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Abstract Anthocyanins are considered as the largest group

of water-soluble pigments found in the vacuole of plant

cells, displaying range of colors from pink, orange, red,

purple and blue. They belong to flavonoids, a polyphenolic

subgroup. Application of anthocyanins in food systems as

natural food colourants is limited due to the lack of sta-

bility under different environmental conditions such as

light, pH, heat etc. Anthocyanins esterified with one or

more acid groups are referred as acylated anthocyanins.

Based on the presence or absence of acyl group, antho-

cyanins are categorized as acylated and nonacylated

anthocyanins. Acylated anthocyanins are further classified

as mono, di, tri, tetra acylated anthocyanins according to

the number of acyl groups present in the anthocyanin. This

review classifies common anthocyanin sources into non-

acylated, mono-, di-, tri- and tetra-acylated anthocyanins

based on the major anthocyanins present in these sources.

The relative stabilities of these anthocyanins with respect

to thermal, pH and photo stress in beverage systems are

specifically discussed. Common anthocyanin sources such

as elderberry, blackberry, and blackcurrant mainly contain

nonacylated anthocyanins. Red radish, purple corn, black

carrot also mainly contain mono acylated anthocyanins.

Red cabbage and purple sweet potato have both mono and

diacylated anthocyanins. Poly acylated anthocyanins show

relatively higher stability compared with nonacylated and

monoacylated anthocyanins. Several techniques such as

addition of sweeteners, co-pigmentation and acylation

techniques could enhance the stability of nonacylated

anthocyanins. Flowers are main sources of polyacylated

anthocyanins having higher stability, yet they have not

been commercially exploited for their anthocyanins.

Keywords Anthocyanin sources � Monoacylated

anthocyanins � Diacylated anthocyanins � Triacylated
anthocyanins � Tetraacylated anthocyanins

Introduction

Anthocyanins are water-soluble pigments belonging to the

large group of flavonoids, a subclass of the polyphenol

family (Choo 2019) and serve as natural food colourants.

Anthocyanins can be found in fruits and vegetables sold in

the market, such as red grape, blackcurrant, elderberry,

blackberry, raspberry, black chokeberry, red cabbage,

black carrot, purple corn, red radish, and purple-fleshed

sweet potato.

Anthocyanins are derived from anthocyanidins; antho-

cyanins are glycosides of anthocyanidins. Most common

anthocyanidins in plant kingdom are pelargonidin, cyani-

din, peonidin, delphinidin, petunidin and malvidin (Choo

2019). Some anthocyanins are bonded with aromatic or

aliphatic organic acids such as acrylic acid, coumaric acid,

caffeic acid, malonic acid, lactic acid, acetic acid, succinic,

tartaric acid, glutaric acid by ester bonds. This is referred as

acylation of anthocyanins. The acylated anthocyanins are

categorized mainly into four categories based on the

number of acid groups present in them: monoacylated,

diacylated, triacylated and tetraacylated. All di, tri, tetra

acylated anthocyanins are referred as poly acylated

anthocyanins. Anthocyanins with more than 4 acyl moi-

eties are also present.
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Table 1 Sources of acylated and nonacylated anthocyanins

Anthocyanin Sources Major compounds References

Nonacylated

anthocyanins

Elderberry Mainly cyanidin-3-O-glucoside and cyanidin-3-O-sumbuside Koley et al.

(2019)

Blackcurrant Mainly delphinidin-3-O-glucoside, delphinidin-3-O-rutinoside,

cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside

Yang et al.

(2019)

Mulberry Mainly cyanidin-3-glucoside Kim and Lee

(2020)

Blackberry Mainly cyanidin-3-O-glucoside Benedek et al.

(2020)

Blue berry Mainly cyanidin, delphinidin, malvidin and peonidin based

anthocyanins

Lohachoompol

et al. (2004)

Grape Mainly delphinidin, malvidin, cyanidin, petunidin, and peonidin

based anthocyanins

Song et al.

(2013)

Strawberry Mainly cyanidin-3-glucoside, pelargonidin-3-glucoside and

pelargonidin-3-rutinoside

Octavia and

Choo (2017)

Monoacylated

anthocyanins

Purple carrot Mainly cyanidin based anthocyanins acylated with synapic acid,

ferulic acid and coumaric acid

Tsutsumi et al.

(2019)

Black carrot Mainly cyanidin based anthocyanins acylated with coumaric acid,

ferulic acid, and sinapic acid

Koley et al.

(2019)

Red radish Mainly pelargonidin based anthocyanins acylated with coumaric,

ferulic, or caffeic acid

Koley et al.

(2020)

Red cabbage (Specially Matured

Primero and Azurro varieties)

Mainly cyanidin based anthocyanins acylated with sinapic, ferulic or

coumaric acid

Strauch et al.

(2019)

Purple sweet potato Mainly cyanidin and peonidin based anthocyanins acylated with

caffeic, ferulic or hydroxyl benzoic acid

Kurata et al.

(2019)

Black goji berry Mainly petunidin based anthocyanins acylated with coumaric acid Tang and

Giusti (2018)

Nitraria tangutorun Bobr fruit Mainly cyanidin, delphinidin and pelargonidin based anthocyanins

acylated with coumaric acid or caffeic acid

Sang et al.

(2019)

Purple corn Mainly cyanidin, pelargonidin and peonidin based anthocyanins

acylated with malonic acid

Chatham et al.

(2020)

Diacylated

anthocyanins

Purple sweet potato Mainly peonidin based anthocyanins acylated caffeic, ferulic and

hydroxybenzoic acid

Kurata et al.

(2019)

Matured Buscaro and Bandolero red

cabbage varieties

Mainly cyanidin derived anthocyanins acylated with coumaric,

caffeic, ferulic and sinapic acid

Strauch et al.

(2019)

Red radish Mainly pelargonidin based anthocyanins acylated with coumaric,

ferulic and caffeic acid

Li et al. (2020)

Red flowers of Clematis Mainly cyanidin based anthocyanins acylated with caffeic acid,

malonic acid, calleoic acid and succinic acid

Hashimoto

et al. (2011)

Triacylated

anthocyanins

Purple-violet flowers of Matthiola
longipetala

Mainly cyanidin based anthocyanins acylated with ferulic acid,

malonic acid and sinapic acid

Tatsuzawa

(2014)

Red–purple flowers of Iberis
umbellata L: candycane rose and

candycane red

Mainly pelargonidin based anthocyanins acylated with sinapic,

ferulic and coumaric acid

Tatsuzawa

(2019)

Ionopsidium acaule flower petals Mainly cyanidin based anthocyanins acylated with coumaric acid,

malonic acid and ferulic acid

Tatsuzawa

et al. (2014)

Leaves of Rhoeo spathacea (Swartz) Mainly cyanidin based anthocyanin acylated with ferulic acid Tan et al.

(2014)

Clitoria ternatea petals Mainly delphinidin based anthocyanins acylated with malonic and

coumaric acid

Jeyaraj et al.

(2020)

Tetraacylated

anthocyanins

Red–purple flowers of Iberis
umbellata L candycane rose and

candycane red

Mainly cyanidin and pelargonidin based anthocyanins acylated with

malonic acid, coumaric acid, ferulic acid, sinapic acid and

hydroxycinnamic acid

Tatsuzawa

(2019)

Gynura bicolor leaves Mainly cyanidin based anthocyanins acylated with caffeic acid and

malonic acid

Shimizu et al.

(2010)
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Many researches have revealed the unstable nature of

nonacylated anthocyanins compared to acylated antho-

cyanins and rarely nonacylated anthocyanins have shown

higher stability than acylated anthocyanins. Number of

sugars groups also affect the stability of nonacylated

anthocyanins. In strawberry, about 56% of the total

anthocyanins are monoglucosides and nonacylated making

those anthocyanins unstable (Gardeli et al. 2019). Cyanidin

diglucosides in pomegranate showed comparatively higher

storage stability compared to monoglucosides (Alighourchi

et al. 2008).

Acylated anthocyanins show higher stability and

antioxidant activity compared with their corresponding non

acylated anthocyanin (Hu et al. 2014) and are reported to

possess higher stability in aqueous solutions and are of

interest to the food and beverage industry (Galaffu et al.

2015). The acylation makes the anthocyanins more

stable in aqueous solutions through intramolecular co-

pigmentation, protecting the flavylium chromophore from

the nucleophilic attack of water and by generating steric

hindrance (Trouillas et al. 2016). Acylation also helps to

create an acidic environment that could help to maintain

colour stability of anthocyanins (Zhao et al. 2017). When

number of acid groups increases, the stability of the

anthocyanins increases (Marpaung et al. 2019). However,

the characteristics, the number, the binding site, and the

spacial arrangement of acyl units affect the stability and

antioxidant activity of acylated anthocyanins (Matsufuji

et al. 2007). A number of studies investigated the antiox-

idant activity of acylated anthocyanins against oil oxida-

tion. Tamura and Yamagami (1994) studied the antioxidant

activity of monoacylated anthocyanins from Muscat Bailey

which contains high amount of malvidin 3-O-(6-O-p-

coumaroylglucoside)-5-glucoside. This study states that

anthocyanins extracted from Muscat Bailey fruit showed

higher antioxidant activity than (?) catechin and a-toco-
pherol. These monoacylated anthocyanins could signifi-

cantly reduce the malonaldehyde formation from linoleic

acid. Another study used anthocyanin extract from purple

corn husk to reduce lipid peroxidation in mayonnaise. This

anthocyanin extract demonstrated better antioxidant activ-

ity compared to chemical antioxidants such as butylated

hydroxytoluene (BHT) and ethylenediaminetetraacetic acid

(EDTA) (Li et al. 2014). Acylated anthocyanins could be

an alternative source of natural antioxidants for use in the

oil industry to retard oil oxidation besides other natural

antioxidants such as rosemary extract.

There are a number of reviews on the sources of

anthocyanin and stability of anthocyanins (Cortez et al.

2017) but there is limited information on a clear-cutting

classification of anthocyanin sources based on their degree

of acylation. Anthocyanins are used to colour beverages,

confectionary, desserts, ice cream, fruit preparations,

bakers jam and non-standard jellies and preserves, sherbets,

ices, pops, yogurt, gelatine desserts, candy, and bakery

fillings and toppings. This review classifies the anthocyanin

sources based on their degree of acylation and compares

the relative thermal, pH and photo stabilities of acylated

and nonacylated anthocyanins in beverage systems.

Sources of acylated and nonacylated anthocyanins

Plant components such as fruits, vegetables, flowers,

leaves, yams, cereals etc. may contain anthocyanins.

Depending on the location, in which anthocyanins are in a

plant, it can be predicted whether the anthocyanins are

acylated or not. Anthocyanins that are mainly present in

fruits and cereals of a plant are nonacylated. Vegetables,

berries and yams mainly contain monoacylated antho-

cyanins whereas flowers and leaves mainly contain tri and

tetra acylated anthocyanins. Sources of acylated and

nonacylated anthocyanins and the predominant antho-

cyanins found in respective sources are summarised in

Table 1.

Nonacylated anthocyanins do not have aliphatic or

aromatic acid groups connected to them. Examples of

nonacylated anthocyanin found in pomegranate (Fig. 1a)

Fig. 1 Examples of nonacylated anthocyanin a Cyanidin-3-glu-

coside, b Delphinidin-3-glucoside
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and grapes (Fig. 1b) are shown in Fig. 1. Monoacylated

anthocyanins contain only one aliphatic or aromatic acid

group. Examples of monoacylated anthocyanin found in

red cabbage (Fig. 2a) and purple sweet potato (Fig. 2b) are

shown in Fig. 2. Diacylated anthocyanins contain two ali-

phatic or aromatic acid groups. Examples of diacylated

anthocyanin found in purple sweet potato (Fig. 3a) and red

radish (Fig. 3b) are shown in Fig. 3. Triacylated antho-

cyanins contain 3 acid groups connected to their antho-

cyanin glycoside. Examples of triacylated anthocyanin

found in Ajuga reptans flower are shown in Fig. 4.

Tetraacylated anthocyanins contain 4 acid groups in their

anthocyanin glycoside. Examples of tetraacylated antho-

cyanin found in blue pea flower (Fig. 5a) and flowers of

Iberis umbellate (Fig. 5b) are shown in Fig. 5. Many

researchers suggest that polyacylated anthocyanins are

more stable compared with other anthocyanins because of

the ability of intramolecular copigmentation and imposing

steric hindrance (Fenger et al. 2020).

European Union has categorized anthocyanin under the

classification number E163. Grape skin extract 163(ii),

black current 163(iii), elder berry 163(ix) are the com-

monly used fruit sources for anthocyanin extraction. Black

carrot 163(vi), red radish 163(viii), red cabbage 163(v),

purple sweet potato 163(vii) and purple corn 163(iv) are

the vegetable sources that are used as commercial antho-

cyanin sources. Hibiscus 163(x) is the most used flower

source to extract anthocyanin (IACM 2020). From the

above list of commercially used anthocyanins, grape skin,

black current, elderberry mainly contain nonacylated

anthocyanins whereas black carrot, red radish, red cabbage,

purple sweet potato and purple corn mainly contain

monoacylated and diacylated anthocyanins. These antho-

cyanins are mainly used to in beverage, confectionary and

A

B

Synapic acid

Caffeic acid

Fig. 2 Examples of

monoacylated anthocyanins

a Cyanidin-3-(synapoyl)

diglucosideside-5-glucoside,

b Cyanidin-3-(600-caffeoyl
sophoroside)-5-glucoside
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dairy industries (IACM 2020). This review mainly focuses

on the stability of acylated and nonacylated anthocyanins

in beverage systems.

Anthocyanin as food colours, are permitted in all around

the world, but there are differences with respect to what

sources and degree of purity are permitted in different

counties. For example, grape skin extract is extracted from

the remaining residue, left after grape is pressed for grape

juice or wine production. Grape color extract is obtained as

a by-product from the juice processing of Concord grapes.

The anthocyanins are extracted from precipitated lees

produced during the storage of Concord grape juice. Using

grape color extract anthocyanins is limited only to non-

beverage food in America whereas anthocyanins extracted

from grape skin can also be used in alcoholic and non-

alcoholic beverages (Wrolstad and Culver 2012).

A

 B 

Hydroxybenzoic 

Caffeic acid

Caffeic acid 

Ferulic acid 

Fig. 3 Examples of diacylated anthocyanins a Cyanidin-3-O-(6-O-

(E)-caffeyl-2-O-(6-O-(E)-p-hydroxybenzoyl-b-D-glucopyranoside)-
b-D-glucopyranoside)-5-O-b-D-glucopyranoside, b Cyanidin-3-O-[6-

O-(E)-caffeoyl-2-O-(6-(E)-feruloyl-b-D-glucopyranosyl)-b-D-glu-
copyranoside]-5-O-b-D-glucopyranoside
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Stability of anthocyanins

The main drawback of using anthocyanins, as food col-

orants is the lack of stability. The stability of anthocyanins

is affected by several factors such as temperature, pH, light

and presence of complexing agents in the system. Most

anthocyanins are stable in the pH range 4.5–5 (Wrolstad

and Culver 2012). Therefore, their application is limited for

food products having this pH range. According to Wrolstad

and Culver (2012) most anthocyanins cannot be used in

milk-based beverages since the pH range of such beverages

is around 6–7. Anthocyanins extracted from veg-

etable sources such as black carrot, red radish, red cabbage,

purple sweet potato and purple corn demonstrate signifi-

cant stability attributed to their acylated anthocyanins

(Giusti and Wrolstad 2003). Therefore, when selecting an

anthocyanin colorant for a beverage system, its stability in

the beverage system must be clearly understood.

Thermal stability

Temperature is a critical parameter in food industry

because many important thermal processes such as pas-

teurization, sterilization, incubation, blanching, freezing

etc. are involved in food manufacturing. Some foods

undergo high temperature treatments (e. g: pasteurization,

sterilization) and some foods require cold storage (e. g:

frozen desserts) during manufacturing and storing. Gener-

ally, thermal processes above 50 �C cause partial or com-

plete degradation of anthocyanins (Escher et al. 2020).

Therefore, when anthocyanin containing food materials are

A

B

Coumaric acid

Malonic acid

Coumaric acid

Malonic acid

Fig. 4 Examples for triacylated

anthocyanins a Cyanidin-3-O-

(2-O-(6-O-(E)-p-coumaryl-b-D
glucopyranosyl)-(6-O-(E)-p-

coumaryl-b-D-glucopyranosyl)-
5-O-(6-O-malonyl)-b-D-
glucopyranoside, b Delphinidin-

3-O-(2-O-(6-O-(E)-p-coumaryl-

b-D glucopyranosyl)-(6-O-(E)-

p-coumaryl-b-D-
glucopyranosyl)-5-O-(6-O-

malonyl)-b-D-glucopyranoside
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taken for food manufacturing, the thermal stability of those

anthocyanins should be taken into consideration.

When considering nonacylated anthocyanins, they are

highly unstable to heat. They degrade rapidly even at cold

storage. The nonacylated anthocyanins fraction of unpro-

cessed pomegranate juices from 5 pomegranate varieties

showed degradation during 10 days of storage at 4 �C. The

average percentages of degradation of delphinidin-3,5-

diglucoside, delphinidin-3-glucoside, pelargonidin-3-glu-

coside and pelargonidin-3,5-diglucoside in pomegranate

juices were as high as 83%, 68.7%, 56.75% and 34.4%,

respectively. However only cyanidin-3,5-diglucoside

showed a lower degradation percentage of 23.0% (Aligh-

ourchi et al. 2008) whereas Clitoria ternatea polyacylated

A

B

Coumaric acid

Malonic acid

Malonic acid

Coumaric acid

Ferulic acid

Ferulic acid

Fig. 5 Examples of tetraacylated anthocyanins a Ternatin B2, b Cyanidin 3-2-(2-(feruloyl)-glucosyl)-6-(4-(6-(4-(glucosyl)-feruloyl)-glucosyl)-

p-coumaroyl)-glucoside)-5-6-(malonyl)-glucoside
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anthocyanins reduced only down to about 80% in 30 days

at 5 �C and the color intensity remained almost unchanged

for about 1 year (Lee et al. 2011). More than 80% of total

anthocyanins of purple sweet potato was preserved when

stored at 4 and 25 �C for 15 days (Chen et al. 2019). This

could be attributed to the high amount of acylated antho-

cyanins in purple sweet potato. In general, degradation

reactions happen at a slower rate in refrigerated conditions,

but the nonacylated anthocyanins in pomegranate degraded

in significant amounts compared with acylated antho-

cyanins of blue pea flower and purple sweet potato. Food

manufacturing usually involves blanching, pasteurization

or sterilization step that uses a thermal treatment over

60 �C for a certain time period. The stability of antho-

cyanins in this temperature range must be studied when

they are used in food manufacturing. Blackberry antho-

cyanins degraded at a high rate when they are heated at

60 �C and the rate constant increased with increasing

temperature and heating time (Fernandes et al. 2018). The

degradation half-life of blue berry anthocyanins drastically

reduced from 180.5 to 5.1 h when the temperature

increased from 40 to 80 �C (Kechinski et al. 2010) but blue

pea flower anthocyanins at pH 3.6 and 5.4 showed high

stability at 60 �C for 6 h (Escher et al. 2020). This tem-

perature range lye around pasteurization temperature used

in low temperature long time pasteurization (LTLT: 63 �C
for 30 min). Pasteurization is a critical step in food man-

ufacturing. Nonacylated anthocyanin isolated from black

goji (Lycium ruthenicum) reduced down its content to 62%

when stored at 35 �C for 10 days, whereas monoacylated

anthocyanin isolated from Nitraria Tangutorum Bobr and

black goji berry reduced their contents only down to

80–85% under same conditions. The total anthocyanin

content (94.9 mg mL-1) of red raspberry reduced by 90%

when they were stored at 37 �C for 30 days (Chen et al.

2020b). The nonacylated anthocyanin fraction of red cab-

bage showed a degradation constant of 6.9 h-1 which was

higher than those of monoacylated (4.1 h-1) and diacylated

anthocyanin fractions (0.8 h-1) when heated at 50 �C in a

neutral solution (Fenger et al. 2019). The thermal stability

of acylated anthocyanins could be explained by

intramolecular copigmentation phenomena. The

hydrophobic interaction created between anthocyanin

skeleton and acyl groups and overlapping of delocalized p-
electron cloud could protect the anthocyanin molecules

from nucleophilic water molecules, preventing the forma-

tion of colourless carbinol (Sari et al. 2015). These results

are evidence of the unstable nature of nonacylated antho-

cyanins in the temperature ranges used in food manufac-

turing and storage. Therefore, anthocyanin sources

containing higher amount of acylated anthocyanins are

more suitable to be used in the food industry.

The nonacylated anthocyanins from jambolan (Syzygium

cumini) fruit had poor stability to thermal stress in a model

beverage system (pH 3), but acylated anthocyanins that

were synthesized enzymatically, from nonacylated antho-

cyanins of jambolan fruit, had higher stability even at

80–90 �C in the same beverage system (Sari et al. 2015). In

industrial beverage production this temperature range is

used for pasteurization. Nonacylated cyanidin-3-glucoside,

cyanidin-3-rutinoside, cyanidin-3,5-diglucoside extracted

from purple corn husk, trueno fruit and bottlebrush flowers,

respectively, were esterified enzymatically to synthesize

five new acylated anthocyanins that showed better thermal

stability at 85 �C compared to their non acylated form

(Fernandez-Aulis et al. 2020). All these are underutilized

anthocyanin sources that could be used in the food and

beverage industry. This technique could be considered as a

remedy to improve the stability of nonacylated antho-

cyanins and utilize them in a much useful manner.

The thermal stability of nonacylated anthocyanins is

also affected by the other ingredients in a beverage system.

Nonacylated anthocyanins degrade at a high rate in bev-

erage systems containing ascorbic acids and oxidizing

agents. Ascorbic acid accelerates the degradation of

nonacylated anthocyanins. At 40 �C, degradation rate of

rubired grape anthocyanins increased nearly by 10 folds

with the addition of 100 ppm ascorbic but further addition

of ascorbic acid (up to 400 ppm) did not alter the degra-

dation rate significantly. However, at higher temperatures

the effect of ascorbic acid content on anthocyanin degra-

dation became negligible (Song et al. 2013) due to the

thermal degradation of ascorbic acid. Unlike other antho-

cyanidin-3-O-glucosides in rubired grape, the degradation

rate of cyanidin-3-O-glucoside extract was higher in both

temperatures 40 �C and 60 �C with 500 ppm ascorbic acid.

Strawberry anthocyanins are very hear sensitive and pres-

ence of ascorbic acid in strawberry makes the nonacylated

anthocyanins unstable restricting the colour stability of

strawberry products in the market (Sadilova et al. 2009).

Not only nonacylated anthocyanins, ascorbic acid reduced

the thermal stability of acylated anthocyanins as well. The

degradation half-life of purple sweet potato anthocyanins

heated at 90 �C reduced from 502 to 135 min upon addi-

tion of 0.6% ascorbic acid. (Xu et al. 2019). The reason for

this is the condensation reaction and formation of hydrogen

peroxide during ascorbic acid degradation. Beverage sys-

tems containing oxidizing metal ions increase the degra-

dation rate of nonacylated anthocyanins. Nonacylated

anthocyanins of grape in a vitamin enriched water system

containing zinc (II) and chromium (III) showed high

degradation rates at higher temperatures (80 �C) but not in
relatively lower temperatures (40 �C and 60 �C), whereas
acylated anthocyanins from purple sweet potato showed

relative higher stability in same beverage system (Song
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et al. 2013) demonstrating the stability of acylated antho-

cyanins to heat stress. Therefore, when using anthocyanin

sources containing nonacylated anthocyanins in the food

industry, one should avoid using ascorbic acid or ingredi-

ents containing oxidizing metal ions.

Like nonacylated anthocyanins, the thermal stability of

acylated anthocyanins is affected by the ingredients in the

medium as well. Red cabbage extract containing a high

amount of diacylated anthocyanins acylated with p-cou-

maric, ferulic and sinapic acids showed higher thermal

stability at 80 �C in pH 3 buffer solution when compared

with 3 nonacylated anthocyanin sources like blackcurrant,

grape skin and elderberry. The stability of red cabbage

anthocyanins were two times lower in non-carbonated soft

drink medium (pH 3.0) than in buffer solution. The reason

could be the effect of sugar and ascorbic acid in the bev-

erage system (Dyrby et al. 2001). This suggests that red

cabbage cultivars with higher proportions of diacylated

anthocyanins can be used as a colourant in non-carbonated

beverage systems. Some ingredients further increase the

thermal stability of acylated anthocyanins. Anthocyanin

extract of Clitoria ternatea (Blue pea) flower showed high

thermal stability to its polyacylated anthocyanins. Blue pea

anthocyanins were stable at 5 and 45 �C for 15 days and at

100 �C for 80 min and presence of benzoic acid has

increased the stability (Lee et al. 2011). Therefore, when

using blue pea anthocyanins as a food colourant, benzoic

acid could be used as a preservative.

However, despite of acylation, the thermal stability of

anthocyanins depends on the pH of the medium. This

dependency is subjective on the anthocyanin source from

which the anthocyanins were extracted. Some anthocyanins

show higher thermal stability in lower pH whereas some

anthocyanins reduce their thermal stability in lower pH.

Thermal degradation of red radish diacylated anthocyanins

were dependant on pH of the medium. At pH 3, the dia-

cylated anthocyanins were significantly more stable to heat

than monoacylated anthocyanins (Matsufuji et al. 2007). In

contrast, purple sweet potato anthocyanins were unstable at

very low pH. The half-life of purple sweet potato antho-

cyanins was high in pH 3 than pH 2 but again reduced

when pH raised from 5 to 6. Anthocyanins extracted from

purple sweet potato anthocyanins added in to apple juice

(pH 3.5) and pear juice (pH 4.2) were more stable to

thermals stress during heating at 80–100 �C, but was

unstable in lemon juice (pH 2.2) (Li et al. 2013). Regard-

less whether the anthocyanins were acylated or nonacy-

lated, the most suitable pH range where these anthocyanins

show highest stability ranges between pH 3 and pH 5.

In summary, acylated anthocyanins show higher stabil-

ity in a broad temperature range: in low temperatures such

as 4 �C, moderate temperatures such as 35 �C and in high

temperatures such as 60, 80 and 100 �C where most of the

thermal processes (e. g: pasteurization, blanching etc.) are

practised in the food industry whereas nonacylated antho-

cyanins are stable only up to 35 to 40 �C limiting their

applications. But there are several ways to increase the

stability of nonacylated anthocyanins, and those techniques

will be discussed later in this review.

pH stability

Every food has a pH value and pH is an important quality

controlling parameter in food industry. If a food product

does not achieve the intended pH value while manufac-

turing, it would affect badly on the shelf life and the sen-

sory quality of that food product. On the other hand, pH of

a system significantly affects the stability of anthocyanins.

With the change in pH of the medium, the anthocyanin

structure also changes. In acidic pH the flavylium ion

exists, when pH increases flavylium ion turns to colourless

carbinol pseudo base and in alkaline pH the anionic qui-

noidal base and the calcone exist (Liu et al. 2014). This

transformation makes it easy for water to attack the

anthocyanin core, thus making the anthocyanins unstable.

Generally, anthocyanins are unstable in neutral and

alkaline pH, they are stable in low pH range (Fenger et al.

2020). Interestingly, monoacylated anthocyanins of black

goji are stable in both acidic and alkaline environment.

Monoacylated anthocyanins from black goji showed high

stability from pH 7 to 9, whereas the saponified antho-

cyanins (acyl grouped removed) degraded faster in the

neutral and alkaline pH (Tang and Giusti 2018). Hu et al

(2014) also observed the stability of monoacylated antho-

cyanins from black goji at alkaline pH. In solutions with

pH 5 and 7, petunidin-3, 5-O-diglucosides, a nonacylated

anthocyanin from black goji reduced by 85% in 12 days,

whereas the acylated anthocyanin, petuinidin-3-O-ruti-

noside (trans-p-coumaroyl)-5-glucosides) reduced only by

50% after 12 days. Bucaro and Bandolero red cabbage

cultivars have shown much lower anthocyanin degradation

rates in neutral and alkaline pH which could be explained

by the high content of diacylated anthocyanins in them.

These diacylated anthocyanins rich extracts better matched

the colours of indigo carmine at neutral pH (Ahmadiani

et al. 2014). Purple sweet potato anthocyanins, containing a

large fraction of diacylated anthocyanins have been

stable for 15 days in pH 2, 4 and 6 (Li et al. 2015). A

functional beverage was produced using blue pea antho-

cyanin extract. The optimum pH range for this functional

beverage was pH 3.5–4.0 and the beverage could be pre-

served at room temperature for 28 days without using any

preservatives (Lakshan et al. 2019). In another study, a

model beverage (pH 2.8) prepared with 13% sucrose and

red sweet potato anthocyanins containing diacylated

anthocyanins demonstrated better colour stability
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compared to model beverage prepared with blackberry

anthocyanins containing nonacylated anthocyanins (Fran-

cis 1987). The pH stability of acylated anthocyanins could

be explained by the protection provided by the acyl groups

to anthocyanin chromophore, by p-stacking interaction and

self-associations so that it limits the hydration of the

electrophilic sites in anthocyanin chromophore (Fenger

et al. 2019). Specifically, for diacylated anthocyanins, they

demonstrate intramolecular sandwich type stacking pro-

tecting the anthocyanin choromophore from nucleophilic

water molecules (Giusti and Wrolstad 2003). Bridle and

Timberlake (1997) explained the pH stability of polyacy-

lated anthocyanins from blue pea flower whereby when the

pH of the medium increases, the presence of acyl groups

prevents the hydrolysis of flavylium ion to less

stable carbinol pseudo base form, instead form the blue

colour quinoidal form having less sensitivity to pH changes

in mildly acidic or neutral condition. The pH value of all

beverages varies around this pH range, making this dia-

cylated anthocyanin source a suitable source of antho-

cyanin for beverages. The stability of diacylated

anthocyanins at higher pH also depends on the acyl group.

At higher pH anthocyanins diacylated with p-coumaric or

ferulic acids are more stable than ones diacylated with

caffeic acids (Matsufuji et al. 2007).

Some studies show that the pH stability of acylated

anthocyanins is not always higher than the nonacylated

anthocyanins. In a study, cyanidin dominant anthocyanin

extract and pelargonidin dominant anthocyanin extracts

from purple corn-with high percentages of acylated

anthocyanins (57% and 64%, respectively)—majority were

monoacylated, when added in a beverage system (pH 3),

monoacylated anthocyanins degraded at a higher rate

compared with nonacylated anthocyanins, both at 25 �C
and 40 �C over the storage period. The reason is, in

anthocyanins from corn, the majority of acylation is ali-

phatic not aromatic. This research states that even the

copigmentation of purple corn monoacylated anthocyanins

with purple corn C-glycosyl flavone had no effect on

anthocyanin half-life but nonacylated anthocyanins had a

prolonged half-life in copigmented system (Chatham et al.

2020). Considering the above studies, we can conclude that

petunidin derived monoacylated anthocyanins and polya-

cylated anthocyanins are more suitable to be used as col-

ourants in the beverage industry than nonacylated

anthocyanins and pelargonidin derived monoacylated

anthocyanins.

Photo stability

Light is an unavoidable environmental factor that affects

the stability of anthocyanins. Along the food processing

chain and during storage the anthocyanins get exposed to

photo stress. Anthocyanins are generally stable to photo

stress in acidic medium, but nonacylated anthocyanins

isolated from black goji berry showed poor photo stability

even in low pH whereas acylated anthocyanins showed

higher photo stability. Among anthocyanins stored in a pH

3 solution at 35 �C, after 10 days, nearly 90% of acylated

anthocyanins from Nitraria Tangutorum Bobr and Lycium

ruthenicum Murray were retained when stored in light

whereas nonacylated anthocyanin content reduced to 79%

when stored in dark and to 64% when stored exposed to

light (Hu et al. 2014). These results explain the unsta-

ble nature of nonacylated anthocyanins to photo stress.

Nonacylated anthocyanins from jambolan fruit had poor

stability to photo stress in a model beverage system (pH 3).

Acylated anthocyanins synthesized enzymatically, from

nonacylated anthocyanins of jambolan fruit, had high sta-

bility under fluorescent light for 6 days (Sari et al. 2015).

The photo stability of some monoacylated anthocyanins

from red radish was independent of the pH between pH 3

and 5 (Matsufuji et al. 2007). The photodegradation occurs

when photons are absorbed by molecules with the resulting

cleavage of bonds. The aromatic acyl groups in acylated

anthocyanins work as a filter that absorb photons and

reduce the sensitivity of acylated anthocyanins to photo

stress (Dyrby et al. 2001).

Photo stability of most anthocyanins depend on the pH

of the medium. At pH 3, the diacylated anthocyanins from

red radish were significantly more stable to photo stress

than monoacylated anthocyanins. Red radish anthocyanins

kept at pH 3 and 5 for 20 days subjected to light exposure

had more than 60% of anthocyanins retained but in pH 7,

anthocyanin content reduced to 40% within 1 day (Mat-

sufuji et al. 2007). Another research was conducted using

red radish anthocyanins in a model beverage (pH-3.5) and

it demonstrated a degradation half-life of 22 weeks at

25 �C (Giusti et al. 1999). Generally, pH of beverages is

acidic. This suggest the applicability of acylated antho-

cyanins in acidic beverage systems.

Surprisingly, unlike thermal stress, ascorbic acid redu-

ces the photo stress induced degradation rates in both

acylated and nonacylated anthocyanins. Addition of

100 ppm ascorbic acid reduced the degradation rates of

purple sweet potato anthocyanin and grape anthocyanin

from 2.73 9 10-3 to 1.58 9 10-3 min-1 at photo stress of

500 W/m2 min-1 (Song et al. 2013). This happens because

of the scavenging effect of ascorbic acid on the peroxyl

radicals formed from anthocyanins due to photo stress (Ay

et al. 2019). This effect of ascorbic acid also depends on

the atmospheric composition in contact with anthocyanin

solution. Nitrogen gas lowers the stability of both acylated

and nonacylated anthocyanins when ascorbic acid is pre-

sent in solution. However, if ascorbic acid is not present in

the solution, nitrogen filled atmosphere increases the
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stability of anthocyanins (Ay et al. 2019). Reducing the

headspace and filling the headspace with an inert gas such

as nitrogen may help to increase the stability of antho-

cyanins in beverage systems.

Some evidence shows that the acylated anthocyanins are

not always more stable to photo-stress than nonacylated

anthocyanins. Diacylated anthocyanins extracted from

purple sweet potato showed higher degradation rates for

photo stress in a vitamin enriched water system compared

with nonacylated anthocyanins extracted from grape.

Under a photo stress of 500 W m2 min-1 the degradation

rate of purple sweet potato anthocyanins was

2.02 9 10–3 min-1 whereas for grape anthocyanins the

rate was 1.00 9 10–3 min-1. Under a photo stress of

750 W m2 min-1 the degradation rate of purple sweet

potato anthocyanins was 2.40 9 10–3 min-1 whereas for

grape anthocyanins the rate was 1.85 9 10–3 min-1.This

study found that due to photo stress, the diacylated

anthocyanin (peonidin-3-dicaffeoylsophoroside-5-glu-

coside) converted in to monoacylated anthocyanins by

removing a caffeic acid group resulting an unstable nature

in purple sweet potato anthocyanins (Song et al. 2013).

Surprisingly, blue pea anthocyanins having a significant

amount of polyacylated anthocyanins show highly unsta-

ble nature to photo stress. Blue pea anthocyanins in a

solution of pH 3.6 and 5.4 exposed to light showed a

retention percentage as low as 34.4% and 48.3% whereas

solutions kept in dark showed high retention percentages

over 90% (Escher et al. 2020). Both monoacylated and

diacylated anthocyanins from purple sweet potato degraded

nearly by 87% when stored at 25 �C exposed to light

within a period of 6 months (Quan et al. 2019). Therefore,

when using blue pea and purple sweet potato anthocyanins

in beverages it is recommended to use amber colour or

covered containers that prevent light penetration.

As a whole it is clear that acylated anthocyanins

demonstrate higher stability than nonacylated anthocyanins

with a few exceptions. When using acylated anthocyanins

in the food industry, by applying low temperature long

time pasteurization (63.5 �C for 30 min), using translucent

or opaque packaging, maintaining the pH of the product in

the range 3–5 and storing the finished products around

25 �C could further improve the stability of acylated

anthocyanins. When using acylated anthocyanins as natural

food colourants, one must be careful about the presence of

other ingredients used for manufacturing the food product

since ingredients such as reducing agents and oxidizing

agents can affect the stability of anthocyanins in different

manners. Still, flowers containing high amount of polya-

cylated anthocyanins have not been used as commercial

anthocyanin sources. It is recommended to search for more

flower sources containing high content of polyacylated

anthocyanins and feasible techniques to improve the sta-

bility of currently used anthocyanins.

Techniques to increase the stability of nonacylated
anthocyanins

Even though nonacylated anthocyanins are relatively

unstable, food industry cannot avoid using those antho-

cyanin sources in food manufacturing because they

demonstrate high nutritional profiles and attractive colours.

On the other hand, the availability of nonacylated antho-

cyanin sources is higher compared to polyacylated antho-

cyanin sources. Therefore, it is important to find out

remedial techniques to overcome the unstable nature of

these nonacylated anthocyanins and to use them effectively

in food manufacturing.

One of the techniques is adding sweeteners to beverage

systems. The instability of nonacylated anthocyanins could

be controlled by adding sweeteners such as honey and

maltose syrup into beverages. Sweeteners reduce the water

availability by reducing available nucleophilic water

molecules that can attack the anthocyanin core, and thus

reduce the anthocyanin degradation. Honey reduces the

anthocyanin degradation in another way. Polyphenols,

amino acids and organic acids present in honey act as

copigments and protect the anthocyanin chromophore

(Ertan et al. 2018). Adding honey or maltose syrup is

preferred than using sucrose, because during storage,

sucrose could be degraded to form products such as fruc-

tose, which reduces the anthocyanin stability (Kopjar and

Piližota 2011). However, the effect of adding sweeteners

like honey, on other physical properties of the beverage

such as turbidity and colour should be taken in to account.

Copigmentation is an association of anthocyanins with

other compounds, metal ions or with the anthocyanin itself

(Zhao et al. 2020). Copigmentation contributes to the color

expression and stabilization of anthocyanins in beverages

(Chen et al. 2020a). A study shows that by adding copig-

ments like gallic acid and plant extracts such as extracts of

rose leaf, cherry stem, pomegranate rind, sour cherry stem,

containing copigments, could increase the stability of

nonacylated anthocyanins of strawberry nectar sweetened

with sucrose and maltose syrup. Here the anthocyanin

degradation is hindered via 2 mechanisms: sweeteners

reduces the water availability and the co pigmentation

effect of compounds in plant extracts. But for strawberry

nectar sweetened with honey, these copigments reduced the

anthocyanin stability (Ertan et al. 2020). This could be

explained by the competition among copigment molecules

in extracts and honey to bind with anthocyanins. Therefore,

for beverage systems consisting of nonacylated antho-

cyanins like cyanidin-3-glucoside, pelargonidin-3-
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glucoside and pelargonidin-3-rutinoside their storage sta-

bility could be increased by adding natural extracts of sour

cherry stem and pomegranate rind together with sweeteners

such as maltose syrup. However, sucrose syrup makes

pelargonidin based anthocyanins unstable (Ertan et al.

2020), therefore some other sweetener should be used

when manufacturing beverages with fruits containing

pelargonidin as their major anthocyanin.

Pasteurization can reduce the degradation of nonacy-

lated anthocyanins. Degradation rates of nonacylated

anthocyanins in pasteurized pomegranate juice were lower

during cold storage for 10 days compared with raw juice

attributed to heat induced copigmentation with native

copigments and self-association of anthocyanins (Aligh-

ourchi et al. 2008). Therefore, we suggest that pasteuriza-

tion of fruit juices with nonacylated anthocyanins to

control their degradation.

Adding hydrocolloids into beverage systems containing

anthocyanins, can stabilize the anthocyanins. Purple rice

bran anthocyanins showed very high degradation rate at

90 �C in pH 6 but carboxymethyl cellulose, xanthan gum,

modified starch, and gum arabic reduced the degradation of

purple rice bran anthocyanins. Modified starch showed the

greatest effect (Das et al. 2020). Steric hindrance imposed

by the hydrocolloids and the electrostatic interactions

between hydrocolloids and the flavylium ion protect the

flavylium ion from nucleophilic water molecules (Buch-

weitz et al. 2013). As mentioned previously, ascorbic acid

increases the thermal degradation of both acylated and

nonacylated anthocyanins. Hydrocolloids also can retard

the anthocyanin degradation caused by ascorbic acid. Gum

Arabic was able to reduce the anthocyanin degradation

caused by ascorbic acid, in a model beverage system (pH

3) containing purple carrot anthocyanins. During a period

of 5 days at 40 �C under light, the degradation rate con-

stant reduced from 0.309/day down to 0.116/day when

1.5% gum Arabic was added to model beverage system.

Anthocyanin could have interacted with the glycoprotein

fractions of gum Arabic through hydrogen bonding,

resulting in improved stability (Chung et al. 2016). Addi-

tion of high acyl gellum gum increased the degradation

half-life of purple sweet potato anthocyanins from 135 to

274 min at 90 �C (Xu et al. 2019). Biopolymers such as

bovine serum albumin, whey protein and soy protein

increase the thermal stability of anthocyanins. Addition of

200 mg mL-1 whey protein and 25 mg mL-1 soy protein

significantly reduced the degradation rate constant of pur-

ple sweet potato anthocyanins in a model beverage system

but addition of b-cyclodextrin slightly increased the

degradation rate constant. When the model beverage was

heated at 100 �C for 30 min its degradation rate constant

was 1.103 min-1, addition of whey protein and soy protein

reduced the rate constant to 0.751 min-1 and 0.569 min-1

respectively, but addition of 500 mg mL-1 b-cyclodextrin
increased the degradation rate constant up to 1.431 min-1.

However, addition of 50 mg mL-1 whey protein, 50

mg mL-1 soy protein and 2500 mg mL-1 b-cyclodextrin
increased the storage stability of the model beverage sys-

tem with purple sweet potato anthocyanin (Quan et al.

2020). Chung et al. (2015) suggested that biopolymers such

as whey proteins complexed with anthocyanins through

hydrogen bonding and enhanced the stability of antho-

cyanins. Adding grape skin pectin in to solution containing

grape anthocyanins reduced the degradation rate constant

from 0.6 to 0.032 h-1 when heated at 60 �C and from 1.15

to 1.05 h-1 when heated at 80 �C (Fernandes et al. 2020).

Hydrocolloids may be protecting the flavylium cation from

water molecules, thus preventing anthocyanin degradation

(Das et al. 2020). Buchweitz et al. (2013) reported that the

strong interactions between the carboxylate groups and free

electron pair of amide groups of pectin molecules with the

flavylium ion may protect the anthocyanin molecule from

nucleophilic water attack and subsequent degradation. This

could be used in food industry when developing food

products with purple rice bran or its anthocyanins.

Acylation is another approach to increase the stability of

nonacylated anthocyanins. Acylated anthocyanins could be

synthesized from nonacylated anthocyanins by chemical or

enzyme assisted esterification. Out of the two techniques,

enzyme esterification is considered better since the chem-

ical method degrade anthocyanins and has poor selectivity

(Yang et al. 2019). Enzymatically synthesized new acy-

lated anthocyanins, from purple corn husk, trueno fruit and

bottlebrush flowers (Fernandez-Aulis et al. 2020), from

black currant anthocyanins (Yang et al. 2019), and from

jambolan fruit showed better thermal and photo stability

compared to their non acylated form. However, acylation

reduced the antioxidant activity of jambolan anthocyanins

(Sari et al. 2015). However, enzymatic acylation of blue-

berry anthocyanins with coumaric acid and caffeic acid

increased the antioxidant activity and thermal stability of

native blueberry anthocyanins. Both anthocyanin fractions

acylated with p-coumaric acid and caffeic acid showed

significantly low fading degrees at 25, 40 and 60 �C during

a period of 96 h, compared with native blueberry antho-

cyanins. Adding p-coumaric acid and caffeic acid increased

the antioxidant activity of blueberry anthocyanins mea-

sured by DPPH radical scavenging activity by 6.56% and

15.21%, respectively (Liu et al. 2020). Therefore, acylation

always increases the stability of anthocyanins but if affects

the antioxidant activity of the anthocyanins in different

ways.
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Conclusion and future prospective of research

Most of the commercial anthocyanin sources contain

nonacylated anthocyanins or monoacylated anthocyanins

as their prominent anthocyanins. The stability of these

nonacylated anthocyanins is relatively low compared with

acylated anthocyanins. Monoacylated anthocyanins are

more stable than nonacylated anthocyanins but the stability

is affected by several factors. Despite the acylation, the

stability of anthocyanins to thermal stress depends on the

pH of the medium whereas some acylated anthocyanins

showed pH independent stability for photo-stress. Several

plant extracts containing copigments, sweeteners and col-

loidal substances have been able to increase the stability of

nonacylated anthocyanins, but we have to consider the cost

factor and the effect of these copigments on the sensory

attributes of the food product. Acylation of nonacylated

anthocyanins may be an approach to increase their stability

in food systems but the process seems quite complicated

and expensive restricting its application in industrial scale.

All anthocyanins are stable in acidic pH and unstable in

alkaline pH, yet some polyacylated anthocyanins showed

pH independent stability. Polyacylated anthocyanins have

relatively higher stabilities compared to nonacylated

anthocyanins and monoacylated anthocyanins but still

these sources have not been exploited on a commercial

scale. Finally, we propose that, future studies should con-

centrate more on extracting polyacylated anthocyanins

from natural sources, especially flowers.
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