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Abstract: The presented review concerns the cross-disciplinary approaches to the subject of blue food
and blue colourants, the socio-cultural aspects of blue food and beverage consumption, human health
effects, environmental impact, and economic aspects. Blue colour in relation to food is not only about
improving visual appeal, to which the addition of food colouring is usually limited when the food is
coloured in some way that does not encourage eating. It is also the rich and complex sociological
side related to food, that is, not only the food itself but also the background, dishware, and light,
depending on whether we want to encourage—to increase consumption—or discourage—to, for
example, reduce the amount of food eaten for dietary purposes. The negative side of consuming and
disposing of synthetic dyes and the health-promoting aspects of natural dyes are also mentioned,
with the economic and environmental aspects of sourcing natural dyes being discussed. The food
industry uses blue dyes not only for consumption, but also for food quality control, taking advantage
of the pH-dependent colour change properties of the compound.

Keywords: sustainability; blue; food; drink; dyes and pigments; food colour; food quality; food
decision-making; socio-cultural; economic; environmental implications

1. Introduction

Colour signals the edibility and nutritional value of food [1]. According to the FDA
(U.S. Food and Drug Administration), a colour additive is “any dye, pigment or substance
which when added or applied to a food, drug or cosmetics, or the human body, is capable
(alone or through reactions with other substances) of imparting a colour”. These may be
preparations obtained from natural raw materials (vegetable, animal, mineral, or other
source) by selective extraction, isolation, or otherwise derived, with or without an interme-
diate or final change in the identity of pigments [2]. Based on their use, two groups can be
distinguished among food colourants:

- food colourants with a limited permissible daily intake, the maximum levels of which
are contained in the relevant legislation (mainly synthetic colourants),

- colourants used in line with the quantum satis rule (comprising mainly colourants of
natural origin), which have no defined maximum level of use and should be used at
the lowest dose necessary to achieve the intended technological effect, applying the
principles of good manufacturing practice.

Dyes are used in foods to improve visual appeal. The addition of colourants to foods
is thought to have occurred in Egyptian cities, where confectionery manufacturers cca
1500 BC added natural extracts and wine to enhance the appearance of the product [3,4].
However, it is difficult to speak of such use in the case of the colour blue, where a colour
different from the natural one is deliberately used.

The blue colour of food has always signified otherness, but over time the meaning, the
sense of otherness, has changed. In the past, blue meant rotten—mouldy; later, with the
development of the dye industry, it took on the meaning of ‘artificial’ [5]. Currently, it has
its adherents, especially among young people; the distinctiveness of blue food is perceived
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positively as unique. Trends over the last few years have shown the increasing popularity of
blue food. It seems that acceptance, however, only applies to a certain group of foods. Certain
blue foods are already considered ‘acceptable’, like sweets, candies, cakes, and beverages, and
receive significant attention from consumers who are delighted by the colour difference [5,6].
However, consumers still associate blue foods with artificial colouring [6,7].

It appears that determinants of food choice may be linked to affective memory and
genetic factors [8,9]. For young people, the blue colour of food can be associated with
messages passed down in childhood fairy tales and cartoons, in which blue berries, such as
gummiberries (Gummi Bears) and Smurf berries (Smurfs), had magical properties. This fact
is not entirely dissimilar to reality, as the intensely blue-coloured berries are characterised
by a high content of anthocyanins, which have strong antioxidant effects and interesting
properties. When deciding between using natural and synthetic food colourings, it is
important to consider the complex benefit-loss balance. From the manufacturer’s and
retailer’s point of view, colourants should, above all, be stable enough to avoid significant
degradation during distribution and sale, both the ingredient and the food or beverage,
which may include storage from days to years under refrigerated or ambient conditions.

General causes of degradation include heat, light, oxygen, acid, and oxidants like
ascorbic acid or trace metals. Producers may have additional demands, such as water- or
oil-solubility for defined applications [10].

The issues involved in an interdisciplinary approach to the links between economic,
environmental, and social relationships are often complex, interrelated, and defined by
the characteristics of each compound. Figure 1 presents the most important sustainable
correlations between aspects of the use of natural blue food colourants, according to the
main pillars of sustainability with the inclusion and attempted positioning of health aspects
and properties (Figure 1). Before considering the socio-cultural, economic, and ecological
contexts, a brief review of the current state of knowledge on the origin and properties of
blue food dyes is necessary to explore aspects that will show us the turning points, which
are also linked to health-promoting aspects. To increase the clarity of the work, Figure 2
illustrates a summary of the content of the review (Figure 2).

Figure 1. Correlations between sustainability aspects of natural blue food colourants, (+) advantages,
(-) disadvantages.
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Figure 2. Summary of review content.

2. Origin of Blue Pigments—Food Colourants

Dyes can be of natural and synthetic origin, and blue colour is not always strictly
determined by the presence of blue dye in a material. The colour perceived as blue
in animals, plants, algae, fungi, and bacteria or as a result of human activities in the
manipulation of natural products has two key sources: (i) structural colour caused by the
reflection of blue light from nanoscale structures (iridescent phenomenon) and (ii) molecular
colour due to red-light absorbers [11].

Nature offers a wide variety of colours [10], but blue is the last colour to appear in
the natural world and the last to be developed and produced in the Anthropocene [11]. It
is known that blue colours are infrequent in nature because the electronic configurations
required for photon absorption at 560–700 nm are complex and rarely occur [12]. Colour
systems utilised by liverworts (furanoflavylium), mosses and ferns (3-deoxyanthocyanins),
and angiosperms (anthocyanins) are chemically identical, although only the anthocyanins
are capable of producing the colour blue [11].

The food industry is seeking more and more colourings of natural origin. It is often the
case that a pigment changes colour depending on the pH, as is the case with anthocyanins,
whose shade is determined by structural changes that occur under the influence of pH.
Under acidic conditions, anthocyanins appear pink or red, while in an alkaline environment,
they become blue [13].
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There also exist dyes that turn blue when the relevant reaction has occurred. Fruits of
Genipa americana L. and Gardenia jasminoides Ellis contain the iridoid glycoside genipo-
side, which releases the aglycone genipin after enzymatic hydrolysis by β-glucosidase [14].
While genipin is colourless, when it reacts with primary amines and proteins in an aerobic
environment, it forms a water-soluble blue pigment that is stable when exposed to light [15]
and low pH (3.0–4.0) conditions [16].

Pigments can also turn blue after appropriate treatment, such as thermal degradation.
An example of such a pigment is bikaverin, a red polyketide derived from the secondary
metabolism of fungi, mainly of the genus Fusarium [17]. Similarly, chamazulene, a com-
ponent of the volatile oil of chamomile (Matricaria chamomilla L.) and yarrow (Achillea
millefolium L.), turns blue after the thermal degradation of its colourless precursor during
distillation [6].

2.1. Synthetic Blue Pigments

The food industry makes extensive use of artificial dyes to restore the colour lost during
food processing and storage, enhance the current colour, minimise colour differences in
batches, and present the food more attractively to consumers [9,18]. To ensure food has an
attractive appearance, food manufacturers use synthetic or natural dyes. Synthetic colours
were first produced in the mid-19th century, and due to their low production cost, high heat
resistance, and chemical stability, they rapidly became popular as food colourings [3,19,20].
Artificial dyes are divided into two main groups, azo and triphenylmethane [21]. Currently,
three artificial colourants are used in the food industry (Figure 3, Table 1): blue dyes (E131
and E133), belonging to the triphenylmethane group, and indigo dye (E132) [9,22].

Figure 3. (a) Brilliant blue FCF, (b) indigo carmine, and (c) patent blue V.

Table 1. Synthetic dye properties [3,23,24].

Colourant ε λmax Properties

E131, INS 131
patent blue V 10,600 635 Excellent light and heat stability.

Faded by acids and SO2.

E132, INS 132
indigo carmine
syn. Indigotin

7920 607
Poor light heat and acid stability.
Poor oxidative and SO2 stability.

Faded by ascorbic acid.

E133, INS 133
brilliant blue 134,000 630 Fair light and acid stability.

Poor oxidative stability.
where λmax, wavelength of maximum absorption in nm, ε, molar extinction coefficient (or molar absorptivity)
in M−1 cm−1.

During the past century, these additives have most often been associated with tox-
icological risks to human health. Many substances have already been banned in some
countries due to experimental confirmations of carcinogenic effects. Still, the food industry
uses them as they are cheaper, more stable, and brighter than natural dyes [9,18].

Patent blue (INS 131, E131, Cl food blue 5) is a sky-blue synthetic food colourant with
a triphenylmethane group. It is water soluble and slightly soluble in ethanol, in an aqueous
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solution, and pH-dependent: deep blue in alkaline to weak acidic media and yellow-orange
in strong acidic media [23].

Indigo carmine (INS 132, E132) is a synthetic dye, soluble in water but sparingly
soluble in ethanol. Originally extracted from a shrub species (Indigofera tinctoria), they
are currently commonly obtained by chemical synthesis. It is very sensitive to light and
oxidising agents such as bleach [23].

Brilliant blue (INS 133 or E133, Cl food blue 2, acid blue 9) is soluble in water and
glycerol but only slightly soluble in ethanol. It is very sensitive to light and oxidising agents
such as bleach [23].

All above-mentioned synthetic dyes are used in the food industry, especially in
flavoured drinks, decorations and coatings for pastry products, pastry and fine bakery prod-
ucts, confectionery including breath-refreshing and chewing gum, flavoured fermented
milk products, edible cheese rinds, desserts, edible ices, several types of preserves of red
fruits, seasonings, snacks, and alcoholic beverages [23,25].

2.2. Natural Blue Pigments

Naturally coloured foods in yellow, red, and green can be found on the market. Natu-
rally blue foods are mainly blue mould cheeses namely the so-called ‘blue-veined’ cheeses,
which include French Roquefort (sheep’s milk cheese, mould produced by Penicillium
roqueforti) [26], English Stilton, and Italian Gorgonzola (cow’s milk cheese, Penicillium
glaucum), boasting of a history of more than a thousand years [27]. In addition, naturally
blue foods include blue corn (Zea mays L.) and purple sweet potato (Ipomoea batatas L.) [28]
varieties such as Purple Majesty [29], Vitelotte [30], Ayamurasaki [31], and Congo [32].
However, in regard to the blue colourants, their use is limited, and natural sources have low
stability [6]. At present, only anthocyanins (INS 163) and phycocyanins (INS 134-spirulina)
have regulatory approval for their use as blue colourants [5].

Despite the wide range of natural pigments that are used in the food industry, antho-
cyanins (ANCs), carotenoids, phycobiliproteins, betalains, and chlorophylls remain the
most frequently applied [33]. Edible natural pigments not only add colour but also carry
the potential for health benefits as bioactive substances [34].

Naturally occurring blue pigments belong to anthocyanins and eight major struc-
tural classes: azulenes, quinones, tetrapyrrole, phenazine, indole and pyridine alkaloids,
metalloproteins, and organometallics [35].

Natural blue pigments can be categorised according to their origin into those produced
by representatives of all five kingdoms of organisms, i.e., animals, plants, prokaryotes [36],
fungi, and protists [10,17,37–39] and pigments of mineral origin.

2.2.1. Animals

In animals, blue colours usually arise from the optical effects of blue light reflected by
nanoscale structures rather than from the occurrence of true blue pigment molecules [10,17].
The most exemplary are the blue wings of the butterfly Morpho sp. [40] and the blue feathers
of the bird Sialia sp. However, they live mainly in Central and South America. In our part of
the globe, i.e., in Poland, it is sometimes possible to observe a butterfly whose wing colour
is also based on the same phenomenon. It is a rare purple emperor butterfly (Figure 4b).
Similarly, poisonous tree frogs have few natural enemies, and the colour is a deterrent
(Figure 4a). The deterrent mechanism is also used by the male moor frog (Rana arvalis)
during mating season [41].

Some animals, like crustaceans and arthropods, have blue blood due to the respiratory
protein haemocyanin instead of the iron-based haemoglobin [42]. The haemocyanin chro-
mophore contains a binuclear copper active site that reversibly binds oxygen molecules [10].

The α-crustacyanin is an example of a blue-coloured pigment found in the carapace of
lobsters (Nephrops) Leach, 1814 [43], and β-crustacyanin (blue) is found in lobsters (Homarus
gammarus) [44].
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Figure 4. Blue animals: (a) blue poison arrow frogs Dendrobates tinctorius ‘azureus’ (Zamość Zoo, SE,
Poland, photo: A. Szmagara); (b) in sunlight, many shades of blue and purple can be seen on the
wings of the purple emperor butterfly (Apatura iris) when viewed from an angle (Lublin, SE Poland,
photo: A. Szmagara).

From echinoderms, specifically from the vivid blue skin of calcified starfish called “blue
star” (Linckia laevigata L.), a blue carotenoprotein called “linckiacyanin” (λmax = 612 nm) can
be isolated [45].

In ancient times, indigo dye was isolated from the hypobranchial gland of the sea snail
Hexaplex trunculus (known as Murex trunculus, Phyllonotus trunculus) [46].

One instance of tetrapyrroles are biliverdins, some of the few blue pigments that occur
in the animal kingdom and are responsible for the bluing of bruises [10].

Of these blue pigments of animal origin, a few azulene chromophore-based compounds
have been identified in marine organisms like the gorgonians Paramuricea chamaeleon [47],
Euplexaura erecta [48], and Anthogorgia sp. [49] and the marine sponge Dysidea sp. [10].

2.2.2. Plants

Blue in nature is seemingly popular, but not among flowers [50]. Indeed, flowers per-
ceived by humans as being blue are infrequent (Figure 5), representing, according to various
authors, about 7% [51] to <10% of the nearly 300,000 known flowering plant species [52].
Blue flowers are phylogenetically limited, only occurring in 372 out of 14,038 genera of
angiosperms worldwide, and in 53 out of 406 families [53]. Moreover, blue is much more
common among biotically pollinated flowers than among wind-pollinated flowers, possibly
suggesting that investigating the rarity of blue flowers requires a deeper understanding of
how animals perceive these colours [50].

The adaptive value of blue flowers should be enhanced by nutrient richness or other
factors, abiotic and biotic, that can reduce additional costs of blue pigment synthesis [50].
They display key roles in plant propagation and defence mechanisms [54]. The subsequent
production and localisation of anthocyanins in root, stem, and especially leaf tissues
can allow the plant to develop resistance to environmental stresses like radiation, cold
temperatures, and drought [55]. Such an example is research under which Centaurea
cyanus cell cultures were evidently protected by anthocyanins from UVB-induced DNA
damage [56].

The blue colour in plants is mainly related to anthocyanin content (Table 2). Customer
demand for food products containing natural food ingredients and colours has prompted a
global demand mainly for anthocyanins [57]. In general, health and nutritional supplements
demand multipurpose properties, and anthocyanin is one of them. Anthocyanins are water-
soluble pH-dependent plant pigments. Colour variation is affected by changing structural
forms. When pH increases from acidic conditions, the flavylium cations (which normally
look red, pH ≤ 3) become deprotonated, lose their colour (pH 3–6), and finally form
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quinonoidal bases (purple-blue; pH ≥ 6) [58]. Blue colour expression by anthocyanins
may also result from co-pigmentation and/or the chelation of metal ions by the pigment, a
mechanism widely observed in floral systems [58].

Figure 5. Examples of flowers perceived as blue: (a) Pulmonaria officinalis, (b) Omphalodes verna, (c) Veronica
chamaedrys, (d) Hyacinthus orientalis, (e) Myosotis sylvatica, (f) Geranium pratense, (g) Hydrangea macrophylla,
(h) Scilla siberica, (i) Brunnera macrophylla, (j) Iris pallida, (k) Vinca minor, (l) Veronica persica, (m) Clematis
alpina, (n) Viola tricolor, (o) Muscari armeniacum, (p) Cichorium intybus, and (q) Hepatica nobilis (photo:
A. Szmagara).

Among the anthocyanin pigments, the blue colour is characterised by delphinidin
present in fruit: blackcurrants, blueberries, elderberries, and grapes [39,59], and typically
these fruits are the most commonly used sources of anthocyanins in the food industry [60].
Anthocyanins are present also in other parts of plants, in flowers, leaves, and stems.

Anthocyanins extracted from butterfly pea (blue pea, Clitoria ternatea L.) flowers
(Figure 6) are a prospective food colourant [61] and were investigated in rice and yoghurt
drinks [62], in muffins [63], functional beverages [64], and powder drinks [65]. Clitoria
flower extract at pH 5–8 and shikonin from gromwell roots (Lithospermum erythrorhizon) in
alkaline solutions (pH 10–12) express blue hues [66]. The anthocyanins of red cabbage and
purple sweet potato showed colours similar to indigo carmine (E132) at a pH of 8 [67].

Anthocyanin complexes with flavones and metal cations have been indicated as
responsible for the blue colours of many floral systems [68]. In addition, certain nutrients,
in particular aluminium Al3+ and Fe3+ cations, combined with a low soil pH ≥ 2.5 [69],
may lead to a colour change from violet to blue in certain plants [50,55,58].
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Figure 6. Infusion of dried butterfly pea flowers (Clitoria ternatea L.) (A. Szmagara).

Commelinin, from Asiatic dayflowers, is a blue pigment that is stable in concentrated
solutions at pH ≥ 2.4; when diluted, the molecule readily dissociates and loses its blue
colour [68]. Pires and colleagues employed pigment extracted from cornflower (Centaurea
cyanus L.) flowers, which contain high amounts of anthocyanins (TAC = 26 µg/g) to
improve yoghurt [70].

Trichotomine and its glycosides are bis(indiol) alkaloids isolated from Kusagi berries
(Clerodendron trichotomum Thun.), a shrub native to Asia. In addition to high absorption at
660 nm (pH5) and similarity to brilliant blue (E133), they appear to be stable and safe [10,71].
For reasons linked to the difficulty of large-scale cultivation and the low amounts of pigment
in the fruit, the berries have not been commercially exploited, and as a compound that does
not have a long history of safe consumption, it requires a comprehensive safety assessment
before approval and commercialisation [8].

Gardenia sp. and Genipa americana L. are sources of iridoids, pigments that occur both
in free and glycosylated forms (genipin and geniposide). Genipin, after being exposed to
oxygen, reacts with primary amino acids and protein hydrolysates to form water-soluble
blue pigments [72].

Vaccinium bracteatum leaves are also rich in iridoids, and their aqueous extracts were
used by natives of the south of the Yangtze River as the materials of ‘Wu mi’ to dye rice
into a blue colour, which turned dark blue after cooking [73].

Another blue compound with an extended quinone structure, ventilein A (λmax = 645 nm), was
isolated as a minor constituent from Ventilago calyculata root bark [74] and from Ventilago
goughii [10,75].

Azulenes belong to the class of plant-derived colourants, bicyclic azure-blue aromatic
pigments, resulting from the fusion of a cyclopentadiene and a cycloheptatriene ring.
They include, inter alia, chamazulene, a constituent of the volatile oil of some perennial
herbs, like chamomile (Matricaria chamomilla L.) and yarrow (Achillea millefolium L.), which
is a blue-coloured derivative resulting from the thermal decomposition of a colourless
precursor during distillation. The use of azulenes as food colourants is constrained due to
the slight water solubility and odour similar to naphthalene [6].

The blue colour can be related to blue copper proteins, which may be present, among
others, where they usually have biosynthetic functions involving electron transfer [10,76].
Examples include stellacyanin [77] and plastocyanin [78], which are type I copper-binding
proteins (cupredoxins) common in vascular plants. Other proteins of this type include
cuscacyanin and phytocyaninin from cucumber [79] and umecyanin from horseradish
root [80].
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Table 2. Selected natural blue pigments produced by plants.

Compound Plant λmax ε References

azulene Artemisia sp. (oil) 576 362 [10]
diosindigo A Diospyros sp. (tree; heartwood) 697 28,180 [10,81]

2,12′-bis(hamazulenyl) Ajania fruticulosa (oil) 657 132 [10]
indigotin Indigofera tinctoria (Indigo plant) 610 22,140 [10]

genipocyanin G1 Gardenia jasminoides, Genipa americana 595 43,700 [10]
guaiazulene Matricaria chamomilla (oil) 648 407 [10]

lactarazulene Artemisia sp. (oil) 604 871 [10]
oenin Vitis vinifera skin, aged wine 538 16,000 [10]

portisin A Vitis vinifera; aged wine 587 82,900 [10]
shikonin Lithospermum erythrorhizon (roots) n/a n/a [66]
ternatin butterfly pea (Clitoria ternatea L.) 548 n/a [82]

trichotomine Clerodendron trichotomum (fruit callus) 658 70,000 [10]

ventilein A Ventilago calyculata (root bark)
Ventilago goughii 645 n/a [10]

where: λmax, wavelength of maximum absorption, ε, molar extinction coefficient (or molar absorptivity)
in M−1 cm−1, n/a—data not available.

2.2.3. Protists

Blepharisma japonicum is one of the few protists that possesses a pigment. The pigments
it produces, i.e., blepharins such as oxyblepharin A and analogues, are red, but their
photoreaction products are blue (λmax = 592) [10,83].

2.2.4. Fungi

Fungi and microorganisms produce a diverse range of blue compounds (Table 3),
usually as a response to environmental stress or predators [10]. Moulds are a source of
pigments that can be exploited by the food industry. This is consistent with the changing
market preferences of consumers, who need a source to replace synthetic pigments [84].
Filamentous fungi are among the natural sources currently being investigated for pigment
production. Fusarium graminearum produces, inter alia, a blue pigment (6–O–demethyl–
5–deoxybostrycoidin anthrone) [85], and Lactarius sp. produces azulenes (blue) [84,85].

The usage of fungal pigments in food matrices also depends on their stability to
pH fluctuations, heat, and UV light, which are attributes typically occurring in food
processing [86].

Fungal species producing blue pigments are also found in extreme environments—
a fungus of the genus Periconia isolated from a hypersaline environment (Puerto Rico)
subjected to high solar radiation has been reported to produce a still unidentified and
unusual pigment [87], and Antarctomyces pellizariae, a snow-dwelling ascomycete found on
Robert Island, in the South Shetland Islands, Antarctica, produced a blue pigment [88].

Table 3. Natural blue pigments produced by fungi.

Compound Organism λmax ε References

albatrellin Alabtrellus flettii (Basidiomycete) 535 3162 [10]
candidine Candida lipolytica 573 12,880 [10]
corticin A Corticium caeruleum 565 6900 [10]

guaiazulene Lactarius sp. 648 407 [10]
lactarazulene Lactarius sp. 604 871 [10]
sanguinone A Mycena sanguinolenta 578 437 [10]

scleroderris blue Gremmeniella abietina 612 50,000 [10]
variegatic acid anion Basidiomycete fungi 605 n/a [10]

Blue pigments
(unnamed)

some fungi such as Penicillin sp. and
Hypocrea sp. n/a n/a [10,89]

where: λmax, wavelength of maximum absorption, ε, molar extinction coefficient (or molar absorptivity)
in M−1 cm−1, n/a—data not available.
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Notwithstanding the listed benefits, there is a danger of mycotoxins associated with the
use of fungal pigments in the food industry, as some fungi synthesise pigments together with
mycotoxins. The presence of mycotoxins in pigments limits their use as additives [85,87]. For
example, the EU and the US ban the consumption of Monascus pigments that are generated
with the nephrotoxic and hepatotoxic citrinin mycotoxin, questioning their safe use [90],
although Monascus red-coloured foods are consumed by over 1 billion Asians [37,87].

The development of fungal pigment production on a feasible scale and with industrial
perspectives in mind is an approach worthy of consideration. Selecting efficient fungal
strains with minimal/zero mycotoxin co-production and lower energy requirements is a
crucial driver for production relevance [91]. Furthermore, major biological issues such as
ensuring fungal strain stability, reducing mycotoxin co-production, and inducing higher
pigment production titres can be addressed through the genetic engineering of fungal
strains [92].

Anthocyanins, which are derived from red-pigmented fruit, are often used in the
food industry as colouring agents, and among these, there are fungal infections with
mycotoxin-producing microorganisms, including patulin [93].

2.2.5. Prokaryotes

The existence of pigments has been recorded throughout the microbial world, in-
cluding bacteria, fungi, yeasts, algae, and protozoa [94]. These microorganisms can be
isolated/cultivated from a variety of environmental sources, such as water, soil, plants,
insects, and animals [94].

Pigmented species are numerous in the prokaryotic world (Table 4). The presence of
blue pigments is echoed in the names of many genera and species of heterotrophic bacteria
through the use of Greek, Latin, or neo-Latin terms, including Vibrio azureus, Gemmobacter
caeruleus, Rheinheimera coerulea, Actinoallomurus caesius, Saccharomonospora cyanea, and Ci-
ceribacter lividus. Phototrophic prokaryotes that use light absorbed by pigments can also
exhibit a blue colour, as reflected in names such as Cyanothece [36]. Properties that include
the colony colour and the presence of distinct pigments can be used for the taxonomic
characterisation of prokaryotes [95], and the pigments may even be implicated as potential
biosignatures of extraterrestrial life in astrobiology [96].

Carotenoids are rarely blue [36], like in the case of certain marine organisms. Exam-
ples include the caroteno-protein asteriarubin found in the starfish Asterias rubens (with
astaxanthin derivatives) [97], crustacyanin known from Homarus gammarus (also with as-
taxanthin) [98], and marennine produced by the diatom Haslea ostrearia. Diatoms with blue
tips, recorded as H. ostrearia, have been reported from almost all seas and oceans [99], in
both the northern and southern hemispheres [100], for example, inhabiting oyster ponds
on the Atlantic Coast (France) [101]. Moreover, other diatoms, like H. provincialis in the
Mediterranean Sea [102] and Haslea karadagensis on the Crimean coast of the Black Sea
(Ukraine) [100] produce blue pigments. A marennine-like blue pigment is also produced by
the diatom Haslea nusantara found in the tropical region of the Southern Hemisphere in the
Java Sea (Indonesia) [103], and cosmopolitan species of the blue diatom Haslea silbo, found
on both sides of the Atlantic Ocean [104]. Some microalgae, which can grow in both saltwa-
ter or freshwater, and phytoplankton provide a rich source of blue phytobiliproteins [14,45].
Structurally, phycocyanins are bioactive peptides, classified based on their protein and
pigment contents [105]. The best-known cyanobacterium is Spirulina spp., which has a high
phycocyanin content of up to 20% dw.
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Table 4. Natural blue pigments produced by prokaryotes.

Compound Organism λmax ε References

actinorhodin Streptomyces coelicolor 640 25,300 [10]
akashin A Streptomyces sp. GW 48/1497 (marine) 619 16,232 [10]

ammosamide A Streptomyces CNR-698 (marine) 584 5200 [10]
anthracyclinone-blue B Streptomyces galilaeus mutant 608 28,890 [10,106]

bactobilin Clostridium tetanomorphum 633 n/a [10]
benthocyanin A Streptomyces prunicolor 638 16,200 [10]

blue pigment (unnamed) Arthrobacter sp., Nocardia sp. 648 17,380 [10]
daunorubicin Streptomyces peucetius 530 6000 [10]
glaukothalin Rheinheimera sp. HP1 (marine γ-Proteobacteria) 636 32,360 [10,107]
granaticin B Streptomyces violaceoruber 630 8910 [10]
indigoidine Corynebacterium insidiosum 602 23,400 [10,108]

indochrome A Arthrobacter polychromogenes 570 38,100 [10]
kyanomycin Nonomuria sp 600 11,480 [109]

lavanducyanin Streptomyces aeriouvifer 705 1700 [10]
lemonnierin Pseudomonas lemonnieri 625 56,230 [10]
marennine Haslea ostrearia (marine diatom) 672 7200 [10,101]

N,N-dodecylindigoidine Shewanella violacea DSS12 (marine) 636 n/a [10]
phenazinomycin Streptomyces sp. WK-2057 mycelia 745 6600 [10]
phycocyanobilin Spirulina sp., common among cyanobacteria 604 17,100 [10]

prodeoxyviolacein Chromobacterium violaceum 609 25,000 [10]
prodigiosin tetrapyrrole Serratia marcescens, Hahella sp. (marine) 588 n/a [10]

pyocyanin Pseudomonas aeruginosa 745 5800 [10]
spirulina Spirulina platensis (Arthrospira platensis) 604 17,100 [3]

where: λmax, wavelength of maximum absorption, ε, molar extinction coefficient (or molar absorptivity) in M−1

cm−1, n/a—data not available.

The main limitation of phycocyanin is its low thermal resistance, resulting in a fading
colour [110]. Thermostable phycocyanin from the red microalga Cyanidioschyzon merolae is
a new natural blue food colourant [111]. Cyanobacteria Aphanizomenon sp. produce a blue
pigment called phycocyanin, which is used in the food and beverage industry [19,110].

The bacteria produce a whole palette of colour shades, among them blue pigments
with market potential: Corynebacterium insidiosum—indigoidine, Erwinia chrysanthemi, and
Vogesella indigofera [19,92,108,112].

Among actinomycetes, Streptomyces coelicolor is well known to produce the blue pigment
actinorhodin [20,108], a pigment used in the food industry as an ice cream colourant. Other
soil-born Streptomyces sp., i.e., S. vietnamensis [113], S. shaanxiensis [114], S. caeruleatus [115],
and Streptomyces sp. A1013Y [116], are also responsible for producing blue pigments.

The first reported study concerning microbial indigo production was conducted in
1928, using Pseudomonas strains isolated from soil [117]. Since then, many microorganisms
have been shown to be able to produce indigo [17], especially the genera Pseudomonas,
like P. fluorescens [118] and Acinetobacter [119]. For example, the blue pigment pyocyanin,
extracted from Pseudomonas aeruginosa [108,112], when assessed for its utilisation as a food
colouring with agar, gave a pleasant colour at 25 mg mL−1 [120].

Another pigment is glaukothalin produced by Rheinheimera sp. isolated from the
Wadden Sea (Germany) and Øresund (Denmark) [107].

Indigoidine is a pigment from the carotenoid group [121], which is synthesised by
very few microorganisms [88], namely Erwinia chrysanthemi [122], Phaeobacter sp. [123],
marine Pseudomonas nigrifaciens [124], Rhodosporidium toruloides [125], Streptomyces chromo-
fuscus [126], and Vogesella indigofera [127].

Natural anthraquinoid compounds are rarely blue under acidic conditions, but there are
a few exceptions, which include the microbial metabolites of anthracyclinone-blue B from the
Streptomyces galilaeus mutant [106] and kyanomycin obtained from Nonomuria sp. [109].

Among alga-derived sources, Porphyridium aerugineum red microalga-derived blue
colour (λmax = 620 nm) has been used for acidic beverages. These pigments display a stable
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blue colour (not typical of blue colours from Cyanobacteria) at pH 4.0–5.0 for 1 month at
room temperature or up to 40 min at 60 ◦C [33]. It can be successfully assayed in acidic, non-
heat-treated carbonated beverages (Pepsi® Blue) or low-grade alcohol beverages (Bacardi
Breezer®) [128].

2.2.6. Minerals

Minerals have long been used as pigments in food, cosmetics, and art. Currently, no
blue minerals are used in the food industry. Only one mineral pigment with deep blue
tones, ultramarine blue, is used in animal feed [58].

3. Health

The usage of natural pigments in place of synthetic ones is increasingly popular, as the
former are widely regarded as safer, healthier, and more environmentally friendly [21,129].
Because of growing health awareness, replacing artificial colourants with natural alternatives
is a prime challenge for the food industry [6].

3.1. Positive Health Benefits

Natural pigments not only offer colour but also provide prospective health benefits as
important bioactive compounds [130].

The consumption of extracted pigments has been associated with human health
promoting effects [45,131], but the bioaccessibility and bioavailability of pigments are
determined by their chemical characteristics and the principal digestive processes.

An in vitro study with bacterial strains showed that after incubation with black rice
anthocyanins, Bifidobacteria and Lactobacillus increased and pH values decreased [132].
Similarly, Sun et al. [133] found that after incubation of peonidine derivatives with various
bacterial strains, pH values decreased and growth rates of B. bifidum, B. adolescentis, B.
infantis, and L. acidophilus increased. They concluded that the metabolism of anthocyanins
by microbiota bacteria results in a decrease in pH and provides a suitable medium for the
proliferation of probiotic bacteria [134]. In order to enhance the effect of the anthocyanins
and prevent their premature degradation, as well as modulate the gut microbiota, they
can be supplied to the body after appropriate treatment, i.e., encapsulation with different
materials [63,135].

Anthocyanins may not only enhance beneficial bacteria in gut microbiota but may
also decrease several types of harmful bacteria. Flores et al. [136] found that Clostridium
histolyticum was strongly reduced after colonic fermentation of some anthocyanins, i.e.,
cyanidin and delphinidin derivatives.

Factors affecting anthocyanin bioavailability include food processing (↑steam-blanching,
↑juice processing—milling, mashing, pressing, pasteurisation, ↓fermentation, ↓microwave
cooking, ↓conservation, jam, squeeze), food matrix, hydrolysis by various enzymes in
the small intestine and metabolism, and intestinal bacterial enzymatic activity in the gut
microbiota [134].

Pigments can be used as antioxidants, anticancer agents, and antimicrobial agents [92].
Anthocyanins are known for their health-promoting properties, and these beneficial prop-
erties also include diabetes prevention [57]. The beneficial effects of an aqueous extract of
Clitoria ternatea were studied in vivo in a mouse model of obesity and metabolic syndrome.
The extract alleviated oxidative stress and inflammatory mediators. Moreover, the plasma
leptin, free fatty acids, low-density lipoprotein cholesterol, and hepatic malondialdehyde
levels were decreased. The extract significantly reduced total cholesterol and alleviated
insulin resistance. The results showed that the aqueous extract of C. ternatea petals contains
bioactive anthocyanins, which enforce significant hypolipidemic and anti-inflammatory
effects by promoting reverse cholesterol transport in mice [137].

Iridoid genipin shows antimicrobial, anti-inflammatory, and anticancer properties,
while geniposide (glycosylated form of genipin) has been described as a regulator of insulin
and exerts protective effects in asthma [138].
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The iridoid glucosides present in Vaccinium bracteatum Thunb. leaves [73] are responsi-
ble for the dark blue colour and most of the health-beneficial properties in the traditional
food, ‘Wu mi’. According to a millennia-old custom, VBT leaves are harvested in the spring
around Tombsweeping Day to make the cereal food ‘Wu mi’. The conventional process
involves using the fresh leaves to homogenise and extract juice to soak rice, which is dyed
dark blue after an soaking overnight. This process and product, ‘Wu mi’, was recorded in
Shizhen Li’s Compendium of Materia Medica as a functional food with qi-beneficial effects
to improve eyesight, revitalise the body, maintain agerasia, and prolong life. Currently,
there is a trend to use ‘Wu mi’ as a health food for diabetic patients because no drastic
symptoms of glycaemic response were observed in diabetic patients after consuming ‘Wu
mi’ compared to rice. Moreover, the antimicrobial activity of Vaccinium bracteatum Thunb.
Leaves, traditionally used for food preservation in China, was verified [139]. The aqueous
extracts can successfully inhibit the growth of Escherichia coli, Staphylococcus aureus, and
Bacillus subtilis.

In addition to their colourant properties, bacterial and fungal pigments exhibit nu-
merous biological activities such as antioxidant, antimicrobial, and anticancer effects [92].
Bioactive compounds of bacterial isolates such as pyocyanin (blue-green) serve as novel
compounds with antioxidative, antimicrobial, antiviral, antitumor, antiprotozoa, antioxi-
dant, anticancer, and immunomodulatory activities and also reduce allergy risks [108,130].
Pyocyanin has been used as a bio-control agent and possesses antibacterial and antifungal
actions [92,140]. This dye can inhibit the development of Escherichia coli [140], P. aeruginosa,
Staphylococcus aureus, S. saprophyticus, and Enterococcus faecalis [108] and has proven antimi-
crobial activity towards Citrobacter sp., which is common in urinary tract infections and
wounds [19].

Algae or cyanobacteria are famous for their bioactive ingredients and dietary compo-
nents [105]. Phycocyanin peptides show health-promoting properties, such as immunomod-
ulatory [141], anti-inflammatory, anti-cancer [142,143], antidiabetic [144], neuroprotec-
tive [145], hepatoprotective [146], and antioxidant [147] effects [105].

Marennine pigments are natural blue pigments that exhibit different biological
actions—e.g., antioxidant and free radical scavenging properties [101] and antimicrobial
and antiproliferative properties—with great potential for food applications [99]. Maren-
nine, the structure of which stays unsolved [148], displays an antiproliferative effect on
the growth of lung malignant cells in cell models [149], and exhibits antiviral [150] and
anticoagulant properties [151].

3.2. Negative Health Effects

All three synthetic blue pigments (E131, E132, and E133) are water-soluble and anionic,
and belong to the group of non-azoic dyes [152]. E131 and E133 are triphenylmethane dyes
while E132 is pyrrole-based.

Although these dyes are used in monitored doses evaluated to guarantee consumers’
safety, their purity specifications allow concentrations of impurities such as aromatic
non-sulphonated amines, with genotoxic and carcinogenic effects, and can be as high as
100 mg/kg of dye [5].

The synthetic dye brilliant blue (BB; E133) is a triphenylmethane dye, not an azo
dye, but can induce reproductive and neurological disorders, and can also cause allergic
reactions [153]. Allergic reactions were also reported after the use of the food dye patent
blue (E131) [154].

Unfortunately, most artificially coloured foods, such as sweets, confectionery, ice
cream, snacks, breakfast cereals, and cakes, are consumed daily by children [152]. Amounts
in the range of 0.3–33 mg in sweets, 9.4–41.3 mg in breakfast cereals, 1.9–6 mg in ice cream,
and 2.8–14.4 mg in snacks can be consumed daily by children [155]. It is even possible
for a child to consume, from a variety of sources, cumulative amounts of colourings well
above the recommended ADI levels, as each food may contain colourings at the maximum
allowable concentration [5]. There are no reports of side effects in children caused by the
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aforementioned blue colourants. A large survey called the ‘Southampton study’ found
behavioural disturbances, irritability, anxiety, and sleep disturbances after ingesting large
amounts of artificial colourants and included six of the most common colourants, the
so-called ‘Southampton six’, but none of the blue colours [156]. Allergic reactions may
occur, including reactions caused by immune (immediate and late hypersensitivity) and
non-immune (intolerance) mechanisms, which arise more rapidly in children. In addition,
the long-term intake of these colourants can have prolonged consequences owing to the
accumulation of these substances in the body [21,152]. The Acceptable Daily Intake (ADI)
factors for individual synthetic dyes are (EU/US) [mg/kg bw] E131—(5/-); E132—(5/2.5);
and E133—(6/12) [152].

Brilliant blue is reported to be marginally absorbable by the human gastrointestinal
tract and is found unchanged in human faeces [57,157]. However, both brilliant blue and
patent blue are absorbed via the oral mucosa, reaching the bloodstream. The studies by
Lucova et al. [158] on the blue hues E131 (patent blue V) and E133 (brilliant blue) showed
that both were able to pervade the bloodstream through the back of the tongue and, in
slightly damaged skin, can infiltrate epithelial cells and reach the circulatory system without
passing through the digestive system, making them more harmful as their opportunities
for decomposition become minimal. Therefore, the use of these colourants in lollipops,
chewing gum, sucking candies, and topical products should be strongly avoided [57].

There are reports of detrimental effects after chronic exposure to a high dose of brilliant
blue by decreasing haemoglobin, haematocrit, and red blood cell count [9,157], as well
as hepatocellular damage, kidney failure, and decreased sperm production as an effect
of patent blue [158–161]. In vitro experiments on the effects of brilliant blue on serum
and lymphocyte cell lines have shown that this dye has mutagenic and carcinogenic
capacities [160] and causes retinal thinning [162].

Research has been reported on the issue of patent blue colourant binding to human
serum albumin [157].

Brilliant blue represents the only approved food colouring that crosses the blood-brain
barrier [29]. In an in vitro test, blue no. 1 (brilliant blue) inhibited neurite growth and
worked in synergism with L-glutamic acid, which suggests the neurotoxicity potential. This
is especially worrying for foetuses and children younger than 6 months of age in whom the
blood-brain barrier is not fully developed [18]. blue no. 2 (indigo carmine) was found to be
incapable of crossing the blood-brain barrier [18].

On the other hand, very few toxicological studies have been reported for natural food
colourants, and only when they are adulterated by other synthetic food ingredients [57].

4. Quality Control—Food Safety Markers

The food industry uses blue dyes not only for consumption but also for food quality
control, taking advantage of the pH-dependent colour change properties of the compound.

Freshness indicators are a type of smart packaging that offers non-invasive and non-
destructive real-time monitoring of food quality and safety [163]. Based on research issued
by FAO, approximately one-third of the total food produced for human consumption
worldwide is wasted annually, costing an estimated USD 1 trillion. In industrialised
countries (i.e., North America and European countries), food losses occur mainly at the
distribution and consumption stages [164]. Freshness indicators have a promising role not
only in protecting consumers from food poisoning but also in minimising food waste and
increasing sustainability by offering more dynamic “use-by” dates [163,165].

As losses are particularly acute in the meat, fish, and poultry sectors—causing wastage
of more than half of the total production—the need for the specific monitoring of these high-
value products is highly desirable. The spoilage of these products is predominantly driven
by microorganisms, which produce various metabolites (i.e., CO2, H2S, TVB-Ns) [166].
When these compounds begin to accumulate in the headspace of the package, a change
in pH follows over time, which can be detected with a suitable pH-sensitive indicator.
Spoilage metabolites react with the pH-sensitive dyes trapped in a matrix, resulting in
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a visible colour change readily differentiated by consumers [167]. The synthetic dyes
phenol red (PR) and bromothymol blue (BTB) are used as real-time CO2-sensitive freshness
indicators in the three-layer system using cellulose-based binder, which was developed
to determine the freshness/spoilage of chicken breasts [168], as well as the freshness of
shrimp [169].

Of the approximately one-third of food produced worldwide that is lost or wasted, it
is estimated that fruits and vegetables account for between 40% and 50% of the total [170].
Blue dyes, like methylene blue, are also used as nano-fibre smart indicators for the direct
monitoring of fruit freshness [171].

To date, the development of freshness indicators based on synthetic or natural pH-
sensitive dyes has been reported [172–174]. While natural dyes are non-toxic, stability issues
hinder the application of natural dyes in smart labels for the food packaging industry, not
to mention that natural dyes are often applied with natural matrices (e.g., starch, chitosan)
that are not commercially used [175,176].

The recent literature describes commonly used natural dyes for more sustainable
smart packaging [66,177–179]. An excellent example of such pigments are water-soluble
anthocyanins that exhibit the ability to change colour with pH change and, in addition,
have strong antimicrobial and antioxidant properties, making them a suitable agent for
active packaging [180]. Colour changes are due to a modification of the chemical structure
of the phenolic substances in anthocyanins as a result of pH changes [181] and thus can
be effectively used in the development of pH-sensitive smart packaging to assess food
freshness and quality [182,183].

The freshness of food depends not only on the storage time but also on the temperature.
Fresh food spoils easily due to the increase in contaminants at a certain temperature.
Extreme temperatures and their fluctuations have a major impact on the shelf life of
refrigerated food products. Monitoring and controlling the storage temperature of food
products, such as fish, for example, is crucial as temperature largely determines the rate
of microbial activity. The result, i.e., the growth of harmful microorganisms, can be the
same in both cases, i.e., too high a temperature or too long a storage time. Temperature
fluctuations can be encountered at any point in the supply chain. Therefore, monitoring
and recording the temperature history of these products from production to loading,
unloading, temperature cycling in cold stores, storage exposures, and domestic transport
to consumption is very important. Solutions capable of assessing the temperature history
of foods are known as time-temperature indicators (TTIs), whose mechanism of action in
most microbial TTIs is through irreversible colour change. The dye produced by Pantoea
agglomerans may have a potentially interesting application as a food temperature indicator.
The normally yellow cells of P. agglomerans secrete a water-soluble dark blue dye into the
environment of the agar medium at temperatures above 10 ◦C. Furthermore, this dye turns
pink under acidic conditions [184].

Determining the freshness of food also relies on O2 and CO2 measurements [185], as
CO2 inhibits the growth of bacteria and fungi, while it can also lower the pH in the food
environment. The antimicrobial effect of CO2 is due to its ability to create an anaerobic
environment, which prevents enzymatic decarboxylation. The accumulation of CO2 can
also interfere with the membrane permeability of some microorganisms. Several microbial
metabolites can affect the food pH, so controlling the amount of CO2 and monitoring pH
changes can be an effective method of identifying food spoilage and is crucial for extending
the shelf life of food products. Modified atmosphere packaging (MAP) for non-reactive
foods typically consists of a low O2 concentration (0–2%) and a high CO2 concentration
(20–80%).

Furthermore, moisture content is an essential indicator to be observed when testing
food quality, as increased moisture content provides a favourable growth environment
for microorganisms and fungi, thus becoming a safety issue for product consumption. In
addition to microbial growth and the associated changes in CO2 content and pH level,
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moisture also results in a shorter shelf life due to the decomposition of the dry product,
causing it to soften and become damp [185].

Natural colourants have been successfully used for the intelligent packaging of meat
products [57] such as beef, pork, and poultry (red radish extract [186], purple sweet
potatoes [182] and grape skin for chilled pork [187], blueberry [188] and red cabbage [189]
for sausage [190], roselle (Hibiscus sabdariffa) for pork [183]), seafood and fish products
such as shrimp and fish fillets (red cabbage for fish [191], red cabbage for prawns [192],
butterfly pea flower (Clitoria ternatea) [193] and black rice bran for seafood [194]), and milk
and dairy products (red cabbage for cheese [195], purple sweet potato for milk [13], grape
for milk [196], red cabbage [197] and anthocyanins for milk [198]).

5. Ecological Aspects

The agri-food industry has become a world-leading sector, producing large quantities
of highly coloured effluents [199].

Most of the colourants are water-soluble, making their isolation and treatment much
more difficult and sometimes impossible by traditional coagulation, filtration, or adsorption
methods, and they have been undegradable, persistent, and prevalent in the environment
for many years [57]. Therefore, the treatment and reuse of industrial water is an important
and urgent necessity. Drhimer and co-workers presented a method for removing brilliant
blue by photocatalytic degradation with the presence of TiO2 as a catalyst and its further
recycling. The results showed 98% degradation of brilliant blue at the laboratory scale and
93.3% and 75% at the pilot-scale using recirculation reactors with flow rates of 800 and
200 L·h−1, respectively [199].

In view of the harmfulness of brilliant blue to natural habitats, methods are being
developed to remove it from the environment. Yousefi et al. investigated the oxidative
degradation of brilliant blue FCF in the presence of zero-valent iron as a catalyst, and the
degradation took place over 30 min [153] When using green synthesised silver nanoparticles
(AgNPs) as a nanocatalyst for BB reductive degradation, the reaction was twice as fast [200].

On the other hand, natural colourants are biodegradable and non-toxic [57]. Natu-
ral dyes are eco-friendly and do not release harmful by-products into the environment.
Furthermore, natural pigments are a renewable resource, and, in addition, waste and by-
products can also be used as a source. Sometimes, however, the production of colourants
like anthocyanins takes place using a method for utilising fruit agro-waste after juice pro-
duction [177], such as blackberry residues [54,201], blueberry pomace [188], or a mixture of
their extracts [180], which are substantial sources of natural colourants due to their high
anthocyanin content. This has understandable ecological implications. Also, processed
garlic and its blue-green discolourations, which are derivatives of pyrrole compounds, may
be the source of pigments [58,202]. The reasoning behind these pigments is strictly related
to a decrease in the content of the compound thiosulfinate, which also results in a reduction
in the aroma of allium. Eight compounds were also identified as blue or green and are
usually tri- or tetrapyrroles [202]. Microbial pigments can also be produced quickly and
easily in a culture medium, which can even be waste [130].

Using waste to produce pigments and thus contributing to a reduction in waste is
very important. However, scientists are trying to go one step further and use natural blue
dyes to directly reduce waste. The possibility of using the microalgae Spirulina sp., which
produce a natural blue dye, to degrade plastics such as PET (polyethylene terephthalate)
and PP (polypropylene) in freshwater environments is being explored [203].

From an ecological point of view, even for natural pigments, the method of extraction is
also very important. The spontaneous release of marennin by microorganisms of microalgae
makes this natural pigment of great interest for industrial applications, since usually
long extraction procedures using environmentally harmful organic solvents and various
separation techniques are required to isolate the pigments from plants or flowers and result
in the generation of organic waste from unused plant parts [99].
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Natural pigments are produced from microalgae grown in bodies of water, such as
open ponds, raceways, and natural lakes, especially in tropical and subtropical regions,
and unfortunately require vast areas of land for production. A favourable solution can
be combination with biofuel production [204]. Of course, sustainable practises and con-
ditions, such as locations outside priority areas for biodiversity and carbon storage (e.g.,
tropical rainforests) prevent deforestation and promote sustainable biofuel production
practises [205]. These technological improvements include the development of biorefinery
systems, in which high-value co-products such as pigments and proteins [206] are extracted
along with biofuels [207,208], and the recycling of water and nutrients from cultivation
(e.g., through anaerobic digestion) [209].

Particular attention should be paid to the fact that the overexploitation of algae from
their natural sites can lead to their total exploitation, as well as to possible environmental
degradation and ecological disasters, as sand from the seabed is maintained by the algae
and, when they are not present, the sand is washed away.

In addition to colourants, microbial pigments are used as bioindicators, e.g., for the detec-
tion of heavy metals. For example, Vogesella indigofera produces a blue pigment (indigoidine)
under normal environmental growth conditions; however, after exposure to heavy metals
such as harmful hexavalent chromium, no pigment production is observed [92,210].

Pigments are used to produce solar cells sensitised with natural dye. Natural pig-
ments, such as anthocyanins, also have found very interesting applications as natural
dye-sensitised solar cells (NDSSCs) [211,212]. They are based on a thick nanoporous layer
of a semiconductor, titanium dioxide (TiO2), deposited by screen printing on a photoan-
ode [213]. The TiO2 layer provides a large surface area available for the adsorption of the
dye, which must have properties such as the ability to adsorb onto the semiconductor
surface and absorb photons. The sensitiser absorbs incident photons and is excited from
the ground state to the excited state. Among the existing types of photosensitisers for this
type of solar cell, organic dyes show an advantage due to low cost, easy manipulation,
and environmentally friendly properties over ruthenium [214,215] and platinum com-
plexes [216], which show high toxicity and are rare in nature, revealing difficult, expensive,
and environmentally unfriendly production.

6. Economical Aspects

Due to their environmentally friendly nature and less cumbersome production tech-
niques, naturally produced dyes have become an effective substitute for toxic synthetic
dyes [57].

For both natural and synthetic dyes, the total cost must be considered, from the
beginning of the production chain—acquisition or breeding, extraction, purification, trans-
portation, and storage—to its use, the effects on the human body, and disposal/degradation
in the environment. Also important are stability in light, acidic-alkaline conditions, and
oxidative agents and colour intensity.

However, since the colour blue is rare in nature, only a few blue pigments are currently
available. Currently, only phycocyanin, anthocyanin, metal chelates, and pigments derived
from genipin are used industrially to produce blue hues [6]. For example, phycocyanin
produced by the cyanobacterium Arthrospira (Spirulina) platensis reached a global market
size of $348 million in 2018, and the market is estimated to reach $779 million by 2026 [129].

Natural dyes rarely match the intensity of artificial dyes. Most natural and synthetic
colour additives have εmax values of 105 or 106 [217]. Colourants with lower εmax values
must be used in higher concentrations to achieve the desired appearance, thus increasing
costs and the risk of off-flavour [10]. The blue colourants with the highest ε values are blue
no. 1 (brilliant blue) = 134,000, blue no. 2 (indigo carmine) = 7920, phycocyanin = 17,100,
and trichotomine = 70,000 [10].

Colourants must also be stable enough to avoid significant degradation during the
distribution and sales of both the ingredient and the food or beverage, which may include
storage from days to years under refrigerated or ambient conditions. The most typical
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causes of instability include heat, light, oxygen, acid, and exposure to oxidants such as
ascorbic acid or trace metals [10]. In the case of the natural colourant spirulina, the colour
of the pigment is not affected by pH or light, but it is sensitive to heat [57]. This means
that phycocyanin is not stable enough for most food and beverage applications [10]. But
there are applications in which this natural dye with a bright blue colour is essential:
fermented milk products, ice creams, soft drinks, milkshakes, desserts, and sweet cake
decorations [57].

The extraction of natural dye from finished materials is time-consuming and labour-
intensive. This can be demonstrated in detail by the example of spirulina extraction.
The extraction process involves breaking down the cell wall, extracting the water-soluble
protein-pigment complex, and then concentrating, and if necessary, purifying it [6]. Pig-
ment losses of approximately 50% have been reported at elevated temperatures (>50 ◦C),
regardless of the drying method (e.g., spray, oven, sun drying). Maceration at tempera-
tures below 30 ◦C and air circulation through the suspension increase the extraction yield
and prevent unpleasant odours [218]. Optimal pigment recovery has been achieved by
repeated freeze-thaw cycles using fresh wet materials [219]. The residual cells are removed
by filtration or centrifugation. Its use as a food colouring requires further concentration
of the crude extract by vacuum distillation at moderate temperatures. Nevertheless, ad-
ditional sterile filtration is recommended for food safety reasons. The addition of sugar
improves the stability of the pigment during the heating process [218]. To increase the
purity from ∼0.8 in the crude extract to more than 4, ammonium sulphate precipitation,
ultrafiltration, charcoal adsorption with or without the addition of chitosan, and different
chromatographic purification steps have been used [220]. However, these methods are
time- and cost-intensive, as they involve a large number of processing steps. An option
for purification on a larger scale can be aqueous two-phase extraction with the use of a
polyethylene glycol/potassium phosphate mixture [221,222].

Spirulina is mainly produced by Arthrospira platensis (commonly named Spirulina
platensis), the photoautotropic cyanobacteria cultured in open ponds and natural lakes,
especially in tropical and subtropical regions. Despite the generally high phycocyanin
content (60–70 mg/g), productivity is restricted because the biomass is strongly depen-
dent on optimal light conditions [6,220]. In addition, there is a risk of foreign organism
contamination, which presents problems in achieving the hygiene standards demanded for
food applications.

Eriksen [220] recommended another organism, a unicellular rhodophyte, Galdieria
sulphuraria, evaluated earlier as a potential human food source, as an appropriate alternative
to spirulina production. Despite the pigment content being relatively low (10–25 mg/g),
heterotrophic cultivation in the dark enables large-scale axenic production, resulting in a
high biomass and thus a much higher phycocyanin yield. However, pigment extraction is
hampered by the difficulty in breaking down cellulose-rich cell walls, with the consequence
that G. sulphuraria has not yet been used for commercial spirulina production.

The economically favourable solution seems to be the production of spirulina as a high-
value byproduct in the production of biofuel from microalgae [206–208]. Also beneficial is
the recycling of water and nutrients from crops (e.g., through anaerobic digestion) [209],
the development of more efficient harvesting techniques [223], and co-location with free
sources of nutrients or CO2 from industry [224].

In order to increase the yield and production of natural colourants, a suitable extraction
procedure must be chosen. Different extraction techniques to extract natural pigments were
described in detail in [54], and include traditional processes that are simple, economical,
and straightforward to use, like Soxhlet extraction, maceration, and hydrodistillation. In
addition, non-traditional extraction methods, often known as green extraction techniques,
have recently emerged as a viable alternative to conventional extraction as they are less
solvent- and time-consuming. Other new technologies, such as ultra-high pressure, vac-
uum cavitation, high-voltage electrical discharge, ohmic heating, pulsed electric fields,
mechanical-chemical methods, and high-pressure homogenisation, have proven to be
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very effective methods for the extraction of plant pigments. The most common extraction
methods for the recovery of anthocyanins from natural sources include solid-liquid extrac-
tion, supercritical fluid extraction, ultrasound-assisted extraction, and microwave-assisted
extraction [57,225].

The criterion choice of suitable pigment extraction method is not only the yield and
price but also the critical external factor affecting pigment stability and potential applica-
tion [226]. Newer methods, such as ultrasound-assisted extraction, which uses cavitation
effects and shear forces, significantly reduces extraction time but requires strict control to
prevent the violation of anthocyanin structural integrity [227]. Microwave-assisted extrac-
tion, which is known for its efficiency, uses natural ionic conduction and dipole relaxation
to accelerate solvent temperature, reduce viscosity, and facilitate anthocyanin diffusion
also reduces extraction time. Strict control of parameters is necessary to prevent structural
damage. Supercritical carbon dioxide extraction, which is a state-of-the-art technology with
properties between gas and liquid, offers advantages such as high efficiency, environmen-
tally friendly processing, safety, and minimal contamination. This method is particularly
suited to heat-sensitive substances such as anthocyanins, but the cost of equipment and
technological investment limit large-scale industrial applications [228].

The latest combined methods, such as ultrasound-assisted enzymatic extraction and
ultrasound-assisted deep eutectic solvent extraction, seamlessly integrate enzymatic and
deep eutectic solvent processes. Enzymatic methods using cellulase and pectinase increase
anthocyanin yields, while ultrasonic processing further improves extraction efficiency [229].

Moreover, some pigment stabilisation methods are used. Increasing the stability of
anthocyanins can be achieved either by modifying the structure of the molecule (intrinsic
factors) through copigmentation, acylation, and biosynthesis or by controlling environmen-
tal factors (extrinsic factors) [230]. Encapsulation is an advanced technology that embeds
bioactive substances in solid particles or liquid vesicles. In this way, it provides precise con-
trol over the release of these bioactive substances while providing benefits such as masking
unwanted odours, improving stability, and maintaining bioactivity. Anthocyanins, which
are light- and heat-sensitive, benefit greatly from encapsulation techniques to maintain
their stability and extend their shelf life [231]. Various methods of encapsulation have been
employed, including spray drying, freeze-drying, ionic gelation, liposome entrapment,
nanoencapsulation, yeast encapsulation, phase separation, emulsification, complexation,
molecular inclusion, and supercritical antisolvent precipitation [54].

Microcapsules, liposomes, and nanoparticles are commonly used for anthocyanin
encapsulation [232]. Often composite materials, such as mixtures of carbohydrates with
proteins and polysaccharides, are used to obtain the expected encapsulation properties.
Typical materials for anthocyanins include carbohydrates, proteins, and water-soluble plant
gums, as well as hydrocolloids, each of which offers unique advantages such as solubility
and stability [135,233].

It also seems to be economically and commercially advantageous to produce pigments
from microorganisms, e.g., carotenoids and Monascus pigments, because microbial growth
conditions can be easily controlled [57]. Natural microbial pigments play a significant role
as food colourings due to their low-cost production, easier extraction, high yield, and lack
of raw material shortages and seasonal variations [92,234].

Marennine, produced by the diatom Haslea ostrearia, appears to be a good candidate for a
new colourant for food and beverage products, especially with very good stability of the blue
colour (λmax = 620 nm) in acidic conditions (pH 1–6) [129] and at pH 8 (λmax = 677 nm) [99],
and with stability in the presence of common food antioxidants and preservatives such
as ascorbic acid and sodium sulfite [99]. Indeed, most blue natural colourants lose their
blue shades in an acidic medium: anthocyanins turn purple-pink at low pH, natural blue
anthraquinone, except for anthracyclinone-blue B and kyanomycin, and quinoid dyes
become red or orange, and phycocyanin from spirulina is unstable [10]. The shade of
purified marennine blue is unaffected by low pH, and remains unaltered even after acidic
hydrolysis in harsh conditions (100 ◦C, 16 h) [129].
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Another natural pigment, jagua blue (from the fruit of Genipa americana L.) may be a
potential new source of blue pigment. In the pH range of 3.6–5.0, the shade of jagua blue
solutions was similar to that of blue no. 2 (indigo carmine) but jagua blue showed significantly
higher stability during storage (t1/2 = 86–105 days) than blue no. 2 (t1/2 ≤ 9 days) and was
less susceptible to acidic pH 3.6 (t1/2 = 86 days) than spirulina (t1/2 = 70 days) [235].

The cost of sourcing natural colours becomes the basis for adulteration—so-called eco-
nomically motivated adulteration, fraud, or unfair competition [236]. Adulteration of food
with illegal colours has been reported as a public safety concern [237], and there have been
cases of the adulteration of many different types of food products in recent years [238]. Nat-
ural and artificial colouring agents can be visually identical, so any detection method would
need to be able to provide information about the chemical composition of the colourants
that are present. Hence, the need for food control to confirm the use of the correct/declared
colours by analytical methods. Existing methods for the detection of artificial colourants
include chemical determination by chromatographic methods such as HPLC [239], mass
spectrometry [240], and capillary electrophoresis [241]. These methods typically require
labour-intensive sample preparation techniques and specialised equipment and training.
An alternative method is surface-enhanced Raman spectroscopy (SERS) [236].

The development of cost-effective and viable technologies for the preparation of
natural food colourings and their use in food is currently a great challenge and a major
need. Their incorporation into food products is very difficult because they are chemically
unstable and show poor bioavailability. During food fortification, efficient technologies
are needed to prevent the degradation of pigments and reserve their bioaccessibility in
the human gastrointestinal system. There are good perspectives for the inclusion of plant
pigments in the food industry. Encapsulation (micro- and nano-) is an excellent process to
enhance its bioaccessibility, digestibility, and controlled and targeted release [45,54,57].

Stability can also be achieved by immobilising pigments in solids, such as zeolite
matrices [45,242]. Stability studies of ‘Maya Blue’ (a mixture of indigo and palygorskite
clay) have been conducted in the context of the development of hybrid pigments adsorbed
in nanoporous solids such as mesoporous silica, zeolites, layered double hydroxides, and
smectite, which allowed a degree of control over the photochemical and photophysical
properties of the pigments, depending on the guest-host interaction, with the key param-
eters being the matching of pore size to the dimensions of the guest molecule [242,243].
This approach is not always ideal for food applications but is suitable for environmentally
friendly applications.

One of the leading candidates for a replacement for brilliant blue is trichotomine (a
natural colourant) from Kusagi berries from the Asian shrub Clerodendron trichotomum [10].

7. Socio-Cultural Aspects
7.1. Food Colour

Colour represents a crucial role in the acceptability of foods to enhance their actual
appearance and quality [54]. The colour of food not only provides information about its
edibility but also its palatability [1]. The evaluation of the hedonic reward from food is
highly susceptible to suggestion [244].

The red colour of food is very common in nature and is typical of ripe fruits and
fresh meat. In contrast, there are not many naturally occurring blue-coloured foods, and
sometimes “blue” even means inedible (such as mould) (Figure 7) [244]. Therefore, it is
not surprising that the colour red is considered appetising, while blue acts as an appetite
suppressant [1,245,246]. In the past, the colour blue in food meant: watch out, don’t touch,
don’t move, don’t eat. The blue colour of food meant that the food was spoilt, harmful, and
dangerous, and this was associated with the presence of mould. The repellent effect of the
blue colour is still used today and has remained, for example, in the colouring of granulated
molluscicide agents (i.e., metaldehyde, Snacol 5 GB, BROS) to make the colouring repellent
to other animals.
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Figure 7. Blue mould on food (photo: A. Szmagara).

Food colour promotes psychological effects. The uncommon blue colour brings the
sensation of artificial food and is not satiable. Studies by Suzuki et al. [247] proved this effect.
The authors observed tasters’ behaviour when eating identical soups with different colours:
yellow, white, and blue. They aimed to verify whether the colour could affect the feeling
of satiety. After ingestion, blue soups showed significantly lower satiety rates than white
and yellow soups. The authors concluded that food colour might be associated with the
expected flavour and produce different effects depending on their experiences. Since blue
foods are rare, the visual signs of the blue colour may have caused cognitive unfamiliarity
due to the difficulty of associating colours with some type of sensory experience [5].

Paakki and co-workers [32] investigated the consumer preference by comparing “tradi-
tional” yellow potatoes and blue potatoes to verify the feeling that blue food evokes. Only
28% of consumers selected blue potatoes due to their desire to try new and unusual things.
Tasters who preferred blue potatoes tended to be more neophilic, responding positively to
the consumption and application of atypical colours in food, variety, and trend-seeking,
and younger than those choosing yellow potatoes [5,32].

Sometimes food products are given distinctive colours to help attract consumer atten-
tion [248]. This is likely to have been the case with the striking blue ‘Bolt from the blue’
drink introduced by Innocent Smoothies [29].

Moreover, the same colour of a drink can have a completely different meaning when
shown in a plastic bathroom cup as opposed to a cocktail glass. In the former case, a
blue-coloured drink can be interpreted as being associated with mouthwash and therefore
associated with the taste of mint, whereas when the same colour is seen in a cocktail glass,
it can be interpreted as signifying the orange flavour of blue curaçao [1].

Blue dyes are often added to candy, so the candy colour combinations most appealing
to children were examined, as well as children and adolescents’ acceptance of single candy
colours and two-colour combinations [5,249], and in all combinations blue played an
essential role in attracting them.

Galetović and co-workers [250] added phytobiliproteins from cyanobacteria to milk
beverages, achieving satisfactory sensory acceptability, which increased after information
that the blue-coloured dairy beverage had antioxidant properties. Natural blue-coloured
products may attract consumers because of their unusual, differentiated colour, evoking a
feeling of “novelty” and providing enticement to eat [251]. The association of “artificial” or
“less filling” is also expected to be reduced for blue foods [6,32].

7.2. Background—Packing, Dishware, and Light

Cognitive thoughts about colours are stored in memory along with associated mental
concepts or experiences, which may result from everyday knowledge of similar products
and colours or learnt stereotypes and symbolic meanings of colours [252]. A cool colour,
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such as blue, evokes sedative emotions [253] and is the colour of peace and hope [254].
In contrast, blue should also not be forgotten in relation to defining sadness, loneliness,
and depression.

Very interesting aspects concerning the impact of the colour blue are described, which
do not relate to the food itself but to its surroundings. These concerned the colour of the
packaging, the colour of the dishware, and also the lighting.

Few natural foods have blue colouring, but this shade is very commonly found
on packaging [255]. Some research explores the relationship between packaging colour
and product attributes [256]. For instance, warm-coloured packaging might be closely
associated with the tastiness or sweetness of food, while cool colours might relate to the
freshness or health attributes of the product [257]. Huang and Lu [252] researched consumer
preferences and observed that products in blue packaging were associated with higher
healthy perceptions and were more likely to be purchased than products in red packaging.
Similarly, a study by Hallez and colleagues [258] examined how packaging design in
warm or cool colours and the presence or absence of nutrition and environmental claims
influenced consumer evaluations. They showed that green and blue packaging designs,
representing cool colours, led to higher health and sustainability perceptions [258,259].

Pereira [260], when investigating the symbolic function of blue on food packaging,
found that this colour is the second most recurrent. It is a typical colour for food products
that incorporate the idea of diet in their design, reflecting a context in which the blue colour
represents the concepts of health and beauty promoted by today’s society as part of a wider
process of promoting values and symbols. Its most common role was to indicate specific
nutritional qualities associated with the concept of healthy eating, symbolising the ideas
of moderation, restraint, and rationality. The blue colour’s role was to indicate character-
istics related to healthy eating, reduction in ingredients (“light”, “zero”, “decaffeinated”
and “skimmed”, but mainly associated with a reduced fat content), or even to highlight
premium products from the others. The study shows that meaning-making is based on the
relationship of opposition between the colour blue and the warm colours characteristic
of the food world. Blue was also the second most dominant colour in dairy packaging
since this colour conveys calmness, reliability, and hygiene [261], as well as freshness and
coldness [262,263]. Therefore, the blue colour should be used when the intention is to
convey the idea to the consumer that it is a high value-added product because of rigorous
quality control correlated with a healthy-looking product, or because it is a food that stands
out from others of the same class.

The impact of the background is also the impact of the dishware. Even the blue colour of
the vessel can discourage consumption [7]. More precisely, according to Crumpacker [264],
‘the term blue plate special became popular during the Great Depression because restaurant
owners found that diners were satisfied with smaller portions of food if it was served on
blue plates’.

Some studies have determined the effect of the colour of light (effect of light) on the
desire to eat the products underneath. Cho and colleagues [265] reported that blue lighting
significantly reduced food intake for breakfast in studied Swedish men but not in women
when compared to yellow and white lighting. The overall intensity of the taste and the
overall impression of the food did not differ significantly between the three lighting colours.
This study provides empirical evidence that lighting colour can modulate meal size. In
particular, blue lighting can reduce the amount of food consumed in men without reducing
food acceptability [244,265]. Several other studies have also reported that blue lighting
impairs people’s perception (or the eye appeal) of various fruits and vegetables [266,267].

7.3. Thermal Perception and Feeling Thirsty

The colour of food is known to modulate not only consumers’ motivation to eat but
also to influence the thermal perception of food. Suzuki and co-workers [247], conducting
a study on a female group, found that the blue colour of soup significantly decreased
willingness to eat, ratings of palatability and comfort, but also the heat judgement of the
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meal, and significantly increased anxiety feelings compared to the white and yellow soups.
This study provides new evidence that the colours of hot food can modulate postprandial
satiety, thermal sensations, and peripheral temperature. Such an effect of colour may be
useful for dietary strategies for people who need to control their appetite.

It is also known that the colour of the dish influences the perception of the temperature
of the food being served [247]. With regard to foods consumed hot or warm, serving them in
a blue dish will discourage eating, which can be used to control appetite. In the case of cold
drinks, the blue colour of the dish further influences the consumer’s feelings, intensifying
the sensation of cold. A cold beverage item was evaluated as more “thirst-quenching”
when served in a blue glass than in a green, yellow, or red glass” [268], and a hot beverage
was perceived as the warmest when served in a red cup, followed by yellow, green, and
blue cups [263]. Thus, the colour (warm or cold) of a beverage and its container has been
shown to affect the perception of the temperature of the beverage [247].

In relation to taste, the colour blue is known to be associated with the perception
of a salty taste. In general, sweet is widely linked with reddish/pink colours, sour with
yellow/green, salty with white/blue, and bitter with black [1,269].

There is also an additional troublesome aspect related to the natural origin of dyes,
specifically, the dye can have an unpleasant taste or odour that will be an obstacle to its
use in food. Such a situation is reported in the case of spirulina, which is obtained from
algae. That said, blue spirulina (going under the brand name Blue Majik), one of the blue
dyes that is currently the most popular, can taint the food to which it is added with an
unpleasant fishy taste [270]. Attempts have even been made to adapt production methods
to remove the unpleasant fishy smell/taste through the use of basil leaf extract [271].

8. Politics and Governance—Regulations

Before the 19th century, food was mostly prepared at home. Only occasionally and by
wealthy people were dyes extracted from animals, vegetables, or minerals used as food
decoration [272,273]. After the Industrial Revolution, food was increasingly processed at a
large scale, and new technologies, including preservation, altered the natural appearance of
foods [3]. Therefore, inexpensive and stable synthetic and mineral dyes with high colouring
power and light shades were excessively used for a wide range of food products. Some
of these dyes, such as indigo, had toxic properties. To restrain their overuse in the United
States (US), a list of approved food colourants was published in 1906 (US Food and Drug
Act) [272]. Among the blue dyes on this list was indigotine. In 1929, a further blue dye,
brilliant blue, was added to the list.

In 1960, the Colour Additives Amendment included the Delaney clause banning
additives that cause cancer in humans or animals [274]. In the UK, several colours were for-
bidden in 1923, and a legally binding list of permitted colours was established in 1957 [272].
The Joint Expert Committee on Food Additives (JECFA), co-managed by the FAO and
WHO, was established as early as 1956 and has since comprehensively reviewed 1500 sub-
stances, including food colourants, setting standards for safety assessment worldwide. The
WHO’s International Programme on Chemical Safety (IPCS) also assesses the health effects
of chemicals in food.

Currently, colourings are probably the most strictly regulated food additives world-
wide [273]. In most countries, the use of food additives is regulated by strict rules. However,
despite global cooperation and harmonisation efforts, regulations vary from country to
country. Legislation determines which substances can be used, their source, purity, in
which foods, and the concentrations that can be added. However, legislation is based on
the traditional local use of the additive. Worldwide, the two main authorities regulating
food additives are the European Food Safety Authority (EFSA) in the European Union
(EU) and the US Food and Drug Administration (FDA) in the United States [275]. Since
1956, the Joint Expert Committee on Food Additives (JECFA), which acts as an interna-
tional scientific committee of experts responsible for assessing the risks associated with
the consumption of additives, has made recommendations to the Food and Agriculture
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Organisation (FAO), the World Health Organisation (WHO), and 51 member countries of
both organisations [276]. The food category system comprises 16 main categories, for a
total of 266 categories, including subcategories [277]. The JECFA assigns all additives an
acceptable value in the relevant category.

The introduction of new natural colours is often significant for local people in their
place of origin. For example, the list of colours awaiting adoption at stage 5/8 currently in-
cludes the natural blue dye of plant origin, jagua (genipin-glycine) blue (INS 183) [278], and
the record is annotated with the comment that Colombia has expressed their appreciation
for the conclusions regarding the use of jagua (genipin-glycine) blue (INS 183), highlighting
the significant benefits of its inclusion in the GSFA for indigenous communities in their
country and the Latin American region, while recognising jagua (genipin-glycine) blue
(INS 183) as a valuable resource and stressing that its inclusion in the GSFA will open up
new commercial opportunities and drive biodiversity conservation and the adoption of
sustainable agricultural practises.

As trade becomes increasingly global, sourcing from different continents, regional
and national regulations can become trade barriers that increase transaction costs, or more
specifically compliance costs, leading to negative economic impacts. In addition to the
economic aspects, technical barriers can impede the global use of all available food through
free trade to reduce hunger and poverty [279].

In both the EU and the US, only approved dyes can be used in food. However, the regu-
lations for food dyes in the EU and the US are different and embedded in two very different
legal frameworks. As a result, the definition of food colourant, approval requirements,
approved colourants and their specifications, restrictions on their use, and responsibilities
for rulemaking and compliance monitoring are different. The main regulations governing
the use of colours in food in the EU and the US are listed in Table 5.

Table 5. Adequate Daily Intake (ADI) values of synthetic dyes.

Colourant
ADI (mg/kg)

EU a US b JECFA c

Patent Blue V 5 banned No ADI allocated
Indigotine/FD&C Blue no. 2 5 2.5 0–5

Brilliant blue FCF/FD&C Blue no. 1 6 12 0–6

where: a Food additive re-evaluations [159,280,281]. b [USFDA] US Food and Drug Administration (2011) [273].
c Evaluations of the Joint FAO/WHO Expert Committee on Food Additives [282].

Food exporters and importers are perplexed since the same food colour may be
allowed in one country but banned in another [283]. Patent blue V in the USA, Australia,
and New Zealand is banned, but in the EU it is used as E131 in food. Indigo carmine is
used in the EU (E132) and US (FD&C No. 2) but is already banned in Japan, Australia,
and Norway. Brilliant blue is currently still permitted in the EU (E133) and US (FD&C
No. 1) with different ADI values (Table 5). However, at the national level, some European
countries (Austria, Belgium, France, Norway, Sweden, Switzerland, and Germany) have
already banned its use [284,285]. For ease of identification, each pigment is given a colour
index name (C.I.) and a colour index number (C.I. No.) (Table 6). The colour index
number conveys some information about the chemical composition of the pigment, as
some pigment classes have specific number ranges [286]. In 1989, the CCFA created the
International Numbering System (INS) to provide an international numeric system for
identifying additives in the list of food ingredients. It is also an alternative to using a
specific name, often long and complicated [9,275].
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Table 6. Artificial and natural dyes authorised in various countries (modified, according to [9,217]).

Colourant INS E Colour
Index

Colour
Index

Number
CAS Number

in Japan US EU Australia/New
Zealand Japan Brazil China India

Indanthrone
blue 130 E130 Vat Blue 4 69,800 81-77-6 n/a × × × × × × ×

Patent blue V 131 E131 Acid Blue 3
Food Blue 5 42,051 3536-49-0 n/a ×

√
× ×

√
× ×

Indigo carmine 132 E132 Food Blue 1
Acid Blue 74 73,015 860-22-0 221

√ √ √ √ √ √ √

Brilliant blue 133 E133 Food Blue 2
Acid Blue 9 42,090 3844-45-9 220

√ √ √ √ √ √ √

Notes: INS—International Number System, E—encoding used in the EU,
√

—dye allowed, ×—prohibited food
dye, n/a –data not available.

Phycocyanin, a pigment found in spirulina species discussed earlier in this review,
is the most stable natural dye for the blue shade. However, it is not permitted as a raw
material for dye production in the US and EU. Spirulina sp. is classified by the FDA
as a cyanobacterium and is considered a food rather than a source of dye; therefore, it
does not comply with the regulations of 21CFR 73.260 [3]. Due to conflictual restrictions
imposed on some natural dyes in different countries, the approval and commercialisation
of safe and new dyes is usually delayed. Therefore, the joint regulatory authority can issue
international standard codes for natural colourants to ensure consumer safety and health.

The principal markets of food-grade biocolourants are in the US, EU, Japan, and
the emerging markets are in China, India, and South Korea. Developing countries such
as India and China can play an important role in supplying natural colours either in
processed forms or as raw materials to the EU markets due to their favourable climatic
and production conditions coupled with the growth in their middle-income families. More
research supporting the safety of food products could influence regulation in the US, Asia,
and the EU [57].

9. Perspectives

The search for sustainable and harmless colourings for food and beverages continues.
Currently, one of the biggest challenges in the colourant industry is obtaining natural blue
colourants. Because, in line with consumers’ preferences, interest in blue food products
is not waning, food and beverage manufacturers continue to look for natural blue colour
as an alternative to synthetic dyes. Both for food intended for direct consumption and
for monitoring the freshness of products. Some blue dyes have been discovered whose
structure has not yet been determined [10] and properties are not known in detail, so their
use in food is not yet possible.

Unfortunately, the use of NPs is limited by their intrinsic molecular instability, as well
as their higher cost compared to synthetic pigments and the need for higher concentrations
to achieve equivalent colour intensity [45,287]. However, as mentioned earlier, they are
associated with serious stability and pH limitation issues. For example, acidic foods that use
temperatures above 60 ◦C during processing cannot use anthocyanins as a blue pigment [5].
The stability of the natural pigments determines the use, even for different products in a
related food group, as in a study of the fortification of yoghurt and fermented milk with
the natural blue pigments, during which better results were obtained in the case of yoghurt
for butterfly pea extract, while in the case of fermented milk for spirulina [288].

A prospect may be the production of blue pigments using genetic modification. For
example, genetically modified blue silkworms capable of producing high levels of natural
blue pigment (indigoidin) in the posterior silk gland have been successfully obtained [289],
as have blue flowers obtained through genetic modification rather than artificial dyeing.
Many ornamental plants grown for high-volume cut flowers, such as rose and chrysanthe-
mum, lily, carnation, and gerbera, lack key genes for the production of the blue pigment
delphinidin or do not have an intracellular environment suitable for blue colour [290]. Blue
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flowers, such as rose and chrysanthemum, were developed using genetic engineering at
the end of the 20th century [11,291]. After studying the flavonoid profiles of hundreds of
rose cultivars, suitable hosts were selected for high delphinidin accumulation to produce a
blue flower colour. Overexpression of the viola F3′5′H gene resulted in the accumulation of
delphinidin to 95% of all anthocyanidins and resulted in a new blue colour [11,292]. Also,
dahlia, phalaenopsis, lily, and chrysanthemum are examples of these genetically modified
blue flowers [290].

Consumer awareness of the multifaceted benefits of food colourants will encourage the
commercialisation of safe and novel food colourants. Many consumers are unaware that in
2008, Nestle replaced the blue colour in candy with a colour derived from spirulina [57,293].

The socio-cultural aspects presented are of great importance in working towards an
increasingly healthy society (obesity-related metabolic diseases), dwindling food resources,
and therefore the need to eat smaller portions of food. It is worth building on previous
findings about the effect of blue surroundings and dishes on reducing appetite.

Similarly, the blue colour of the vessels influencing the satisfaction of the sensation of
thirst can have both positive and negative implications when we seemingly feel less thirsty,
but in fact the correct level of hydration is not provided to the organism.

The health-promoting properties of plants such as Clitoria have great potential, and
interest in colour can be used to encourage regular consumption of infusions with health-
promoting properties.

Furthermore, in addition to looking for new sources, better methods of obtaining
natural dyes from already known sources still need to be developed. For example, spray-
drying, freeze-drying, encapsulation, and coatings improve the colour of anthocyanins [57].

There is undoubtedly an advantage of natural dyes over synthetic ones, but among
the natural ones, those of microbial origin seem to be the most economically viable [94].
For several reasons, successively: dyes of animal origin—the necessity of breeding, the
difficulty of extraction, of plant origin—cultivation dependent on year-round availability,
external factors, weather, climate of plant growth, i.e., temperature and humidity, natural
disasters and human factors related to plant harvesting, protection against pathogens
and pests, multi-stage extraction, stability, and water-solubility of the pigment [130]. The
exploitation of plants on a large scale may lead to the loss of valuable species. Microorgan-
isms such as fungi, bacteria, algae, and actinomycetes are a reliable and readily available
alternative source of natural pigments [287]. Microorganisms are advantageous over plants
for biopigment production in terms of availability, labour and cost efficiency (easy and
rapid multiplication in a low-cost medium), yield, stability, easy downstream processing,
and weather- and season-independent growth [92,294]. Microbial culture can be achieved
by solid and submerged fermentation on natural raw materials or industrial organic wastes.
Microbial pigments not only act as colouring agents in various food and cosmetic industries
but also have anticancer, antioxidant, anti-inflammatory, and antimicrobial properties [112].
The main disadvantage of dyes of fungal origin is the possibility of contamination with
mycotoxins. Moreover, bacteria have numerous advantages over fungi for pigment pro-
duction, including a shorter life cycle and relatively easy genetic modification [19,92,295].
However, research on bacterial blue pigments is limited, probably because few bacteria are
capable of producing blue pigment [295].

The authorised artificial colours, indigo carmine (E132) and brilliant blue (E133),
are used in so many groups of food, in foodstuffs for everyday use, even where one
would not expect them to be at all, and even in foods considered to be popular such as
pickled cucumbers (together with natural colours such as chlorophyll copper complex,
annatto extract, turmeric, beta-carotene, oleoresin of paprika, and other authorised artificial
colours such as fast green FCF, tartrazine, sunset yellow FCF) at 300 mg/kg singly or in
combination [278]. In addition, synthetic blue dyes, E132 and E133, are still permitted in
various food groups: dairy and dairy-based desserts, bakery products of various types, and
vegetable purées. Although a natural substitute, the algae-derived colour E134, is already
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permitted in these same groups, at specific maximum concentration levels (GMP—Good
Manufacture Practise).

Of the natural colours, the following are permitted as food colourants: anthocyanins
(INS 163) [296]—Table 7, with the last of which, 163 (xi)—butterfly pea flower extract, which
was introduced in 2021 [297] and, from 2023, spirulina extract (INS 134), which can be used
in the indicated food category under the conditions of good manufacturing practise (GMP).

Table 7. Permitted colourants of the anthocyanin group [296].

Colourant INS No. Description/Plant Source

163 (ii) Grape skin extract
163 (iii) Blackcurrant extract
163 (iv) Purple corn colour
163 (v) Red cabbage colour
163 (vi) Black carrot extract
163 (vii) Purple sweet potato colour
163 (viii) Red radish colour
163 (ix) Elderberry colour
163 (x) Hibiscus colour
163 (xi) Butterfly pea flower extract

Moreover, the plant-derived colour INS 183—jagua (genipin-glycine) blue is on the
legislative path [278] at step 5 of 8. The legislative pathway for the approval of new blue
colours, i.e., gardenia blue (INS 165) is currently underway ([278] in: Appendix XI, Part A:
List of substances used as food additives proposed for evaluation by JECFA). Proposed by
Japan, the gardenia blue dye is intended to add or restore colour to food. It thus imparts
colour to food, thereby improving the organoleptic properties of that food, which would
otherwise not be coloured or whose colour has been affected by processing and needs to be
restored. The proposed maximum use levels are based on the amount of colour required
technologically to achieve the desired effect in different foods. The use of blue gardenia
pigments in foods is still not legal in the United States or European Union but is in Japan,
China, and Korea [10,58,298].

It is sometimes found that natural colourings (INS 163) are used or proposed in much
higher quantities than synthetic ones in the same food group (Table 8).

Table 8. Maximum food colourant (allowed and under legislation process) levels in different food
groups, according to the JECFA [277,278].

Food Category

Food Additive/INS

Indigotine
(Indigo

Carmine)

Brilliant
Blue FCF Spirulina a Anthocyanins

Jagua
(Genipin
-Glycine)

Blue b

No. Name
132 133 134 163 183

Maximum Level [mg/kg]

01.1.4 Flavoured fluid milk drinks 300 150 GMP 100 160
01.3 Condensed milk and analogues (plain) GMP
01.4.3 Clotted cream (plain) GMP
01.4.4 Cream analogues GMP 150

01.5 Milk powder and cream powder and
powder analogues (plain) GMP

01.5.2 Milk and cream powder analogues 150
01.6.1 Unripened cheese 200 GMP
01.6.2 Ripened cheese GMP
01.6.2.2 Rind of ripened cheese 100 100 1000
01.6.4 Unripened cheese GMP
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Table 8. Cont.

Food Category

Food Additive/INS

Indigotine
(Indigo

Carmine)

Brilliant
Blue FCF Spirulina a Anthocyanins

Jagua
(Genipin
-Glycine)

Blue b

No. Name
132 133 134 163 183

Maximum Level [mg/kg]

01.6.4.2 Flavoured processed cheese, including
containing fruit, vegetables, meat, etc. 100 1000 44

01.6.5 Cheese analogues 200 100 GMP 1000

01.7 Dairy-based desserts (e.g., pudding, fruit
or flavoured yoghurt) 150 150 GMP 200 120

01.8.1 Liquid whey and whey products,
excluding whey cheeses GMP

02.2.2 Fat spreads, dairy fat spreads, and
blended spreads GMP

02.3
Fat emulsions mainly of type oil-in-water,
including mixed and/or flavoured
products based on fat emulsions

100 100 GMP 160

02.4 Fat-based desserts, excluding dairy-based
dessert products of food category 150 150 GMP 200 200

03.0 Edible ices, including sherbet and sorbet 150 150 GMP 100 120
04.1.2 Processed fruit GMP
04.1.2.3 Fruit in vinegar, oil, or brine 1500
04.1.2.4 Canned or bottled (pasteurised) fruit 200 1500
04.1.2.5 Jams, jellies, marmalades 300 100 500 120

04.1.2.6
Fruit-based spreads (e.g., chutney)
excluding products of food category
04.1.2.5

100 500

04.1.2.7 Candied fruit 200 100 1000

04.1.2.8 Fruit preparations, including pulp,
purees, fruit toppings and coconut milk 150 100 500 120

04.1.2.8 Regional standard for: Date Paste 150 100

04.1.2.9 Fruit-based desserts, including
fruit-flavoured water -based desserts 150 150 500 120

04.1.2.10 Fermented fruit products 500
04.1.2.11 Fruit fillings for pastries 150 250 500 120

04.2.2.2.

Dried vegetables (including mushrooms
and fungi, roots and tubers, pulses and
legumes, and aloe vera), seaweeds, and
nuts and seeds

GMP

04.2.2.3

Vegetables (including mushrooms and
fungi, roots and tubers, pulses and
legumes, and aloe vera), and seaweeds in
vinegar, oil, brine, or soybean sauce

150 500 GMP 100

04.2.2.4

Canned or bottled (pasteurized) or retort
pouch vegetables (including mushrooms
and fungi, roots and tubers, pulses and
legumes, and aloe vera), and seaweeds

200 GMP

04.2.2.4 Processed Tomato Concentrates 200 100

04.2.2.5

Vegetable (including mushrooms and
fungi, roots and tubers, pulses and
legumes, and aloe vera), seaweed, and
nut and seed purees and spreads (e.g.,
peanut butter)

GMP 100
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Table 8. Cont.

Food Category

Food Additive/INS

Indigotine
(Indigo

Carmine)

Brilliant
Blue FCF Spirulina a Anthocyanins

Jagua
(Genipin
-Glycine)

Blue b

No. Name
132 133 134 163 183

Maximum Level [mg/kg]

04.2.2.6

Vegetable (including mushrooms and
fungi, roots and tubers, pulses and
legumes, and aloe vera), seaweed, and
nut and seed pulps and preparations (e.g.,
vegetable desserts and sauces, candied
vegetables)

200 100 GMP 100

04.2.2.6 Regional standard for: Harissa (Red Hot
Pepper Paste) 200 100

04.2.2.7

Fermented vegetable (including
mushrooms and fungi, roots and tubers,
pulses and legumes, and aloe vera) and
seaweed products, excluding fermented
soybean products of food categories
06.8.6, 06.8.7, 12.9.1, 12.9.2.1 and 12.9.2.3

300 100 100

04.2.2.8

Cooked or fried vegetables (including
mushrooms and fungi, roots and tubers,
pulses and legumes, and aloe vera), and
seaweeds

GMP

05.0 Confectionery GMP
05.1.3 Cocoa-based spreads, including fillings 100 200
05.1.4 Cocoa and chocolate products 450 100 200 800

05.1.5 Imitation chocolate, chocolate substitute
products 300 100 200

05.2 Confectionery including hard and soft
candy, nougats, etc. 300 300 800

05.2.2 Soft candy 1700
05.3 Chewing gum 300 300 500 800

05.4 Decorations (e.g., for fine bakery wares),
toppings (non-fruit) and sweet sauces 300 500 500 120

06.3 Breakfast cereals, including rolled oats 200 GMP 200 2000

06.4.3 Pre-cooked pastas and noodles and like
products GMP

06.5 Cereal and starch based desserts (e.g., rice
pudding, tapioca pudding) 150 150 GMP 200 84

06.6 Batters (e.g., for breading or batters for
fish or poultry) GMP

06.7 Pre-cooked or processed rice products,
including rice cakes (Oriental type only) GMP

06.8
Soybean products (excluding
soybean-based seasonings and
condiments of food category 12.9)

GMP

07.0 Bakery wares GMP
07.1 Bread and ordinary bakery wares 100

07.1.1.1 Yeast-leavened breads and specialty
breads 100

07.1.1.2 Soda breads 100
07.1.2 Crackers, excluding sweet crackers 100 200

07.1.3 Other ordinary bakery products (e.g.,
bagels, pita, English muffins) 100

07.1.4 Bread-type products, including bread
stuffing and bread crumbs 100 200



Sustainability 2024, 16, 8142 30 of 44

Table 8. Cont.

Food Category

Food Additive/INS

Indigotine
(Indigo

Carmine)

Brilliant
Blue FCF Spirulina a Anthocyanins

Jagua
(Genipin
-Glycine)

Blue b

No. Name
132 133 134 163 183

Maximum Level [mg/kg]

07.1.5 Steamed breads and buns 100

07.1.6 Mixes for bread and ordinary bakery
wares 100

07.2 Fine bakery wares (sweet, salty, savoury)
and mixes 200 200

08.0 Meat and meat products, including
poultry and game 100

08.1.2 Fresh meat, poultry, and game,
comminuted 1000

08.2 Processed meat, poultry, and game
products in whole pieces or cuts GMP 5000

08.3 Processed comminuted meat, poultry, and
game products GMP 5000

08.4 Edible casings (e.g., sausage casings) GMP 5000
09.1.1 Fresh fish 300 300

09.1.2 Fresh mollusks, crustaceans, and
echinoderms 500

09.2.1
Frozen fish, fish fillets, and fish products,
including mollusks, crustaceans, and
echinoderms

300 500

09.2.2
Frozen battered fish, fish fillets, and fish
products, including mollusks,
crustaceans, and echinoderms

500 500

09.2.3
Frozen minced and creamed fish
products, including mollusks,
crustaceans, and echinoderms

500 GMP

09.2.4.1 Cooked fish and fish products 300 100 500

09.2.4.2 Cooked mollusks, crustaceans, and
echinoderms 250 100 1000

09.2.4.3 Fried fish and fish products, including
mollusks, crustaceans, and echinoderms 500 1000

09.2.5
Smoked, dried, fermented, and/or salted
fish and fish products, including
mollusks, crustaceans, and echinoderms

1000

09.3
Semi-preserved fish and fish products,
including mollusks, crustaceans, and
echinoderms

GMP

09.3.1
Fish and fish products, including
mollusks, crustaceans, and echinoderms,
marinated and/or in jelly

500 500

09.3.2
Fish and fish products, including
mollusks, crustaceans, and echinoderms,
pickled and/or in brine

500 1500

09.3.3 Salmon substitutes, caviar, and other fish
roe products 300 500 1500

09.3.4

Semi-preserved fish and fish products,
including mollusks, crustaceans, and
echinoderms (e.g., fish paste), excluding
products of food categories 09.3.1–09.3.3

300 1500
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Table 8. Cont.

Food Category

Food Additive/INS

Indigotine
(Indigo

Carmine)

Brilliant
Blue FCF Spirulina a Anthocyanins

Jagua
(Genipin
-Glycine)

Blue b

No. Name
132 133 134 163 183

Maximum Level [mg/kg]

09.4

Fully preserved, including canned or
fermented fish and fish products,
including mollusks, crustaceans, and
echinoderms

300 500 GMP 1500

10.1 Fresh eggs 300 GMP 1500

10.2.3 Dried and/or heat coagulated egg
products GMP

10.3 Preserved eggs, including alkaline, salted,
and canned eggs GMP

10.4 Egg-based desserts (e.g., custard) 300 150 GMP 200

11.4 Other sugars and syrups (e.g., xylose,
maple syrup, sugar toppings) 300 120

11.6 Table-top sweeteners, including those
containing high-intensity sweeteners GMP

12.2
12.2.2 Seasonings and condiments 300 100 GMP 600

12.3 Vinegars GMP
12.4 Mustards 300 100 GMP 200
12.5 Soups and broths 50 50 GMP 500
12.6 Sauces and like products 300 100 GMP

12.6.1 Emulsified sauces and dips (e.g.,
mayonnaise, salad dressing, onion dip) 300

12.6.2 Non-emulsified sauces (e.g., ketchup,
cheese sauce, cream sauce, brown gravy) 300

12.6.3 Mixes for sauces and gravies 300

12.7

Salads (e.g., macaroni salad, potato salad)
and sandwich spreads excluding cocoa-
and nut-based spreads of food categories
04.2.2.5 and 05.1.3

GMP 1500

12.8 Yeast and like products GMP

12.9 Soybean-based seasonings and
condiments GMP

12.10 Protein products other than from
soybeans GMP

13.3
Dietetic foods intended for special
medical purposes (excluding products of
food category 13.1)

50 50 GMP 250

13.4 Dietetic formulae for slimming purposes
and weight reduction 50 50 GMP 250 65

13.5
Dietetic foods (e.g., supplementary foods
for dietary use) excluding products of
food categories 13.1–13.4 and 13.6

300 300 GMP 250 65

13.6 Food supplements 300 300 GMP 500

14.1.4
Water-based flavoured drinks, including
“sport”, “energy”, or “electrolyte” drinks
and particulated drinks

100 100 GMP 300 80

14.2.1 Beer and malt beverages GMP
14.2.2 Cider and perry 200 200 GMP 300
14.2.4 Wines (other than grape) 200 200 300
14.2.5 Mead GMP
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Table 8. Cont.

Food Category

Food Additive/INS

Indigotine
(Indigo

Carmine)

Brilliant
Blue FCF Spirulina a Anthocyanins

Jagua
(Genipin
-Glycine)

Blue b

No. Name
132 133 134 163 183

Maximum Level [mg/kg]

14.2.6 Distilled spirituous beverages containing
more than 15% alcohol 300 200 GMp 300

14.2.7
Aromatized alcoholic beverages (e.g.,
beer, wine and spirituous cooler-type
beverages, low alcoholic refreshers)

200 200 GMP 300

15.0 Ready-to-eat savouries GMP

15.1
Snacks—potato, cereal, flour or starch
based (from roots and tubers, pulses and
legumes)

200 200 500

600 (in
blue/purple

tortilla
chips 1200

15.2 Processed nuts, including coated nuts and
nut mixtures (with, e.g., dried fruit) 100 100 300 800

15.3 Snacks—fish based 400
16.0 Prepared foods GMP

Notes: GMP—dye may be used in this food category under the conditions of Good Manufacturing Practise,
a—from 2023, b—in 2024 on 5th from 8 steps in the JECFA legislation procedure.

10. Conclusions

Colour is an important part of consumers’ perception of food and an important factor
in determining its taste. Therefore, the food industry uses natural or synthetic dyes to
make processed foods more appealing to consumers. Colourant is added to compensate for
colour loss due to processing or storage, or to compensate for differences in natural colour.
Dye is also added to products without natural colour, such as confectionery and sugar-
based soft drinks, to make them attractive to consumers and to match their expectations.
However, consumer preference for naturally derived colours—which are closely linked to
the image of healthy, safe, and good-quality products—has risen sharply as a large number
of synthetic colours have recognised side effects on human health.

The subject of blue food colourants fits into the three traditional pillars of sustainability:
environmental, social, and economic, and is expanded by another: the human aspect,
culture, and safety.

Currently, it is necessary to link this theme in particular with the health-related
aspects of sustainability. It seems most necessary to introduce changing consumption and
production patterns. Blue pigments have not only colourful properties but need to be
chosen for their rich health-promoting, antioxidant, anticancer, and antidiabetic properties,
which are now important for a large group of people, and which are not described in detail
in this review.

From an economic point of view, the calculus may not be obvious at first sight since
synthetic dyes are apparently cheap, but considering the overall balance, the choice is clear.
There are several blue natural dyes that could become good substitutes for synthetic dyes
(spirulina, marennine, trichotomine, genipin, and clitoria), those in the approval process,
and many that are still waiting to be tested for use in the food industry. It is necessary to
select specific pigments in order to obtain at the same time specific health benefits tailored
to individual needs, also using modern techniques of non-destructive extraction of the
most valuable components and improving the stability and bioavailability of the pigment.

Aspects related to the sustainability of natural pigments and stability in the presence
of agents that could potentially cause decomposition also include attempts to advance
technological solutions (encapsulation) for their use by increasing bioavailability. More
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research is required to assess the chemical composition of food colourants derived from
natural sources. Furthermore, the stability of the food colourants has to be considered
when they are used in food products with varied pH and temperature ranges.

At the same time, lower-cost production solutions are being sought, such as production
from waste or the production of pigment as a valuable by-product.

Sociological and cultural aspects related to the possibility of reducing consumption, not
only through the disincentive blue colour of the food itself but also the blue surroundings
of the food, are also irrelevant and undeniably important, especially for diabetics and those
promoting a healthy lifestyle.

The aspect of quality control of food using blue dyes is also very important, as is the
environmental aspect of using one group of blue dyes (anthocyanins) to build solar cells.

It should also be remembered that blue is one of the primary colours and is some-
times used, including in the food industry, to create derived colours, especially green (in
combination with yellow dyes, natural or synthetic, sometimes also harmful).
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