effect in generating stable complexes (Alluis. and 

Dangles, 2001). However, in some intramolecular copigmentation complexes, the 

hydrophobic effect is not strictly necessary for interactions to occur. There have 

been many observations of anthocyanins forming pigment-copigment interactions 

in non-polar solvents, where hydrophobic forces would be minimal (Terahara et al., 

1998). Hydrophobic forces may drive the arene moieties close enough for dispersive 

and electrostatic attraction, which then dictate the final spatial arrangement and 

hence, the degree of charge transfer resulting in observed colour changes. 



 

 

 

1.10 Project aims 

Numerous studies have focused on the colour and stability altering effects of 

anthocyanic decoration. However, due to limited number of decorations typically 

observed, these studies themselves have been limited to the effects of only a few 

decorations. The extracts of dried butterfly pea flowers contain 15 delphinidin-3-όсέ-

ƳŀƭƻƴŀǘŜύΣоΩΣрΩ-O-triglucoside derivatives (ternatins), decorated with alternating 

glucose and p-ŎƻǳƳŀǊŀǘŜ ǊŜǎƛŘǳŜǎ ƻƴ ǘƘŜ оΩ ŀƴŘ рΩ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇǎΦ ¢ƘŜǎŜ Ŏŀƴ ōŜ 

broadly categorised into four groups: The A series, which feature glucose residues at 

ŜŀŎƘ ƻŦ ǘƘŜ ǘŜǊƳƛƴŀƭ Ǉƻǎƛǘƛƻƴǎ ƻŦ ǘƘŜ оΩ ŀƴŘ рΩ ǎƛŘŜŎƘŀƛƴΤ ǘƘŜ 5 ǎŜǊƛŜǎΣ ǿƘƛŎƘ ƘŀǾŜ p-

coumarate residues at each of the terminal positions; the B series which have one  

glucose and one p-coumarate at the terminal positions; and the C series, where 

ŀŘŘƛǘƛƻƴŀƭ ŘŜŎƻǊŀǘƛƻƴǎ ŀǊŜ ŀŘŘŜŘ ǘƻ ǘƘŜ оΩ ǎƛŘŜŎƘŀƛƴ ƻƴƭȅΦ Therefore, this study 

focussed on providing insight into the stability-enhancing and colour-modulating 

effects of iterative decorations with sugar and organic acid residues on anthocyanin 

colour and stability.  

To achieve this goal, high purity isolates of ternatin anthocyanins were generated 

and their molecular structures confirmed using a combination of high-resolution 

mass spectroscopy and nuclear magnetic resonance spectroscopy. 

The colour and stability of each isolate was characterised using UV-VIS spectroscopy 

and related observed differences to the decorations present on each anthocyanin. 

Finally, the conformational mechanisms responsible for the changes  in stability and  

colour enhancement were demonstrated at atomic scale resolution. The overall aim 

of this thesis was to analyse comprehensively and to evaluate the suitability of 

ternatin anthocyanins as replacements for synthetic blue food colourants. 
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Chapter 2: Isolation and structural elucidation 

of ternatin anthocyanins from Clitoria 

ternatea 

2.1 Introduction 

2.1.1 Butterfly pea (Clitoria ternatea) 

Butterfly pea is an herbaceous perennial legume, native to equatorial Asia, 

particularly Thailand, Malaysia and the Philippines; although it is now naturalised in 

all semi-arid tropics of Africa, Australia and Asia. As butterfly pea is a nitrogen fixing 

legume, the plant has found use as a  cover crop in orchards, serving as a feed crop 

for pasture animals, and has an excellent capacity as a pioneer species for disturbed 

land (Duncan, 2017). More recently, butterfly pea garnered significant interest for 

the range of its valuable natural products (Oguis et al., 2019). 

One of these notable natural products are the anthocyanins which colour the 

flowers. Butterfly pea makes intensely blue pigments in its flowers (Figure 2.1), 

involving the synthesis of highly decorated delphinidin-based anthocyanins, which 

show extraordinary stability in solution when compared to anthocyanins from other 

blue flowers such as Gentiana triflora which produces gentiodelphin (Tasaki et al., 

2022). Nineteen different anthocyanins (Table 2.1) have been identified in the flower 

petals of butterfly pea, of which fifteen are classified as ternatins, with variations in 

ǘƘŜƛǊ оΩΣ рΩ ŀŎȅƭ-glycosyl sidechains (Kazuma, Noda and Suzuki, 2003).  
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Figure 2.1 Flowers of wild-type Clitoria ternatea. 
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Table 2.1 Current list of identified anthocyanins and flavonol glycosides present in the petals of 

Clitoria ternatea 
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2.1.2 Ternatins 

Ternatins are a series of poly-acylated derivatives of delphinidin-оόсέ-ƳŀƭƻƴȅƭύΣоΩΣрΩς

O-triglucosides present in the petals of butterfly pea. These anthocyanins feature 

repeating glycosylation and acylation with glucose and p-coumarate residues on 

ōƻǘƘ ǘƘŜ оΩ ŀƴŘ рΩ Ǉƻǎƛǘƛƻƴ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇǎΦ 9ŀŎƘ ƻŦ ǘƘŜ ǘŜǊƴŀǘƛƴǎ Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘ 

an intermediate in the synthesis of ternatin A1, the most decorated anthocyanin 

present. There are a large number of ternatin precursors (Figure 2.2), from the 

smallest, ternatin /р ǿƘƛŎƘ ƛǎ ǘƘŜ ƳŀƭƻƴŀǘŜŘ ŘŜƭǇƘƛƴƛŘƛƴ оΣ оΩΣ рΩ-triglucoside, to the 

largest, ternatin A1, which has two 5-unit side chains (Glu-Cou-Glu-Cou-Glu) and a 

/о Ǉƻǎƛǘƛƻƴ сέ-O-malonyl-glucopyranose (Terahara et al., 1996, 1998). 

Ternatins have been classified into four groups based on their decorations in the 

ǘŜǊƳƛƴŀƭ Ǉƻǎƛǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ оΩ ŀƴŘ рΩ ǎƛŘŜŎƘŀƛƴǎΦ DǊƻǳǇ ! ǘŜǊƳƛƴŀǘŜ ǿƛǘƘ ǘǿƻ 

glucose molecules (G, G), group B with glucose and p-coumarate and series D with 

p-ŎƻǳƳŀǊŀǘŜ ƳƻƛŜǘƛŜǎ ƻƴ ǘƘŜ оΩ ŀƴŘ рΩ ǇƻǎƛǘƛƻƴǎΦ DǊƻǳǇ / ŦŜŀǘǳǊŜǎ ǘƘŜ ŜȄǘŜƴǎƛƻƴ ƻŦ 

one of the chains asymmetrically. Members of each series are numbered based on 

their elution order within their respective group. Variations in retention time are a 

result of differences in molecular weight within a series, and differences in 

hydrophobicity and sidechain symmetry between series. Series D (with two terminal 

acyl groups) are the most hydrophobic, with D1 eluting latest. Series B (with 1 

terminal acyl group) is less hydrophobic than series D, and series A (with 0 terminal 

acyl groups) elutes earliest. Sidechain asymmetry determines elution order when 

terminal decorations and molecular masses are equal (as seen with B2 and B3). B2 

has a more symmetrical sidechain compared to B3, and hence has better retention 

by the stationary phase of the reverse-phase column and elutes more slowly. 

Ternatin A1 (Figure 2.3)  is not only the largest monomeric anthocyanin but has also 

been shown to be one of the most stable anthocyanins in neutral aqueous solutions, 

likely due to the high degree of acylation (Terahara et al., 1990).  
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Figure 2.2 Possible biosynthetic pathways of ternatins. T: ternatin; PT: preternatin; G: glucose; C: p-ŎƻǳƳŀǊŀǘŜΦ {ȅƳōƻƭƛǎŜŘ ǎǘǊǳŎǘǳǊŜǎ ǎƘƻǿ оΩΦ рΩ ǎƛŘŜ ŎƘŀƛƴ ŎƻƴǎǘǊǳŎǘƛƻƴ 

of corresponding (pre)ternatins. Red arrows indicate glycosylation, blue arrows indicate acylation with p-coumarate. 
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Figure 2.3 Structural formula of ternatin A1. 
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The anthocyanin profile of butterfly pea has also been demonstrated to change with 

flower age (Terahara et al., 1998). Younger flowers show increased concentrations 

of pre-ǘŜǊƴŀǘƛƴǎ όǘŜǊƴŀǘƛƴǎ ƭŀŎƪƛƴƎ ŀ сέ-O-malonyl group) and increased 

concentrations of smaller ternatin intermediates. In mature flowers, the most 

abundant ternatins are B2, B1 and D1, and these may be the most important 

pigments contributing to the overall blue colour. 

2.1.3 Extraction of anthocyanins 

Anthocyanin extraction typically follows similar methods, irrespective of the plant. 

Plant material due to be extracted is first freeze dried to inactivate enzymes present 

that would hydrolyse anthocyanic decorations. The first step of extraction involves 

the breakdown of plant material into smaller fragments or powder. This can involve 

sonication, bead milling or physical maceration using either a mortar and pestle, or 

some form of blender. Breakdown of the material causes the plant cells to rupture 

and allows better access for solvents, providing a better yield from the extraction. 

Because of the polar nature of anthocyanins, they are highly soluble in water and 

alcohol and are insoluble in apolar organic solvents. They are generally extracted 

using aqueous alcohols; typically methanol, however ethanol can be used in place of 

methanol where the extract is used for food. Extraction solvents should also include 

a small amount of acid (0.1-1% HCl as standard) to convert the anthocyanin to their 

flavylium cation species and enhance their solubility in polar solvents.  

It was once considered a rare occurrence for the anthocyanins to be acylated by an 

aliphatic acid; anthocyanins acylated with aromatic phenolic acids such as 

hydroxycinnamic acid or benzoic acid residues appeared to be more common (Bloom 

and Geissman, 1973). However, many malonylated anthocyanins have since been 

discovered by using alternative extraction techniques including weak acids. 

Extraction of these malonylated anthocyanins using standard procedures using 

methanolic HCl results in intermediate methyl ester formation at the free carboxyl 

group and the eventual loss of the acyl group (Harborne, 1988). 

This degradation of the anthocyanin occurs primarily at the concentration and drying 

steps, where heat is applied to the solution to drive off solvent. With use of mineral 
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acids, anthocyanins are typically concentrated during the drying process, increasing 

the likelihood of esterification of the free carboxyl groups of acylated anthocyanins. 

Therefore, to prevent deacylation, it is often recommended to use weak acids such 

as acetic, tartaric or citric acids, or to use volatile acids such as trifluoroacetic acid. 

Working at low temperatures also increases anthocyanin stability and helps to 

prevent their degradation. 

As the anthocyanins are insoluble in non-polar solvents, ethyl acetate, chloroform, 

hexane and diethyl ether can be used to semi-purify the plant extract. The organic 

phase of the partition contains the bulk of non-polar products such as plant sterols, 

carotenoids and chlorophylls, whereas the anthocyanins are localised in the aqueous 

phase. However, this can cause loss of some flavonoid aglycones, particularly the 

methylated flavones. The aqueous phase contains the polar flavonoids, which can 

then be analysed. Anthocyanins are generally reactive, and quickly degrade in 

solution. Therefore, they should be kept under a nitrogen atmosphere at low 

temperature and without exposure to light.  

Growing interest in the antioxidant potential of anthocyanins, and their use in 

industry has led to a demand for more efficient extraction processes: reducing 

solvent consumption, reducing environmental impact and increasing extraction yield 

in shorter extraction times.   
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2.1.4 Chapter aims and objectives 

This chapter presents the results from the isolation and structural elucidation of 

ternatins from butterfly pea. The main objectives for this chapter were to isolate 

ŜŀŎƘ ƻŦ ǘƘŜ ǘŜǊƴŀǘƛƴǎ ōŜŀǊƛƴƎ ŘŜŎƻǊŀǘƛƻƴǎ ƻƴ ōƻǘƘ ǘƘŜ оΩ ŀƴŘ рΩ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ǘƻ 

elucidate the structure of each of these isolates, in particular, to find key interactions 

between the delphinidin chromophore and the aromatic acyl residues. 

Investigating the structural configuration of each ternatin may help to elucidate the 

structural characteristics which give rise to the enhanced stability of these 

anthocyanins in neutral conditions. Furthermore,  structural elucidation should 

provide insight into the effects of iterative decorations on the resulting spatial 

geometry of these complexes. 

  



Chapter 2: Isolation and Structural Elucidation of Ternatin Anthocyanins from Clitoria ternatea 

 

62 

 

2.2 Materials and methods 

2.2.1 Analytical High-performance liquid chromatography ς Mass 

Spectroscopy (HPLC-MS) 

Analytical HPLC-MS was run using a QExactive HPLC system (ThermoFisher, USA), 

with a photodiode array (PDA) and quadrupole-orbitrap mass spectrometer as 

detectors. Samples were dissolved in 50 % acetonitrile : Milli-Q water, with 1% formic 

acid to a concentration of 5 mg mLҍ1, and 1 µL (5 µg) was injected onto a Luna C18(2) 

column (4.6 x 100 mm, 3 µm). Products were monitored at 350 nm for UV-absorbing 

compounds, and 540 nm for anthocyanins. 

The mass spectrometer was calibrating using Pierce calibration standards according 

ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴΦ  Spectra were recorded using positive 

electrospray ionisation with a scan range of 200-2500 m/z, 70,000 resolution and 

data-dependent Top-3 MS2. For MS2, an isolation window of 4.0 m/z was used, and 

a normalised collision energy of 20%. HPLC was run with a flow rate of 0.6 mL minҍ1 

and column temperature of 40 °C. The mobile phase was a gradient mixture of 

solvent A (1 % formic acid in Milli-Q water) and solvent B (1 % formic acid in 

acetonitrile) as follows: 5 % B (3 min), 5 % to 35 % (28.2 min),  35 % to 95 % (1.8 min), 

95 % (2 min), 95 % to 5 %  (0.8 min), 5 % (4.2 min). 

2.2.2 Ternatin extraction 

2.2.2.1 Crude extraction 

100 g of dried flower petals of Clitoria ternatea L. were extracted  with 1 L of 50 % 

methanol : Milli-Q water with 1 % formic acid for 24 hours at 4 °C. The extract 

mixture was then centrifuged at 7,200 x g , and the supernatant decanted and 

filtered through a nylon filter. The solids from the centrifugation and filtration steps 

were then reextracted a further two times, resulting in a collective extractant volume 

of 3 L. 

The extraction solution was then dried in vacuo in a 1 L flask, using a rotary 

evaporator (Buchi, Switzerland) at 35 °C until the volume was reduced to Ғ 100 mL. 
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Due to the high degree of sugars and other matrix interferants, at this volume the 

extract formed a resin-like consistency. To liberate the extract for future purification 

steps,  900 mL of 1% formic acid : Milli-Q water was added, and the flask shaken on 

an orbital shaker until the resin at the bottom of the flask was no longer visible. 

2.2.2.2 Extract sugar removal with XAD16N  

The 1 L of extraction solution from section 2.2.1.1 was absorbed onto an open glass  

column (65 x 600 mm, i.d. x bed hight) packed with XAD16-N microporous resin at a 

flow rate of Ғ 5 mL min-1. The column was washed with 2 L of 1 % formic acid : Milli-

Q water at a flow rate of Ғ 10 mL min-1, and the yellow eluent was discarded.  

To elute the anthocyanins, the column was washed with 70 % ethanol with 1 % 

formic acid at a flow rate of Ғ 5 mL min-1, and the eluent collected into a 2 L glass 

beaker. The column was washed until all the visible anthocyanins were removed 

from the column, and the eluent transferred to a 1 L rotary evaporator flask and 

dried in vacuo at 35 °C.  

2.2.3 Polyvinylpolypyrrolidone (PVPP) fractionation 

2.2.3.1 Preparing the adsorbent 

Polyvinylpolypyrrolidone (PVPP) was first hydrated in 1 L of Milli-Q water in a 2 L 

beaker. The mixture was gently, but thoroughly, mixed to ensure all material had 

contact with the water, and the adsorbent allowed to hydrate over 24 hours.   

After hydrating, the adsorbent was then resuspended by gentle mixing, and allowed 

to settle over a period of 2 hours. After the bulk of the resin had settled, the 

suspended fine particles were decanted and the resin : water mixture refilled to 1 L. 

The processes of mixing, settling and decanting fine particles were repeated until the 

supernatant was clear of all suspended particles. 
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2.2.3.2 Column chromatography 

2.2.3.2.1 Preparing the column 

After preparing the adsorbent as outlined in section 2.2.3.1, the volume of the 

aqueous portion of the adsorbent was reduced by decanting the water, until the 

mixture had a slurry-like consistency.  A 65 mm i.d. glass column was half filled with 

Milli-Q water, and the adsorbent slurry was poured into the column. The column 

stopcock was opened halfway, and the column gently knocked along the sidewalls 

whilst the solvent drained to ensure even packing without the inclusion of air 

bubbles. The final bed height of the column was 120 mm. 

2.2.3.2.2 Running the column 

An extraction derived as described in section 2.2.3 was dissolved in 500 mL of 1 % 

trifluoracetic acid (TFA) in Milli-Q water, and 50 mL was loaded onto the column. The 

column was then washed with 400 mL of 1 % aqueous TFA, followed by 400 mL of 

30 % ethanol with 1 % TFA, and finally with 400 mL of 60 % ethanol with 1 % TFA. As 

the separation on the column developed, three distinct bands were observed, which 

were collected as fractions and analysed by HPLC-MS (Section 2.2.1). 

2.2.3.3 Flash chromatography 

2.2.3.3.1 Preparing the flash cartridge 

 PVPP (400 g ) was dry sieved through a 60 mesh (250 µm) in batches of Ғ 50 g, and 

the material which passed through the sieve was discarded. After sieving, the 

stationary phase was then prepared  in Milli-Q water. Like the method of packing the 

glass column in section 2.2.3.2.1, the absorbent underwent a cycle of mixing, settling 

and decanting of the fines until the aqueous portion was clear. An empty 490 g flash 

chromatography cartridge was then slurry packed with the adsorbent, and the flash 

cartridge was inserted into a Biotage Isolara flash chromatography system and 

flushed with 500 mL of Milli-Q water at a flow rate of 40 mL min-1. The sintered  glass 

frit was then fitted to the top of the stationary phase, with care taken to ensure no 

air entered the top of the cartridge. 
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2.2.3.3.2 Running flash chromatography 

An extract derived by the method described in section 2.2.2 was dissolved in 100 mL 

of 20 % ethanol with 1 % formic acid. This was then loaded onto the flash cartridge 

by syringe, and flash chromatography run with a flow rate of 35 mL min-1, using a 

solvent gradient of solvent A (1 % formic acid in Milli-Q water) and solvent B (1 % 

formic acid in ethanol) as follows: 5% B (200 mL), 5 % to 100 % (1900 mL), 100 % (400 

mL). 

After an initial void volume of 500 mL, fractions were collected every minute until 

the end of the run. Products were detected using a photodiode array at wavelengths 

of 540 nm and 350 nm, for detection of anthocyanins and flavonols respectively. At 

the end of the run, fractions corresponding to each of the peaks in the 540 nm 

absorbance trace were pooled together and dried in a rotatory evaporator. Fractions 

were then analysed using the method outlined in section 2.2.1. 

2.2.4 Preparative HPLC 

Samples were dissolved to a concentration of 400 mg mL-1 in 50 % acetonitrile with 

1 % formic acid and 500 µL (200 mg) were injected onto a Gemini-NX C18 preparative 

column (150 x 21.2 mm, 5 µm). Preparative HPLC was run on a Dionex Ultimate 3000 

(ThermoFisher, U.S.A.) at room temperature and with a flow rate of 20 mL min-1  

using a variable wavelength detector set to 540 nm for detection of anthocyanins. 

For each of the PVPP fractions, the solvent gradient was as follows: 

2.2.4.1 Series A ternatins (PVPP Fraction 1) 

The mobile phase gradient was a gradient mixture of solvent A (1 % formic acid in 

Milli-Q water) and solvent B (1 % formic acid in acetonitrile) as follows:  5 % B (1 

min), 5 % to 20 % (13.2 min), 20 % (2 min), 20 % to 95 % (1.3 min), 95 % (5 min), 95 

% to 5 % (1 min), 5 % (5 min). 
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2.2.4.2 Series B ternatins (PVPP Fraction 2) 

The mobile phase gradient was a gradient mixture of solvent A (1 % formic acid in 

Milli-Q water) and solvent B (1 % formic acid in methanol) as follows:  25 % to 29 % 

B (1 min), 29 % to 42 % (19 min), 42 % to 95 % (1 min), 95 % (5 min), 95 % to 25 % (1 

min), 25 % (4 min). 

2.2.4.3 Series D ternatins (PVPP Fraction 3) 

The mobile phase gradient was a gradient mixture of solvent A (1 % formic acid in 

Milli-Q water) and solvent B (1 % formic acid in acetonitrile) as follows:  5 % B (1 

min), 5 % to 10 % (1 min), 10 % to 30 % (24 min), 30 % to 95 % (1 min), 95 % (5 min), 

95 % to 5 % (1 min), 5 % (4 min).  

2.2.5 Semi-preparative HPLC 

Fractions from the preparative HPLC step were dried in a rotary evaporator at 35 °C 

and pooled into a clean pre-weighed vial. The fractions were then redried, and their 

weights recorded. Each fraction was then dissolved to a concentration of 10 mg mL-

1 in 50 % acetonitrile with 1 % formic acid.  

Semi-preparative fractions were run on an Agilent 1290 (Agilent, U.S.A.) with a 

photodiode array set to 540 nm and 350 nm for detection of anthocyanins and 

flavonols respectively. For each preparative HPLC fraction, 500 µL (5 mg) were 

injected onto a Luna C18(2) (250 x 10 mm, 5 µm) column held at 40 °C. Samples were 

run at a flow rate of 3.5 mL min-1 with the following gradient mixtures of solvent A (1 

% formic acid in Milli-Q water) and solvent B (1 % formic acid in acetonitrile). 

2.2.5.1 Series A ternatin semi-prep 

Semi-preparative HPLC was run on the fractions collected as described in section 

2.2.3.4.1, using the parameters specified in section 2.2.3.5. For each of the fractions, 

the following solvent gradients were used: 
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2.2.5.1.1 Ternatin A1 

For A1, the gradient conditions were as follows: 18 % B (1 min), 18 % to 24 % (10 

min), 24 % (4 min) 24 % to 100 % (0.1 min),  100 % (4.9 min), 100 % to 18 % (0.1 min) 

and 18 % (4.9 min).  

2.2.5.1.2 Ternatin A2 

For A2, the gradient conditions were as follows: 18 % B (1 min), 18 % to 22 % (10 

min), 22 % (4 min) 24 % to 100 % (0.1 min),  100 % (4.9 min), 100 % to 18 % (0.1 min) 

and 18 % (4.9 min). 

2.2.5.1.3 Ternatin A3 

For A3, the gradient conditions were as follows: 15 % B (1 min), 15 % to 23 % (10 

min), 24 % (4 min) 24 % to 100 % (0.1 min),  100 % (4.9 min), 100 % to 18 % (0.1 min) 

and 15 % (4.9 min). 

2.2.5.2 Series B ternatins semi-prep 

All series B ternatin preparative HPLC fractions (section 2.2.3.4.2) were run using the 

following gradient: 5 % B (3.4 min), 5% to 10 % (0.1 min), 10 % to 23 % (31.9 min), 23 

% (2 min), 23 % to 95 % (0.6 min), 95 % (2 min), 95 % to 5 % (0.1 min) and 5 % (5 

min). 

2.2.5.3 Series D ternatin semi-prep 

Semi-preparative HPLC was run on the fractions collected as described in section 

2.2.3.4.3, using the parameters specified in section 2.2.3.5. For each of the fractions, 

the following solvent gradients were used: 

2.2.5.3.1 Ternatin D1 

For D1, the gradient conditions were as follows: 15 % to 18 % B (1 min), 18 % to 25 

% (15 min), 25 % (4 min), 25 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 15 % 

(0.1 min) and 15 % (4.9 min). 
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2.2.5.3.2 Ternatin D2 

For D2, the gradient conditions were as follows: 15 % to 20 % B (1 min), 20 % to 30 

% (10 min), 30 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 15 % (0.1 min) and 15 

% (4.9 min). 

2.2.6 Nuclear magnetic resonance (NMR) spectroscopy 

1H (600 MHz) and 13C (150 MHz) spectra were acquired on a Bruker AVANCE NEO 

(Bruker Billerica, MA, USA) equipped with a Bruker TCI cryoprobe. Spectra were 

acquired at ambient temperature in deuterated dimethyl sulfoxide (DMSO-d6, 

C2D6OS) with 10% deuterated trifluoracetic acid (TFA-d, C2DF3O2). > 1 mg of each 

lyophilised anthocyanin isolate was dissolved in 200 µL of solvent and transferred to 

a 3 mm NMR tube. A total of 16 scans were recorded for 1H spectra, and 4000 scans 

for 13C spectra. Chemical shifts were recorded in parts per million (ppm) and were 

referenced to the DMSO-d5 (C2D5HOS) residual solvent resonances (1I ʵ Ґ нΦр ppm, 

13/ ʵ Ґ офΦрн ppm). 

For each isolate, two-dimensional NMR experiments were performed to aid in 

assignment of 1H and 13C signals. These included COSY (correlation spectroscopy, 

number of scans = 4) for determining geminal and vicinal 1H -1H connectivity, and 

TOCSY (total correlation spectroscopy, number of scans = 4) to determine 1H -1H 

correlation within spin systems. In 13C spectra, multiplicity of carbon atoms 

substituted with hydrogens were derived from HSQCed (multiplicity edited 

heteronuclear single quantum coherence spectroscopy, number of scans = 4), where 

methylene carbons (CH2) are phased negative, and methine (CH) and methyl (CH3) 

are phased positive.  

Additional information about carbon atom multiplicity was acquired using DEPTQ 

(dimensionless enhancement by polarisation transfer, number of scans = 2000) 

which has the phasing of HSQCed but includes quaternary carbons (C) phased 

negatively. HSQC-TOCSY (heteronuclear single quantum coherence-total correlation, 

number of scans = 2) was used to solve overlapping cross-peaks by resolving signals 

into the 13C dimension.  
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HMBC (homonuclear multiple bond coherence, number of scans = 8), which gives 

correlations between protons and carbons separated by two or three bonds, was 

used to assign carbon-carbon connectivity. ROESY (rotational Overhauser effect 

spectroscopy, number of scans = 24) was used to determine molecular conformation 

via through-space 1H-1H coupling. 
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2.3 Results 

2.3.1 Polyvinylpolypyrrolidone (PVPP) fractionation 

One of the major problems in isolating ternatins from butterfly pea were the large 

variety of anthocyanins present in the extractant. This presented the challenge that 

individual ternatin concentrations were low, compared to the total concentration of 

anthocyanins present in the analyte. Therefore, a separatory method to reduce the 

analyte complexity was required prior to separation using reverse-phase high-

performance chromatography. In previous publications, separation of ternatins was 

achieved using polyvinylpolypyrrolidone (PVPP). 

To demonstrate the separative properties of PVPP, an initial 1 g of crude extract (as 

produced using the method outlined in Section 2.2.2) dissolved in 20 % ethanol with 

50 mM TFA was loaded onto a PVPP column with total bed volume of 400 cm3. 

Separation was then performed using a stepwise gradient 1 bed volume of 20 % 

ethanol : 50 mM TFA, 40 % ethanol : 50 mM TFA and finally 60 % ethanol : 50 mM 

TFA with a flow rate of approximately 3 mL min-1. Over the course of 8 hours, the 

analyte had developed into three distinct bands, as shown in Figure 2.4. Each of 

these bands were collected as individual fractions and, following drying in vacuo at 

35 °C, were analysed using the analytical HPLC-MS method outlined in section 2.2.1.  

As determined by the molecular ion mass, and retention time, analytical HPLC-MS 

(Figure 2.5) showed that each of the collected fractions contained primarily 

ŀƴǘƘƻŎȅŀƴƛƴǎ ǘƘŀǘ ƘŀŘ ƳŀǘŎƘƛƴƎ оΩ ŀƴŘ рΩ ǘŜǊƳƛƴŀƭ ǎƛŘŜŎƘŀƛƴ ǊŜǎƛŘǳŜǎΦ  CǊŀŎǘƛƻƴ м 

eluted earliest and contained ternatin A3 and A2, both of which have glucose 

ǊŜǎƛŘǳŜǎ ŀǎ ǘƘŜƛǊ ǘŜǊƳƛƴŀƭ оΩ ŀƴŘ рΩ ǎƛŘŜŎƘŀƛƴ ǊŜǎƛŘǳŜǎΣ ƘƻǿŜǾŜǊ ǘŜǊƴŀǘƛƴ !м ǿŀǎ 

missing. Fraction 2 contained ternatin B4, B3, B2 and B1 which all had a p-coumarate 

and glucose residue as their terminal residues, whereas fraction 3 which eluted last 

contained ternatin D3, D2 and D1, each of terminate with p-coumarate on both the 

оΩ ŀƴŘ рΩ ǎƛŘŜŎƘŀƛƴs. 
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Figure 2.4 Fractionation of crude butterfly pea extract using polyvinylpolypyrrolidone 

chromatography. Elution was performed using a stepwise gradient of 20 %, 40 % and 60 % 

ethanol with 50 mM TFA. As the column developed, three distinct bands were observed. 

Fractions were collected as each band eluted from the column. 
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Figure 2.5 Analytical HPLC chromatograph traces of collected fractions from PVPP column 

chromatography. Chromatographs show absorbance at 540 nm and peak identity was confirmed 

by MS/MS. Fraction 1 contained ŸŰũǃШċŰƣőŸĦǃċŰŔŰƚШƽŔƣőШƣƽŸШΟќШċŰĬШΡќШĲŰĬШƖĲƚŔĬƨĲƚШыƚĲƖŔĲƚШ ьЮШШ

Fraction 2 contained primarily ċŰƣőŸĦǃċŰŔŰƚШƽŔƣőШĬŔŉŉĲƖĲŰƣШΟќШċŰĬШΡќШƖĲƚŔĬƨĲƚШыƚĲƖŔĲƚШ7ьЯШƽőŔũĲШ

fraction 3 contained primarily anthocyanins with p-coumarate as their terminal residues (series 

D). 
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Across three independent runs, the PVPP stationary phase used to fractionate 

ternatin mixtures produced a few complications, namely the long development time 

in excess of six hours per experiment as well as the lack of reproducibility between 

experiments. Furthermore, as the separation was run on an open column, detection 

of bands and subsequent collection of fractions was done visually. This led to 

inconsistency in the contents of each fraction, such as the absence of ternatin A1 

which likely eluted from the column prior to the fraction being collected. 

 Consequently, the next step was to determine whether the speed and 

reproducibility of this separation step could be increased. This was performed using 

a flash chromatography column packed with PVPP, and the separation performed 

using a Isolera Biotage. The total extractant mass of 6 g from 100 g of dried flower 

material was initially dissolved in 50 mL of 20 % ethanol : 1 % formic acid and loaded 

onto the flash cartridge. The flash cartridge was then run using a linear gradient of 5 

% ethanol : 1 % formic acid for 200 mL, followed by an increasing organic 

concentration from 5 % ethanol : 1 % formic acid to 99 % ethanol : 1 % formic acid 

over 1900 mL at a flow rate of 35 mL min-1. Absorbance at 540 nm was recorded as 

the separation proceeded to generate a chromatograph (Figure 2.6). After an initial 

void volume of 500 mL, 35 mL fractions were then collected each minute. Peaks 

observed in the chromatograph were pooled together, dried in vacuo yielding three 

fractions with masses 1.29 g, 1.98 g and 1.25 g for fractions 1, 2 and 3 respectively. 

Each fraction was then analysed using the analytical HPLC method described in 

section 2.2.1. 
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Figure 2.6 Flash chromatography of butterfly pea extract using polyvinylpolypyrrolidone. Chromatography was run using a gradient 

solvent system of ethanol : 1 % formic acid and water : 1 % formic acid at a flow rate of 30 mL min-1. Absorbance at 540  nm was 

recorded to generate the chromatogram. The absorbance trace shows the development of ternatins into three distinct bands. The 

regions highlighted were collected and pooled for further analysis.  
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Despite running at a significantly increased flow rate compared to the previous 

column chromatography method, separation of the ternatin mixture was 

unaffected. Analytical HPLC confirmed that each of the fractions contained only the 

anthocyanins with matching terminal sidechain residues. The first fraction contained 

primarily group A ternatins A3 ([M]+ = 1491.38 m/z), A2 ([M]+ = 1799.47 m/z) and A1 

([M]+ = 2107.56 m/z) (Figure 2.7). The next fraction to elute contained primarily 

anthocyanins from group B, ternatins B4 ([M]+ = 1329.33 m/z), B3 ([M]+ = 1637.42 

m/z), B2 ([M]+ = 1637.42 m/z), and B1 ([M]+ = 1945.51 m/z) (Figure 2.8). The last 

fraction to elute contained primarily group D ternatins D2 ([M]+ = 1475.37) and D1 

([M]+ = 1783.46) (Figure 2.9), however ternatin D3 was missing from the fraction. 
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Figure 2.7 Analytical HPLC-MS trace of the first fraction collected from PVPP flash chromatography. The top chromatograph shows UV-VIS absorbance 

between 500 ς 600 nm, while subsequent traces show total ion count. HPLC yielded three peaks with retention time: 9.76 min, 12.80 min and 13.87 min. 

These corresponded to ternatin A3 (1491.38 m/z), ternatin A2 (1799.47 m/z) and ternatin A1 (2107.56 m/z) respectively. Additional peaks corresponded to 

demalonyl-ternatins and minor contaminants from coelution of proceeding fractions. 
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Figure 2.8 Analytical HPLC-MS trace of the second fraction collected from PVPP flash chromatography. The top chromatograph shows UV-VIS absorbance, while 

subsequent traces show total ion count. HPLC yielded four peaks with retention time: 11.47 min, 13.70 min, 15.37 min and 15.81 min. These corresponded to ternatin 

B4 (1329.33 m/z), ternatin B3 (1637.42 m/z), ternatin B2 (1637.42 m/z) and ternatin B1 (1945.51 m/z) respectively. Additional peaks corresponded to demalonyl-

ternatins and minor contaminants from coelution of preceding and proceeding fractions. 
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Figure 2.9 Analytical HPLC-MS trace of the third fraction collected from PVPP flash chromatography. The top chromatograph shows UV-VIS absorbance, while 

subsequent traces show total ion count. HPLC yielded two peaks with retention time: 16.20 min and 17.52 min. These corresponded to ternatin D2 (1475.37 m/z) 

and ternatin D1 (1783.46 m/z) respectively. Additional peaks corresponded to demalonyl-ternatins and minor contaminants from coelution of preceding fractions. 
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2.3.2 Ternatin Isolation 

Following separation, each of the fractions from the PVPP separation were then 

separated using a preparative HPLC system as described in the methods in section 

2.2.4. 200 mg of each fraction were dissolved in 500 µL of 50 % acetonitrile. 

Preparative HPLC of fraction 1 (using method outlined in Section 2.2.4.1) yielded 

three major peaks at retention times of 11.0 minutes, 13.6 minutes and 14.8 minutes 

(Figure 2.10, A). These peaks corresponded to ternatin A3, A2 and A1 with recovered 

masses of 33.2 mg, 82.8 mg and 43.5 mg respectively. Preparative HPLC of fraction 

2 (using method outlined in Section 2.2.4.2)  yielded four major peaks with retention 

times of 6.7 minutes, 9.5 minutes, 13.0 minutes and 15.0 minutes (Figure 2.10, B). 

Collection and analysis by analytical HPLC showed these peaks corresponded to 

ternatins B4, B3, B2 and B1 with yields of 25.9 mg, 36.1 mg, 142.8 mg and 76.5 mg 

respectively. Preparative HPLC of fraction 3 (using method outline in Section 2.2.4.3) 

resulted in two major peaks at retention times of 16.3 minutes and 18.1 minutes 

(Figure 2.10, C), corresponding to ternatin D2 and D1, of which 434.2 mg and 117.7 

mg was recovered. 

After preparative-HPLC, collected fractions were then re-isolated using semi-

preparative HPLC as outlined in section 2.2.5. Semi-preparative HPLC yielded highly 

pure isolates of ternatins A1 (3.94 mg) (Figure 2.11), A2 (3.47 mg), A3 (5.39 mg) D1 

(1.75 mg) and D2 (6.36 mg) Despite multiple attempts at isolating B1, B2, B3 and B4, 

contaminants remained. The masses recovered for these ternatins were 0.47 mg, 

0.76 mg, 1.77 mg and 0.21 mg respectively. 
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Figure 2.10 Preparative-HPLC chromatography of PVPP flash fractions .(A) preparative-

HPLC of fraction 1 yielded three peaks at retention times 11.0 min (A3), 13.6 min (A2) 

and 14.8 min (A1). (B) fraction 2 yielded four peaks at retention times of 6.7 min (B4), 9.5 

min (B3), 13.0 min (B2) and 15.0 min (B1). (C) fraction 3 yielded two peaks at retention 

times of 16.3 min (D2) and 18.1 min (D1). Peak identity was confirmed by HPLC-MS of 

the collected fractions. 
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Figure 2.11 Analytical HPLC-MS trace of the isolated ternatin A1. The top chromatograph shows maximum UV-VIS absorbance between 

530 т 560 nm for detection of anthocyanin contaminants, while the middle chromatograph  shows maximum absorbance between 330 т 

360 nm for detection of flavonol contaminants. Bottom trace shows extracted ion count within the mass range corresponding to ternatin 

A1. Analysis shows one major peak with retention time of 17.55 min and corresponding mass of 2107.56 m/z (ternatin A1), with very minor 

contamination.  
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2.3.3 Nuclear magnetic resonance (NMR) spectroscopy 

Isolated ternatins were dissolved in 200 µL of DMSO-d6 with 10 % TFA-d (9 : 1) and 

analysed using a combination of NMR experiments. Due to the presence of 

contaminants in isolates B2, B3 and B4, assignment of the NMR spectra was 

unattainable. The detailed structures of each ternatin isolate, A1, A2, A3, B1, D1 and 

D2, were established through 1H- and 13C ς NMR spectroscopy, with bond carbon 

atom multiplicity established using HSQCed and DEPTQ, and connectivity identified 

through the use of COSY, TOCSY, HSQC-TOCSY, HMBC and ROESY (Section 

2.2.6).NMR assignments were made de novo, and compared to assignments 

previously published in literature (Terahara et al., 1990; Terahara et al., 1996; 

Terahara et al., 1998). 

2.3.3.1 Delphinidin signals 

Proton NMR (DMSO-d6 600 MHz) spectra showed that all the ternatin anthocyanins 

have distinctive singlets of the delphinidin ring system found in the low magnetic 

field region of the spectra. The observed chemical shifts (Hɻ) of these protons ranged 

between 8.55 ς 6.85 ppm (Table2.2). The Dp 4 proton was observed to be the most 

deshielded, with resonances between 8.55 ς 8.44 ppm, with the most decorated 

ternatins observed to be shifted further downfield compared to the less decorated 

ǘŜǊƴŀǘƛƴǎΦ ¢ƘŜ 5Ǉ нΩ ŀƴŘ 5Ǉ сΩ ǎƛƎƴŀƭǎ of the B-ring protons of ternatins A1, D1 and 

A3 (Figure 2.12) were observed to be fused as a broad singlet. This is likely the result 

ƻŦ ǘƘŜ ǎȅƳƳŜǘǊƛŎŀƭ ǎƛŘŜŎƘŀƛƴǎ ǇǊŜǎŜƴǘ ƻƴ ōƻǘƘ ǘƘŜ оΩ ŀƴŘ рΩ Ǉƻǎƛǘƛƻƴǎ ƻŦ ǘƘŜ 

anthocyanin B-ring, leading to similar chemical environments observed for both the 

5Ǉ нΩ ŀƴŘ 5Ǉ сΩ ǇǊƻǘƻƴǎΦ Lƴ ǘƘŜ ǘŜǊƴŀǘƛƴǎ ǿƛǘƘ ŀǎȅƳƳŜǘǊƛŎ ǎƛŘŜŎƘŀƛƴǎΣ ǘŜǊƴŀǘƛƴǎ 5н 

and A2, this broad singlet is observed to split into two broad singlets, with the proton 

adjacent to the longer sidechain shifted slightly further downfield. Due to 

contaminants present in the ternatin B2 isolate, it was difficult to ascertain whether 

ǘƘŜ ǎƛƎƴŀƭǎ ƻŦ 5Ǉ нΩ ŀƴŘ 5Ǉ сΩ ǿŜǊŜ ŦǳǎŜŘΣ ƻǊ ǎŜǇŀǊŀǘŜŘΦ IƻǿŜǾŜǊΣ ǇǊŜǾƛƻǳǎ baw 

assignments  showed these proton signals as a fused singlet observed at a chemical 

shift of 8.05 ppm (Terahara et al., 1996). Both ternatin B1 and B2 have asymmetrical 

оΩ ŀƴŘ рΩ ǎƛŘŜŎƘŀƛƴǎΣ ōǳǘ ōƻǘƘ Ŏƻƴǘŀƛƴ ǘƘŜ ŦƛǊǎǘ ǘƘǊŜŜ ƎƭǳŎƻǎŜ-acyl-glucose resides on 

the B-ǊƛƴƎ оΩ ŀƴŘ рΩ ǇƻǎƛǘƛƻƴǎΦ ¢ƘŜǊŜŦƻǊŜΣ ŘŜŎƻǊŀǘƛƻƴǎ Ǉŀǎǘ ǘƘŜ ŦƛǊǎǘ ǘƘǊŜŜ ǊŜǎƛŘǳŜǎ 

appear not to result in splitting of this singlet. 
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Table 2.2 1H NMR spectral data of isolated ternatins delphinidin ring systems (600 MHz, in 

DMSO-d6-TFA-d = 9:1, ͋  ppm from residual DMSO signal = 2.5 ppm) 

 

 

 

 

1H T-A3 T-D2 T-A2 T-D1 T-A1 

Dp-4 8.44 8.46 8.47 8.55 8.53 

Dp-нΩ 8.00 7.99 8.00 8.02 8.00 

Dp-сΩ 8.00 7.95 7.99 8.02 8.00 

Dp-8 6.89 6.85 6.89 6.90 6.90 

Dp-6 6.57 6.63 6.61 6.63 6.65 
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Table 2.3 1H NMR spectral data of isolated ternatins acyl decorations (600 MHz, in DMSO-d6  : 

TFA-d = 9:1, ͋  ppm from residual DMSO signal = 2.5 ppm) 

1H T-A3 T-D2 T-A2 T-D1 T-A1 

з-  h 6.11 6.03  6.12 6.08 6.1 

и-  h - 5.98 6.07 6.08 6.1 

й-  h - 6.30 6.41 6.28 6.41 

к-  h - - - 6.28 6.41 

з-  ̡ 7.26 7.22 7.27 7.25 7.26 

и-  ̡ - 7.14 7.24 7.25 7.26 

й-  ̡ - 7.41 7.49 7.42 7.50 

к-  ̡ - - - 7.42 7.50 

з-2&6 7.11 7.07 7.11 7.12 7.12 

и-2&6 - 6.96 7.09 7.12 7.12 

й-2&6 - 7.37 7.52 7.39 7.53 

к-2&6 - - - 7.39 7.53 

з-3&5 6.81 6.83 6.8 6.83 6.83 

и-3&5 - 6.52 6.83 6.83 6.83 

й-3&5 - 6.71 6.98 6.73 7.00 

к-3&5 - - - 6.73 7.00 
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Figure 2.12 1H NMR spectrum of ternatin A3. The spectrum was recorded using a 600 MHz NMR spectrometer at ambient temperature (25 

°C), with the sample dissolved in DMSO-d6 with 10 % TFA-d. The structural formula of ternatin A3 is shown on the left. 
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2.3.3.2 Organic acid signals 

The signals of the p-coumarate residues showed a high degree of symmetry within 

the proton spectra of ternatins A1, D1 and A3, further demonstrating the symmetry 

of the anthocyanin sidechains(Appendix 2.1 ς 2.5, (A)). Within all p-coumarate 

residues, the h and ̡  ǇǊƻǘƻƴǎ ƘŀŘ ƭŀǊƎŜ ŎƻǳǇƭƛƴƎ Ŏƻƴǎǘŀƴǘǎ ƻŦ Ғ мс IȊΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜȅ 

are all in the trans (E) configuration. In the 1H spectra of free p-coumarate (Oh et al., 

2022), the observed chemical shifts of the 2&6 and 3&5 proton signals are present 

at 7.56-тΦпс ǇǇƳ όƻǾŜǊƭŀǇǇƛƴƎ ǘƘŜ ʲ ǎƛƎƴŀƭύ ŀƴŘ сΦтф ǇǇƳ ǊŜǎǇŜŎǘƛǾŜƭȅΦ /ƻƳǇŀǊŜŘ ǘƻ 

each of the p-coumarate decorations of the ternatins, the signals of the 2&6 and 3&5 

protons are shifted upfield (Table 2.3).  

The change in chemical shift was greater for p-coumarate residues зand и, 

compared to residues й and к. This indicates that these shifts were likely the result 

of interactions between the magnetic fields of the p-coumarate, and the delphinidin 

ring systems, such as would be found within a stacked conformation. The stacking of 

acyl residues over the chromophore were further reinforced by the observation of 

long-range NOEs between the Dp-4 and з&и 2&6 protons (Figure 2.13).  
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Figure 2.13 ROESY NMR spectrum of ternatin A3. The highlighted cross peak between Dp-4 and 

CI and CII 2&6 indicate close proximity between the delphinidin core and the acyl residues. 
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2.4 Discussion 

2.4.1 Fractionation of crude butterfly pea extract using 

polyvinylpolypyrrolidone (PVPP) 

Extracts of butterfly pea flowers contain 15 delphinidin-3-O-ƎƭǳŎƻǎƛŘŜόсέ-malonate)-

оΩΣрΩ-diglucoside derivatives, as well as a further 15 delphinidin-оΣоΩΣрΩ-O-

triglucosides and several decorated flavonol glycosides. This presents a major 

challenge in the isolation of individual ternatins, especially as many of the products 

coelute on C18 stationary phase. For this reason, a method to fractionate the extract 

prior to isolation on HPLC systems was required. 

Polyvinylpolypyrrolidone has been used previously in the initial fractionation of 

ternatins (Terahara et al., 1996, 1998). Fractionation with PVPP column 

chromatography yielded three fractions (Figure 2.4; Figure 2.5) which contained 

only anthocyanins with matching terminal sidechain residues. The first to elute were 

primarily the A series ternatins, with two terminal glucose residues. B series 

ternatins with one glucose and one p-coumarate eluted next, followed by the final 

fraction, which contained only D series ternatins which two terminal p-coumarate 

residues. Collection of the fractions was carried out manually, by observation of the 

pigment bands as they eluted from the column. Consequently, ternatin A1 was 

missing from fraction 1, suggesting it eluted prior to collection of the fraction. 

Manual operation of the column presented difficulties for separation, namely in the 

form of reproducibility due to poor control over flowrate, mobile phase composition 

and detection of analyte. Coupled with long development times in excess of > 6 

hours (Wrolstad and Struthers, 1971), PVPP is often overlooked as a stationary phase 

for the separation of anthocyanins, despite offering an orthogonal method of 

separation (Hrazdina, 1970) and having a larger binding capacity compared to 

macroporous and ion exchange stationary phases (Wen et al., 2016).  

Therefore, a flash chromatography method was developed, utilising PVPP and 

allowing automation of fraction collection, wavelength detection, and fine control 

over gradient and flowrate. Using this method, total separation time was reduced 

from 8 hours, to 1 hour, while maintaining similar fractionation of the extract (Figure 

2.6). However, ternatin D3 was not present in the final fraction, nor in any of the 
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fractions collected from the region surrounding the corresponding absorbance peak. 

Additionally, fractions suffered from significant coelution, requiring re-

chromatography to fully separate the ternatin groups. Further optimisation of the 

chromatography parameters such as flow rate, mobile phase system and gradient, 

and a more thorough analysis of the resulting fractions might localise D3 for 

collection, while also improving resolution and thus, the purity of fractions for 

downstream isolation. 

2.4.2 Isolation of ternatins 

The isolates for B2, B3 and B4 contained contaminants as observed in the analytical 

HPLC chromatograph at a wavelength of 280 nm. Despite re-isolation with methanol, 

these contaminants proved difficult to remove. The fact that after using orthogonal 

stationary phases, these contaminants were still present indicated that they share 

many chemical properties with the anthocyanins themselves. Therefore, further 

separation would have required re-isolation using a stationary phase with a different 

retention mechanism. Separation with pentafluorophenyl (PFP) stationary phases 

were attempted, where the retention mechanism relied on aromatic interactions 

between the analyte and stationary phase, but significant coelution remained. 

Further attempts could be attempted taking advantage of the characteristics of 

anthocyanins such as ion exchange chromatography because anthocyanins are weak 

diacids. However, use of such methods may prove problematic as the stability of 

anthocyanins at near neutral pH may result in degradation of the analyte. These 

refinements were not pursued further due to time constraints. 

2.4.3 Ternatin Structural Conformation 

The structures of isolated ternatins were confirmed by a combination of one 

dimensional (1H, 13C, DEPTQ), and two-dimensional experiments (COSY, TOCSY, 

HSQC, HMBC and ROESY) (Appendix 2.1 ς 2.5). The NMR spectra of ternatins are 

defined by two distinct regions; the delphinidin and p-coumarate signals located in 

the high magnetic region (> 6 ppm), and the glucose and malonate signals in the low 

magnetic region (< 6 ppm). Chemical shifts of the p-coumarate protons were shifted 

upfield with respect to the reported signals of free p-coumarate (Oh et al., 2022), an 

effect which was noticeably stronger for p-coumarate з&и(Table 2.3). Similarly, Dp 
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proton signals were shifted upfield with increasing decoration (Table 2.2), indicating 

interaction between the magnetic fields of the acyl residue, and the delphinidin 

scaffold. With the addition of NOE signals detected between Dp 4 and з&и 2&6 

(Figure 2.13), NMR spectra show ternatins adopt a sandwich-type stacking 

arrangement with acyl residues localised near the anthocyanin C-ring, and closer 

proximity of these acyl residues with increasing number of decorations. 

2.4.4 Conclusions 

Since the initial isolation and structural characterisation of  ternatins by Terahara et 

al. (1990; 1996; 1998), a large amount of work carried out on butterfly pea 

anthocyanins has been conducted on crude extractions, rather than isolated 

anthocyanins (Lakshan et al, 2020; Fu et al., 2021). This is due in part to complex 

mixture of ternatins, increasing the difficult of  isolating ternatins. This chapter has 

demonstrated a high-capacity separation technique using polyvinylpolypyrrolidone, 

which can quickly fractionate ternatins depending on their terminal residues. 

Through using this fractionation technique, future research into the antioxidant and 

radical scavenging properties, as well as natural colourant evaluation, can be better 

correlated with the ternatin terminal decorations.  Additionally, it is unlikely that 

individual isolates would be cost effective as replacement food colourants. From an 

industrial perspective, fractionation of ternatins into groups containing the most 

desirable properties, such as colour and stability could be achieved using this low-

cost flash chromatography method. Using these isolates, the structure-colour 

relationship is explored in subsequent chapters.
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Chapter 3: Effects of anthocyanin decoration 

on colour and stability 
 

3.1 Introduction 

3.1.1 Anthocyanin structure ς stability relationship 

Anthocyanins are often suggested as replacement food colourants, due to their 

ability as weak diacids, to produce red and purple. These anthocyanins, such as those 

from purple-fleshed sweet potato, already see applications in beverages, 

confectionery and dairy products (Luo et al., 2022). For the generation of blue 

colours, anthocyanins must be present in either the neutral or anionic base 

deprotonation states, and this generates a problem for their application; these 

anthocyanins protonation states are generally unstable. Copigmentation 

interactions, either intermolecular or intramolecular, can improve both stability and 

generate bathochromic shifts, improving the molar ratio of the neutral and anionic 

base and generating a bluer colour.  

Butterfly pea produces ternatins, a group of polyacylated anthocyanins which 

include ternatin A1, the most decorated anthocyanin discovered to date. These 

anthocyanins have previously been isolated, and their structures characterised 

(Terahara et al., 1996, 1998), however stability and colour characteristics have not 

yet been assessed. This is required to determine their suitability for potential food 

colourant applications. 

3.1.2 Converting UV-VIS absorption spectra to colour measurements 

It is important to quantify colour accurately when analysing pigments for their 

potential uses in manufacture. When looking at UV-VIS data, it can often be difficult 

to quantify the colour characteristics, particularly with spectra containing multiple 

peaks, where small changes in absorbance can have profound effects on the 

resulting colour. 
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Colour perception is the result of all wavelengths not absorbed by the compound. 

Therefore, to measure colour, the absorbance spectra must first be converted to 

transmission by taking the antilog of the absorbance value (eq. 3.1). 

Ὕ ρπ  σȢρ 

The transmission spectra are then weighted with an illuminant spectral power 

distribution curve. The standard illuminant used by the International Commission on 

Illumination (CIE) is termed D65K (Figure 3.1), which refers to the spectral emission 

of blackbody radiation at a temperature of 6,500 Kelvin and is equivalent to white 

noon-daylight in the Northern hemisphere. 

The weighted spectra are then integrated with the three CIE colour match curves 

(Figure 3.2), which correspond to the sensitivity and distribution of cone cells 

present in the human eye. As ώ is the photopic luminosity function, these values are 

then scaled by calculating the photopic response of the illuminant (eq. 3.2 ς 3.5).  
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Figure 3.1 The relative spectral power of the white daylight (D65K) illuminant as a function of wavelength. Colour perception is dependent on the light that 

is returned from an object, and therefore reliant on the relative spectral of the illuminant 
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Figure 3.2 The three colour match functions produced by the Commission Internationale de 

ũќEĦũċirage (CIE) of the 1964 CIE XYZ colour space, using a 10° observer angle.  
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3.1.3 Converting from CIE XYZ to CIE L*a*b*  and CIE LHC coordinates 

Although CIE XYZ coordinates meet the criteria of ascribing a numerical colour value 

to the UV-VIS spectra, the transformation lacks clarity with regards to how changes 

in the X or Z values affect the resulting colours. A further transformation with 

equations 3.6 ς 3.12 can be utilised to convert X and Z to a* and b* respectively, 

where a* represents green-red (-a* = green; +a* = red) and b* represents blue-

yellow (-b* = blue; +b* = yellow). The Y value is converted to L*, or lightness, where 

a value of 100 at the origin represents white, and 0 represents black.  

The lightness value L* 

  ὒᶻ ρφφ Ὢ
ὣ

ὣ
ρφ σȢφ 

The red ɀ green axis value a* 

  ὥᶻ υππ Ὢ
ὢ

ὢ
Ὢ
ὣ

ὣ
 σȢχ 

And the blue ɀ yellow axis b*  

  ὦᶻ ςππ Ὢ
ὣ

ὣ
Ὢ
ὤ

ὤ
 σȢψ 

Where X, Y and Z have the meaning given in (eq. 3.3), (eq. 3.4) and (eq. 3.5) respectively, 

and Xn, Yn and Zn describe a white achromatic reference point 
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The functional f(t)  is corrected as 

Ὢὸ
Ѝὸ                       ὭὪ ὸ ‏
ὸ

σ‏

τ

ςω
       ὕὸὬὩὶύὭίὩ

  σȢρρ 

And ɿ is given the meaning 

‏  
φ

ςω
 σȢρς 

These Cartesian coordinates can then be transformed to polar coordinates with 

equations 3.13 ς 3.14, where the colour is represented as the angle between the 

origin and data point, and chromaticity the distance from the origin (Figure 3.3). This 

ascribes a single numerical value to the colour and its intensity, which allows for easy 

comparison between different pigments. 

The hue angle ὬЈ, where a* and b* have the meaning given in (eq. 3.7) and (eq. 3.8) 

respectively 

 ὬЈ ὸὥὲ
ὦz

ὥz
σȢρσ 

 And the chromaticity as 

ὅᶻ ὥz ὦz  σȢρτ 
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Figure 3.3 CIE LHC is a polar representation of L*a*b*  Cartesian coordinates. Hue represents the arc tangent between the origin and data point, where 0° is red, 90° 

yellow, 180° green and 270° blue. Chroma is the distance from the origin and corresponds to the intensity of the colour. To calculate h°, first the quadrant is identified 

based on the sign of the a* and b* value. h° is the sum of the quadrant plus the angle calculated from arctan of  ᶻ.z 
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3.1.4 Aims and objectives 

There were two main aims for this chapter. The first was to analyse the observed 

differences between the different ternatins to understand the effects of side chain 

decoration (glycosylation and acylation) on the colour and stability of the 

anthocyanins under different conditions. The extraction and purification of the 

ternatins provided a unique resource to examine sequential additions of aromatic 

acyl and glucose residues on the properties of the pigments, which could potentially 

illuminate the molecular mechanisms determining these properties 

The second aim was to compare the colour and stability of individual ternatin species 

to the complex mixture extracted from flowers that can be used as a food colourant, 

to evaluate whether changes in ternatin composition might improve the functional 

properties with respect to their use as food colourants. 
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3.2 Materials and methods 

3.2.1 Reagents and standards 

Anthocyanin standard delphinidin 3-O-glucoside chloride (>95%) was purchased 

from Extrasynthèse (Genay, France). Analytical standards of p-coumarate (>95%) 

were purchased from Merck (Darmstadt, Germany). Ultrapure water was produced 

from a Milli-Q Direct water purification system (Millipore, Burlington, Mass., U.S.A.). 

3.2.2 Buffer preparation 

3.2.2.1 Potassium chloride : Hydrochloric acid (pH 1 ς 2) 

A stock solution of potassium chloride (KCl) was prepared by dissolving 14.91 g of 

KCl in one litre of Milli-Q water, giving a final concentration of 0.2 M. A second stock 

solution of hydrochloric acid (HCl) was prepared by mixing 16.5 mL of 37 % (w/w) 

and 983.5 mL of Milli-Q water, giving a final concentration of 0.2 M. 

To prepare pH 1, 50 mL of KCl stock solution was added to 134 mL of HCl stock 

solution in a ratio of 0.37 : 1. For pH 2, 50 mL of KCl was added to 13 mL of HCl with 

a ratio of 3.85 : 1. The pH of these buffers was then measured with a pH meter and 

adjusted to their required pH values by addition of 1 M HCl and 1 M NaOH. 

3.2.2.2 Citric acid :Disodium phosphate buffer (pH 3 ς 8) 

One litre of 0.2 M stock solution of disodium phosphate (Na2HPO4) was prepared by 

dissolving 28.38 g of Na2HPO4 in Milli-Q water. A second stock solution of citric acid 

(C6H8O7) was prepared by dissolving 19.21 g of citric acid in one litre in Milli-Q water, 

giving a final concentration of 0.1 M. Buffers were then prepared as described in  

Table 1. The pH of each buffer was measured with a pH meter and adjusted with 1 

M HCl and 1 M NaOH. 
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Table 3.1 Ratios of disodium phosphate and citric acid required for specific pH (per 100 

mL) 

pH 0.2 M Na2HPO4 (mL) 0.1 M C6H8O7 (mL) 

3 20.55 79.45 

4 38.55 61.45 

5 51.5 48.5 

5.2 53.6 46.4 

5.4 55.75 44.25 

5.6 58 42 

5.8 60.45 39.55 

6 63.15 36.85 

7 82.35 17.65 

8 97.25 2.75 
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3.2.3 UV-VIS absorbance spectra 

3.2.3.1 Single samples 

1 mL of sample was loaded into a quartz cuvette with a fill volume of 1.5 mL and path 

length of 1 cm. The UV-VIS absorbance spectrum was then recorded between 340 

nm and 750 nm, with a spectral resolution of 1 nm using a BioSpectrometer 

(Eppendorf, Germany). Solutions were kept at room temperature and protected 

from light. Data were collected in a comma-separated values file for further analysis. 

3.2.3.2 Plate reader 

UV-VIS absorbance spectra were recorded between 340 nm and 750 nm with a 

resolution of 1 nm using a CLARIOstar  plate reader (BMG, Germany). Samples (200 

µL) were loaded into the wells of a 96 well plate. Spectra were recorded at room 

temperature and protected from light. Path length correction was done 

autonomously  by the instrument. Data were exported as comma-separated values 

files for further analysis. 

3.2.4 Crude extract spectra 

In triplicate, 5 mg of a crude extract of anthocyanins (extracted using the method 

outlined in Section 2.2.2.1) were dissolved in 1 mL of each of the pH buffers specified 

in sections 3.2.2.1 and 3.2.2.2. Aliquots (200 µL) of each pH buffered extract were 

then loaded onto a 96 well plate.  

Samples were allowed to equilibrate at room temperature in the dark for 30 minutes 

prior to analysis. UV-VIS absorbance spectra were obtained using the method 

outlined in section 3.2.3.2. Spectra were recorded each day for a total of 14 days. In 

between readings, samples were transferred to microcentrifuge tubes to prevent 

evaporation in the plate. Samples were stored at room temperature, and with 

exposure to natural light. 

This procedure was repeated for extracts after the sugar removal step using XAD16N 

(Section 2.2.2.2), and for each of the PVPP fractions (Section 2.2.3.3).  
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3.2.5 Ternatin isolate absorbance 

Each isolate (from Section 2.2.3.5) was dissolved in 50 mM aqueous HCl to a 

concentration of 1 mM. These isolates were then diluted to a final concentration of 

50 µM by addition of  each buffer in sections 3.2.2.1  and 3.2.2.2. UV-VIS spectra 

were then recorded in triplicate using the method outlined in section 3.2.3.2. 

3.2.6 Functional Colour: A tool for high-throughput colorimetry 

In order to calculate CIE L*a*b* colour space coordinates for a large quantity of 

samples, a computational tool was developed using the python programming 

language (python, v.3.10). This algorithm automates the processing of UV-VIS 

absorbance spectra collected between 340 nm and 750 nm, producing CIE XYZ, CIE 

L*a*b*, sRGB and HSV colour space coordinates. As this algorithm is a post-

processing technique, it provides a rapid assay method when used in conjunction 

with a plate reader, particularly when compared to the single cuvette capacity of 

traditional colorimeters. The program also features a graphical user interface, 

equipped with a file browser and batching system, allowing users to select multiple 

files to run within a single instance. Functional Colour can be accessed via the GitHub 

repository: https://github.com/AlanHoughton/Functional-Colour 

3.2.6.1 Processing Inputs 

Spectra generated from sections 3.2.6 and 3.2.7 were initially formatted in Microsoft 

Excel (Version 2110 Build мсΦлΦмпрнтΦнлнопύΣ ƳƻǾƛƴƎ ǘƘŜ άǿŀǾŜƭŜƴƎǘƘέ ŎƻƭǳƳƴ ǘƻ 

column A, and sample spectra to all subsequent columns. The data were then loaded 

into the program as dataframe type objects using the pandas module (Mckinney, 

2010). This dataframe was then converted into an array using the NumPy module 

(Harris et al., 2020) and compared against the selected illuminant data to ensure that 

the spectral range and resolution were identical. 

3.2.6.2 Converting spectra to illuminant weighted reflectance spectra 

The absorbance spectra were converted to transmission spectra by taking the antilog 

of the absorbance value for each value in the array. The transmission spectra were 

then weighted with an illuminant spectrum by pointwise multiplication. 
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3.2.6.3 Calculating CIE XYZ from weighted transmission spectra 

The weighted transmission spectra were converted to CIE XYZ colour space 

coordinates by taking the integral of the transmission spectra and each of the three 

tristimulus curves; ȄɎ, Ủ and ȊɎ. 

3.2.6.4 Converting CIE XYZ to CIE L*a*b* 

A further transformation with equations 3.6 ς 3.12were utilised to convert X and Z 

to a* and b* respectively, where a* represents green-red (-a* = green; +a* = red) 

and b* represents blue-yellow (-b* = blue; +b* = yellow). The Y value was converted 

to L*, or lightness, where a value of 100 at the origin represents white, and 0 

represents black. 

3.2.6.5 Converting Cartesian coordinates to a polar representation 

The a* and b* values of the Cartesian CIE L*a*b* coordinates were further 

transformed to polar coordinates using equations 3.13 and 3.14. 

3.2.6.6 Verifying calculated colours 

To ensure the accuracy of the colour matching program, CIE L*a*b*  colour 

measurements were made using the same solutions described in section 3.2.5. 1 mL 

of each solution was transferred to a cuvette with path length of 1 cm. Lab 

parameters were then recorded using a HunterLab UltraScan VIS spectrophotometer 

set to total transmission mode (TTRAN), with D65K illuminant and 10° observer 

angle. These measured values were then compared against values calculated using 

the python algorithm. 
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3.2.7 Thermal degradation assays 

Thermal degradation of ternatin isolates was performed at pH 7 at 55 °C in an oven 

(Fenger et al., 2019). Isolates were diluted to 50 µM in disodium phosphate : citric 

acid buffer preheated to 55 °C, and 500 µL aliquots immediately transferred to a 

microcentrifuge tube and plunged into dry ice until frozen. Each hour, a further 

aliquot 500 µL was removed and cooled in dry ice for a period of 8 hours, and a final 

sample at 24 hours.  

After all samples had been collected, frozen samples were thawed on ice and loaded 

onto a 96 well plate. UV-VIS absorbance spectra between 340 nm and 750 nm were 

then collected using a CLARIOstar plate reader. The rate of colour loss was quantified 

as: Ϸ ὙὩάὥὭὲὭὲὫ ὅέὰέόὶὩὨ ὛὴὩὧὭὩίρππ  
 

 and plotted as a 

function of time. The half-life of ternatins at pH 7 were compared to the values at 

room temperature. 
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3.3 Results 

3.3.1 Stability of butterfly pea anthocyanins 

Copigmentation interactions are particularly important for plants to generate and 

enhance colours to attract pollinators. However, copigmentation with non-

covalently bound molecules, termed intermolecular copigmentation, is a 

comparatively weaker interaction when compared to intramolecular 

copigmentation. This is due to the requirements for a relatively higher concentration 

of copigments for the efficient formation of stacking type arrangements, which place 

a larger metabolic burden on the plant. In contrast to this, ternatins feature 

covalently bound acyl residues, which can form these stacking type arrangements 

with their attached copigment, termed intramolecular copigmentation. This is often 

more stable, due to the closer proximity of the covalently bound copigment, thereby 

increasing the probability for these interactions to occur. 

Figure 3.4 shows the UV-VIS absorbance spectra of the crude butterfly pea extract in 

citric acid : sodium phosphate buffer at pH 2.5 to 7.5. At pH 2.5, the predominant 

protonation state of the anthocyanins is the cationic species, with a m˂ax of 550 nm. 

As the pH increases to > 3 the neutral base was present, with a corresponding m˂ax 

of 575 nm. Additionally, a new absorbance peak was present at a wavelength of 620 

nm, a wavelength where the anionic base is typically observed. For true blue colours, 

the wavelength of absorbed light is within 580 ς 640 nm. Extracts of butterfly pea 

flowers at pH 4.5 ς 7.5 had a high degree of absorptivity within this region, and a 

resulting liquid colour of blue. 

With anthocyanins which feature two or more proximal hydroxyl groups on the B ς 

ring, the neutral species can chelate metal cations such as Al3+, causing 

deprotonation and the subsequent formation of the anionic base. However, 

ternatins are decorated with glucosyl ς ŀŎȅƭ ǎƛŘŜŎƘŀƛƴǎ ƻƴ ǘƘŜ оΩ ŀƴŘ рΩ ƘȅŘǊƻȄȅƭ ǎƛǘŜǎΣ 

which occlude the interaction with metal cations. Therefore, this observed peak is 

likely the result of copigmentation interactions. 
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Figure 3.4 UV-VIS absorption spectra of 1 mg mL-1 butterfly pea crude extract between pH 2.5 and 7.5. The ͒max of the three major species was: 550 nm for the 

flavylium cation (AH+), 575 nm for the neutral base (A1), and 629 nm for the anionic base (A-). An additional absorbance peak was present at a wavelength of 620 nm 

(A2) between pH 2.5 and 5.5, before overlapping with the anionic base at pH 6.5 т 7.5. 
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To demonstrate the stability of anthocyanins extracted from butterfly pea, the 

absorbance spectra of an extract (as outlined in section 2.2.3.1) were recorded 

between 400 nm and  700 nm over a period of 79 days over a pH range of 2.5 to 7.5. 

Figure 3.5 shows the remaining coloured species, calculated as ρππ for each 

sampling point. As expected, the anthocyanins were most stable at an acid pH of 2.5, 

with a calculated half-life of 98.7 days. At this pH, the vast majority of anthocyanin 

species exist in the cationic protonation state, where the primary mechanism for 

colour loss is through the hydration of the C2 carbon, leading to the formation of the 

colourless hemiketal. As was shown in the ROESY NMR spectra of ternatin A3 (Figure 

2.13 and Appendix 2.1 ς 2.5, (I)), ternatins formed sandwich-type stacking 

interactions around the B ς and C ς rings, which sterically hindered water from the 

C2 position, thereby stabilising the anthocyanin against hydration. Interestingly, the 

anthocyanins were less stable as the pH increased to 3.5 with a half-life of 41.2 days, 

before their stability increased at pH 4.5 and 5.5, with half-lives of 49.5 and 71.4 

days.  

As pH increased above pH 2, degradation occurred through poorly characterised  

oxidative and hydrolytic processes. These reactions take place principally at 

positions along the anthocyanin C ς ring, namely the C2-C3, C3-C4 and C2-/мΩ ōƻƴŘǎΦ 

At pH 5.5 the predominant species present was the neutral form, and the observed 

increase in stability suggested a preference for stacking type interactions occurring 

around the B ς and C ς rings. At pH values closer to neutral, anthocyanin stability 

was observed to decrease, with half-lives of 53.5 and 26.0 days for pH 6.5 and 7.5 

respectively. This coincides with the formation of the anionic base,  lending credence 

to the enhanced stability of the neutral species against hydrolytic and oxidative 

degradation at elevated pH. 

Although crude extracts of ternatins have a high degree of stability and produce blue 

colours between pH 4 and 7, they represent a complex mixture of ternatin 

anthocyanins which collectively define their overall colour and stability. 
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Figure 3.5 Stability of crude butterfly pea extract different pH values. (A) shows the remaining 

absorbance at ͒ max for a 1 mg mL-1 sample of crude anthocyanin extract in citric acid : sodium 

phosphate buffer between pH 2.5 т 7.5, calculated as ρππ; where A0 was the initial 

absorbance value, and A the measured absorbance value. (B) shows the calculated half-life for 

absorbance at each pH. Half-life was calculated as ÌÎ, where K is the rate constant of the 

exponential decay equation used to fit the data. All R2 values were greater than 0.95. 
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3.3.2 UV-VIS absorbance spectra of ternatin isolates 

Because a crude extract of butterfly pea flowers represents a complex mixture of 

anthocyanins and other potential planar copigments, its colour is dependent on each 

of the components present as well as any potential intermolecular interactions. 

Therefore, to understand the contribution  of each iterative decoration of ternatins 

on colour characteristics one needs to assay the overall colour and stability of each. 

The individual ternatins (A1, A3, B1-B4 and D1) represent anthocyanins with 

progressive additions of glucose and aromatic acyl (p-coumarateύ ǊŜǎƛŘǳŜǎ ƻƴ ǘƘŜ оΩ 

ŀƴŘ рΩ ŎŀǊōƻƴ ǊŜǎƛŘǳŜǎ ƻŦ ǘƘŜ .-ring. By examining the colour and stability of each 

ternatin the contributions of the individual decorations to the properties of the 

pigments were defined, allowing the generation of hypotheses about the molecular 

mechanisms underpinning these properties. 

3.3.2.1 Decoration of ternatins 

Ternatin A1, the most decorated of the ternatins, has the largest bathochromic shifts 

of all the ternatins. The UV-VIS absorbance spectra of Ternatin A1 (Figure 3.6) shows 

four distinct peaks which evolved as the solvent pH increased. At acidic pH (pH < 2), 

the flavylium cation (AH+) was the predominant species, with a m˂ax of 554 nm. As 

the pH increased to 3, a shoulder peak emerged at a wavelength of 577 nm, 

corresponding to the neutral species (A). An additional absorbance peak was 

observed from pH 1 at a wavelength of 624 nm, which increased in amplitude as the 

pH increased, becoming a substantially distinct peak at pH 3. At these pH values the 

environment was too acidic for the formation of an appreciable amount of anionic 

base (A-), which would typically be the species responsible for the peaks within this 

wavelength region. At pH values of 7 and 8, where the anionic base (A-)  begins to 

form, a peak with ˂max of 637 nm was observed.  
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Figure 3.6 UV-VIS absorbance spectra of Ternatin A1 (60 µM) at pH 1 to 8. The three major species are: AH+ (flavylium cation) with a ˂max of 554 nm, A (neutral 

species) at 577 nm and A- (anionic base) at 637 nm. An additional peak appears from pH 3 onwards corresponding to the formation of a charge transfer state 

(CT) with ˂max of 637 nm. This absorbance peak is the primary contributor to the development of blue liquid colouration at slightly acid pH. 
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The additional peak observed is can likely be attributed to the interaction between 

the delphinidin chromophore and the acyl decorations, forming a charge transfer 

(CT) interaction. In such interactions, the overlapping delocalised  ̄ molecular 

orbitals of the chromophore and the acyl decorations and chromophore mix , with 

the concomitant rearrangement of electron density resulting in an orbital with lower 

energy. As a result, there is a decrease in the energy gap between the ground state 

and excited state, leading to the observed CT absorbance peak. The overall effect of 

this interaction is an increase in the wavelength of light absorbed, and thus a bluer 

colour. 

The source of the blue colour exhibited by ternatins within the pH range of 4 to 7 is 

attributed to the charge transfer (CT) peak. Prior to the formation of the anionic 

base, each isolate demonstrates a comparable CT band in their UV-VIS absorbance 

spectra (see Appendix 3.1 ς 3.8). However, the specific wavelength of this band is 

influenced by the number of acyl decorations present on the 3' and 5' sidechains 

(Table 3.2). In almost all cases, increasing the number of aromatic acyl decorations 

led to an increase in the ˂max of the CT absorbance peak.  

3.3.2.2 Effect of acylation on UV-VIS spectra 

The most significant bathochromic shifts of the charge transfer absorbance peak 

ƻŎŎǳǊǊŜŘ ǳǇƻƴ ŀŎȅƭŀǘƛƻƴ ƻŦ ǘƘŜ оΩ ǎƛŘŜŎƘŀƛƴΣ ǎǳŎƘ ŀǎ ƛƴ ǘƘŜ ƛƴǎǘŀƴŎŜ ƻŦ .п Ҧ D2 and 

A3 Ҧ B3, with an increase of 9 nm and 10 nm respectively (Table 3.2). In contrast, 

acylating the 5' sidechain of ternatin B3 to form D1 resulted in a mere 1 nm increase 

ƛƴ ˂max of the CT peak. The magnitude of bathochromic shift for each protonation 

ǎǘŀǘŜ ŘƛǎǇƭŀȅŜŘ ŀ ŎƻƴǎƛǎǘŜƴǘ ǇŀǘǘŜǊƴΥ ŀ мн ƴƳ ƛƴŎǊŜŀǎŜ ŦƻǊ .п Ҧ 5нΣ 10 nm increase 

ŦƻǊ !о Ҧ .о ŦƻǊ the cation, while the anionic base exhibited increases of 13 nm and 

6 nm. Similarly, for the neutral base, there was a 5 ƴƳ ƛƴŎǊŜŀǎŜ ŦƻǊ .п Ҧ 5нΣ т ƴƳ 

ƛƴŎǊŜŀǎŜ ŦƻǊ !о Ҧ .оΣ ŀƴŘ 7 nm increase for the anionic base. !Ŏȅƭŀǘƛƻƴ ƻŦ ǘƘŜ рΩ 

sidechain of B3 (to form D1) led to a significantly smaller increase for the m˂ax of each 

protonation state, 1 nm for the anionic base and no change for the neutral base. A 

larger increase however was observed for the cationic species, with an associated 

bathochromic shift of 5 nm.  
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Table 3.2 m˂ax  of each protonation state of the ternatin isolates. AH+: flavylium cation, 

A: neutral quinoidal base, CT: Charge transfer peak, A-: anionic quinoidal base. 

Diagrammatic representation of each ternatin structure is given in the leftmost column, 

where: T = Delphinidin-3-O-ƎƭǳŎƻǎƛŘŜόсέ-malonate), G = glucose and C = p-coumarate. 
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B ς ring rotation has been proposed to influence the wavelength of light absorbed, 

with a larger C3 -  C2 - /мΩ - /нΩ ŘƛƘŜŘǊŀƭ ŀƴƎƭŜ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ƭŀǊƎŜǊ ōŀǘƘƻŎƘǊƻƳƛŎ ǎƘƛŦǘΦ 

Copigmentation appears to be primarily driven by interaction between the aromatic 

moiety of the copigment through ̄ ς  ̄interaction, with sugar units contributing 

little to the interaction. This may explain the larger bathochromic shifts associated 

ǿƛǘƘ ŀŎȅƭŀǘƛƻƴ ƻŦ ǘƘŜ оΩ ǎƛŘŜ ŎƘŀƛƴ ŎƻƳǇŀǊŜŘ ǘƻ ŀŎȅƭŀǘƛƻƴ ƻƴ ǘƘŜ рΩ ǎƛŘŜ ŎƘŀƛƴ ƻŦ ǘƘŜ 

B ǊƛƴƎΦ .ȅ ŀŎȅƭŀǘƛƴƎ ǘƘŜ оΩ ǎƛŘŜŎƘŀƛƴΣ ǘƘŜ ƭƻƴƎŜǊ ǎƛŘŜŎƘŀƛƴ ōŜŀǊƛƴƎ ƳƻǊŜ ŀŎȅƭ ǊŜǎƛŘǳŜǎ 

experiences a greater magnitude of force acting on one side of the B ς ring. This 

ǿƻǳƭŘ ƛƴŘǳŎŜ ŀ ǎǘǊƻƴƎŜǊ άǇǳƭƭέ ƻƴ ƻƴŜ ǎƛŘŜ ƻŦ ǘƘŜ . ς ring, thus increasing the 

dihedral angle and inducing a larger bathochromic shift. 

3.3.2.3 Effect of glycosylation on UV-VIS spectra 

Contrary to acylation, glycosylation of the ternatins led to significantly smaller 

effects on the ˂ max  of each of the protonation states, and of the CT complex. 

Glycosylation ƻŦ рΩ ǎƛŘŜŎƘŀƛƴ ƻŦ .пΣ ǘƻ ŦƻǊƳ !оΣ ƭŜŘ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ м ƴƳ ŦƻǊ ǘƘŜ 

cationic species and CT complex, 2 nm for the anionic base and no change for the 

neutral base. Ternatin D2 can undergo glycosylation forming regioisomers B2 or B3, 

ǿƛǘƘ ǘƘŜ ƎƭǳŎƻǎŜ ŀŘŘŜŘ ǘƻ ŜƛǘƘŜǊ ǘƘŜ оΩ ƻǊ рΩ ǎƛŘŜŎƘŀƛƴ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¦Ǉƻƴ 

glycosylation ƻŦ ǘƘŜ оΩ ǎƛŘŜŎƘŀƛƴ ŦƻǊƳƛƴƎ .нΣ ŀ ŘŜŎǊŜŀǎŜ ƛƴ m˂ax of 3 nm was observed 

for the cationic species, and 1 nm for the CT complex and anionic base. Conversely, 

glycosylation ƻŦ ǘƘŜ рΩ ǎƛŘŜŎƘŀƛƴ ŦƻǊƳƛƴƎ ǘŜǊƴŀǘƛƴ .о ŎŀǳǎŜŘ ŀ ōŀǘƘƻŎƘǊƻƳƛŎ ǎƘƛŦǘ ƻŦ 

2 nm for the neutral base and CT complex, and 5 nm for the anionic base.  

Decoration with sugar units increases the hydrophilicity of the sidechain, and hence 

the interaction strength with the bulk solvent, effectively overcoming some of the 

interaction energy between the acyl residues and chromophore rings. This is partially 

offset by the potential for formation of hydrogen bonds between the  ̄ς orbitals of 

the chromophore and the O ς atom of the sugar hydroxyl.  
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However, as a sugar unit added to the оΩ ǎƛŘŜŎƘŀƛƴ ƛǎ ǘƘŜ ŦƛŦǘƘ ƳŜƳōŜǊ ƻŦ ǘƘŜ 

sidechain (B3 -> A2), the distance between the sugar and chromophore was too great 

any for potential interactions. Instead, this interaction appeared to weaken the 

interaction between the sidechain and chromophore and  may have resulted in a 

reduction of the unilateral forces that influenced the dihedral angle. Upon 

glycosylation ƻŦ ǘƘŜ рΩ ǎƛŘŜŎƘŀƛƴ ό.п-> A3; B1-> A1) however, the potential 

interactions between the sidechain and chromophore were weakened, thereby 

increasing the asymmetric forces which may act to rotate the B ς ring. However, the 

impact of this on colour as defined by the bathochromic shift of the CT was limited 

to 1 nm (B4->A3) or 2 nm (B1-> A1). 

3.3.3 Sidechain decorations influence on stability: 

As reported in section 3.3.1, colour loss of anthocyanins occurs in two main ways: 

the first involving water addition at the C2 of the pyrylium ring and the formation of 

the colourless hemiketal. This is then followed by the opening of the pyrylium ring 

and eventual isomerisation, forming the cis-chalcone and trans-chalcone 

respectively. This degradation route occurs only with the flavylium cation, requiring 

an electrophilic region localised to the C2 position. The second route of degradation 

is facilitated by oxidative and hydrolytic reactions which occur at bonds positioned 

within the anthocyanin C ς ring, with autoxidation presumed to occur  by the 

spontaneous generation of H2O2 by electron or hydrogen atom transfer from the 

neutral or anionic base to O2 (Dangles and Fenger, 2018). 

As ternatins produce a blue colour at near neutral pH, to determine the stability of 

each ternatin isolate stored in an aqueous solution the UV-VIS absorbance spectra 

were sampled over a period of 37 days at pH 7 at room temperature.  The 

absorbance at ˂max were recorded from each sampling point, and the residual 

coloured species were then determined as the percentage of remaining absorbance 

at ˂ max, calculated as  ρππ (Figure 3.7). The half-life was calculated from the rate 

of decay of the peak at ˂max, and represents the time taken for the absorbance to 

equal half of the initial starting value. 
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Figure 3.7 Stability of ternatin isolates (60 µM) over time at pH 7 and temperature of 23 °C. Percentage of residual coloured species were calculated as ρππ, 

where A0 was the initial absorbance value, and curves were fitted using the one phase exponential decay equation. Error bars represent standard deviation, and each 

data point represents the mean of three independent experiments (n=3). (A) ternatins decorated with two acyl residues; (B) ternatins decorated with three acyl 

residues; (C) ternatins decorated with four acyl residues. 


































































































































































