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The colors used on textiles and artifacts, their social significance and the scope of their trade are
part and parcel of a people’s overall history.
Jenny Balfour-Paul, in Indigo

1.1 Introduction
1.1.1 Ancient Mediterranean World

The buildup of Mare Nostrum probably began much earlier than the 6th—5th millennium BC, and
there is material evidence pointing to such activity as early as the 12th—11th millennium BC [1].
Mare Nostrum, the Roman name for the Mediterranean Sea, was to become the home of a global
market that expanded beyond its natural borders in the first millennium BC. The Phoenicians, the
Etruscans, the Greeks and finally the Romans shaped Mare Nostrum; a geographic as well as a
cultural domain. It was also home to the first global dye, Tyrian purple, traded by the ingenious
and industrious Phoenicians. The purple of Tyre was famous, as were the luxury textiles dyed and
produced by the Phoenicians [2, 3]. It is said that the Greeks named the Phoenicians after phoini-
kes, the ancient Greek word for “red color,” probably as a result of their famous purple trade.
By the time of the founding of the Mediterranean civilizations, what we would consider the
classical palette for natural dyes had already been established, and the most valued colors were
indigo for the blues, anthraquinone-based chromophores for the reds and 6,6’-dibromoindigo for
purple. These colors were traded all over the Mediterranean, regardless of the distance to be

Handbook of Natural Colorants, Second Edition. Edited by Thomas Bechtold, Avinash P. Manian and Tung Pham.
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.



4 Handbook of Natural Colorants

traveled or the price to be paid. The natural sources for yellows were much more diverse, so yel-
lows could generally be obtained locally. For dyeing, with the exception of some browns, all
other colors and shades, including green and orange, could be obtained with these blue, red,
purple and yellow dyes. This classical palette was preserved over centuries, if not millennia. The
first adjustment resulted from the loss of Tyrian purple after the fall of Constantinople and the
subsequent collapse of the Roman social and commercial web. This was followed by a new entry,
cochineal red, brought by the Spanish from the New World [4]. However, even with the introduc-
tion of cochineal the chemical nature of the classical palette was maintained, as carminic acid is
still a substituted 1,2-dihydroxy anthraquinone. This classical palette was only challenged by
the audacity of chemists, who created new molecules, and colors never seen before, from the
mid-19th century on [5].

1.1.2 Dyes from Antiquity

Natural dyes, discovered through the ingenuity and persistence of our ancestors, can resist brightly for
centuries or millennia and may be found hidden in such diverse places as the roots of a plant, a para-
sitic insect and the secretions of a sea snail. By contrast, the bright colors that we see in the green of a
valley, the red of a poppy, the purple of mauve or the blue of cornflower are less stable. Natural dyes
were used to color a fiber or to paint. It is useful to distinguish between dyes and pigments based on
their solubility in the media used to apply the color; dyes are generally organic compounds that are
soluble in a solvent, whereas pigments, used in painting, are usually inorganic compounds or minerals
that are insoluble in the paint medium (oil, water, etc.), and are dispersed in the matrix. A pigment lake
is formed by precipitating a dye onto the surface of an inorganic substance, namely by complexation
with a metal ion.

Dyeing, in red, blue, purple or yellow, is a complex task that requires skill and knowledge [6];
this is true now and has been for several millennia. Color is obtained by a chemical compound
called a chromophore or chromogen—that which brings or creates color. To be used as a textile
dye, the chromophore must also be captured as strongly as possible into the fibers, that is, it must
be resistant to washing. Dyes can bind to the surface of the fiber or be trapped within. They are
often bound to textiles with the aid of metal ions known as mordants, which can also play a sig-
nificant role in the final color obtained (Box 1.1). As a source of aluminum ion, alum is an impor-
tant historical mordant and was widely used in the past. Other important mordants used in the
past were iron, copper and tin ions [6, 7]. Dyes, such as indigo, which are trapped in the fibers
due to an oxidation-reduction reaction, without the aid of a mordant, are known as vat dyes.

As pigments, natural dyes have been widely applied in painting. For example, anthraquinones
have been used as red dyes and pigment lakes from prehistoric times, and we can find written
accounts of the use of anthraquinone reds and purples as dyes in ancient Egypt [7, 8]; anthraqui-
none lake pigments (e.g., madder red) were also very popular with Impressionist painters, includ-
ing Vincent van Gogh [9b]. Red, purple and yellow lake pigments can be prepared by precipitating
the dye extract with aluminum or other inorganic salts, such as alum [9] (Box 1.1). Pure dyes
such as indigo have also been used as painting materials, for example, in medieval illuminations
(Figure 1.1).

These eternal colors will be described in more detail in the following sections, after a brief
account of the analytical techniques used to reveal the secrets of these ancient materials. The natural
colorants will be organized according to the color: first, the anthraquinone reds, followed by the
blues and purples, where indigo and its bromo derivatives play a major role. Yellows will close this
overview. More information about other important ancient dyes is provided in EuroWeb Digital
Atlas [10].
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Figure 1.1 Medieval Portuguese illumination, dated from 12—13th-century, Lorvdo 15 f. 50 (National Archive of
Torre do Tombo, ANTT, Lisbon, Portugal). Dark blues were painted with indigo, whereas the inorganic pigment lapis
lazuli was used for the background.

Box 1.1 Natural dyes as lake pigments
Sticklac  Alkaline™
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Figure 1 (Box 1.1)  Preparing a lake pigment using lac dye as raw material. Design by Rita Carvalho.

A lake pigment is a metal complex, insoluble in water, prepared by adding a metal ion such
as AI** to an aqueous solution of a dye extracted from a natural source. The complex will
precipitate when a neutral molecule is formed, usually between a pH 6 and 7. In ancient
times, the dye was extracted in acidic media (in the presence of Al**), in neutral (in urine) or

(Continued)
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basic solutions (prepared with the ashes of plants, in which the oxides of alkaline metals are
transformed into the corresponding hydroxides by reaction with water). The main steps for
preparing a lac dye pigment are represented in Figure 1 (Box 1.1). Important lake pigments

Figure 2 (Box 1.1) Anthraquinone reds can resist for centuries or millennia, as shown in the precious Andean
textiles (embroidered mantle with shaman figures, mfa 31.501, 0- A.N.D. 100; Museum of Fine Arts, Boston,
USA). Lac dye, also based on alizarin core, was found on a Persian carpet (17% century, Museum of Fine Arts,
MNAA, Lisbon, Portugal) and applied as a lake pigment in manuscript illuminations dating from the 12 cen-
tury. As for any alizarin-based chromophore, it can take many shades of red, purple and pink, as on the
background used to highlight the dragon, symbol of the struggle between light and darkness, but also of
renaissance, painted in the monumental Bible Santa Cruz 1 (Municipal Library of Porto, BPMP, Porto, Portugal).
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used in medieval manuscript illuminations were based on lac dye and brazilwood extracts,
Figure 2 (Box 1.1).

The same kind of metal complex was used to bind the dye to a textile fiber; again alu-
minum ion was one of the most important metal ions used in the past, as illustrated in the
following text. These metal ions, also known as mordants, were used to capture the dye to be
resistant to washing. Other important mordants were iron, copper and tin ions. The structures
of these dye—metal colors are complex, and there is still much we do not know about them.
However, we are getting closer to the answers with computational quantum mechanical mod-
eling (such as DFT, density functional theory).

1.1.3 Unveiling the Secrets of Ancient Dyes with Modern Science

Identifying the dyes and dye sources used in the past has only been possible with the development, in
the past two decades or so, of sensitive new microanalytical techniques [11-16]. Chromophores are
extracted, then separated chromatographically and characterized by UV-VIS spectrophotometry or
mass spectrometry; whenever possible, comparison with authentic references is performed. Currently,
the use of high-performance liquid chromatography with diode array detection (HPLC-DAD) enables
dyestuff characterization from as little as 0.1 mg of thread, by comparison with reference compounds.
For the identification of unknown components, analysis by high-resolution mass spectrometry
(HRMS/MS) is required, coupled to an HPLC or an ultra-high performance liquid chromatography
(UHPLC) system—HPLC-HRMS/MS or UHPLC-HRMS/MS [17-19]. Concomitantly, the devel-
opment of mild extraction methods as alternatives to extraction in strongly acidic media was essential
for the identification of the natural sources [13, 14, 20]. These new extraction procedures preserve the
integrity of the glycoside fingerprint, avoiding decomposition to their parent aglycons. The glycoside
fingerprint is particularly important for discussing the sources of yellow and red dyes. In 2011, within
the European project CHARISMA (Cultural Heritage Advanced Research Infrastructures), the litera-
ture on the extraction of organic colorants in cultural heritage objects for HPLC analysis was
reviewed [17]. The final aim was to propose the most appropriate extraction procedure for any kind
of sample.

Mordant analysis can also provide relevant information about the dyeing method or process used.
The metal ions can be quantified by inductively coupled plasma separation with atomic emission
spectrometric (ICP-AES) or mass spectrometric (ICP-MS) detection of samples (approximately
0.25 mg textile strands) previously digested with nitric acid solutions [15, 16, 21]. Before the sam-
ple analysis, calibration curves must be constructed using standards. Concentration linearity in the
range of ppb to ppm (or higher) can be achieved.

1.2 Ancient Reds
1.2.1 Anthraquinone Reds

The most stable reds used in antiquity are based on the 1,2-dihydroxy anthraquinone chromophore
(Figure 1.2), also known as alizarin. Dyes containing anthraquinone and its derivatives are among the
most resistant to light-induced fading [7]. These dyes were obtained from parasitic insects, such as the
famous Kermes vermilio, or from the roots of plants belonging to the Rubiaceae or madder family and
were among the reds that dominated the dye markets of Europe [6, 22]. Alizarin and purpurin are the
main chromophores in Rubia tinctorum, the most important species of the family Rubiaceae. In Persia
and India, other red dyes—of animal origin—were also used. These dyes were imported or sometimes
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Figure 1.2 Alizarin (1,2-dihydroxy anthraquinone).

found locally, and were considered luxury goods. Well-known examples are the reds based on the lac-
caic acids, kermesic acid and carminic acid (Table 1.1) from the scale insects, lac, kermes and cochi-
neal, respectively [6, 7, 23-24]. The female lac insect secretes a red resin, stick lac, from which both
lac dye and shellac resin are obtained. Common or Indian lac such as Kerria lacca (= Laccifer lacca,
Carteria lacca, Tachardia lacca and Lakshadia lacca) and Kerria chinensis are examples of species
that have been widely exploited [7]. In both cochineal (Dactylopius coccus) and kermes (K. vermilio),
the red dye is obtained from the eggs of the female insect, and therefore the harvest seasons corre-
sponded to the stage when the female was full of unlaid eggs. It was at this stage that the female
insects, alive or dead, were collected. K. vermilio is probably the most famous of the European insect
parasites and produced a dye “brighter than madder and faster than cochineal” [6, 9a], as already
described in the works of Theophrastus and Pliny. The word for worm in many Latin languages is
based on verme (or vermiculu, meaning “small worm”) and thus is the root of the word for red in
several modern European languages, namely, vermejo, vermelho, vermeil, and vermilion in Spanish,
Portuguese, French, and English, respectively [24].

Box 1.2: Armenian cochineal (Porphyrophora hamelii)

In the Armenian language, cochineal is known by the name vordan karmir (npnwlu Yupdhp),
which literally means the worm’s red (vord = worm, karmir = red), and vordan can be broadly
applied to an insect or worm, red color or dyestuff. The etymology of karmir is explained by
an ancient root kirm (Pahlavi) or krmi (Sanskrit), meaning the worm [25].

P. hamelii species is endemic to the Ararat Valley, between Anatolia, the Armenian
Highlands and the Iranian Plateau. In Armenia, the semi-desert vegetation areas are their
habitats. Common host plants are coastal light-loving Aeluropus littoralis and common
water-loving Phragmites australis, named in Armenian sources as séz (grass), vordnaxot
(worm’s grass) or efeg (reed).

The females of this species are up to 12 mm long and 6 mm wide, oval-shaped, flat, with-
out wings, with six small legs, small eyes and antennae and dark red coloration, resembling
a worm. Males are smaller, with black body, transparent and purple-edged wings, big eyes,
long legs and long filiform tail, resembling a fly. They grow attached to the roots of the host
plant throughout a year. In August—September, both the females and males emerge from the
ground and seek mating. This period lasts about six weeks, but only one day for each insect.
Afterward, the males die, while the females bury themselves in the ground and snuggle up to
the roots of the host plant or nearby, preparing the waxy pockets for egg-laying. Later, the
females also die. In April-May, the newborn larvae go out from the egg pockets and move
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The field at the foot of Mount Ararat in the early morning. Aeluropus littoralis, the host plant of Armenian
cochineal and the emerging cochineal. Photography courtesy of Hermine Grigoryan, Universidade NOVA
de Lisboa.

toward the plant roots, if they are not already there. They feed on the roots and rhizomes of
the host plant until becoming mature in the next year [25].

Since ancient times, Armenian cochineal has been used as a dyestuff. According to Lazar
Prarpec‘i (5th century AD) “De méme la gracieuse plaine d’Ararat produit. . .des cochenilles
pour la fabrication des couleurs vermeilles qui donnent du profit et du luxe aux gens intéres-
sés” [25]. This insect was profusely used in medieval Armenian workshops. From the 16th
century onward, Armenian cochineal was gradually replaced by the American species [25].
In the words of a 19th-century traveler, Armenian cochineal was everywhere, “In some places

(Continued)
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The female (left) and the male (right) of P hamelii. Photography courtesy of Hermine Grigoryan, Universidade
NOVA de Lisboa.

it propagates in the quantities that the land seems a carpet with red ornaments. The animals
grazing here seem to have red-coloured legs, of having trampled the cochineal” [25].

From 1930s to 1970s, attempts were made to recover the cochineal production in Soviet
Armenia, but it remained at limited levels. In 1987, the natural state reserve Vordan Karmir
was established, to ensure the protection of the saline ecosystems of the Ararat Valley, and its
flora and fauna. However, in the following decades, the insect was endangered due to the
human factor. Agricultural interventions and animal pasture have reduced dramatically the
population. Nowadays, around 220, formerly 11 000, hectares of state reserve are protected
areas of P. hamelii, and the insect is included in the Red Book of endangered species of the
Republic of Armenia.

Other important historical insect sources of red or scarlet dyes derived from species of
Porphyrophora, for example, Polish cochineal (Porphyrophora polonica) and Armenian cochi-
neal (Porphyrophora hamelii). Know more about Armenian cochineal in Box 1.2 [25]. In Europe,
most of these sources were replaced in the 16th century by the American cochineal (D. coccus),
commercialized by the Spanish empire, which had earlier been carefully domesticated and culti-
vated by the New World’s indigenous peoples [4]. Although the various species of Porphyrophora
also contain carminic acid, dried specimens of D. coccus have a much higher content (15-20%)
of the dye, compared with only 0.8% and 0.6% for the Armenian and Polish specimens,
respectively [7].

1.2.2 Redwoods

Redwoods, also known in antiquity as brasil, were used as sources of dyes and pigment lakes [7, 9a].
It is said that the country Brazil was named after those redwoods, this possibly being the only country
in the world named after a tree. The name the Portuguese had in mind was Terra da Vera Cruz (land
of the Holy Cross). The reds obtained from the bark of the tree are not as stable as the previously
described anthraquinone reds, but they were important pigments in medieval miniature paintings,
particularly in books of hours produced in French and Flemish workshops [26a, 27, 28]. They were
also used in cosmetics [9a, 26a]. In his book, Cennino Cennini recommends the use of a good verzino
(brazilwood) to highlight the reddish-blue tone of purified lapis lazuli [26a]. This good verzino should
be obtained from a young lady, who, using it for lipstick and other cosmetics, would take care that she
had obtained a well-prepared product of a nice color.
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Table 1.1 Chemical structures for anthraquinone reds, produced by scale insects.

Anthraquinone reds

Lac dye
Kerria lacca

Kermes
Kermes vermilio

Cochineals
Dactylopius coccus
Porphyrophora spp.

Figure 1.3  Brazilein; hematein is 8-hydroxy brazilein.

Since antiquity, brazilwood was used for pink and red colors in ancient Asian civilizations, and
in the early Middle Ages, it began to be imported into Europe from Sri Lanka, India, and Southeast
Asia [7, 29]. At that time, the Asian sappanwood, Caesalpinia sappan, was the only known brazil-
wood species. At the beginning of the 16th century, the Portuguese imported from Brazil to Europe
new redwoods belonging to different species, replacing to some extent the Asian sappanwood.
These new redwoods included Caesalpinia echinata, Caesalpinia brasiliensis, Caesalpinia viola-
cea, Caesalpinia crista, and Haematoxylum brasiletto [29]. Some are still important today, not so
much as a source of red dye, but for the medicinal properties of their components (C. sappan) or
because their wood is considered ideal for making violin bows (C. echinata) [29]. For dyeing, only
the colored heartwood of the trunk and larger branches of the trees were used, which could be cut
up into chips and ground into powder [7, 29].

The main dye in C. brasiliensis, C. echinate, C. sappan, C. violacea, and H. brasiletto is brazilin. In
Haematoxylum campechianum, the main dye is hematoxylin. Through oxidation, brazilin and hema-
toxylin are converted to the darker red compounds, brazilein and hematein, respectively (Figure 1.3) [30].
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Figure 1.4 In the basic structure of anthocyanins, a hydroxyl group is present at positions 4" and 7, and a sugar at
position 3 (monoglycoside) or positions 3 and 5 (diglycoside).

1.2.3 Flavylium/Anthocyanin Reds

Anthocyanins are ubiquitous colorants responsible for the impressive red and blue colors of flowers
and fruits (Figure 1.4). Natural flavylium reds can be considered their aglycone ancestors [31].
Anthocyanins have been found in a wide range of applications, from the millenary paints described by
the Roman architect Vitruvius to food additives, combining color and antioxidant effects, and even as
light absorbers in solar cells [31b,c, 32]. They were used as watercolors and textile dyes or as substi-
tutes for unavailable inorganic pigments. Vitruvius described a color for replacing Tyrian purple in
mural paintings; it was prepared by encapsulating the blueberry’s juice in a clay [31b, 32]. Watercolors
are described in written sources on illumination painting, including The Strasbourg Manuscript, De
Arte llluminandi, the book on how to make all the color paints [33, 34]. Flavylium, as a textile dye,
was reported in Indian communities in Central and South America, and dragon’s blood resins were
found in artworks [31b, 35].

The color domain ranges from red to blue with anthocyanins, but with natural flavylium dyes it
is limited to yellow-red. One of the most famous examples of a natural flavylium red can be found
in dragon’s blood resins. Dragon’s blood is a natural resin with a deep, rich red color obtained from
various trees, namely, Dracaena draco and Dracaena cinnabari, which belong to the Liliaceae
family. The resin appears in injured areas of the plant, and it has been used for centuries for diverse
medical and artistic purposes [36]. These resins contain not only the red chromophores but also
additional flavonoids and steroids; dragon’s blood resins have been used in traditional Chinese
medicine. The molecules responsible for the red color of the resin obtained from the palm tree
Daemonorops draco (Calamus draco was used in the past) have been characterized by Brockmann
et al. and named dracorubin and dracorhodin (Table 1.2) [37]. Brockman ef al. concluded that dra-
corhodin is a natural flavylium chromophore belonging to the anthocyanin family. More recently,

Table 1.2 Chemical structures responsible for the red color in dragon’s blood resins. The structures correspond
to the quinoid bases (A).

dracorhodin nordracorhodin dracorubin dracoflavylium
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other natural flavylium chromophores, such as dracoflavylium, have been identified in D. draco,
D. cinnabari and other Dracaenaceae (Table 1.2) [36].

1.2.3.1 Equilibria in solution

As stated in the earlier text, dracorhodin and dracoflavylium are natural flavylium reds related to
anthocyanins. Anthocyanins are characterized by a hydroxyl group in positions 4’ and 7, and a sugar
in position 3 (monoglycosides) or 3 and 5 (diglycosides). On the other hand, in anthocyanidins, the
hydroxyl groups take the positions of the glycosides, leading to unstable structures in solution. By
contrast, the so-called deoxyanthocyanidins correspond to “anthocyanidins” lacking the hydroxyl in
position 3 (but bearing a hydroxyl in position 5) and are quite stable in solution [31, 32].

In the 1970s, it was established by Dubois and Brouillard (anthocyanins) [38a] and McClelland
(synthetic flavylium salts) [38b] that both families of compounds undergo multiple structural trans-
formations in aqueous solution following the same basic mechanisms [31, 39] (Figure 1.5). The
flavylium cation (AH") is the dominant species in very acidic solutions, but with increasing pH a
series of more or less reversible chemical reactions take place: (i) proton transfer leading to the
quinoidal base (A), (ii) hydration of the flavylium cation giving rise to the colorless hemicetal (B),
(iii) a tautomerization reaction responsible for ring opening to give the pale yellow Z-chalcone,
form (C), and finally, (iv) cis—trans isomerization to form the pale yellow E-chalcone (C).
Furthermore, at higher pH, and depending on the number of hydroxyl groups, further deprotonated
species are found, such as C" and A™. The relevant contributors to color are AH* and the quinoid
bases A and A™. The red color of dragon’s blood resin was found to be due mainly to the red quinoid

base A [36].
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Figure 1.5 Scheme of chemical reactions for dracoflavylium. Reprinted with permission from [36], Melo, M. . et al.,
Chem. Eur. )., 13, 1417-1422 (2007) © 2007, Wiley-VCH.
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1.3 Ancient Blues
1.3.1 Indigo Blues

Indigo blue was one of the earliest and most popular dyestuffs known to man (Figure 1.6). It is
still a universally used color, as the worldwide use of indigo-dyed blue jeans can attest. Indigo,
as the name implies, has its origins in ancient India. In the great civilizations of Egypt, Greece
and Rome, it was prized for its quality as a dye even though transportation costs meant it was
very expensive [40]. Indigo sources are found all over the world, and several plants were most
likely used in antiquity. In his Commentarii de Bello Gallico, Julius Caesar describes the warrior
skin paintings of his Gaulish adversaries, as being obtained from a blue juice; the warriors’ faces
were frightening, and they believed that dyeing the skin would protect them, making them
invulnerable.

Isatis tinctoria was grown in Europe, but it is known that indigo from Indigofera tinctoria was
traded to Europeans, namely from Persia to Muslim Spain, and from there distributed to other
European countries [41]. Species of Indigofera produced high-quality indigo.

Indigo is also one of the most light-stable organic dyes, a characteristic that explains not only its
wide use in antiquity and the premodern era, but also its longevity as a colorant [42—44].

The stability of indigo is also the reason why it was used in medieval illuminations and by the
great masters of the 17th and 18th centuries, such as Rubens [42, 44, 45] (Figure 1.1). Usually, with
the exception of some necessary and almost irreplaceable color lakes, organic compounds were
avoided in oil painting, as it was known that they were less stable to light than the inorganic avail-
able pigments. Highly pure indigo was the exception.

In 1865, Bayer started his work on indigo, and some years later, he proposed the chemical struc-
ture and a possible synthesis of indigo. At the time, indigo was an important molecule due to its
commercial value as a dye; synthetic indigo paved the way not only for the development of the
“big” German chemical and pharmaceutical industries but also helped to end the colonial produc-
tion of indigo, which until then had come from natural sources in British, French and Iberian colo-
nies. This particularly affected the British Indian colony, which was the major producer at that time.
Even at the beginning of the 21st century, indigo is still a surprisingly important dye. Since indigo
can be obtained from natural sources using microbial fermentation, its production using “green”
chemistry is of considerable interest [46].

The precursors of indigo (= indigotin) can be extracted entirely from plants. The extract, a solu-
tion of the water-soluble indoxyl glucoside, indican, is hydrolyzed via fermentation to give indoxy],
which will further react with another indoxyl molecule producing indigo or with isatin, resulting in
indirubin, a reddish dye [7, 46] (Figure 1.7). The indigo derivatives are generally known as vat dyes
and, in their oxidized forms, are insoluble in water [7].

A common characteristic of vat dyes is the presence of one or more carbonyl groups, which,
when treated with a reducing agent in the presence of an alkali, form a water-soluble dye known as

H
N
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Figure 1.6 Indigo (= indigotin).
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Figure 1.7 Indigo dye bath: colorless precursors and pigments formed—indigo blue and indirubin red.

the leuco species. The process of dyeing a textile with these species involves the use of the vat dye
in a reducing media leading to its leuco form [7, 47]. The explanation of the blue color of indigo
and its derivatives has also been an intriguing and fascinating subject, and was explored in great
detail and ingenuity during the 1970s and 1980s [48]. It has been discovered that the fundamental
chromophore of the indigo dyes includes the central double bond (connecting the two rings)
together with the nitrogen and carbonyl groups [44, 48a—c]. Substitution in different ring positions
of indigo is likely to promote significant shifts in both the visible long-wavelength and UV
bands [48d].

Indirubin can be formed during the dyeing with indigo, namely in the interface where more oxy-
gen is available, which is the reason why it is also known as the red shade of indigo [49]; as was
previously mentioned, indirubin is formed through the reaction of indoxyl anion with isatin, a side
reaction in the reaction of indoxyl anion with itself to give indigo (Figure 1.7). It can also be present
in the Muricidae (see Section 1.4.1—Tyrian Purple: Real Purple from Sea Snails). Indirubin was
identified in the blues used in pre-Columbian textiles, such as the magnificent Andean textiles from
the Museum of Fine Arts (MFA, Boston) collection [43b] (Box 1.1). For dragon’s blood, its renais-
sance has been a consequence of its pharmaceutical activity [49].

1.3.2 Anthocyanin Blues

As reported in Section 1.2.3, there are several ancient references to the use of anthocyanin watercolors
for painting, particularly for illuminations, for example, as described in the Strasbourg Manuscript
[33a]. More recently, the use of Commelina communis for blue in Aztec manuscripts was
proposed [50].

In the past, extracting and capturing an anthocyanin blue were not the easy tasks; these blues are
complex, self-assembled, supramolecular structures, bound by noncovalent interactions. The
overall supramolecular complex must be preserved, not just the monomeric subunits; otherwise,
the color is lost. For example, to obtain a “cornflower” blue, the supramolecular assembly must be
maintained within a certain pH range. Apparently, this was achieved by following the recipes
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Figure 1.8 Schematic representation of the blue supramolecular complex identified in Commelina communis. The
two metal ions, Mg, are the center of two planes; a top view of one of these planes is represented on the left. Each
metal ion (in blue) coordinates three anthocyanin chromophores (pink); three flavones (yellow) are intercalated
with the three anthocyanins, filling the void spaces. These blues applied as watercolors were recently identified in
pre-Columbian codices [50b]. In medieval times, watercolors were preserved as clothlets (pezzuole in ltalian), as
depicted on the left using another anthocyanin blue, extracted from Centaurea cyanus.

described in medieval treatises such as the Strasbourg Manuscript [33a]. The structure of the self-
assembled supramolecular pigment from the blue cornflower (Centaurea cyanus) was elucidated
by Kondo et al. [S1a]; the supramolecular components are succinylcyanin (Sucy), a cyanidin
chromophore with a sugar in position 3, malonyl flavone (Mafl) a flavone with a sugar in posi-
tion 3, and the metal ions Mg and Fe’*, the exact composition being [Sucy Mafl Fe**Mg**].
These authors proposed that the supramolecular complex should be similar to that of commelinin
(Figure 1.8). The metal center organizes the geometry of the complex, which is held together by
weak hydrophobic interactions, such as n—x stacking of the aromatic rings and hydrogen bonding
through the sugar moieties [51]. Cornflower and commelinin blues are only stable in concentrated
solutions. When diluted, the solution quickly becomes colorless due to dissociation of the compo-
nents of the complex.

1.4 Ancient Purples
1.4.1 Tyrian Purple: Real Purple from Sea Snails

The high status of the wearer of purple-dyed textiles in the past was never surpassed by any other
color, natural or synthetic. Purple has a commercial and economic history, but also a cultural history,
with profound political and religious impact [7, 52-55]. Purple was a status symbol for the Roman
emperors as well as for the powerful representatives of the emergent power, the Catholic Church. The
Levantine Phoenicians probably discovered the method by which these pigments could be dissolved
for the dyeing of textiles for sovereigns, high-ranking military personnel, and high priests [56a].
Imperial or divine purple was used for powerful emotional moments, where authority was conveyed,
in rituals of high visual impact. Purple was also the color of the mantle Christ used in his sacrifice,
becoming a symbol of his sacrifice for humankind, and, as such, of his glory [52]. With it, purple
achieved the status of a sacred color. The original color was the most expensive dye on the market, but
even its imitations (as purple obtained by a combination of indigo with madder or other similar red)
could maintain its status symbol [54]. It will be difficult to find an example that can convey the impact
of this purple in antiquity in our present times.

True purple dye, Tyrian purple, was obtained from Mediterranean shellfish of the genus
Purpura (Figure 1.9) [55, 56]. The Mediterranean purple mollusks Murex brandaris, Murex
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trunculus, and Purpura haemastoma have recently been renamed Bolinus brandaris, Hexaplex
trunculus, and Stramonita haemastoma, respectively, with the result that Murex and Purpura had
disappeared from the name, and with it the memory of their importance as historic dyes was
canceled [53]. As already mentioned in the introduction, it was one of the luxury products traded
by the Phoenicians, hence the common name, “Tyrian purple,” named after the Phoenician city,
Tyre. This purple dye was produced by extraction of the secretions of the hypobranchial glands
of Mediterranean gastropod mollusks from at least 1800 BC [2]. Piles of purple-yielding mollusk
shells on Crete and along the Levantine coast and elsewhere in the Mediterranean have provided
the primary archaeological evidence for the extent of this industry [55b]. Pigments from these
invertebrates were used in the Akrotiri frescoes, on Santorini in Greece, dating back to the 17th
century BC [57].

The precursors of Tyrian purple and derivatives such as mono-bromoindigo are stored in the
hypobranchial glands of live muricids and can be released after death or when the mollusk is pressed
and rubbed. The entire biosynthetic pathway for the production of dye precursors has yet to be
elucidated, but the compounds generated in the pathway are biologically active and include choline
esters that may be employed as muscle relaxants and indole derivatives with cytotoxic (anticancer
activities) and microbial properties [58]. Tyrian purple and its derivatives also occur naturally in the
egg masses of the Muricidae.

Figure 1.9 depicts the colored compounds that can be obtained as final products from the
glandular secretions: true purple (6,6’-dibromoindigotin), monobrominated indigo derivatives
(6 and 6’-bromoindigotin), brominated indirubin derivatives (6,6’-dibromoindirubin, 6- and
6’-bromoindirubins), indirubin, and indigo. It is worth pointing out that indigo is blue, whereas its
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Figure 1.9 Synthesis of purple, 6,6-dibromoindigotin. Precursors and schematic pathways for the chromophores
obtained from the muricids. 6,6-dibromoindirubin, other indirubin monobromo derivatives, as well as indigo and
indirubin can also be produced (see text).
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brominated derivatives are violet and indirubin is reddish. The shades of purple obtained depend on
the species of mollusk and the dyeing process used. McGovern and Michel reported the chemical
distribution of these insoluble dyes to be the following: M. brandaris and P. haemastoma produce
mainly 6,6’-dibromoindigotin (purple), while M. trunculus also gives indigotin (blue), that is,
indigo in addition to the purple. The first steps of the synthesis are believed to involve an enzymatic
process resulting in the production of tyrindoxyl sulfate (Figure 1.9), which is followed by chemi-
cal processes involving light and oxygen. Because the hypobranchial glands of the species that
produces indigo, M. trunculus, contain a more efficient enzyme, M. trunculus was mixed with other
species for purple vat dyeing in the Mediterranean. Hence, the final color obtained ranged between
reddish purple and bluish violet [47c¢, 55b, 56].

The story of purple was to be continued in the 19" century with the discovery of mauveine by
Perkin and the rebirth of the ancient purple mania as mauve mania [59, 60]. The synthesis of mau-
veine in 1856—subsequently known as aniline purple (1857), Tyrian purple (1858), and mauve dye
(from 1859)—is a story that demonstrates how a well-prepared mind can change history. The syn-
thesis of the iconic mauveine is a major landmark in the history of science and technology, as it led
to the establishment of the synthetic dye industry, opening a new era for chemistry.

1.4.2 Orchil Purples

Orchil purples were produced from lichens (such as the Roccella, Lasallia, Lecanora, and Variolaria
species) found all over the world, from mountains to the coasts of subtropical or tropical regions in
Europe, Asia, Africa, or South America. After extensive use during antiquity and the early Middle
Ages, its production was lost in Europe. In the 13th century, Frederigo Rocellai returned from the
Levant to Italy with the formula for dyeing with orchil. The novelty of this purple dyeing made the
Florentine family famous. This fame and fortune were such that in 1763, Linnaeus named a lichen
species in their honor, Roccella tinctoria [6, 61].

The main chromophores in Roccella and Lasallia spp. are phenoxazones, namely, amino-
orceins, hydroxy-orceins, and amino-orceimines (Figure 1.10). Amino derivatives generally have
a bluish hue. These chemical structures were discovered by Musso and Matthies [61, 62]. In 1957,
Hans Musso and Hans-Georg Matthies provided a full comparative analysis of the main chromo-
phores isolated from orcein lichens based on infrared and UV-Visible spectra [62a]. This work
would be further expanded in the 1961 Angewandte Chemie paper [62b], which appeared in an
English translation in 2003 [62c]. Orcein chromophores can thus be classified as oxazine dyes,
which belong to the larger family of azine cationic dyes [63]. This family also includes phenazine
dyes, such as mauveine, the landmark purple color discovered by Perkin in 1856, which was the
first synthetic dye produced on an industrial scale [63]. Orcein purples have been identified in
cultural heritage, in Renaissance tapestries [64a], and in medieval codices such as The Book of
Kells dated from approximately 800 AD [64b] and Codex Brixianus from the 6" century [65a].
It was also used to dye parchment in late antiquity manuscripts. This process of purple dyeing
was recreated and compared with the Vienna Genesis and other manuscripts from the 6" and
8" centuries [65b].

1.4.3 Folium

Folium was extracted from the fruits of the plant Chrozophora tinctoria (previously Croton tincto-
rium). Over the centuries, it was variously titled solsequium, tournesol (or turnsole), morella (mau-
rella), and Heliotropium tricoccum. C. tinctoria and its uses were well known in antiquity and medieval
times (Figure 1.11). However, the practice of creating the blue color fell out of use and was lost in the
19th century. Its medicinal properties were first described by Dioscorides (De Materia Medica,
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Figure 1.10 Molecular structures for the main chromophores in orcein samples: a-orceins are the major com-
pounds in silk dyed with Lasallia pustulata, and p-orcein is the major compound in synthetic orcein. Photography
courtesy of Isabella Whitworth, fiber artist, who also dyed the fabric.

Ist century) and were also mentioned in medieval pharmacopoeia texts, and studies focusing on its
anti-inflammatory properties have been published recently [66].

Until the 18th century, it was still extensively produced in Montpellier, to be exported to Germany
and Holland to give color to wines, liquors, cheese, and confitures [66]. The blue/purple solution
extracted from the fruits was stored, after adsorption of the juice onto linen clothlets. These would
be stored until required. The paint thus obtained was named folium or tornasol (turnsole); this latter
designation is common to the blue/purple watercolors obtained from lichens (e.g., R. tinctoria,
Lasallia pustulata) and, consequently, C. tinctoria dyes remained forever interlinked to these lichens.

The molecular structure of this medieval watercolor was finally solved in the 21st century by a
multidisciplinary team [66]. The interdisciplinary approach was crucial to produce extracts that
were prepared following medieval instructions and revealed the blue/purple chromophore as the
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Figure 1.11 Chrozophoridin is the main dye in Chrozophora tinctoria fruits (shell). It is a derivative of hermidin,
shown in blue.

major dye in C. tinctoria fruits. The results demonstrated that it corresponds to a hermidin deriva-
tive, which was named chrozophoridin. Chrozophoridin is neither an anthocyanin nor indigo; it
turns out to be in a class of its own [66].

1.5 Ancient Yellows
1.5.1 Flavonoid Yellows

The sources for yellow dyes are enormous. Knowledge of many of these natural sources for yellow
and how to dye with them has been lost, and therefore many of these species are not described or well
documented in the literature.

The yellow chromophores based on the flavone chromophore can be divided into two large
groups, those with and those without a hydroxyl group in the C3 position (Figure 1.12 and
Table 1.3) [67, 68]. The first group includes important chromophores such as apigenin and luteolin.
These appear in the plant as glycosides, that is, with sugar residues attached to one or more of the
hydroxyl positions shown in Figure 1.12. Luteolin and its sugar derivatives are considered to be
among the most stable yellows and thus were widely used for dyeing. Perhaps the most commonly
used plant source for luteolin derivatives was weld, Reseda luteola (lirio-dos-tintureiros in
Portuguese, arzica in Italian, and gaude in French) (Table 1.3) [7, 9a].

The second group, the flavonols (3-hydroxyflavones), contains flavonoids widely known for
their antioxidant properties, for example, quercetin, kaempferol, rhamnetin, and also morin,
myrecetin, and fisetin. These yellows are found in a variety of plants, including Persian berries
(Rhamnus spp.), young fustic (Cotinus coggygria), old fustic (Chlorophora tinctoria), and yellow

Figure 1.12  Luteolin (flavone).
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Table 1.3 Chemical structures for flavone and flavonol yellows extracted from plants and berries.

Flavone and flavonol yellows

Weld

Reseda luteola
Dyer’s broom
Genista tinctoria

Persian berries
Rhamnus spp.

Old fustic
Maclura tinctoria

3, 5,7 2', 4-OH-flavone

wood (Solidago virgaurea). Other sources are onion skins (Allium cepa), saw-wort (Serratula tinc-
toria), dyer’s greenweed (Genista tinctoria), marigold (Chrysanthemum spp.), dyer’s chamomile
(Anthemis tinctoria), flax-leaved daphne (Daphne gnidium), etc. [7].

Yellow dyes are usually considered less resistant to fading [11, 69, 70] than the red or blue
colors, and therefore, it can be expected that the actual yellow colors observed today are different
from the original. This conviction has been partially challenged by the recent investigation into the
stability of flavonoid yellows used in cultural heritage [67]. A scale to accurately measure the sta-
bility of flavonoid yellows was provided: Lut-7-O-glu > Que-3-O-glu > Kaem-3-O-glu =~ luteolin
>> quercetin > kaempferol. Somewhat unexpected was the finding that the stability of luteolin and
the 3-O-glycosides quercetin and kaempferol can be compared to the values obtained for indigo in
stable environments [44, 67].

1.5.2 Carotenoid Yellows

Carotenoids are present in our everyday diet, in the red of a tomato, the orange of a carrot, or the
golden yellow of “Risotto alla Milanese,” and in many Persian rice dishes. The traditional yellow used
in these rice recipes is obtained from the stigmas of saffron, Crocus sativus, a beautiful flower, 10-cm
high, used for dyeing since antiquity.

The main chromophore is the aglycone (crocetin), which can be found in the form of the glyco-
side (crocin) (Figure 1.13) or with other substituted glycoside patterns. Other carotenoid yellows
were used in the past, but the most famous was golden saffron.
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Figure 1.13 Crocetin (R=H) and crocin (R=p-D-gentiobiosyl, a diglycoside), are all-trans carotenoids found
in saffron.

1.5.3 Chalcone and Aurone Yellows

Similar to saffron, these chromophores absorb light at longer wavelengths and have golden/
orange hues.

Figure 1.14 Marein, okanin-4’-O-glucoside (chalcone).

Chalcone yellows have been recently identified in ancient Andean textiles, as marein and other
glycosides of okanin (2’,3’,4°,3’4-pentahydroxychalcone), possibly obtained from a Coreopsis
species (Figure 1.14) [71, 72].
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