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ABSTRACT 

The degradation of anthocyanins by food additives like SO2 and ascorbic acid 

limits their use as natural food colorants. The rare 3-deoxyanthocyanins from sorghum 

are relatively stable compared to other anthocyanins, but have not been investigated. The 

stability of apigeninidin, luteolinidin, 5-methoxyapigeninidin, 7-methoxyapigeninidin, 

5,7-dimethoxyapigeninidin and 5,7-dimethoxyluteolinidin, red cabbage pigment, grape 

blue powder and crude sorghum pigment extract against SO2, ascorbic acid bleaching and 

high temperature treatment (121.1°C for 15 min) at pH 2.0, 3.0, 3.2 and 5.0 was 

measured in the presence (50:1 molar ratio) or absence of pyruvic acid (known to 

increase the stability of anthocyanins in red wine). Samples were incubated at 37°C for 5 

days to synthesize the pyruvic acid adducts, and their sulfite and ascorbic acid bleaching 

resistance investigated at 60 ppm and 500 ppm respectively, using a Shimadzu UV-

1650PC spectrophotometer for 21 days. HPLC-DAD/MS analysis confirmed the 

formation of the 3-deoxyanthocyanin-pyruvic acid adducts at approximately 11 – 47% 

conversion. Samples without pyruvic acid were the controls. Solution pH had the greatest 

effect on pigment stability, and SO2 and ascorbic acid are co-pigments with 3-

deoxyanthocyanin pigments in absence of pyruvic acid at pH 2.0 and 5.0, respectively. 



 xi

Pyruvic acid had marginal protective influence on the stability of the 3-deoxyanthoxyanin 

pigments against sulfite and ascorbic acid degradation but not heat. Crude black sorghum 

extract was the most stable to SO2 and ascorbic acid bleaching, with and without pyruvic 

acid. High temperature initiated production of new 3-deoxyanthocyanin-pyruvic acid 

adducts. 
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CHAPTER 1 

INTRODUCTION 

1.1. Need for research 

Epidemiological evidence indicates that anthocyanin pigments and their 

derivatives, many found in commonly consumed fruits, cereals and vegetables, have 

therapeutic benefits towards various human illnesses including their usefulness in 

reducing risk of various circulatory disorders (Bettini and others 1985) and 

inflammatory diseases (Lietti and others 1976; Vincieri and others 1992; Noda 2000). 

They have also been shown to exhibit anticarcinogenicity (Karaivanova and others 

1990); very high antioxidant capacity (Awika and others 2004b); a role in improving 

visual acuity (Nakaishi 2000); vasoprotective ability (Lietti and others 1976); anti-

obesity, antineoplasticity (Kamei and others 1995); and have also been reported to be 

safe in dietary supplements (Bridle and Timberlake 1997). Despite all this evidence, 

their use in foods and beverages have been minimal due to their poor stability. 

Due to consumer concerns over synthetic dyes, natural food colorants, 

particularly anthocyanins and their derivatives, have drawn increased research in the 

food industry (Wang and others 1997; Boyd 2000). The aesthetic role of color serves as 

the basis for the assessment of quality, influencing food preference, food acceptability 

and choice, which improve the food industry’s interest in the anthocyanins. Thus, 

researchers have worked to identify the relative amounts of anthocyanins from many 

sources that can be utilized as potential, natural commercial colorants: red cabbage 

(Brassica oleraceae) (Idaka and others 1987), black carrot (Daucus carota spp. sativa) 
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(Gläßgen and others 1992), grape (Vitis vinifera) (Wulf and Nagel 1978), black currant 

(Ribes nigrum) (Chandler and Harper 1962), purple corn (Zea mays) (Harborne and 

Self 1989), black chokeberry (Aronia melanocarpa) (Striegl and others 1995), black 

sorghum (Awika and others 2005), and many others, have been assessed in this regard.  

Anthocyanins possess several advantages: they are brightly colored, especially 

in the red-orange region, and are water-soluble, which enhances their incorporation into 

aqueous food systems. They are universally associated with attractive, colorful, 

flavorful fruits and vegetables (Francis 1989).  

Sorghums contain unique anthocyanins called 3-deoxyanthocyanins. The two 

principle sorghum 3-deoxyanthocyanins are apigeninidin (yellow) and luteolinidin 

(orange) (Nip and Burns 1969, 1971; Dykes and Rooney 2006). These rare 3-

deoxyanthocyanins lack -OH at the carbon 3 position (Clifford 2000) and are relatively 

stable to pH-induced color degradation compared to other common anthocyanins and 

their aglycones (Sweeny and Iacobucci 1981; Gous 1989; Awika and others 2004a), 

which would make them good natural food colorants.  

The 3-deoxyanthocyanins produce different color hues depending on the pH of 

the solution, ranging from yellow-orange hue in acidic solvents to orange-red hue in 

mildly acidic or neutral solvents. Thus, 3-deoxyanthocyanins could be of advantage in 

processed foods and beverages at neutral pH levels (Mazza and Brouillard 1987).  

Additives like ascorbic acid are added to foods to improve the nutritional 

quality and to prevent enzymatic browning reactions in fruits and vegetable products 

(Starr and Francis 1968). Ascorbic acid also acts as a singlet oxygen quencher (Mares-
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Perlman 1997; Elliot 1999; Kalt and others 1999). However, ascorbic acid degrades 

anthocyanins in the presence of trace amounts of iron, copper (Rababah and others 

2005) and hydrogen peroxide (Özkan and others 2004). Rababah and others (2005) 

showed that addition of ascorbic acid to strawberry, peach and apple juices increased 

L* (lightness) but decreased a* (redness) and b* (yellowness) color values 

significantly. On the other hand, molecular and free forms of SO2 are used principally 

for their antimicrobial and antioxidant properties respectively (Amerine and others 

1967). SO2 effectively prevents ascorbic acid, vitamin A and pro-vitamin A in foods 

from oxidative degradation between pH 2.5 – 5.0 (Perera 2005).  

Sulfur dioxide reactivity, as an electrophile, nucleophile or an acid, when added 

to anthocyanin-containing foods occurs at the positively charged carbon 2 and 

preferentially at carbon 4 positions (Berké and others 1998; Oliveira and others 2006). 

This decreases the color intensity of the anthocyanin pigments. However, there has 

been very limited research on the 3-deoxyanthocyanin compounds. Characterizing the 

chromatic behavior of these compounds under different pH, processing and storage 

conditions would widen the understanding of their chemical characteristics which is 

significant in the development of safe, economical and efficient natural food colors to 

replace the synthetic dyes such as FD&C yellow #6 and Red #40, currently used in 

foods.  
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1.2. Objectives of research 

Three research objectives were established: 

1. Establish stability of sorghum 3-deoxyanthocyanins against SO2 and ascorbic 

acid bleaching at different pH levels relative to commercial anthocyanin 

pigments. 

2. Determine effectiveness of pyruvic acid addition on sorghum 3-

deoxyanthocyanin stability against SO2 and ascorbic acid bleaching. 

3. Determine effects of commercial sterilization conditions on sorghum pigments 

stability. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1. Background information 

Flavonoids are compounds with a C6-C3-C6 skeleton that comprise the 

aromatic chromane ring (A and C rings) joined by a 3-carbon link (Harborne 1998; 

Prior and Wu 2006). They include anthocyanins (Figure 1a), flavonols, flavones, 

flavanones and flavanols. Anthocyanins, together with carotenoids and betalains, are 

responsible for the red, purple, and blue colors of many fruits (Schwarz and 

Winterhalter 2003), and flowers, leaves, stems, roots and cereal grains (Brouillard 

1982; Francis 1989). Anthocyanins occur naturally in plants as glycosides, generally 

linked with glucose, galactose, arabinose, xylose, fructose and rhamnose (Pereira and 

others 1997; Chigurupati and others 2002; Mazza and others 2004). Besides 

chlorophyll, anthocyanins are probably the most important group of visible plant 

pigments in nature.  

Most recent data indicate that at least 5,500 naturally occurring polyphenols, 

including approximately 5,000 flavonoids have been identified in nature (Yao and 

others 2004). Of these, over 600 structurally distinct anthocyanins have been separated 

using different methods including HPLC profiling and paper chromatography 

(Andersen 2001). Anthocyanins are water soluble and non-toxic (Janna and others 

2006); non-mutagenic and have positive therapeutic properties (Saija 1994).  

Structurally, the positive charge on the C-ring of the flavylium (2-

phenylchromenylium) cation causes chemical characteristics that are different from 



 6

other classes of flavonoids, especially in their oxidation states. The positive charge is 

principally located at carbons 2 and 4 (Figure 1a). 
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Figure 1: Chemical structure of (A), the six common anthocyanidins, and (B), 
the 3-deoxyanthocyanins.  
 

Great stability of the anthocyanin chromophore is attributed to the substitution 

for the hydroxyl on the para-position of the B-ring (carbon 4'), which increases the 

delocalization of the π-electrons (Pereira and others 1997). The most common 

substitution positions in the 2-phenylchromenylium structure are carbons 3, 5, 7, 3', 4' 

and 5' through hydroxylation, acylation or acetylation processes, which affect the 

reactivity of the anthocyanins (Iacobucci and Sweeny 1983a; Pereira and others 1997).  

These substitution patterns are responsible for the different color parameters 

observed for different anthocyanin pigments, for example, the hydroxyl group at carbon 

3' is very significant in changing the color of anthocyanins from yellow-orange (e.g. 

strawberries, pelargonidin-based pigments) to bright red (e.g. blackberries,  >80% 
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cyanidin 3-O- β-D-glucoside), and to the bluish red of young red wines (largely caused 

by malvidin 3-O-β-D-glucoside) (Schwarz and Winterhalter 2003), depending on the 

pH of the solution. Most pigmented plant foods contain anthocyanins. 

Sorghum anthocyanins (3-deoxyanthocyanins) (Figure 1b) on the other hand, 

lack a hydroxyl group at the carbon 3 position, a unique property that increases their 

stability at higher pH in comparison to the common anthocyanins (Mazza and 

Brouillard 1987; Awika and others 2004a, b). This improves their potential as natural 

food colorants. Black sorghum (Tx430) variety has a higher level of 3-

deoxyanthocyanins than sorghums with red pericarp (Gous 1989; Dykes and others 

2005).  

Other than the two major aglycones found in sorghum grains (luteolinidin and 

apigeninidin) (Nip and Burns 1971; Awika and Rooney 2004; Wu and Prior 2005), 

apigeninidin-5-glucoside and luteolinidin-5-glucoside (Nip and Burns 1969, 1971; 

Mazza and Miniati 1993; Wu and Prior 2005), acylated forms (Asen and others 1972; 

Hipskind and others 1990), and methoxylated forms like 5-methoxyluteolinidin, 7-

methoxyapigeninidin and 5-methoxyluteolinidin-7-glucoside (Wu and Prior 2005), 5-

methoxyapigeninidin and 7-methoxyluteolinidin (Seitz 2004), 7-methoxyapigenidin-5-

glucoside (Lo and others 1996; Wu and Prior 2005) have also been identified (Figure 

1b). 

Recent interest in flavonoids, especially anthocyanins and 3-deoxyanthocyanins 

(from sorghums), together with their derivatives and phenolic acids stems from the fact 

that they have some of the strongest physiological effects of any plant compounds. 
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Many of these beneficial phenolic compounds found in fruits and vegetables are also 

detected in other cereal grains (e.g. corn, wheat, barley, rice, etc). In general, pigmented 

cereal grains (e.g. sorghum) have the highest levels of phenols and antioxidant activity 

among all grain categories.  
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Figure 2: Mechanism for the formation of anthocyanin-pyruvic acid adducts:   
cyanidin, 1; pyruvic acid, 2; and cyanidin-pyruvic acid adducts, 3. 
 

Apart from pH influence, the intensity and stability of anthocyanin pigments are 

also dependent on other factors like temperature, light, oxygen, enzymes, vitamin C, 

bisulfite, structure and concentration of the pigments, sugar metabolites and metal ions 
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(Jackman and others 1987; Francis 1989; Fossen and others 1998). On the other hand, 

mechanisms have been discovered that effectively improve the color intensity and 

stability of common anthocyanin pigments. For example in red wine, anthocyanin 

monoglucosides like malvidin-3-O-glucosides form pyranoanthocyanin pigments 

through condensation reaction (Figure 2) with metabolites (e.g. pyruvic acid) during 

wine maturation (Alcalde-Eon and others 2006), and hence have enhanced stability 

(e.g. pH near 4.0 and the presence of SO2 used as antioxidant and preservative) (Morata 

and others 2007). These derived pyranoanthocyanin pigments are more resistant to 

bleaching by bisulfite and oxidation than are their precursor anthocyanins (Bakker and 

Timberlake 1997; He and others 2006; Morata and others 2007). Many of these 

pyranoanthocyanins have been synthesized from anthocyanins and phenolic acids, 

acetaldehydes and acetone. They have all exhibited stable brighter colors (Fulcrand and 

others 1998).  

In general, the synthesis of the anthocyanin-pyruvic acid adducts results from 

the cyclic addition of pyruvic acid onto carbon 4 and -OH group at the carbon 5 

positions on the anthocyanin molecule (Figure 2). No information is available on the 

reaction of 3-deoxyanthocyanins with the phenolic acids or pyruvic acid, and how such 

reactions may affect their stability.   

Degradation of common anthocyanin pigments during extraction, food 

processing and storage present a disadvantage for their application as food colorants. 

Therefore, increased stability to pH changes, SO2, temperature, ascorbic acid and light 

of 3-deoxyanthocyanin pigments compared to commercial anthocyanin pigments, may 
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be important to the food industry and enhance the potential utilization of these 

beneficial compounds. However, information on how glycosylation, acylation and 

methoxylation patterns affect the stability of sorghum 3-deoxyanthocyanins pigments is 

unavailable.  

 

2.2. Factors contributing to anthocyanin instability 

Several reactions occurring in foodstuff during processing and storage degrade 

the color of anthocyanins and limit their application as commercial colorants (Fossen 

and others 1998). 

 

2.2.1. pH  

In general, anthocyanin molecules occur in four species (Figure 3) existing in 

equilibrium: the quinoidal anhydrobase, A (blue), the flavylium cation, AH+ (red), the 

pseudobase or carbinol, PB (colorless), and the chalcone, C (colorless or light yellow) 

(Chen and Hrazdina 1982; Lewis and others 1995; Heredia and others 1998). However, 

they occur preferably in their more stable and colored form of flavylium cation in very 

acidic solutions (Gonnet 1998).  

As the pH increases, the kinetic and thermodynamic competition occurring 

between the hydration reaction on position 2 of the flavylium cation and the proton 

transfer reactions related to its acidic hydroxyl groups increases (Torskangerpoll and 

Andersen 2005). Thus, this favors the quinoidal (blue) forms (Heredia and others 1998) 
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which are very susceptible to degradation due to light (Janna and others 2006), heat 

(Baranac and others 1996) and availability of oxygen.  
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Figure 3: Structural transformations of anthocyanins. R1 and R2 are usually H, 
OH, or OCH3. 
 
 

Total anthocyanin color is observed in strongly acidic solutions (pH less than 

2.0), where they express negative deviation from Beer’s law (color increase is less than 

linear with increase in pigment concentration) as reported by Bridle and Timberlake 

(1997). For instance, in very acidic media (pH < 0.5) the red cation AH+ is the 

dominant structure. As the pH increases, its concentration decreases as hydration of the 

colorless carbinol pseudobase occurs (Mazza and Brouillard 1987). These authors also 
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reported that proportions of the colorless chalcone C and the blue quinoidal base A 

increases with increasing pH at the expense of the red cationic form AH+ to about pH 

4.5. Between pH 4 and 6, they observed very little amounts of both colored forms AH+ 

and A.  

However, the cationic form AH+ of 3-deoxyanthocyanins is much higher at pH 

6 compared to that of common anthocyanins, and its quinoidal form A dominates at pH 

4.5 – 5.0. Compared to common anthocyanins, the methoxyl, carboxyl and glycosyl 

groups play no role in determining its acid-base equilibrium constant. A much higher 

constant suggests that the flavylium salts lose their proton more easily at carbon 7 than 

at carbon 4'. Additionally, Giusti and Wrolstad (2001) reported that monomeric 

anthocyanins exhibit almost no absorbance at pH 4 – 5. On the other hand, apigeninidin 

and luteolinidin showed significant absorbance at pH 4 – 5 (Awika and others 2004b). 

Thus, unlike common anthocyanins, these 3-deoxyanthocyanins may be of importance 

as natural colorants in foods and beverages at near neutral pH.  

 

      2.2.2. Light  

Daylight (or short wavelengths) and incandescent lamp (or long wavelengths) 

affect the color parameters of the anthocyanins in different solutions (Francis 1989; 

Gonnet 1998; Janna and others 2007). Consequently, Bordignon-Luiz and others (2007) 

established that reporting on color without specification of reference to light conditions 

cannot be achieved correctly. 
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Jurd (1964b) suggested that the position of the equilibrium between flavylium 

salts and 2-hydroxychalcones in aqueous solutions is markedly affected by light 

(Figure 4). The NMR and UV spectral data indicated that the chalcones formed at 

equilibrium had the trans-configuration which photo-isomerized rapidly to cis 2-

hydroxychalcones, which then cyclized in acid solutions to flavylium salts.  
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Figure 4: Structural re-arrangement of anthocyanins due to the effect of light. 

UV-irradiation induces speedy anthocyanin degradation regardless of the pH of 

the solution (Abyari and others 2006). At a pH of 2.0 and 25°C, these authors evaluated 

the effect of the absence and the presence of light (400 Lux) for 90 days on the 

destruction of anthocyanins from four varieties of Malus spp. They found a significant 

discoloration of the anthocyanin pigments exposed to light compared to their respective 
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samples stored in the dark. Palamidis and Markakis (1975) also exposed grape 

anthocyanin pigments to light for 135 days at 20°C and reported a 50% pigment 

discoloration, compared to 30% effect on those stored in the dark. Abyari and others 

(2006) found that co-pigmentation with some phenolics significantly prevented UV-

irradiation degradation over a period of time, especially with tannic acid as the co-

pigment. Parisa and others (2007) reported that the presence of co-pigments in the 

anthocyanin solution prevented the degradation effect of UV-irradiation over a period 

of time on anthocyanin pigments significantly. Similar results were also found by 

Bakowska and others (2003) and Kucharska and others (1998). Timberlake (1989) 

suggested an increase in flavylium cation restructuring from the influence of light, 

which explains why Abyari and others (2006) reported higher amounts of chalcone in 

the Malus spp extracts than the flavylium cation in the anthocyanin samples kept in the 

dark. However, no information on the effect of light on 3-deoxyanthocyanin pigments 

is available, especially in comparison to the common anthocyanins under similar 

conditions. 

2.2.3. Temperature 

Pigment stability is also affected by temperature (Baranac and others 1996; 

Janna and others 2007). High temperature leads to the degradation of the anthocyanins 

during storage through destabilization of the anthocyanin molecular structure 

(Bakhshayeshi and others 2006; Ochoa and others 2001; Shaked-Sachray and others 

2002; Bolivar and Cisveros-Zevallos 2004). 
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Also, the co-pigment complexes are exothermic and very heat labile (Dangles 

and Brouillard 1992). Brouillard and Dangles (1994) suggested that increase in 

temperature caused a significant disruption of the organized lattice liquid-water 

structure, permitting a reduction in the degree of water-hydrogen bonding, leading to a 

reduction in co-pigmentation effectiveness. In this way, the flavylium ions are released 

and hydrated to the colorless hemiacetal form. However, increasing the temperature of 

the anthocyanin-containing solution with no co-pigments had no effect on the 

absorbance spectrum in the visible range (Dangles and Brouillard 1992). Therefore, 

thermal energy is a significant factor that dictates the thermodynamic conditions of the 

co-pigmentation process (Abyari and others 2006). 

Rubinskiene and others (2005) also evaluated the effect of temperature on the 

stability of black currant berries anthocyanins, verifying increased degradation of the 

anthocyanin pigments subjected to high temperatures (85 and 95°C). Bakhshayeshi and 

others (2006) and Giusti and Wrolstad (2001) suggested this was due to the thermal 

hydrolization of the 3-glycoside structure, leading to the instability of the anthocyanin 

molecule. Increase in storage temperature accelerated anthocyanin destruction 

significantly in soft drinks, thus producing the chalcone responsible for browning in 

anthocyanin-containing foods (Palamidis and Markakis 1975; Spayd and others 2002). 

These undesirable brown colored compounds during thermal treatment and storage 

(Maccarone and others 1985; Fiore and others 2005) explain the observed allure red 

colorant in sterilized commercial juices. Anthocyanin thermal degradation is dependent 



 16

on the time and temperature of the treatment and the subsequent storage conditions, 

which increases with increasing storage temperature (Fallico and others 1996). 

 However, no data are available on effects of severe thermal processing, e.g. 

sterilization treatment (i.e. autoclaving or pasteurization) on the stability of 3-

deoxyanthocyanin pigments.  

 

2.2.4. Oxygen   

Oxygen occurs in the form of superoxide radical (O2
· -), hydrogen peroxide 

(H2O2), hydroxyl radical (·OH) and singlet oxygen (O2). Oxygen availability was 

reported as mutually destructive to anthocyanins in the presence of ascorbic acid (Starr 

and Francis 1968; Sondheimer and Kertesz 1953; King and others 1980), which 

confirmed that the color bleaching of the anthocyanins and anthocyanidins by ascorbic 

acid occurred via oxidative cleavage of the pyrilium ring (De Rosso and Mercadante 

2007b; Walkowiak-Tomczak and Czapski 2007). De Rosso and Mercadante (2007a) 

reported that vitamin C degradation rates of acerola and açaí anthocyanin solutions in 

an inert (nitrogen) atmosphere were 1.3 – 1.4 times slower than in air, both in the 

presence and the absence of light. Deguchi and others (2000) also showed that the 

presence of oxygen from the air significantly degraded hordeumin (a protein-tannin-

anthocyanin complex), given that the t1/2 values of all the samples kept in the presence 

of atmospheric oxygen were lower when compared to the values of the samples kept 

under nitrogen flow, at pH 5.0, 6.0 and 7.0. This rate of anthocyanin destruction in 
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oxygen was pH dependent and directly proportional to the amount of the pigment 

which exists in the form of the pseudo base. 

Thus, ozonolysis of 3-methoxyflavylium salts in acetic acid solutions yield 

substituted O-benzoyloxyphenylacetic acids (Jurd 1964b), at a pH of about 5.8 as 

shown in Figure 5 below. Similar results were also reported with hydrogen peroxide 

oxidation, formed by oxidation of natural anthocyanidin 3-glycosides in aqueous 

solutions. This leads to a pH-dependent oxidative discoloration of the anthocyanin 

pigment observed in many plant juices between pH 5 – 7 (Jurd 1964b). 
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Figure 5: Transformation of a Flavylium salt, (I) into O-  benzoyloxyphenylacetic 
acid, (II) during ozonolysis. 
 

However, Hrazdina and Franzese (1974) confirmed that structure considerably 

affected this oxidative reaction. This resultant oxidative ring contraction (Figure 5) 

may not be exclusive to the common anthocyanins. The 3-deoxyanthocyanins may 

undergo similar oxidative reaction, involving initial formation of a hydroperoxide and 

its subsequent rearrangement as observed with common anthocyanins. Currently, there 

is no information on oxidative effect on 3-deoxyanthocyanin pigments in comparison to 

natural anthocyanins. 
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2.2.5. Enzymes  

Enzymes are not only responsible for the synthesis of the anthocyanins; they 

also contribute to the observed discoloration of anthocyanin pigments.  

 

2.2.5.1. Pectic enzyme 

Several crude fungal enzyme preparations exerted a significant enzyme-

catalyzed bleaching effect on extracts of berry fruit pigments within a pH range of 3.0 

to 4.5 (pH range of most natural fruit juices), through the enzymatic hydrolysis of the 

anthocyanin to anthocyanidin and sugar, with a further transformation of the aglucone 

into colorless derivatives (Huang 1955). Thus, the decolorizing activity of the pectic 

enzyme is pH- and time dependent. 

 

2.2.5.2. Polyphenol oxidase (PPO) enzyme 

The browning reaction observed in anthocyanin-containing solutions is caused 

by the polyphenol oxidase (PPO) enzyme (Williams and others 1986) which masks the 

red color of the anthocyanins (Wesche-Ebeling and others 1996), via co-polymerization 

mechanism (Wesche-Ebeling and Montgomery 1990). 

Generally, due to the sparing solubility of anthocyanidins in aqueous media, 

anthocyanase enzyme may be added to remove the pigment sediments (Wissemann and 

Lee 1980) from the solution in the form of aglucone sediments, in situations where the 

hydrolysis of the anthocyanidin is desirable. Thus, enzymes can be used to solubilize 

anthocyanidins, especially around the walls of wine bottles during storage. However, 
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the influence of enzymes on the 3-deoxyanthocyanin pigments is largely unknown, but 

can be assumed to be similar to the co-polymerization of anthocyanin pigments during 

enzymatic browning reaction observed in plum juice extracts (Wesche-Ebeling and 

others 1996). 

 

2.2.6. The presence of co-pigments including flavonoids, polyphenols, 
alkaloids, amino acids, metals and organic acids 

 
Co-pigment effect, the phenomenon which makes the color of anthocyanins 

bluer, brighter and more stable is divided into intermolecular and intra-molecular co-

pigmentation. UV-Vis and NMR spectroscopy (Dangles and El hajji 1994; Houbiers 

and others 1998; Yoshida and others 2000) and fluorescence spectroscopy (Wigand and 

others 1992; Alluis and others 2000) have been used to study co-pigmentation (Berké 

and de Freitas 2005).  

The most studied group of co-pigments are polyphenols: chlorogenic acid 

(Mazza and Brouillard 1990), flavonoids i.e. rutin and quercetin 3-β-D-galactoside 

(Chen and Hrazdina 1981; Davies and Mazza 1993; Baranac and others 1997; Gonnet 

1999), tannic acid (Cai and others 1990; Marquette and Trione 1998), ferulic acid (Eiro 

and Heinonen 2002), sinapic and rosmarinic acids (Rein and Heinonen 2004), caffeic 

acid (Wesche-Ebeling and others 2003), gallic acid, pentagalloylglucose, purines, 

pyrimidine (Berké and de Freitas 2005), and also some amino acids (Asen and others 

1972; Chandra and others 1993). These have shown increased polymerization in red 

wines (Singleton and Trousdale 1992) hence helped in retaining their red color.  
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In general, an organic acid, an aromatic acyl group, or a flavonoid is covalently 

bonded to an anthocyanin chromophore (Brouillard 1981; Bloor and Falshaw 2000), or 

through loose intermolecular interactions in which flavonoids (colorless), other 

anthocyanins, or phenolic compounds, react with weak hydrophobic forces with the 

planar polarized nuclei of the anthocyanin-colored (quinoidal) forms (Mazza and 

Brouillard 1990; Eiro and Heinonen 2002) as shown in Figure 6.  

Co-pigmentation is detected as both a hyperchromic effect and a bathochromic 

shift (Malien-Aubert and others 2001; Eiro and Heinonen 2002).  It plays a big role in 

stabilizing the structural forms of the anthocyanin molecules, consequently enhancing 

their color intensity (Brouillard 1982; Mazzaracchio and others 2004). However, there 

is no information about co-pigmentation reactions on the rare 3-deoxyanthocyanin 

pigments. In food science, co-pigmentation is considered an important interaction, as 

color is one of the quality factors strongly affecting consumer choice of food. 
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2.2.7. Solvent   

The anthocyanins are highly water-soluble (Janna and others 2006). The 

anthocyanin nucleus is electron deficient and hence very reactive and unstable. 

 

                          AH+ +  H2O  ⇔  A + H3O+ 

 

Due to their positive charge, they are highly susceptible to nucleophilic attack 

(Garcia-Viguera and Bridle 1999), from reagents like peroxides and SO2, principally at 

carbons 2 and 4. Additionally, H+, OH- and H2O species are highly reactive towards 

anthocyanins in water, and influence the spectral properties of anthocyanin structures in 

many aqueous solutions (Lewis and others 1995). Thus, to retain the intensity of the 

anthocyanin pigment color, it is necessary to protect the flavylium ring against water 

attack by reducing the extent of the hydration reaction through co-pigmentation (Lewis 

and others 1995). 

 

2.2.8. Substitution on the chromane ring (A and C rings)  

Hydroxylation, methoxylation, acylation and the type and number of sugars and 

co-pigments attached to the anthocyanins have a great effect on the stability of these 

pigments (Mazza and Miniati 1993; Lewis and others 1995). The the presence of di-

methoxyl substitution contributes a higher stability to the anthocyanin molecule than 

does mono-methoxyl substitution implying that the natural or added methoxyl- groups 

lends relatively higher stability (Markakis 1982). Acylated analogues are more stable 
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(Saito and others 1995), depending on the position of the acyl group, position of the 

sugar moiety and the length of the sugar spacer on the anthocyanin structure. 

Anthocyanin structure with sugar moieties acylated with acids are more stable 

to heat, light, pH and SO2 (Asen and others 1972; Yoshida and others 1991; Giusti and 

Wrolstad 1996), depending on the type of chemical substitution (Garcia-Viguera and 

Bridle 1999; Brouillard and others 1982) and aromatic hydroxylation (Brouillard 1982). 

The stability is achieved by preventing condensation and hydration reactions that result 

in the loss of flavylium pigmentation. This also leads to improved color intensity by 

reducing their sensitivity to pH changes. Additionally, aromatic acyl groups may 

improve color stability via intra- and inter-molecular co-pigmentation and self 

association mechanisms (Brouillard 1988; Yoshida and others 2000; Nerdal and 

Andersen 1992). 

Based on observations of some relatively simple anthocyanins and 

anthocyanidins in vitro, molecular optimizations have proved that aromatic acyl groups 

protect the aglycone against hydration in the carbon 2 and carbon 4 positions during 

intramolecular copigmentation (Torskangerpoll and Andersen 2005). This greatly 

influences the color of anthocyanins.  

Iacobucci and Sweeny (1983) showed that for non-substituted anthocyanins at 

carbon 4, adding hydroxyl substituents on the A or B rings improve the overall 

stability, while methoxylation of similar hydroxyls reduces their performance in 

solution. Further reduced stability is observed with an ethylene function between 

carbon 2 and the B ring due to extended conjugation. On the other hand, the 4-
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substituted (i.e. 4-methyl- and 4-phenyl- substituted) anthocyanins showed no 

difference in stability when compared to apigeninidin under optimized storage 

conditions. However, incorporating vitamin C and air had a higher discoloration effect 

on apigeninidin than on the 4-substituted anthocyanins. Additionally, compared to 

apigeninidin, the anthocyanin pigments with methyl- groups at carbon 4 and hydroxyl- 

groups at carbon 5, had the highest resistance to photo-oxidative discoloration. 

Similarly, the hydroxyl- group at carbon 5 (as in all natural anthocyanins) and 

substitution at carbon 4 significantly stabilized the colored (A and AH+) forms by 

preventing hydration reactions that initiate formation of the colorless (B and C) forms 

(Brouillard and others 1982; Torskangerpoll and Andersen 2005). 

Also, Iacobucci and Sweeny (1983) demonstrated that 3-deoxyanthocyanidins 

fade fast at pH 7. Generally, methylation at carbon 4 has a slight improvement on their 

overall stability. Similarly, the extent of methoxylation and hydroxylation influenced 

the color stability of 3-deoxyanthocyanidin pigments. Addition of a 4-carboxy group 

significantly increased their stability. Consequently, these authors suggested that 4-

carboxy-3-deoxyanthocyanidin compounds could be of importance, in comparison to 

all natural anthocyanins, to color foods and beverages at neutral pH. However, there is 

no data on how substitution patterns affect color, solubility and stability of 3-

deoxyanthocyanin pigments relative to natural anthocyanins. 
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2.3. The chromatic behavior of anthocyanins in the presence of SO2 and  
        ascorbic acid 
 

      2.3.1. Sulfur dioxide, SO2 

Sulfur dioxide is a biofunctional acid which is widely used in foods; for 

example, in winemaking as an antioxidant and bacteriostatic agent, it dissociates almost 

instantaneously into three fractions depending on the thermodynamic constant and the 

pH.  These three fractions are molecular sulfur dioxide (SO2), sulphite (SO3
2-), and 

bisulphite (HSO3
-).   

 

H2O    +    SO2       <===>        H+      +     (HSO3)-   <===>    2H+        +      SO3
2- 

Water   +   Molecular          Hydrogen    +    Bisulphite      Hydrogen  +   Sulphite 
                sulphur dioxide         ion                                               ion 

 

Early incorporation of SO2 in the must during vinification protects phenolics 

that precipitate during the fermentation since SO2 occupies the carbon 4 position of the 

flavylium cation (Timberlake and Bridle 1967a, b; Amerine and others 1967; Somers 

and Wescombe 1982), hence reducing the rate of color loss during wine aging (Picinelli 

and others 1994). The reversibility of this reaction may lead to polymerization and 

subsequent precipitation of the SO2-bound phenolics in the wine during storage. 

Therefore, timing of this SO2 addition during wine fermentation is extremely critical to 

prevent color degradation and microbial spoilage (Jurd 1964a; Hatfield and others 

2003).   
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Figure 7: Bisulfite addition on carbon 2 or 4 on the anthocyanin molecule. 

Moreover, dissolved SO2 behaves as a powerful nucleophile. Sulfite bleaching 

results from the addition of hydrogen sulfite to the C ring of the flavylium cation, 

generating a colorless hydrogen sulfite adduct (Timberlake and Bridle 1967a, b; Berké 

and others 1998; Salas and others 2005). In anthocyanin solutions, the nucleophilic 

addition of bisulfite anions and water occurs at carbon 2 and 4 as shown in Figure 7 

forming colorless sulfonates (III) or (IV) (Berké and others 1998).  

However due to preferential addition at carbon 4 position (more accessible due 

to its lower steric hindrance with respect to the carbon 2 position), sulfite bleaching of 
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anthocyanins is highly prevented in a wide range of pH in the anthocyanin-pyruvic acid 

adducts as shown in Figure 2. This desirable observation is expected to have similar 

protective influence on 3-deoxyanthocyanin pigments. 

 

      2.3.2. Ascorbic acid (Vitamin C) 

Ascorbic acid (Figure 8) is commonly added to fruit juices and other beverages 

to prevent browning and to provide an additional source of vitamin C. As a supplement, 

consumption of these dietary antioxidants offers protection against some pathological 

events (Martí and others 2001). The degradative effect of vitamin C on anthocyanin 

stability and its consequent discoloration have been studied in model solutions (Poei-

Langstron and Wrolstad 1981; Iacobucci and Sweeny 1983b; Garcia-Viguera and 

Bridle 1999).  
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Figure 8: Ascorbic acid. 

 

Instability of anthocyanins in the presence of ascorbic acid occurs due to the 

oxidative cleavage of the pyrulium ring by free radical mechanism, with the ascorbic 

acid acting as a pro-oxidant (Iacobucci and Sweeny 1983a). Poei-Langston and 
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Wrolstad (1981) and Jurd (1972) proposed that anthocyanin color decreased more 

quickly under nitrogen sparging than under oxygen sparging conditions, which 

suggested the decolorization effect was through a condensation reaction in the presence 

of ascorbic acid.  

Other mechanisms earlier proposed include direct condensation of ascorbic acid 

on the carbon 4-position of the anthocyanin molecule (Jurd 1972; Poei-Langston and 

Wrolstad 1981) contributing to the collective degradation and ultimate loss of the 

anthocyanins stability (Rodriguez-Saona and others 1999; Brenes and others 2005) 

similar to the bisulfite ion reaction. Therefore, the nature of the substituent at carbon 4 

is a key factor influencing the resistance to discoloration by both sulfur dioxide and 

ascorbic acid. 

Hydroxylation and methoxylation, together with type and numbers of sugar 

moieties attached to the anthocyanin chains also have an influence on the overall 

stability (Mazza and Miniati 1993). Greater stability against ascorbic acid degradation 

was observed when the sugar residues were acylated with acids (Asen and others 1972; 

García-Viguera and Bridle 1999).  

Additionally, King and others (1980) confirmed that the rate of decolorization 

of the anthocyanins by vitamin C was dependent on the amount of oxygen available in 

the solution. Starr and Francis (1968) also reported a speedy degradation of cranberry 

juice when the highest amounts of vitamin C and oxygen were introduced into the 

system. These results proved that under oxygenated conditions, the introduction of 

transition metals accelerated vitamin C and anthocyanin degradation and break-down in 
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their mutual the presence.  Under these conditions, the copper-catalyzed disintegration 

of vitamin C is responsible for the observed pigment color loss (Timberlake 1960a, b). 

However, there is no data on the effect of ascorbic acid on 3-deoxyanthocyanin 

compounds. 

 

      2.3.3. Improving on the available knowledge in the study of  
                3-deoxyanthocyanin pigments  
 

Since there is enough information on pyruvic acid reaction with common 

anthocyanins, it will be utilized as the co-pigment in this research. It is expected that 

the reaction mechanism between pyruvic acid and 3-deoxyanthocyanins will be similar 

to the condensation reaction between pyruvic acid and anthocyanins observed in red 

wines (Figure 2). Successful synthesis of novel 3-deoxypyranoanthocyanins (3-

deoxyanthocyanin + pyruvic acid) adducts will significantly improve their stability 

compared to their precursors. Hopefully, the 3-deoxypyranoanthocyanins will express 

deeper colors than other similar pigments at the same pH level. Obtaining such more 

stable compounds will have several attractive advantages including their ease of storage 

over long periods of time and possible processing into shelf-stable colorful products. 

Sorghums have a very high concentration of 3-deoxyanthocyanins. In general, these 

compounds contribute the intense blue, purple and red colors in sorghum bran extract 

and are more prevalent in the pigmented sorghum varieties. Determining the color 

characteristics of the 3-deoxyanthocyanins in model food systems will significantly 

enhance their potential application as natural food colorants.  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1. Chemicals, samples and reference compounds 

     3.1.1. Chemicals  

HPLC grade hexanes, methanol, HCl, acetonitrile, water, L-ascorbic acid 

(99.7%), sodium meta-bisulfite and formic acid were purchased from Fisher Scientific 

(Hanover Park, IL). Pyruvic acid (d = 1.265, 98%) was obtained from Sigma-Aldrich 

(St. Louis, MO).  

 

     3.1.2. Sample and reference compounds 

  Apigeninidin, luteolinidin, 5-methoxyapigeninidin, 7-methoxyapigeninidin, 5,7-

dimethoxyapigeninidin and 5,7-dimethoxylutelinidin standards were from ALSACHIM 

(Strasburg, France). For comparison, red cabbage powder was purchased from Voigt 

Global Distribution LLC (Kansas City, MO) and grape blue powder from Exberry 

(GNT group, Redwood City, CA). Black sorghum (TX 430) bran was obtained from 

Texas A&M University, College Station, TX. 

 

      3.1.3.  Sorghum bran handling 

Black sorghum (TX 430) bran was finely ground using a UDY mill (Model 

3010-030, Fort Collins, CO), to pass through 0.1 mm mesh. Grinding was necessary to 

improve pigment extraction efficiency from the black sorghum brans. Black sorghum 

powder (2 grams) was defatted by extracting four times (20 mL each) in sequence with 



 31

hexanes, shaken for 20 minutes in an Open-Air Reciprocating Shaker (Model SHKA 

2506-1, Dubuque, IA), and then centrifuged at 3100 g-force for 30 minutes at 13ºC. 

The solid residue was dried overnight at room temperature and stored at -35°C until 

used. 

 

      3.1.4.  The 3-deoxyanthocyanin pigment extraction 

The crude pigment extraction was performed twice with 20 mL 1% HCl in 

methanol for 10 minutes with the aid of 500 watts, 20 kHz High Intensity Ultrasonic 

Liquid Processor (Model VC-505, Sonics and Materials, Inc., Newton, CT), with a 13 

mm alloy probe, at 35% amplitude for 2 minutes. High Intensity Ultrasound is used in 

many food applications such as emulsification, sterilization, extraction, degassing, 

filtration, drying and enhancing oxidation (Leadley and Williams 2002; Wang and 

Wang 2004; Mason 1998). Morel and others (2000), Moulton and Wang (1982) and 

Wang (1975) confirmed that High Intensity Ultrasound enhanced protein extraction by 

increasing solubility but also decreased protein molecular weight (Morel and others 

2000).  

The samples were adjusted to 25 mL volume after sonication and before 

shaking for 45 minutes. The slurry were centrifuged at 3100 g-force for 25 minutes at 

13ºC and then decanted. A further rinse with 20 mL of 1% HCl in methanol was done 

before being centrifuged a second time for additional pigment recovery from the bran 

matrix. This was a modification of the extraction procedure outlined by Wang and 

Wang (2004). These two aliquots were combined and the methanol and any residual 
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hexanes were evaporated at room temperature using a rotary evaporator (Brinkmann, 

Model 0560-8), under vacuum (500mmHg vac). The concentrated crude sorghum 3-

deoxyanthocyanin extract was kept in the dark at -35ºC until used. 

 

      3.1.5.  Model solutions 

Distilled water was adjusted to pH 2.0, 3.0, 3.2 and 5.0 using 0.1M HCl to make 

50 mL model solutions in which the samples were separately dissolved (in tinted glass 

bottles). These were the controls. Similar model solutions but with the addition of 

198.135 mg pyruvic acid (i.e. pH 2.0, 3.0, 3.2 and 5.0) were also prepared. The sample 

amounts listed in section 3.1.6 below would separately give a final anthocyanin:pyruvic 

acid molar ratio of 1:50. The final desired solution pH (at 24°C) was further adjusted by 

using 0.1M NaOH and 0.1M HCl. The solutions with pyruvic acid were the treatments. 

 

      3.1.6.  Synthesis of anthocyanidin-pyruvic acid adducts  

Samples of apigeninidin (4.55 mg), luteolinidin (5.05 mg), 5-

methoxyapigeninidin (5.25 mg), 7-methoxyapigeninidin (5.25 mg), 5,7-

dimethoxyapigeninidin (4.95 mg), 5,7-dimethoxyluteolinidin (5.65 mg) standards and 

148.15 mg of both red cabbage and grape blue powder were each incubated separately 

for 5 days at 37ºC, in model solutions adjusted to pH 2.0, 3.0, 3.2 and 5.0 using 0.1M 

HCl and 0.1M NaOH, to synthesize respective anthocyanin-pyruvic acid adducts. The 

incubations were in 50 mL of distilled water at the various pH levels, in tinted glass 

bottles (to protect the samples from UV-light), with and without pyruvic acid (pyruvic 
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acid:anthocyanin molar ratio of 50:1) (Oliveira and others 2006). For the crude black 

sorghum extract, a 1 mL concentrated sample was pipeted and similarly incubated for 5 

days. Samples without pyruvic acid were the controls. Pyruvic acid is known to 

increase the stability of anthocyanins in red wines (Morata and others 2007; Oliveira 

and others 2006).  

 

3.2. Methods for the objectives 

      3.2.1. Research objective 1. Establish stability of sorghum  
                3-deoxyanthocyanins against SO2 and ascorbic acid bleaching at  
                different pH levels relative to commercial anthocyanin pigments 
 

3.2.1.1. SO2 assay 

To make 3000 ppm SO2 solution, 180 mg of sodium meta-bisulfite was 

dissolved in 30 mL of deionized water. Pipeting 200 μL of this solution into 9.8 mL 

solution (2 mL sample + 7.8 mL distilled water at each pH level tested) gave a final 

SO2 concentration of 60 ppm. The stability of the six 3-deoxyanthocyanin standards, 

red cabbage powder, grape blue powder and the crude black sorghum pigment extract 

against SO2 (0 and 60 ppm) bleaching at pH 2.0, 3.0, 3.2 and 5.0 was measured in the 

absence of pyruvic acid using the spectrophotometric analysis below, at 7-day interval 

for 21 days. After the addition of SO2, the various pH of the solutions were adjusted 

using 0.1M HCl and 0.1M NaOH until the desired pH level was achieved. 
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3.2.1.2. Ascorbic acid assay  

For vitamin C solutions, 938 mg of ascorbic acid were separately dissolved in 

300 mL distilled water. The reaction mixtures for all the pH levels studied 

(sample:ascorbic acid 1:4 v/v) of each solution had a final vitamin C concentration of 

500 ppm. After the addition of ascorbic acid, the solutions’ pH were adjusted using 

0.1M HCl and 0.1M NaOH until the desired pH level was obtained (i.e. pH 2.0, 3.0, 3.2 

and 5.0). They were first vortexed and allowed to stand for 20 minutes. Spectroscopic 

absorbance readings in the absence of pyruvic acid were taken as explained below, on 

the first day, and after every 7 days storage period, for 21 days. The ascorbic acid 

concentrations were freshly prepared each day. All experiments were done in duplicates 

and their means reported. 

 

3.2.1.3. UV-Vis absorption spectra 

Absorption spectra were recorded over time using a Shimadzu UV-1650PC 

spectrophotometer (10mm path-length cell), from 250 to 720 nm. Duplicate solutions 

were prepared and the mean values of the spectrophotometric measurements reported. 

Solutions were properly mixed using a digital vortex mixer before each assay.  
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 Research objective 2. Determine effectiveness of pyruvic acid 
            addition on sorghum 3-deoxyanthocyanin stability against SO2  
            and ascorbic acid bleaching 

 

3.2.2.1. HPLC-DAD analysis 

  The synthesis of anthocyanin-pyruvic acid adducts were studied over time (7-

day interval), at different pH levels using HPLC-MS analysis. All samples were filtered 

before being transferred into the injection vials. Qualitative analysis was achieved using 

an Agilent 1100 HPLC system, equipped with a diode array detector (DAD), 

quaternary pump and an automatic injector. All the samples were analyzed on a 

reversed phase 150 × 2.00 mm i.d., 5 micron (Phenomenex, Torrance, CA) C-18 

column and thermostated at 35ºC. Sample injection volume was 5.00 μL; UV-Vis 

spectra were recorded from 200 – 720 nm and the monitoring wavelength was 480 nm. 

The mobile phase consisted of (A), 1% formic acid in water, and (B), 1% formic acid, 

50% acetonitrile in water. The 43-min elution gradient was as follows: 0-2 min, 10% 

isocratic B; 2-30 min, 10-70% B; 30-32 min, 70-100% B; 32-36 min, 100% isocratic B; 

36-37 min, 100-10% B; 37-43 min, 10% isocratic B; followed by 2 minutes of re-

equilibration of the column before the next run at a flow rate of 0.250 mL/min.  

 

3.2.2.2. LC-MS analysis 

The MS analysis was performed using a Thermo-Finnigan TSQ7000 triple-

quadrupole mass spectrometer equipped with an API2 source, Performance Pack (with 

wider orifice in the skimmer and an extra turbo pump on the source) and an 

Electrospray Ionization (ESI) interface (ThermoFinnigan, San Jose, CA). The mass 
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spectrometer was connected to an integrated Thermo-Finnigan LC system consisting of 

a P4000 quaternary LC pump and SCM1000 vacuum degasser, an AS3000 

autosampler, and a UV6000LP diode-array detector.   

The electrospray needle voltage was 4.5 kV and the heated inlet capillary 

equilibrated at 250°C. All voltages were optimized to maximize ion transmission and 

minimize unwanted fragmentation.  Spectra were recorded in a positive ion mode 

between m/z 150 and 1000. 

 

3.2.2.3. UV-Vis absorption spectra 

 The pigments’ color stability towards bleaching effects of SO2 and ascorbic 

acid were also studied spectrophotometrically at pH levels 2.0, 3.0, 3.2 and 5.0 for 21 

days as explained in Objective 1, to assess the influence of pyruvic acid addition.  

 

3.2.2.4. Data analysis 

For SO2 analysis, the main effects within and among samples were estimated 

using a 2 × 2 × 4 factorial design {[two levels of pyruvic acid  × two levels of SO2 

concentration × four pH levels]}. Similarly, the ascorbic acid statistical analysis was 

estimated with a 2 × 2 × 4 factorial design {[two levels of pyruvic acid × two levels of 

vitamin C concentration × four pH levels]}. The standard error of means (SEM) and 

standard deviations was used for post ANOVA analysis. Parallel comparisons were 

done across samples both under similar and varied pH levels. 
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      3.2.3. Research objective 3. Determine effects of commercial sterilization 
                conditions on 3-deoxyanthocyanins stability 
 

3.2.3.1. Autoclaving process 

Autoclaving was achieved by heating the anthocyanin samples (i.e. pH 3.2) at 

15 p.s.i. to 121.1°C for 15 minutes using a Market Forge Autoclave (Market Forge Co., 

Everett, MA; Model STM-E 208) and then cooling immediately in an ice bath. Non-

sterilized samples at every pH level were the controls. Data on the effect of the 

sterilization treatment on 3-deoxyanthocyanin pigments stability at these pH levels 

would be very significant in understanding how severe thermal processing conditions 

would affect utilization of these compounds in foods, and would further confirm the 

protective effect of the pyruvic acid addition to these beneficial pigments. 

 

3.2.3.2. Sample analysis 

Samples (both with and without pyruvic acid) were monitored by HPLC as 

explained in HPLC-DAD analysis in Objective 2. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Crude black sorghum pigments 

Apigeninidin (39.9%),  luteolinidin (16.0%), 5-methoxyapigeninidin (13.1%), 

7-methoxyapigeninidin-5-glucoside (1.9%), 7-methoxyluteolinidin-5-glucoside (1.8%), 

luteolinidin-5-glucoside (5.0%) and apigeninidin-5-glucoside (5.1% of the total 

anthocyanin content in the crude sorghum pigments) were confirmed in sorghum by 

HPLC-DAD retention times and spectral characteristics, as well as mass spectra 

(Figure 9).  The proportion of yellow, apigeninidin, and orange, luteolinidin, (55.9% of 

the total) was comparable to 36 – 50% reported by Awika and others (2004a, b) in 

black (Tx430) sorghum bran. This confirms that luteolinidin and apigeninidin are the 

dominant 3-deoxyanthocyanins components of black sorghum. The 3-

deoxyanthocyanins showed absorption maxima lower than 490 nm, whereas common 

anthocyanins have absorption maxima above 500 nm in pH 1 buffer (Awika and others 

2004b). Thus, these pigments could be useful natural substitutes for the yellow and 

orange artificial colorants. 

Although some information is available on the stability of synthetic 3-

deoxyanthocyanins in beverage systems, especially at pH below 4.0 (Jurd 1964a, b), the 

color, intensity and stability of these extracted crude natural 3-deoxyanthocyanin 

sorghum pigments have not been evaluated in model solutions. Hence, performance of 

these sorghum 3-deoxyanthocyanin pigments as food colorants in comparison to 3-

deoxyanthocyanin standards was monitored spectrophotometrically at their respective 
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maximum absorption wavelength (λmax (nm)) at pH 2.0, 3.0, 3.2 and 5.0.  The resistance 

to discoloration was a measure of their performance in these solutions. 
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(iii) Apigeninidin-5-glucoside; Rt = 14.007 min; 474 nm; 569 m/z
(iv)  7-methoxyapigeninidin-5-glucoside; Rt = 16.240 min; 473 nm; 599 m/z
(v)  Luteolinidin; Rt = 20.035 min; 490 nm; 271 m/z
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Figure 9: HPLC chromatogram of crude sorghum pigment. 

 

4.2. Effect of SO2 and ascorbic acid on 3-deoxyanthocyanin pigments stability at 
different pH levels 
 

The influence of pH on the rate of fading of 3-deoxyanthocyanin pigments was 

studied at 27°C, in the presence of oxygen and fluorescent light for 21 days.  
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      4.2.1. Stability of 3-deoxyanthocyanins pigments 

The spectroscopic measurements were taken at the λmax (nm) of every sample 

studied, scanning between 250 – 700 nm. The absorbance at day 0 were normalized to 

1.00; and relative absorbance after 21 days reported. The color intensity displayed by 

these 3-deoxyanthocyanin pigments changed with the changing pH of the solution 

(Table 1). The stability of crude sorghum and red cabbage pigments to light, oxygen 

and at 27°C was similar at 3.2. However, sorghum pigment extract and red cabbage 

pigment showed remarkably better stability at pH 2.0 than the 3-deoxyanthocyanin 

standards. Similarly, stability of sorghum pigment was much higher at pH 3.0 (98% 

color retention) than the 3-deoxyanthocyanin standards (35% - 68% color retention). 

Thus, the natural pigments could be good colorants at low pH values (i.e. pH 2.0 and 

3.0) relative to the standards. 

All pigments were relatively stable at pH 3.2. However, the standard pigments 

showed increased intensity at pH 5.0 except 5-methoxyapigeninidin and 5,7-

dimethoxyluteolinidin. Comparatively, the natural pigments’ intensities reduced at pH 

5.0. The decrease in absorbance intensities may be due to the general instability of 

anthocyanins to degradative effects of light, oxygen and temperature at different pH 

levels. But, even though the pigments’ intensities also reduced at pH 2.0 and 3.0 for all 

samples, sorghum and red cabbage retained more color compared to the standards. 

Thus, natural colorants were more stable at lower pH (the pH of most fruit juices and 

many beverages) than the 3-deoxyanthocyanin standards. 
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Control Sample/pH 2.0 3.0 3.2 5.0 Std Error 
of Means 

      
Sorghum 0.97 ± 0.11 0.98 ± 0.06 1.00 ± 0.02 0.85 ± 0.01 

 
0.11 

Red cabbage 0.92 ± 0.02 * 1.00 ± 0.01 0.83 ± 0.02 
 

0.08 

Grape blue powder * * 1.03 ± 0.01 *  
 

0.04 

Apigeninidin 0.77 ± 0.16 0.68 ± 0.02 1.00 ± 0.02 1.38 ± 0.04 0.25 
      
Luteolinidin 0.72 ± 0.15 0.42 ± 0.03 1.00 ± 0.03 1.42 ± 0.01 

 
0.30 

5-methoxyapigeninidin 0.58 ± 0.05 0.35 ± 0.03 1.00 ± 0.10 0.81 ± 0.08 
 

0.37 

7-methoxyapigeninidin * 0.48 ± 0.01 1.00 ± 0.11 * 
 

0.16 

5,7-dimethoxyapigeninidin 0.79 ± 0.08 0.55 ± 0.14 1.00 ± 0.13 1.08 ± 0.05 
 

0.78 

5,7-dimethoxyluteolinidin 0.81 ± 0.11 0.60 ± 0.04 1.00 ± 0.04 0.23 ± 0.01 
 

0.87 

      
Table 1: Absorbance at respective λmax (nm) for control samples after 21 days at 
27°C, in the presence of light and oxygen, at different pH levels. Absorbance 
values were normalized to 1.00, with respect to day 0. Missing values marked with 
(*) indicate samples not tested ( x  ± SD, n = 3). Mean differences within a row that 
are ≥ Standard Error of Means are significantly different at α = 0.05. 
 

      4.2.2. Effect of SO2 on stability of the control samples 

At pH 2.0, there was a significant hyperchromic shift (increase in λmax (nm)) of 

these 3-deoxyanthocyanin pigments when incubated with 60 ppm SO2 for 21 days 

(Table 2). This was likely due to a co-pigmentation effect. The magnitude of this 

unique co-pigmentation effect (darkening of all the anthocyanin solutions with 

increased visual saturation of pigment color) was dependent on the type of 3-deoxy-

anthocyanin pigment. Crude sorghum pigment showed greater pigment color and 

stability than red cabbage at pH 2.0, 3.2 and 5.0. The highest color intensity was 

observed at pH 5.0. It also showed a higher increase in absorbance at pH 3.2 than grape 
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blue powder. Generally, sulfite effect on these natural pigments was to increase their 

absorbance as pH increased. 

However, apigeninidin, luteolinidin and 5-methoxyapigeninidin standards 

showed much higher increase in absorbance at pH 2.0 than at pH 3.0, 3.2 and 5.0. They 

showed 6 – 8 times increased color intensity at pH 2.0 after 21 days. At pH 3.0, the co-

pigmentation effect was much weaker for these pigments (1.2 – 2.3 times increase in 

intensity). At pH above 3.0, the bleaching effect of SO2 was apparent in these pigments, 

except for apigeninidin, 5-methoxyapigeninidin and 7-methoxyapigeninidin.  

The dimethoxylated pigments behaved differently in the presence of SO2.  At 

pH 2.0, 5,7-dimethoxyapigeninidin and 5,7-dimethoxyluteolinidin showed 12 and 23 

times increase in color intensity, respectively, after 21 days. However, both were 

completely bleached at pH 3.0 and 3.2, whereas only 5,7-dimethoxyapigeninidin was 

totally bleached at pH 5.0. 5,7-dimethoxyluteolinidin retained 83% of its color at pH 

5.0. Among all samples, 5,7-dimethoxyapigeninidin was the most unstable to changes 

in pH in the presence of 60 ppm SO2 because it showed complete discoloration at pH 

3.0, 3.2 and 5.0. Hence, the dimethoxylated pigments could only be effective colorants 

at very low pH levels (i.e. pH 2.0) in the presence of SO2. The general effect of pH on 

SO2 co-pigmentation with 3-deoxyanthocyanin standards was the loss of the co-

pigmentation effect, leading to reduced pigment intensity as the pH increased. 

In the 3-deoxyanthocyanin molecules, the nucleophilic addition of anionic 

sulfite occurs preferentially at carbon 4 position rather than at carbon 2 due to steric 

hindrance at this position (Figure 10). This reaction causes bleaching of natural 
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anthocyanin molecules in solution. However, it apparently leads to co-pigmentation of 

3-deoxyanthocyanin pigments. For the standards, the lower the solution pH, the greater 

the co-pigmentation effect (Table 2).  

Control Samples/pH 2.0 3.0 3.2 5.0 Std Error 
of Means 

      
Sorghum  1.56 ± 0.16 1.17 ± 0.03 1.65 ± 0.02 2.20 ± 0.17 

 
0.11 

Red cabbage 1.24 ± 0.02 * 1.20 ± 0.00 1.79 ± 0.01 
 

0.08 

Grape blue powder * * 1.14 ± 0.04 * 
 

0.06 

Apigeninidin 5.99 ± 0.12 2.29 ± 0.01 1.96 ± 0.02 1.08 ± 0.01 
 

0.25 

Luteolinidin 7.45 ± 0.09 1.59 ± 0.01 Sb Sb 

 
0.30 

5-methoxyapigeninidin 7.96 ± 0.04 2.07 ± 0.01 1.66 ± 0.01 0.67 ± 0.09 
 

0.37 

7-methoxyapigeninidin * 1.22 ± 0.01 1.05 ± 0.03 * 
 

0.22 

5,7-dimethoxyapigeninidin 12.10 ± 
0.06 

Sb Sb Sb 

 

 

0.78 

5,7-dimethoxyluteolinidin 23.78 ± 
0.04 

Sb Sb 0.83 ± 0.01 
 
 

0.87 

      
Table 2: Relative absorbance at respective λmax (nm) for control samples incubated 
with 60 ppm SO2 after 21 days at 27°C, at different pH levels. Absorbance values 
were normalized to 1.00, with respect to day 0. Missing values marked with (*) 
indicate samples not tested and Sb means samples reported as totally bleached ( x  
± SD, n = 3). Mean differences within a row that are ≥ Standard Error of Means 
are significantly different at α = 0.05. 
 

This phenomenon may be due to improved self association of these 3-

deoxyanthocyanin pigments, causing monomeric anthocyanins to behave as co-

pigments themselves. The precise mechanism is unclear and this unique phenomenon 

should be further investigated, in the presence and the absence of oxygen, light and 

heat. The observed hyperchromic shift can be explained by progressive formation of 
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new intensely colored 3-deoxyanthocyanin compounds by intermolecular-sulfite 

addition. 

However, it can also be suggested that a significant substitution for the hydroxyl 

with SO2 may be responsible for this phenomenon, which improves the overall stability 

and color intensity, similar to the effect of hydroxylation at carbon 4 and 5 that prevent 

hydration reactions responsible for anthocyanin color degradation (Brouillard and 

others 1982; Iacobucci and Sweeny 1983a; Torskangerpoll and Andersen 2005). This 

low pH co-pigmentation phenomenon could possibly be utilized in coloring low acid 

foods and beverages like sodas. 
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Figure 10: Sulfite addition reaction: 3-deoxyanthocyanin molecules, (I); and 
resultant colorless sulfonates, (II). 
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      4.2.3. Effect of ascorbic acid on stability of the control samples 

Crude sorghum pigment extract was more stable to ascorbic acid degradation 

than red cabbage pigment at all pH levels (Table 3). The stability of sorghum pigment 

was lowest at pH 2.0 (69% color retention) in the presence of 500 ppm ascorbic acid. 

However, this was much higher than red cabbage (15% color retention). At pH 3.2 and 

5.0, crude sorghum pigment showed increased color intensity, suggesting co-

pigmentation effect with 500 ppm ascorbic acid.  Red cabbage did not show this effect 

at similar pH, even though it showed increase in stability to ascorbic acid degradation 

as pH increased from 3.2 to 5.0.  

Control Samples/pH 2.0 3.0 3.2 5.0 Std Error 
of Means 

      
Sorghum  0.69 ± 0.03 1.01 ± 0.07 1.89 ± 0.10 1.26 ± 0.04 

 
0.14 

Red cabbage 0.15 ± 0.02 * 0.18 ± 0.04 0.70 ± 0.02 
 

0.11 

Grape blue powder * * 0.59 ± 0.05 *  
 

0.05 

Apigeninidin 0.09 ± 0.09 Sb 0.36 ± 0.02 0.44 ± 0.02 
 

0.24 

Luteolinidin 0.92 ± 0.02 0.38 ± 0.01 0.47 ± 0.07 1.30 ± 0.01 
 

0.23 

5-methoxyapigeninidin Sb Sb 0.18 ± 0.01 1.36 ± 0.01 
 

0.21 

7-methoxyapigeninidin * Sb 0.15 ± 0.02 * 
 

0.15 

5,7-dimethoxyapigeninidin Sb Sb 0.03 ± 0.01 0.83 ± 0.02 
 

0.31 

5,7-dimethoxyluteolinidin Sb Sb 0.03 ± 0.05 3.69 ± 0.01 
 

0.30 

      
Table 3: Absorbance at respective λmax (nm) for control samples after 21 days at 
27°C, incubated with 500 ppm ascorbic acid at different pH levels. Absorbance 
values were normalized to 1.00, with respect to day 0. Missing values marked with 
(*) indicate samples not tested and Sb means samples reported as totally bleached 
( x  ± SD, n = 3). Mean differences within a row that are ≥ Standard Error of 
Means are significantly different at α = 0.05. 
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The 3-deoxyanthocyanin standards were much less stable to ascorbate bleaching 

than crude sorghum pigments at pH 5.0. Only luteolinidin retained significant 

pigmentation at pH 2.0 and 3.0.  

At pH 3.2, the non-methoxylated forms were the most stable to ascorbic acid 

bleaching among the standards. Apigeninidin and luteolinidin showed 36% and 47% 

color retention, respectively. Also, the monomethoxylated forms (15 – 18% color 

retention) were more stable than dimethoxylated forms (approx. 3% color retention). 

However, the mono- and dimethoxylated 3-deoxyanthocyanins standards were 

completely bleached at pH 2.0 and 3.0, suggesting poor stability at pH ≤ 3.0. 

At pH 5.0, the 3-deoxyanthoxyanin standards showed increased color intensity 

in the presence of ascorbate except apigeninidin and its dimethoxylated form. 

Luteolinidin, 5-methoxyapigeninidin and 5,7-dimethoxyluteolinidin pigments recorded 

an increase in color intensity at pH 5.0, suggesting similar pigment co-pigmentation 

phenomenon observed in sorghum at pH 3.2 and 5.0. The 5,7-dimethoxyluteolinidin 

pigment showed the most increase in absorbance (3.7 times) at day 21 relative to day 0 

in the presence of ascorbic acid.  

The color enhancement of crude sorghum extract and the 3-deoxyanthocyanin 

standards at pH 5.0 suggests effectiveness of ascorbic acid in fortifying sorghum-

pigment-containing foods, either for nutritive or preservation purposes, at high pH 

levels. 
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4.3. Synthesis of 3-deoxyanthocyanin-pyruvic acid adducts 

      4.3.1. Significance of pyruvic acid addition 

 The degradation of anthocyanins by food additives like SO2 and ascorbic acid 

limits their use as natural food colorants. Oliveira and others (2006) reported that 

addition of pyruvic acid increased the stability of red wine anthocyanin pigments 

through the formation of more stable and brighter pyrano-anthocyanin compounds. 

Thus, the reaction of pyruvic acid and 3-deoxyanthocyanin pigments was anticipated to 

have similar effects.  

 

      4.3.2.  HPLC-DAD/MS analysis 

Synthesis of the 3-deoxypyranoanthocyanins (Figure 11(a) – (d)) was gradual. 

The yield of all the identified and characterized pyruvic acid adducts was 

approximately between 11 - 47% after 10 days at pH 3.2.  These pigments were 

characterized by HPLC/DAD-MS. The progressive synthesis of these adducts over time 

was in agreement with Oliveira and others (2006) report on red wine pyrano-

anthocyanin pigments at pH 2.0. Synthesis of 3-deoxy-pyranoanthocyanins was much 

greater with apigeninidin and luteolinidin than with 7-methoxyapigeninidin, 5,7-

dimethoxyapigeninidin and 5,7-dimethoxyluteolinidin at pH 3.2. Structural orientation 

of these methoxylated molecules in solution may be responsible for this phenomenon, 

inhibiting easy access of pyruvic acid onto the carbon 4 and 5 positions. However, pH 

influence on the synthesis of these pyruvic acid adducts was not investigated.  
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Figure 11(a): HPLC profile (480 nm) of apigeninidin, before (I); and after reaction 
with pyruvic acid (A), (II), pH 3.2, after 10 days. UV-apex spectra and m/z shown 
confirmed the differences between pigments. (B) and (C) are unknown 
apigeninidin-pyruvic acid adducts. 
 

During the formation of the pyrano-apigeninidin adduct, (A), other pyruvic acid 

adducts ((B) and (C)) were also identified (Figure 11(a)). Whereas adducts (A) (λmax = 

488 nm; Rt = 22.908 min) and (C) (λmax = 489 nm, Rt = 32.402 min) showed slight 

bathochromic shifts, adduct (B) showed a great hypsochromic shift (λmax = 461 nm, Rt 

= 30.841 min), suggesting either a displacement of an –OH group on “B-ring” by 

pyruvic acid or a formation of an ester. Adducts (A), (B) and (C) represented 27.12%, 

6.16% and 3.37% of the total peak areas, respectively. However, the pigment 

characteristics, stability and structure of (B) and (C) were not investigated but their 



 49

quantity in solution cannot be neglected and they may have a positive influence on the 

overall stability of the samples with pyruvic acid. 
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Figure 11(b): HPLC profile of luteolinidin, before (I); and after reaction with 
pyruvic acid (A), (II), pH 3.2, after 10 days at 480 nm. UV-apex spectra and m/z 
shown confirmed the differences between pigments. (B) and (C) are unknown 
luteolinidin-pyruvic acid adduct. 

 

Similarly, pyrano-luteolinidin, (A), showed a slight bathochromic shift (Figure 

11(b)). This pyruvate adduct represented 28.31% of the total peak area. The HPLC 

profile indicated other synthesized luteolinidin-pyruvic acid adducts similar to the 

others observed for apigeninidin but at lower levels, (B) (λmax = 478 nm, Rt = 27.463 

min) and (C) (λmax = 476 nm, Rt = 29.572 min). This hypsochromic shift indicates 
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likely pyruvate addition on the “B-ring”, displacing an -OH group. Adducts (B) and (C) 

represented 0.97% and 3.19% of the total area, respectively, and should also be 

investigated independently for color, stability and structural characteristics. 
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Figure 11(c): HPLC profile of 7-methoxyapigeninidin, before (I); and after 
reaction with pyruvic acid (A), (II), pH 3.2, after 10 days at 480 nm. UV-apex 
spectra and m/z shown confirmed the differences between pigments. 
 
 

There was no observed peak for 5-methoxyapigeninidin-pyruvic acid adduct. 

This was attributed to the occupation of the carbon 5 position (by a methoxyl group) of 

the flavylium molecule which hindered the formation of the pyran ring.  For 7-

methoxyapigeninidin, only one 7-methoxyapigeninidin-pyruvic acid adduct, (A), was 
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observed, representing 22.46% of the total area (Figure 11(c)). The inability of 7-

methoxyapigeninidin to produce other significant adducts as observed with 

apigeninidin and luteolinidin could be due to structural orientation of the resultant 

adduct molecule in solution that may hinder addition of any other substituent groups.  
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Figure 11(d): HPLC profile of 5,7-dimethoxyluteolinidin, before (I); and after 
reaction with pyruvic acid (A), (II), pH 3.2, after 10 days at 480 nm. UV-apex 
spectra and m/z shown confirmed the differences between pigments. (B) is an 
unknown 5,7-dimethoxyluteolinidin-pyruvic acid adduct. 
 

Both the dimethoxylated-pyruvic acid adducts showed hypsochromic shift 

(Figure 11(d)). The 5,7-dimethoxyluteolinidin-pyruvic acid adduct, (A) (λmax = 485 

nm; Rt = 24.374 min) and unidentified adduct, (B) (λmax = 469 nm; Rt = 30.523 min) 

represented 8.38% and 11.18% of the total area, respectively.   



 52

On the other hand, 5,7-dimethoxyapigeninidin-pyruvic acid adduct (λmax = 471 

nm, Rt = 27.469 min; 385 m/z) had the least conversion rate of 4.17%, relative to its 

precursor pigment (λmax = 479 nm; 283 m/z) (figure not shown). 

 

      4.3.3. Possible mechanisms of 3-deoxyanthocyanin-pyruvic acid reactions 
 

4.3.3.1. Apigeninidin, luteolinidin and 7-methoxyapigeninidin 
 
The higher stability observed with red wine anthocyanin-pyruvic acid adducts 

against sulfite degradation, is a result of cyclic addition of pyruvic acid onto the carbon 

4 and 5 positions of the anthocyanins molecules. Similarly, for 3-deoxyanthocyanin 

pigments, this new fourth ring is formed if carbon 4 is unsubstituted and carbon 5 has 

an –OH group (Figure 12). This was verified for apigeninidin, luteolinidin and 7-

methoxyapigeninidin pigments using their respective mass to charge (m/z) ratios that 

confirmed the addition of pyruvic acid and loss of two hydrogen atoms through 

condensation reaction. This phenomenon was expected to have the same protective role 

against ascorbic acid bleaching of the 3-deoxyanthocyanin pigments, as observed in red 

wine anthocyanin pigments by Oliveira and others (2006) against sulfite. 
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Figure 12: Proposed scheme for the formation of 3-deoxyanthocyanin-pyruvic acid 
adducts: apigeninidin, luteolinidin or 7-methoxyapigeninidin molecule, 1; pyruvic 
acid, 2; and the 3-deoxyanthcyanin-pyruvic acid adducts, 3. 
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4.3.3.2. The dimethoxylated 3-deoxyanthocyanin pigments 
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Figure 13: Proposed mechanism for the formation of dimethoxylated 3-
deoxyanthocyanin-pyruvic acid adducts, following reaction mechanism proposed 
by Jurd (1964b).  
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The formation of 5,7-dimethoxyapigeninidin-pyruvic acid and 5,7-

dimethoxyluteolinidin-pyruvic acid adducts involved oxidative scission of the 

flavylium molecule at carbon 2 and oxygen atom, followed by oxidative C-ring 

contraction and cyclic addition of pyruvic acid at carbon 2' and the superoxide radical 

at carbon 2 positions (Figure 13). This unique phenomenon was exclusive for 

dimethoxylated forms, and is thought to be responsible for the hypsochromic shift 

observed compared to their parent anthocyanin precursors. 

 
 
      4.3.4.  Effect of pyruvic acid on stability of 3-deoxyanthocyanin pigments 

The addition of pyruvic acid generally had a hyperchromic effect on the color 

intensities of both sorghum and red cabbage pigments at pH 2.0, 3.0 and 5.0 (Table 4). 

At pH 5.0, red cabbage pigment expressed a higher increase in absorbance at day 21 

than sorghum pigment extract, whereas sorghum recorded a higher absorbance 

increment than red cabbage at pH 2.0; but they were both stable at pH 3.2 after 21 days. 

Also, in comparison to Table 1, pyruvic acid improved the color intensities of 

the 3-deoxyanthocyanin standards across different pH levels, except for 5,7-

dimethoxyapigeninidin. Among the standards, the non- and the monomethoxylated 

analogs showed increase in absorbance at pH 5.0 after 21 days (Table 4). The increase 

was significantly higher than that observed in the absence of pyruvate (Table 1) and 

may be a result of structural transformations during the formation of the pyran ring at 

carbon 4 and 5, resulting in the observed hyperchromic effect. In general, pyruvate 



 56

improved overall stability of all pigments tested across different pH levels (Tables 1 

and 4). 

 

Sample With Pyruvic Acid/pH 2.0 3.0 3.2 5.0 Std Error 
of Means 

      
Sorghum 1.15 ± 0.12 1.19 ± 0.02 1.00 ± 0.03 1.04 ± 0.14 

 
0.11 

Red cabbage 1.06 ± 0.05 * 1.00 ± 0.02 1.28 ± 0.01 
 

0.08 

Grape blue powder *  * 1.00 ± 0.03 * 
 

0.04 

Apigeninidin 1.04 ± 0.07 0.63 ± 0.01 1.00 ± 0.03 2.09 ± 0.18 
 

0.25 

Luteolinidin 1.05 ± 0.11 0.77 ± 0.01 1.00 ± 0.01 1.59 ± 0.03 
 

0.30 

5-methoxyapigeninidin 1.02 ± 0.02 0.88 ± 0.01 1.00 ± 0.08 1.41 ± 0.05 
 

0.37 

7-methoxyapigeninidin * 0.69 ± 0.01 1.00 ± 0.07 * 
 

0.16 

5,7-dimethoxyapigeninidin 1.18 ± 0.15 0.72 ± 0.01 1.00 ± 0.02 0.68 ± 0.01 
 

0.78 

5,7-dimethoxyluteolinidin 0.95 ± 0.06 0.76 ± 0.01 1.00 ± 0.01 0.88 ± 0.01 
 

0.87 

      
Table 4: Absorbance at respective λmax (nm) for samples incubated with pyruvic 
acid after 21 days at 27°C, at different pH levels. Absorbance values were 
normalized to 1.00, with respect to day 0. Missing values marked with (*) indicate 
samples not tested ( x  ± SD, n = 3). Mean differences within a row that are ≥ 
Standard Error of Means are significantly different at α = 0.05. 
 

 

4.3.5. Effect of SO2 on samples with pyruvic acid 

At pH 2.0, SO2 caused significant increase in absorbance with all the control 

samples, possibly due to co-pigmentation (Figure 14(a); Table 2). 
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Figure 14(a): Effect of 60 ppm SO2 and pyruvic acid on stability of sorghum, red 
cabbage and 3-deoxyanthocyanin standards after 21 days (27°C) at pH 2.0. 
Absorbance readings normalized to 1.00 relative to day 0. Error bars represent 
standard deviations. 
 

However, the presence of pyruvic acid seemed to prevent this co-pigmentation 

phenomenon, possibly through the addition of a pyran ring at carbons 4 and 5 positions. 

Between the natural colorants, the co-pigmentation effect was higher in sorghum than 

in red cabbage pigment. On the other hand, addition of sulfite to sorghum and red 

cabbage samples with pyruvic acid caused no significant bleaching.  
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Figure 14(b): Effect of 60 ppm SO2 and pyruvic acid on stability of sorghum and 
3-deoxyanthocyanin standards after 21 days (27°C) at pH 3.0. Absorbance 
readings normalized to 1.00 relative to day 0. Error bars represent standard 
deviations. 
 
 

The increased color intensity of these 3-deoxyanthocyanin pigments at pH 2.0 

in the presence of SO2 is an important feature, especially in their putative application in 

coloring low acid foods like sodas. Thus, at day 21 and at pH 2.0, SO2 seemed to 

behave as a co-pigment in the absence of pyruvic acid. 
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At pH 3.0, pyruvic acid caused a reduction in pigment intensity in crude 

sorghum extract in the presence of SO2, indicating pyruvate may not improve stability 

of sorghum extract (Figure 14(b); Tables 4 and 5).  Among 3-deoxyanthocyanin 

standards, samples with pyruvic acid were generally more stable in the presence of SO2 

at pH 3.0. The most exceptional protection of 3-deoxyanthocyanins against SO2 

bleaching at this pH was observed for dimethoxylated analogs, which were completely 

bleached in the presence of SO2 without pyruvate, but retained 100% of their color in 

the presence of pyruvate. 

At pH 3.2, sulfite caused greater increase in color intensity in sorghum pigment 

in the absence of pyruvic acid than in red cabbage and grape blue powder pigments 

(Figure 14 (c); Tables 2 and 4). Addition of pyruvic acid also caused increase in color 

intensity of sorghum and red cabbage pigments but not grape blue powder.  In general, 

pyruvic acid addition was detrimental to color intensity of the natural extracts in the 

presence of SO2 at this pH. Among the 3-deoxyanthocyanin standards, pyruvic acid 

significantly improved stability against SO2 bleaching, except for 5,7-

dimethoxyapigeninidin. For example, SO2 completely bleached luteolinidin and its 

dimethoxylated form in the absence of pyruvic acid; but showed remarkable stability in 

the presence of pyruvic acid. However, pyruvic acid apparently did not protect 5,7-

dimethoxyapigeninidin pigment from SO2 degradation after 21 days at pH 3.2.  
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Figure 14(c): Effect of 60 ppm SO2 and pyruvic acid on stability of sorghum, red 
cabbage, grape blue powder and 3-deoxyanthocyanin standards after 21 days 
(27°C) at pH 3.2. Absorbance readings normalized to 1.00 relative to day 0. Error 
bars represent standard deviations. 

 

At pH 5.0, there was no significant difference in the stability of sorghum and 

red cabbage pigments against 60 ppm SO2, both in the presence and the absence of 

pyruvic acid (Figure 14 (d); Tables 1 and 4).  Among the 3-deoxyanthocyanin 

standards, apigeninidin showed the highest increase in color intensity in the presence of 

pyruvic acid alone but was completely bleached in the presence of pyruvate and sulfite. 
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A similar pattern was observed for 5-methoxyapigeninidin pigment, suggesting that at 

pH 5.0, SO2 bleaches these 3-deoxyanthocyanin pigments only when pyruvate is 

present. This could be that SO2 is mutually detrimental to apigeninidin and 5-

methoxyapigeninidin pigments in the presence of pyruvic acid by destroying the co-

pigmentation effect via nucleophilic attack that also destroys the pigments. Only the 

dimethoxylated analogs were protected against SO2 bleaching by pyruvic acid.  
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Figure 14(d): Effect of 60 ppm SO2 and pyruvic acid on stability of sorghum, red 
cabbage and 3-deoxyanthocyanin standards after 21 days (27°C) at pH 5.0. 
Absorbance readings normalized to 1.00 relative to day 0. Error bars represent 
standard deviations. 
 



 62

In summary, SO2 led to increase in color intensity of all pigments at pH 2.0. A 

probable cause for this phenomenon may have been co-pigmentation. The 

dimethoxylated forms recorded the highest increase in pigment intensity effect (Figure 

14(a); Table 2).  

 

Samples With Pyruvic 
Acid/pH 

2.0 3.0 3.2 5.0 Std Error 
of Means 

      
Sorghum  1.02 ± 0.12 1.07 ± 0.01 1.04 ± 0.01 1.02 ± 0.25 

 
0.16 

Red cabbage 1.01 ± 0.05 * 1.04 ± 0.03 1.00 ± 0.01 
 

0.11 

Grape blue powder * * 0.99 ± 0.02 * 
 

0.06 

Apigeninidin 0.95 ± 0.07 1.04 ± 0.01 1.17 ± 0.02 Sb 

 
0.35 

Luteolinidin 0.97 ± 0.11 1.02 ± 0.01 1.57 ± 0.02 Sb 

 
0.42 

5-methoxyapigeninidin 0.98 ± 0.03 0.84 ± 0.01 1.45 ± 0.05 Sb 

 
0.53 

7-methoxyapigeninidin * 1.05 ± 0.01 1.09 ± 0.02 * 
 

0.22 

5,7-dimethoxyapigeninidin 0.91 ± 0.15 1.00 ± 0.01 Sb 1.18 ± 0.01 
 

1.11 

5,7-dimethoxyluteolinidin 0.92 ± 0.07 1.10 ± 0.01 0.99 ± 0.01 1.08 ± 0.01 
 

1.22 

      
Table 5: Relative absorbance at respective λmax (nm) reported as percent color 
retention for samples incubated with 60 ppm SO2 and pyruvic acid after 21 days 
at 27°C, at different pH levels. Absorbance values were normalized to 1.00, with 
respect to day 0. Missing values marked with (*) indicate samples not tested and 
Sb means samples reported as totally bleached ( x  ± SD, n = 3). Mean differences 
within a row that are ≥ Standard Error of Means are significantly different at α = 
0.05. 
 
 

Addition of pyruvic acid apparently inhibited this co-pigmentation at this pH 

(Figure 14(a)). Also, addition of pyruvate both in the presence and the absence of SO2 

at pH 3.0 reduced the pigment intensity of sorghum extract pigment, suggesting 
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pyruvate may not be effective in stabilizing crude sorghum extract pigments at this pH. 

But 3-deoxyanthocyanin standards with pyruvic acid recorded a general stability 

against SO2 at this pH (Figure 14(b); Table 5). At pH 3.2, SO2 and pyruvic acid 

independently caused increased color intensity to both crude sorghum and red cabbage 

pigments. However, in the presence of SO2 at this pH, pyruvic acid was damaging to 

pigment intensity for these natural pigments (Figure 14(c)). At pH 5.0, pyruvic acid 

showed protection against SO2 on only 5,7-dimethoxyapigeninidin and 5,7-

dimethoxyluteolinidin pigments (Figure 14(d); Table 5).  

 

      4.3.6.  Effect of ascorbic acid on samples with pyruvic acid 

At pH 2.0, crude sorghum pigment stability against 500 ppm ascorbic acid 

bleaching in the absence of pyruvic acid (68.5% color retention) was higher than that of 

red cabbage pigment (15.1% color retention) (Figure 15(a); Table 3). Addition of 

pyruvic acid improved the color stability of both sorghum and red cabbage pigments to 

ascorbic acid degradation (71.5% color retention for sorghum and 28.3% color 

retention for red cabbage) (Table 6). However, these natural pigments showed higher 

resistance to ascorbate color degradation in the absence of pyruvic acid than the 3-

deoxyanthocyanin standards. Pyruvic acid significantly improved the stability of 3-

deoxyanthocyanin standards to ascorbic acid bleaching except for luteolinidin (α = 

0.05); though the overall stability was still poor (10.6% - 40.2% color retention) 

(Figure 15(a); Table 6).                                                                                                                             
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Figure 15(a): Effect of 500 ppm ascorbic acid and pyruvic acid on sorghum, red 
cabbage and 3-deoxyanthocyanin standards after 21 days (27°C) at pH 2.0. 
Absorbance readings were normalized to 1.00 relative to day 0. Error bars 
represent standard deviations. 
 
 

At pH 3.0, crude sorghum pigments showed significant color stability in the 

presence of ascorbic acid, without pyruvic acid addition (Figure 15(b)). Pyruvic acid 

apparently did not protect it from 500 ppm ascorbic acid degradation, but it still 

retained 91.1% of its color (Figure 15(b); Table 6). Among 3-deoxyanthocyanin 

standards, pyruvic acid significantly protected apigeninidin, 7-methoxyapigeninidin and 
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5,7-dimethoxyluteolinidin from bleaching by ascorbic acid after 21 days (Figure 15(b); 

Table 4).   
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Figure 15(b): Effect of 500 ppm ascorbic acid and pyruvic acid on sorghum and 3-
deoxyanthocyanin standards after 21 days (27°C) at pH 3.0. Absorbance readings 
were normalized to 1.00 relative to day 0. Error bars represent standard 
deviations. 
 
 

At pH 3.2, crude sorghum extract showed increase in color intensity in the 

presence of 500 ppm ascorbic acid, both with and without pyruvic acid addition 

(Figure 15(c); Tables 3 and 6). This indicates possible co-pigmentation reaction at this 
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pH. Addition of pyruvic acid was somehow detrimental to the copigmentation effect 

(Figure 15(c)).  
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Figure 15(c): Effect of 500 ppm ascorbic acid and pyruvic acid on sorghum, red 
cabbage, grape blue powder and 3-deoxyanthocyanin standards after 21 days 
(27°C) at pH 3.2. Absorbance readings were normalized to 1.00 relative to day 0. 
Error bars represent standard deviations. 
 

The stability of the other natural colorants and 3-deoxyanthocyanin standards 

was generally very poor in the presence of ascorbic acid at this pH. Pyruvic acid 

addition marginally improved the stability of red cabbage extract and 3-

deoxyanthocyanin standards against ascorbic acid bleaching at pH 3.2; however, 

pyruvic acid was detrimental to stability of grape blue powder and 7-
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methoxyapigeninidin in the presence of ascorbic acid (Figure 15(c)); Tables 3 and 6). 

Thus, crude sorghum pigment was most suitable as natural colorant at this pH level in 

the presence of ascorbic acid. 
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Figure 15(d): Effect of 500 ppm ascorbic acid and pyruvic acid on sorghum, red 
cabbage and 3-deoxyanthocyanin standards after 21 days (27°C) at pH 5.0. 
Absorbance readings were normalized to 1.00 relative to day 0. Error bars 
represent standard deviations. 
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At pH 5.0, pyruvic acid significantly protected sorghum extract and red cabbage 

pigments against 500 ppm ascorbic acid degradation (Figure 15(d)). However, it 

produced more dramatic increase in color intensity of red cabbage extract than sorghum 

pigment extract, both in the presence and the absence of ascorbic acid.  

Among the 3-deoxyanthocyanin standards, ascorbic acid addition in the 

presence of pyruvic acid produced a dramatic increase in absorbance after 21 days at 

pH 5.0, relative to day 0 (Figure 15(d); Tables 3 and 6). This suggests intermolecular 

co-pigmentation interactions among the 3-deoxyanthocyanin-pyruvic acid compounds 

with ascorbic acid.  

Samples With Pyruvic 
Acid/pH 

2.0 3.0 3.2 5.0 Std Error 
of Means 

      
Sorghum  0.72 ± 0.31 0.91 ± 0.02 1.52 ± 0.04 1.15 ± 0.02 

 
0.20 

Red cabbage 0.28 ± 0.04 * 0.38 ± 0.07 1.21 ± 0.08 
 

0.16 

Grape blue powder * * 0.43 ± 0.01 * 
 

0.08 

Apigeninidin 0.40 ± 0.05 0.45 ± 0.03 0.47 ± 0.08 2.13 ± 0.03 
 

0.34 

Luteolinidin 0.35 ± 0.08 0.19 ± 0.01 0.48 ± 0.02 2.12 ± 0.06 
 

0.33 

5-methoxyapigeninidin 0.27 ± 0.01 Sb 0.75 ± 0.05 2.53 ± 0.01 
 

0.30 

7-methoxyapigeninidin * 0.19 ± 0.01 0.04 ± 0.03 * 
 

0.22 

5,7-dimethoxyapigeninidin 0.11 ± 0.12 Sb 0.22 ±0.04 2.33 ± 0.04 
 

0.44 

5,7-dimethoxyluteolinidin 0.21 ± 0.05 0.21 ± 0.01 0.26 ± 0.02 3.33 ± 0.02 0.42 
      
      
Table 6: Absorbance at respective λmax (nm) for samples incubated with 500 ppm 
ascorbic acid and pyruvic acid after 21 days at 27°C, at different pH levels. 
Absorbance values were normalized to 1.00, with respect to day 0. Missing values 
marked with (*) indicate samples not tested and Sb means samples reported as 
totally bleached ( x  ± SD, n = 3). Mean differences within a row that are ≥ 
Standard Error of Means are significantly different at α = 0.05. 
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In summary, at pH 2.0 the natural pigments had higher resistance to ascorbic 

acid bleaching than the 3-deoxyanthocyanin standards in the absence of pyruvic acid 

(Figure 15(a)). At pH 3.0, pyruvic acid did not protect sorghum pigments from 

ascorbic acid degradation. However, sorghum showed significant color stability at 500 

ppm ascorbate and in the absence of pyruvic acid (Figure 15(b); Table 6). Also, 

pyruvate generally protected the 3-deoxyanthocyanin standards from ascorbic acid 

bleaching at this pH.  

At pH 3.2, the presence and the absence of pyruvic acid both improved the color 

intensity of crude sorghum pigment extract with 500 ppm ascorbic acid (Figure 15(c); 

Tables 3 and 6), possibly through co-pigmentation reactions, but pyruvic acid addition 

was detrimental to the observed co-pigmentation effect. All samples had general poor 

stability in the presence of ascorbic acid at pH 3.2. Finally, at pH 5.0 ascorbic acid with 

pyruvic acid produced dramatic increase in color absorbance for all the 3-

deoxyanthocyanin standards after 21 days (Tables 3 and 6). This may be attributable to 

copigmentation interactions among 3-deoxyanthocyanin-pyruvic-ascorbic acid 

molecules. 

 
4.4. Effect of high temperature processing 

      4.4.1. Spectroscopic analysis of heat treated samples 

Samples at pH 3.2 were autoclaved for 15 minutes at 121.1°C.  The non- and 

monomethoxylated samples showed hyperchromic shift after thermal treatment in the 

absence of pyruvic acid (Table 7), suggesting occurrence of browning phenomenon at 

high temperatures. These browning reactions are undesirable in foods, especially in 
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anthocyanin containing juices exposed to high sterilization temperatures reported by 

Maccarone and others (1985) and Fiore and others (2005). Palamidis and Markakis 

(1975) and Spayd and others (2002) suggested that this effect resulted from accelerated 

anthocyanin degradation which produced the chalcone responsible for browning 

observed in anthocyanin-containing soft drinks.  

Samples Before heating After heating 
λmax                 Abs λmax                  Abs 

 
Apigeninidin control 471.50 0.5330 472.50 0.5361 

 
Apigeninidin + 
pyruvic acid 

468.50 1.0216 463.00 0.5067 
 
 

Luteolinidin control 482.00 0.5763 482.50 0.8800 
 

Luteolinidin + 
pyruvic acid 

482.00 0.9521 471.00 0.4215 
 
 

7-methoxy-
apigeninidin control 

466.50 1.0774 467.50 1.0962 
 
 

7-methoxy-
apigeninidin + 
pyruvic acid 

468.00 0.8118 463.50 0.4221 
 
 
 

5,7-dimethoxy-
luteolinidin control 

481.50 2.3284 482.50 1.4025 
 
 

5,7-
dimethoxyluteolinidin 
+ pyruvic acid 

477.00 1.4226 465.00 0.5232 
 
 
 

Sorghum control 478.00 1.0080 478.00 0.4934 
 

Sorghum + pyruvic 
acid 

477.50 0.8339 474.50 0.2176 
 
 

     
Table 7: Sample absorbance values at λmax (nm) before and after thermal 
treatment at pH 3.2 after 21 days. 
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Crude sorghum pigment and dimethoxylated 3-deoxyanthocyanin standards 

showed reduced color intensity after heating, both in the presence and the absence of 

pyruvic acid. Thus, pyruvic acid did not protect the 3-deoxyanthocyanin pigments 

against heat degradation. 

 

       4.4.2.  HPLC analysis of heat treated samples 

4.4.2.1. Crude sorghum pigment 

The sorghum sample was the most stable, both in the absence and the presence 

of pyruvic acid, and showed no significant change in profile (i) through (vii) during 

thermal treatment (Figure 16). It was impossible to prove formation of any new 

pyruvic acid-adducts using the retention times and peak absorption wavelengths. 

HPLC-DAD analysis showed that pigments in (2), (3) and (4) were similar in both their 

retention times and λmax (nm) values to pigments in (1). During the incubation with 

pyruvic acid for 21 days, crude sorghum extract pigment reduced by approximately 15 - 

30% of their original peak areas (Figure 16(1) and (3)). 
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Figure 16: HPLC chromatograms of sorghum, (1); sorghum + pyruvic acid, (3) 
(before heating), and after heating, (2) and (4), at pH 3.2. 
 
 

This result proved that for crude sorghum pigments: (a) there was no thermal 

influence on formation of any new adducts, both with and without pyruvic acid, and (b) 

pyruvic acid did not protect sorghum pigments against color degradation by heat.  

 

4.4.2.2. Non- and monomethoxylated 3-deoxyanthocyanin standards 

In the absence of pyruvic acid, HPLC-DAD analysis showed that these 

pigments lost 2.80 – 14.04% of their original peak areas after thermal processing 

(Figure 17; (1) and (2)). However, the increase in color absorbance reported in Table 
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7 may be due to browning of these pigments at high temperatures. These colored brown 

forms are complexes that may be very non-polar, hence were probably retained on the 

HPLC column, leading to the fewer pigment peaks and lower peak areas observed. 

Thus, their transformation into more colored brown forms caused the high 

hyperchromic shift reported in Table 7.  
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Figure 17: HPLC chromatograms of apigeninidin, A, (1); apigeninidin + pyruvic 
acid, (3) (before heating), and after heating, (2) and (4), at pH 3.2. Adduct (B) is 
pyrano-apigeninidin and ‘a’, ‘b’, ‘c’ and ‘d’ are unknown. 
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In the presence of pyruvic acid, formation of many different unique adducts 

(pigments ‘a’ through ‘d’) were observed during thermal treatment of samples with UV 

absorption spectra between 470 – 485 nm (Figure 17; (3) and (4)).  

Monomethoxylated analogs had fewer of these adducts than apigeninidin and 

luteolinidin (figures not shown). This phenomenon, which may be due to the effect of 

pyruvic acid on 3-deoxyanthocyanin molecules at higher temperatures, should be 

further investigated to elucidate the structural influence and stability of these adducts. 

The overall loss in initial pigment intensities (Table 7) may be due to the synthesis of 

these other adducts (that may be absorbing at lower wavelengths) from thermal 

degradation of pyruvic acid. However, the complete lack of secondary peaks in the 

absence of pyruvic acid (Figure 17(2)), and the presence of several other adducts in the 

presence of pyruvic acid, (Figure 17(4)), after heating, proved the significance of 

pyruvic acid in the synthesis of the secondary peaks observed in (4). 

 

4.4.2.3. The dimethoxylated 3-deoxyanthocyanin pigments 

In the absence of pyruvate, 5,7-dimethoxyapigeninidin and 5,7-

dimethoxyluteolinidin showed 39.08% and 43.75% reduction in initial pigment peak 

areas, respectively (Figure 18; (1) and (2)). However, the seemingly high absorbance 

reported in Table 7 may be due to transformation of these molecules towards the 

intensely colored brown forms through the effect of high temperature. The near spectral 

resemblance of the peak apex spectra (figure not shown) and the closeness of the λmax 
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(nm) of these dimethoxy-adducts (Figure 18), suggested that there occurred thermal 

transformation on the molecular orientation of the parent 3-deoxyanthocyanin structure. 

 

20 22 24 26 28 30 32 34 36

mAU

0

50

100

150

200

250

Rt = 32.632 min; λmax = 491 nm

20 22 24 26 28 30 32 34 36

mAU

0
20

40
60
80

100
120
140

Rt = 32.673 min; λmax = 491 nm

20 22 24 26 28 30 32 34

mAU

0

20

40

60

80

100

120

a: Rt = 28.622 min; λmax = 485 nm
A: Rt = 32.748 min; λmax = 491 nm
B: Rt = 31.397 min; λmax = 485 nm

a (B)

(A)

20 22 24 26 28 30 32 34

mAU

0

2

4

6

8

10

12

Rt = 32.362  min; 

λmax = 485 nm 

Rt = 32.834 min; λmax = 491 nm

5,7-dimethoxyluteolinidin control 5,7-dimethoxyluteolinidin control after heat treatment

5,7-dimethoxyluteolinidin + pyruvate 5,7-dimethoxyluteolinidin + pyruvate after heat treatment

(1) (2)

(3) (4)

Retention time, min

Retention time, min

Retention time, min

Retention time, min

(A)

(B)b c a

(A) (A)

c

 

Figure 18: HPLC chromatograms of 5,7-dimethoxyluteolinidin (A), (1); 
5,7-dimethoxyluteolinidin-pyruvic acid adduct (B), (3) (before heating), and after 
heating, (2) and (4), at pH 3.2. Adducts ‘a’, ‘b’ and ‘c’ are unknown. 
 

Also, addition of pyruvic acid to these dimethoxylated analogs apparently 

offered no protection against heat. Approximately 91.3% of initial pigment peak area 

reduction occurred in the presence of pyruvic acid compared to 44% of initial pigment 

area reduction observed in the absence of pyruvate after heating (Figure 18(2) and 

(4)). ‘a’ and (B) are pyruvic acid adducts since they are absent in (1) and (2) and only 
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present in (3) and (4) (Figure 18). However, adduct ‘b’ is a heat induced compound 

(Figure 18(2) and (4)), since it was formed even in the absence of pyruvic acid only 

after heating. The dimethoxylated samples also showed secondary synthesis of adduct 

‘b’ (Figure 18(4)) during similar heat treatment in the presence of pyruvic acid. This 

adduct was absent when the samples were heated without pyruvic acid (Figure 18; (2)) 

suggesting pyruvate and heat were major factors in its synthesis. This unpredictable 

phenomenon may affect incorporation of 3-deoxyanthocyanin pigments in foods that 

undergo sterilization processing because the final color may be unknown, and should be 

further investigated. 
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CHAPTER 5 

CONCLUSIONS, RECOMMENDATIONS AND SUMMARY 

5.1.  Conclusions 

Crude sorghum pigment showed higher stability to sulfite and ascorbic acid 

bleaching at pH 2.0 and 3.0 than red cabbage pigment, both in the presence and the 

absence of pyruvic acid. However, at pH 5.0 there was no significant difference on the 

stability of sorghum and red cabbage pigments against SO2, both in the presence and 

the absence of pyruvic acid.  

In general, 60 ppm SO2 led to increase in color intensity of all pigments at pH 

2.0 possibly through co-pigmentation effect but pyruvic acid seemed to prevent this 

effect at this pH. Again, pyruvate may not effectively stabilize crude sorghum pigment 

extract at pH 3.0 and 3.2 since it reduces color intensity, in the presence of sulfite.  At 

pH 5.0, pyruvic acid showed protection against SO2 in only the dimethoxylated 

analogs.   

On the other hand, natural pigments had higher resistance to 500 ppm ascorbic 

acid bleaching than the 3-deoxyanthocyanin standards in the absence of pyruvic acid. 

At pH 3.0, pyruvic acid did not protect sorghum pigments from ascorbic acid 

degradation, but it offered marginal protection to the 3-deoxyanthocyanin standards 

from ascorbic acid bleaching at this pH.  

Possible co-pigmentation reaction between crude sorghum pigments and 

ascorbate occurred at pH 3.2, both in the absence and the presence of pyruvic acid; this 

may have improved its color intensity. Similar co-pigmentation effect was observed at 
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pH 5.0 with the 3-deoxyanthocyanin standards in the presence of both ascorbic acid and 

pyruvate. 

Thus, from the results obtained:  

(a) Solution pH had the greatest effect on 3-deoxyanthocyanin pigments 

stability against SO2 and ascorbic acid degradation (α = 0.05).  

(b) Increase in solution pH and addition of pyruvic acid both caused 

hyperchromic shift in 3-deoxyanthocyanin pigments (without SO2 and ascorbic acid). 

(c) SO2 is an excellent co-pigment with 3-deoxyanthocyanin pigments at pH 2.0 

in the absence of pyruvic acid.  

(d) Ascorbic acid is a co-pigment with 3-deoxyanthocyanin pigments at pH 5.0.  

(e) Pyruvic acid had marginal protection on the 3-deoxyanthocyanins against 

sulfite and ascorbic acid degradation, but did not protect against thermal degradation.  

(f) Increase in methoxylation generally reduced the resistance of 3-

deoxyanthocyanin pigments against heat.  

(g) New pyrano-3-deoxyanthocyanin pigments were verified via HPLC-DAD 

and LC/MS analyses.  

 (h) Thermal processing triggers production of new 3-deoxyanthocyanin-

pyruvic acid adducts. 
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5.2.  Recommendations for further research 

Based upon findings of the study, the following recommendations were made: 

(a)  More studies are needed to establish the influence of different 3-deoxy-

anthocyanin substituents, substituent patterns, and the extent of substitution e.g. 

methylation on the effectiveness of pyruvic acid reaction during the formation of the 

pyrano-3-deoxyanthocyanin adducts. 

(b)  In this study, color expression of various 3-deoxyanthocyanin compounds 

was a result of both the individual pigment and its adduct in solution. Further studies 

are therefore required to determine the stability and color of the 3-deoxyanthocyanin-

pyruvic acid adducts against SO2 and ascorbic acid degradation independently, with 

and without light or oxygen, in comparison to their precursor pigments under the same 

pH and temperature conditions. 

(c)  Thermal treatment was shown to initiate further synthesis of new 3-deoxy-

anthocyanin-pyruvic acid adducts. Their individual chemical structures, colors and 

stability must be studied carefully to elucidate their characteristics under various pH 

conditions.  

(d)  Apply the same method of synthesizing dimethoxylated 3-

deoxyanthocyanin-pyruvic acid adducts (i.e. 5,7-dimethoxyapigeninidin and 5,7-

dimethoxyluteolinidin), with and without oxygen purging, to prove the importance of 

oxygen and/or oxidative cleavage of the pyrilium ring during their synthesis.  
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(f)  More studies are needed to find out whether different methods of crude 

sorghum pigment extraction can affect its color intensity and stability in various pH 

solutions, with or without light and pyruvic acid. 

(g)  With the proof that synthesis of 3-deoxyanthocyanin-pyruvic acid adducts 

are gradual, further studies are required to explain whether there is an optimum yield 

per mole of sample for every mole of pyruvic acid using the same experimental 

procedure utilized in this study, time taken to reach that optimum yield level, and also 

the optimum pH for attaining that maximum yield for every sample tested. This 

information will be helpful in the future large scale production of these seemingly 

stable adducts. 

 

5.3.  Summary 

The purpose of the research was to: (a) establish the stability of sorghum 3-

deoxyanthocyanins and other standards against SO2 and ascorbic acid degradation at 

different pH levels, (b) determine the effectiveness of pyruvic acid addition on sorghum 

3-deoxyanthocyanin stability against sulfite and ascorbic acid bleaching, and (c) 

establish the effects of thermal sterilization conditions on sorghum pigments stability 

relative to other standards. The experimental procedure used for synthesizing the 3-

deoxyanthocyanin-pyruvic acid adducts simulated model solutions that would be found 

in common beverages. 

The synthesis of 3-deoxyanthoxyanin-pyruvic acid adducts (pyruvic 

acid:anthocyanin = 50:1 molar ratio) after 5 days of incubation was progressively 
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monitored by HPLC-DAD analysis, followed by mass spectrometry. Duplicate 

solutions were prepared and their color stability towards degradative effects of SO2 and 

ascorbic acid were studied at pH levels 2.0, 3.0, 3.2 and 5.0. UV-Vis absorption spectra 

were also recorded over time using a Shimadzu UV-1650PC spectrophotometer (10 

mm path-length cell) from 250 - 720 nm. Thermal processing was achieved by heating 

the samples at 15 p.s.i. to 121.1°C for 15 minutes using an autoclave and then 

immediately cooling in an ice bath. 

Results strongly indicated that solution pH had the greatest effect on their 

stability (α = 0.05), and SO2 and ascorbic acid are co-pigments with 3-

deoxyanthocyanin pigments in the absence of pyruvic acid at low pH (i.e. pH 2.0) and 

high pH (i.e. pH 5.0), respectively. Thus, in solutions with 3-deoxyanthocyanins, SO2 

(as a preservative) and ascorbic acid (for nutritive value) could be effective additives at 

low and high pH, respectively, by improving the pigment color during storage. Pyruvic 

acid had marginal protective influence on the stability on the 3-deoxyanthoxyanin 

pigments against sulfite and ascorbic acid degradation but not heat. Various 

recommendations were highlighted for further research. 
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APPENDIX 
 

1.   SAS DATA 
 

 
1.1.   ANOVA tables for samples with SO2 
 
(a) 5-methoxyapigeninidin  
 
 
Dependent Variable: SO2    
                                                        Sum of 
        Source                      df            Squares                 Mean Square     F Value    Pr > F 
 
        Model                       17            38.78754589         2.28162035        2.73        0.0078 
 
        Error                         30            25.04002055         0.83466735                      
 
        Corrected Total        47             63.82756644                                      
 
 
                          R-Square            Coeff Var         Root MSE         SO2 Mean 
 
                          0.607693             81.14981          0.913601          1.125821 
 
 
 
(b) 7-methoxyapigeninidin 
 
 
Dependent Variable: SO2   
 
                                                      Sum of 
        Source                      df          Squares                Mean Square       F Value     Pr > F 
 
        Model                        9           1.58083718          0.17564858          1.19         0.3703 
 
        Error                        14           2.06183076          0.14727363                      
 
        Corrected Total       23           3.64266794                                      
 
 
                         R-Square            Coeff Var        Root MSE        SO2 Mean 
 
                         0.433978             41.74652        0.383762          0.919268 
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(c)  Apigeninidin  
 
 
Dependent Variable: SO2   
 
                                                       Sum of 
        Source                    df             Squares              Mean Square       F Value     Pr > F 
 
        Model                    17             15.66478111       0.92145771          2.50         0.0136 
 
        Error                      30             11.04616092        0.36820536                      
 
        Corrected Total     47              26.71094203                                      
 
 
                         R-Square             Coeff Var         Root MSE       SO2 Mean 
 
                         0.586456             56.40524           0.606799        1.075785 
 
 
 
 
(d) 5,7-dimethoxyapigeninidin  
 
 
Dependent Variable: SO2    
 
                                                        Sum of 
        Source                      df            Squares               Mean Square      F Value     Pr > F 
 
        Model                       17           106.9547979       6.2914587          1.71          0.0964 
 
        Error                         30            110.2429740      3.6747658                      
 
        Corrected Total        47            217.1977719                                      
 
 
                         R-Square           Coeff Var         Root MSE            SO2 Mean 
 
                         0.492430           170.1802          1.916968              1.126434 
 
 
 
 
 
 
 
 



 84

(e)  5,7-dimethoxyluteolinidin 
 
 
Dependent Variable: SO2    
 
                                                        Sum of 
        Source                      df            Squares                Mean Square     F Value    Pr > F 
 
        Model                       17            173.5539643        10.2090567        2.27       0.0240 
 
        Error                         30            134.7625753         4.4920858                      
  
        Corrected Total        47            308.3165395                                      
 
 
                         R-Square                     Coeff Var             Root MSE            SO2 Mean 
 
                         0.562908                     170.6152              2.119454              1.242243 
 
 
 
 
 
(f)  Grape Blue Powder 
 
 
Dependent Variable: SO2    
 
                                                       Sum of 
        Source                      df           Squares                Mean Square      F Value    Pr > F 
 
        Model                        5             0.00561423         0.00112285         0.11       0.9851 
 
        Error                         6              0.05994672         0.00999112                      
 
        Corrected Total        11            0.06556095                                      
 
 
                         R-Square                Coeff Var             Root MSE             SO2 Mean 
 
                         0.085634                 9.369538              0.099956              1.066815 
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(g) Luteolinidin  
 
 
Dependent Variable: SO2    
 
                                                       Sum of 
        Source                      df           Squares                Mean Square       F Value    Pr > F 
 
        Model                      17           16.75541291        0.98561252          1.87        0.0656 
 
        Error                        30           15.83168606        0.52772287                      
 
        Corrected Total        47          32.58709897                                      
 
 
                         R-Square                 Coeff Var           Root MSE          SO2 Mean 
 
                         0.514173                  79.38298            0.726445            0.915115 
 
 
 
 
 
 (h) Red Cabbage  
 
 
Dependent Variable: SO2    
 
                                                        Sum of 
        Source                      df            Squares              Mean Square       F Value     Pr > F 
 
        Model                       13            0.86906903        0.06685146        1.75         0.1184 
 
        Error                         22            0.83802494        0.03809204                      
 
        Corrected Total        35            1.70709396                                      
 
 
                         R-Square                Coeff Var           Root MSE            SO2 Mean 
 
                         0.509093                16.65977             0.195172             1.171516 
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(i) Sorghum Extract  
 
 
Dependent Variable: SO2 
 
                                                         Sum of 
        Source                      df             Squares             Mean Square      F Value     Pr > F 
 
        Model                      17             2.63473095       0.15498417         1.96         0.0521 
 
        Error                         30            2.37193996       0.07906467                      
 
        Corrected Total        47            5.00667091                                      
 
 
                         R-Square                Coeff Var             Root MSE              SO2 Mean 
 
                         0.526244                23.05579              0.281184                1.219583 
 
  
 
 
 
1.2.   ANOVA tables for samples with ascorbic acid 
 
(a) 5-methoxyapigeninidin  
 
 
Dependent Variable: VitC    
 
                                                        Sum of 
        Source                        df          Squares          Mean Square         F Value    Pr > F 
 
        Model                       17           14.58209068     0.85777004          3.13        0.0031 
 
        Error                         30             8.22183076      0.27406103                      
 
        Corrected Total        47            22.80392144                                      
 
 
                         R-Square              Coeff Var            Root MSE           VitC Mean 
 
                         0.639455               60.33749             0.523508             0.867634 
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(b) 7-methoxyapigeninidin  
 
                                          
  
Dependent Variable: VitC    
 
                                                        Sum of 
        Source                     df             Squares             Mean Square       F Value     Pr > F 
 
        Model                       9              2.23454012        0.24828224         1.75        0.1684 
 
        Error                        14             1.98891047        0.14206503                      
 
        Corrected Total       23             4.22345059                                      
 
 
                         R-Square                 Coeff Var            Root MSE            VitC Mean 
 
                         0.529079                 55.83501             0.376915              0.675052 
 
 
 
 
(c) Apigeninidin  
 
 
Dependent Variable: VitC    
 
                                                         Sum of 
        Source                     df              Squares             Mean Square      F Value     Pr > F 
 
        Model                       17           11.13611334       0.65506549        1.91         0.0590 
 
        Error                         30           10.29007545        0.34300252                      
 
        Corrected Total        47            21.42618879                                      
 
 
                         R-Square                Coeff Var            Root MSE           VitC Mean 
 
                         0.519743                72.73993             0.585664             0.805148 
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(d) 5,7-dimethoxyapigenindin  
 
 
Dependent Variable: VitC    
 
                                                        Sum of 
        Source                     df             Squares              Mean Square      F Value      Pr > F 
 
        Model                      17              10.19350174      0.59961775      1.03           0.4586 
 
        Error                        30             17.49537397      0.58317913                      
 
        Corrected Total       47             27.68887572                                      
 
 
                         R-Square                 Coeff Var             Root MSE         VitC Mean 
 
                         0.368144                 92.12039              0.763662            0.828982 
 
 
 
 
 
(e) 5,7-dimethoxyluteolinidin  
 
 
Dependent Variable: VitC   
 
                                                       Sum of 
        Source                      df           Squares           Mean Square        F Value     Pr > F 
 
        Model                       17             18.82075926      1.10710349      2.08        0.0389 
 
        Error                         30             15.98511478      0.53283716                      
 
        Corrected Total        47             34.80587404                                      
 
 
                         R-Square                Coeff Var             Root MSE             VitC Mean 
 
                         0.540735                82.36842              0.729957               0.886210 
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(f) Grape Blue Powder  
 
 
Dependent Variable: VitC   
 
                                                         Sum of 
        Source                     df              Squares          Mean Square         F Value     Pr > F 
 
        Model                        5              1.55962537     0.31192507         17.80        0.0015 
 
        Error                         6               0.10515632     0.01752605                      
 
        Corrected Total       11              1.66478169                                      
 
 
                         R-Square                 Coeff Var              Root MSE             VitC Mean 
 
                         0.936835                 13.17058               0.132386                1.005164 
 
 
 
 
 
 
 
(g)  Luteolinidin  
 
 
Dependent Variable: VitC   
 
                                                        Sum of 
        Source                      df            Squares            Mean Square       F Value     Pr > F 
 
        Model                       17           13.63505917       0.80206230       2.49          0.0142 
 
        Error                         30             9.67559096       0.32251970                      
 
        Corrected Total        47            23.31065013                                      
 
 
                         R-Square              Coeff Var            Root MSE             VitC Mean 
 
                         0.584928              62.72732             0.567908               0.905360 
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(h)  Red Cabbage  
 
 
Dependent Variable: VitC   
 
                                                         Sum of 
        Source                      df             Squares          Mean Square       F Value      Pr > F 
 
        Model                       13            4.44107323       0.34162102        4.47         0.0010 
 
        Error                         22            1.67948071      0.07634003                      
 
        Corrected Total        35            6.12055394                                      
 
 
                         R-Square               Coeff Var           Root MSE          VitC Mean 
 
                         0.725600               31.27693            0.276297            0.883389 
 
 
 
 
 
 
 
(i)  Sorghum Extract  
 
 
Dependent Variable: VitC    
 
                                                        Sum of 
        Source                     df             Squares          Mean Square        F Value       Pr > F 
 
        Model                      17             1.81086435       0.10652143       0.85          0.6263 
 
        Error                         30            3.74372477       0.12479083                      
 
        Corrected Total        47            5.55458912                                      
 
 
                         R-Square                Coeff Var              Root MSE             VitC Mean 
 
                         0.326012               35.40587                0.353257               0.997737 
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