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The textile and dyeing industry has shown dramatic growth alongside synthetic chemistry in the last century.
With increased operations and economic importance, challenges also emerged, including environmental
pollution, work safety, and consumer health. Hence, a change of perspectives in the industry is on the rise,
and environmentally-friendly solutions for safer processes and more circularity are urgently sought-after. A
possible solution for the pressing issue of textile dyeing is found in the use of natural colourants obtained in
fermentation processes. The structural diversity of biogenic dyes is potentially high enough to pose an
alternative on a broad front. Matching fundamental properties concerning dyeing, (bio)synthesis and toxicity
give an impression of the advantages of developing this natural alternative. In this contribution, a compari-
son between biologically-derived dyes and their synthetic counterparts is conducted on several levels. The
most important topics for the future are outlined. Significant challenges and potential solutions that limit the
implementation of biogenic dyes into the textile dyeing value chain are discussed. Biotechnology offers
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advantage from a Green Chemistry perspective is the possibility to switch to renewable starting materials
and obtain more biodegradable dyes. A more sustainable alternative in textile dyeing is afoot. It needs to be
rsc.li/greenchem embraced and developed to provide the world population with a sustainable way into the future.
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Tyrian purple, produced from sea snails. For most of the time
in history, natural dyes were used for colouring textiles. Plant
parts or insects were the primary sources of dyes. The indigo
plant supplied blue, cochineal insects red and Persian berries
yellow while dyeing methods hardly developed over centuries."

However, the former luxury topic has turned into a global
problem. With the development of synthetic chemistry, the
first synthetic textile dye (purple Mauveine) was discovered.
From the invention of the first synthetic dyes in the 1850s,
chemical and dyeing industries developed side by side at an
unpreceded pace. Different substance classes were developed,
dyeing procedures for every textile material were found, and
every hue was possible to achieve. Industrialisation increased
production volumes as well as pollution of ecosystems. One of
the first manufacturing plants for synthetic alizarin increased
its production volume from one ton in 1869 to 435 tonnes only
four years later.> One hundred years later, world production of
dyes was estimated to be over 750000 tonnes per year.’
Nowadays colour is available to everyone, basically unlimitedly,
and over 1 million tonnes are produced annually.”

The possibilities we have now come at a low price but high
chemical expenses. Chemical spending for different textile pro-
cessing steps (e.g. desizing, scouring, colour levelling, mor-
danting) is enormous as consumer demand is high on, for
example, quality and variety. There was no alternative to syn-
thetic dyes that could compete in availability, variety of colours
and price. In the past, different alternative natural sources
were highlighted (animal, mineral, plant, microbial origin) as
opposed to petrochemical origin.> Moreover, plants are again
investigated as biological sources for textile dyes, but their key
disadvantages prevail. Seasonal and geographical variance in
availability, time and space consuming production, low yields
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hinder their large-scale application.’” Exactly these challenges
could be ideally tackled by biotechnological production of
dyes with microorganisms. Since the sharp advances in bio-
technology, microbial sources for dyes may become a feasible
alternative that could transform dyeing processes and the
supply chain for a more environmentally friendly future.

Scientific literature reflects this highly increased impor-
tance of research on dyes and alternatives (Fig. 1). The number
of publications on natural dyes and pigments steadily
increased over the last 20 years. In contrast, the research inter-
est on dyes and pigments from microorganisms grew exponen-
tially alongside synthetic dyes/pigments. When patent litera-
ture is excluded (Fig. 1B), microbial pigments can be con-
sidered the most important research subject since the 1960s
among the search terms mentioned. The difference between
dyes and pigments is expressed in the Colour Index by the
Society of Dyers and Colourists. Dyes are soluble molecules
that temporarily lose any crystalline arrangement of molecules
in the application process. In contrast, pigments are insoluble
in the vehicle of application so that a particulate structure is
retained throughout the colouration process.® It should be
pointed out that in the biological literature, these definitions
are not strictly applied. The term “microbial pigment” is pre-
ferred over “microbial dye”, as shown in Fig. 1. It refers to any
coloured biological metabolite, and usually, no difference is
made between pigments and dyes.

Dyes and pigments from microbial or plant origin continue
to be a promising topic in science. Recent publications provide
a good overview on the topic, sometimes with an impressive
collection of molecular structures, but lack a detailed descrip-
tion of the available structures and their direct comparison
to synthetic dyes.’*"*° Applications of biogenic dyes were
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Fig. 1 Number of publications for the given search terms in CAS SciFinder search from 1890 to 2019. The total number of publications (A) differs
significantly from those without patents (B). The total number of publications for synthetic dyes/pigments contains a larger fraction of patents than

the other search terms used.

mainly considered in the food industry and medicine fields,
which have been treated extensively in the past literature. Food
grade dyes were discussed for their use in aliments, exhibiting
intense colour, antioxidant properties or nutritional value.
Challenges and possible solutions were highlighted mainly in
regard to the efficient production of dyes.® In pharmaceutical
applications, microbial dyes were considered not for their
dyeing capability, but several “anti”-properties, such as anti-
microbial, anticancer or antiinflammatory activity.”%? Almost
exclusively, applications other than textile dyeing were
focussed on in recent literature. Examples of dyes from fungal
origin applied in textile dyeing have been compiled, only
briefly touching essential topics related to application such as
toxicity testing.'® Most of the literature on biogenic dyes
belongs to the microbiology field, and a chemistry perspective
is largely missing. When speaking about textile dyeing, pro-
perties of the molecules and Green Chemistry aspects have to
be considered. Undesired bioactive properties, toxicity, bio-
accumulation, ecotoxicity or carcinogenicity are critical in
assessing the suitability of a particular substance for a large-
scale application such as textile dyeing. No detailed consider-
ation of these topics was found in the literature so far and was
thus treated in the present publication. Problems like the use
of hazardous chemicals, poor treatment of waste water, and
resulting environmental pollution are driven by textile proces-
sing and leather manufacturing, dyeing, and tanning. This is
an essential aspect of the environmental impact of dyeing and
shall not be forgotten. The dyeing of leather is more complex
due to the fibrous protein network that adds additional para-
meters to the equation, such as pore size, fibre density, sec-
ondary structures of collagen fibres and non-collagenous
materials. More dyeing auxiliaries are necessary to ensure the
distribution and adsorption of dyes in the three-dimensional
protein matrix.'’ Same as for textiles, the treatment of leather

This journal is © The Royal Society of Chemistry 2022

processing wastewater is complex due to the high chemical
load and persistent nature of the compounds. Wastewater
treatment technologies and strategies are an active research
topic.'” Considering the extent of this topic, the present review
has to be focused on textile dyeing only. The interested reader
is referred to a basic review on leather dyeing using dyes of
fungal origin."?

Discussing chemical structures of microbial dyes, analysing
toxicity and Green Chemistry related properties or specific chal-
lenges and considerations for textile application will give readers
insight into substances available as alternatives for textile dyeing.

According to recent market research, about two-thirds of
dyes are used in the textile field, which had a considerably
heavy environmental impact, as detailed in the next section."*
Thus, from an environmental point of view, the textile industry
is probably the most exciting field for the application of
microbial dyes. The European Commission laid out a long-
term chemical strategy, following the European Green Deal,'?
a growth strategy for a sustainable and circular economy in
Europe. The EU chemicals policy shall continue to develop the
continent ‘towards a toxic-free environment’. Besides moving
the economy towards sustainable and circular operation, the
protection of health and the environment was highlighted.
Sustainable and safe-by-design chemicals shall achieve a toxic-
free environment, among other measures.'® Improvement in a
highly impacting industry branch like the textile industry is of
outstanding interest and importance. One of the most signifi-
cant environmental polluters to date is the textile industry.
Hazardous chemicals are used in the production and dyeing of
textiles originating from petrochemical feedstock. These
include the dyes themselves, next to agents for fabric soften-
ing, colour levelling, fixation or preservation. Especially the
dyeing process creates billions of tons of toxic wastewater that
may end up in the environment due to inadequate treatment,

Green Chem., 2022, 24,13-35 | 15
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as NGO reports revealed a few years ago."” Due to poor treat-
ment of wastewater and/or recalcitrant nature of dyestuff, high
amounts of dyes and process chemicals were detected in
effluents. Estimated 280 000 tons of textile dyes are discharged
in dye house effluents per year, a number being cited for over
20 years.™'® Data on aquatic toxicology on numerous synthetic
dyes can be found in Tkaczyk et al. 103 of 140 dyes listed were
classified in one of the acute toxicity categories defined by the
OECD." Even small amounts of dyes in water (below 1 mg L)
absorb sunlight and significantly disturb the transparency of
water bodies. As a result, the photosynthesis of water organ-
isms and other light-driven processes may be impaired.*"’
Upon environmental degradation of dyes, harmful breakdown
products may be formed. Azodyes may be cleaved by microbial
azoreductases liberating possible cancerogenic aromatic
amines. Triphenylmethane dyes may be reduced to their lipo-
philic leuco form, which facilitates bioaccumulation. This
mode of action led to the formation of chemicals that may
migrate from plants and fish into tertiary consumers
(human).*?°

The dyeing process impacts the environment, the health
and the well-being of workers and consumers. The workforce
in the textile industry is based on a majority of female
workers, especially in some Asian countries like Bangladesh,
the percentage of women employed in the industry is above
80%.>" The conditions for these workers include long working
hours, low salaries and dangerous or toxic work environ-
ments.>” Although general safety at workplaces increased in
recent decades, effects on people’s health were reported in
many studies. Links between occupation in the textile business
and increased occurrence of different cancer types could also
be established.>® Occupational asthma, rhinitis, and contact
urticaria from oxidative hair dyes were described in hairdres-
sers in a metastudy in Finland.>* This turns contact with dyes
and other chemicals from the dyeing process into an active
health issue that must be tackled.

Circularity and ecological footprint have become more
important in the textile industry.>**>> Dyes from biological
origin may pose a promising alternative for this application.

Microorganisms found suitable answers to almost any phys-
iological or environmental stress condition throughout evol-
ution by developing secondary metabolites. These substances
are not continuously produced and are not essential for the
organism. Specific genes or gene clusters are activated in
microorganisms under specific conditions or upon experien-
cing a trigger, leading to the production of specialised small
organic compounds. Both small molecules and biosynthetic
genes of secondary metabolism were investigated with a great
interest for different fields. In medicine, special attention is
paid to bioactive molecules. Red-coloured prodigiosin (31)
from Serratia marcescens was found to have cytotoxic properties
against various cancer cell lines while low or no toxicity to
healthy cells.”® In a combined therapy approach, it also
showed potent cytotoxicity against triple-negative breast cancer
cells.”” Food industry is looking for alternatives to synthetic
food dyes. One food-grade example is astaxanthin (10) from
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Haematococcus pluvialis, which was approved for use in fish
and animal foods.®* Anti-oxidant and UV-protective properties
also make secondary microbial metabolites attractive for the
cosmetic industry. Melanin (28) from Halomonas venusta was
successfully tested as a photoprotective ingredient in sun-
screen.”® Metabolites from cyanobacteria showed potential
application as UV-protectant (scytonemin, mycosporine-like
amino acids) or moisturiser (extracellular polymeric substance
sacran).”® From this point of view, it becomes clear that is it
crucial to explore microbial sources for new metabolites.*

When producing small organic molecules as potential dye
alternatives in biological systems, many features of bio-manu-
facturing can be realised. In general, biotechnological pro-
cesses show advantages compared to synthetic ones by the use
of renewable feedstock, mild process conditions, largely envir-
onmentally benign or easy-to-treat waste. Typical feedstocks
for synthetic dyes are petroleum-based chemicals like benzene,
ethylene, propylene, and the resulting platform chemicals
aniline, phenol, ethylene glycol, and vinyl chloride. Biological
systems use higher oxidised feedstock such as sugars (glucose,
xylose), alcohols (ethanol, glycerol) or carboxylic acids (lactic
acid, succinic acid, furan dicarboxylic acid), which may be
obtained from renewable resources or by fermentation pro-
cesses.’! The ideal dye would be a stable and essentially inert
molecule with high affinity or strong bonding to the textile
fibre. This would mean no loss in dyeing or washing processes
and no adverse effects for humans or other organisms.

This review compares chemically and biologically derived
dyes in terms of the production process, accessible chemical
structures, and molecule properties. Further, the main chal-
lenges for the application of microbial dyes to textile dyeing
will be compiled. Opportunities, challenges and risks of apply-
ing coloured secondary metabolites to textiles will be high-
lighted and critically discussed. The awareness for applying
secondary metabolites for unconventional purposes will be
increased, so progress toward global sustainable manufactur-
ing can be made.

Chemically vs. biologically derived
dyes
Accessible chemical structures and synthesis

A detailed compilation of synthetic dyes and their structural
classes can be found in, e.g. Tkaczyk et al.* Among the many
classes of synthetic dyes developed, the most relevant ones are
shown in Fig. 2. From these, azo dyes are the most important,
representing more than 50% of all textile dyes in use, followed
by anthraquinones and phthalocyanines.**

Azo dyes can be further divided into mono-, bis-, tris- and
poly azo compounds. Azo dyes are formed from a diazo com-
ponent (e.g. an aromatic amine) and a coupling component
(e.g- a naphthylamine). An enormous variety of azo dyes can be
created by combining these components in a ‘mix and match’
fashion. Fig. 2 shows two simple examples, the solvent dye
Sudan II (1) and the water-soluble dye Trypan Blue (2). There

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Substance classes and structures of selected synthetic dyes. The vast majority of textile dyes belong to azodyes, anthraquinones and

phthalocyanines.

are many possibilities for derivatisation and property engineer-
ing, so almost the complete range of colour hues is covered.
Azo dyes, in general, show bright and intense colours, which
makes them highly cost-effective, but dyeing properties like
wash or light-fastness are usually only moderate. Blocking
groups may be inserted between two chromophores in a mole-
cule, enabling intramolecular colour mixing (e.g. for green
colour). Also, the affinity for textiles and wash fastness may be
increased.?” The latter properties can be improved by so-called
reactive azo dyes. They carry a reactive functional group such
as chlorotriazine or vinyl sulphone. In an alkaline environ-
ment, reactive azo dyes covalently bond to the nucleophilic
functional groups on the fibre. In comparison with direct dyes,
reactive dyes have less complex chemical structures, and the
resulting colours after dyeing are brighter.** In metal-complex
azo dyes, the dye component chelates with the metal ion on
the fibre to form highly stable salts. Aluminium, iron, copper,
and chromium are used to obtain a multitude of shades and
outstanding light-fastness values, but the brightness is lower
than for the non-metallised dye. A planar structure is generally
observed in Cu®** azo-dye complexes, while Cr’* and Co®" com-
plexes exhibit a non-planar structures.**>*

Heterocyclic diazo components (with S or N heterocycles)
are applied to obtain brighter dyes with higher colour fastness.
Azo dyes are available for dyeing all natural or synthetic textile
materials. Cellulosic fibres such as cotton and animal fibres
such as wool and silk are usually dyed using reactive azo dyes.
For dyeing cellulose acetate, polyamides, polyesters, and polya-

This journal is © The Royal Society of Chemistry 2022

crylonitrile dispersed azo dyes are more commonly used.** No
equivalent azo structures are known to date to exist in
nature.>®

Anthraquinones have a more complex chemical core motif,
and therefore, the synthesis is more sophisticated. The three-
ring core structure is assembled from benzene derivatives or
phthalic anhydride. A limited number of positions on the skel-
eton reduce the variety of derivatives. Sulfonic acid or nitro
groups are introduced by electrophilic substitution and are the
basis for further derivatisation efforts. Possibilities are alkyl-
ation, halogenation, hydroxylation, amination. Replacement
reactions yield N-alkyls, amides, quaternary ammonium salts
or anthraquinone dimers.’” Alizarin Red S (3), the water-
soluble synthetic derivative of naturally occurring alizarin, is
shown in Fig. 2 as an example. In synthetic anthraquinones,
the skeleton may also be modified with condensed (hetero)
cycles (imidazole, oxa/thiazol), giving benzanthrones, pyrazo-
loanthrones, anthrapyrimidines, (phenazine
substructure) or anthanthrones. Anthrapyrimidine Yellow (4)

indanthrones

is a member of these more complex derivatives, representing a
fast-dyeing pigment. Both simpler and more complex deriva-
tives of base anthraquinones are abundantly found among
microorganisms, especially in fungi (see Fig. 4 for more
details). Benzodifuranes are counted as anthraquinones,
although they present different core structures®” and are pre-
pared from hydroquinones and arylacetic acids. These sub-
stances are designed initially as tools for investigating seroto-
nin receptors and do not appear in nature.”® The closest
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natural match may be azaphilone structures found in fungi see
Fig. 4. Anthraquinones are mainly used to dye cellulosic fibres
by vat dyeing or synthetic fibres like polyester, polyamide and
acetate by disperse dyeing. Also, wool and silk can be dyed
with acid anthraquinone dyes, which obtain blue shades that
are not possible with azo dyes.?” Its fastness properties are
excellent - especially lightfastness, but they show decreased
brightness and lower tinctorial strength, making them less
cost-effective than azo dyes.’® Anthraquinones are mostly con-
fined to red and blue colours, whereas anthraquinone deriva-
tives show yellow-orange-brown-olive colours. Benzodifuranes
offer hues across the whole spectrum.®®

Formazan dyes are closely related to azo dyes, as they can
be synthesised by coupling a diazonium salt with a hydrazone
but are regarded differently enough to form a separate dye
class. These nitrogen-rich structures quickly form complexes
with metal ions, see Cu**-binding zincon (5). From the 1950s,
formazans were used for textile dyeing on wool, polyester and
cellulose fibres. Typical colours are blue, greenish-blue, orange
and red. Reactive blue formazan dyes are important com-
ponents for trichromic dyeing with red and yellow azo dyes.**
Tetrazolium salts and formazans are often jointly mentioned.
By reduction of colourless tetrazolium salt, the corresponding
intensely coloured formazan can be obtained. This reaction
may be catalysed by biological reduction processes so that
tetrazolium salts/formazans serve as biological redox indi-
cators and are used for the detection of cell viability.*’
Derivatives with both electron donor and electron acceptor
groups were investigated for their application in photonics and
light-emitting diodes.**

Phthalocyanines are dyes not found in nature, although
their cyclic structure reminds of porphyrins (tetrapyrroles).
They are synthesised from phthalocyanide or phthalic anhy-
dride in one step at >180 °C and easily form metal complexes.
Among those, copper complexes show the best combinations
of properties. A typical example is Direct Blue 199 (6), which is
depicted in Fig. 2. Several derivatisation methods, like alkyl/
aryl substitutions, halogenation or sulfonation, are performed.
However, none of these dramatically impact colour appear-
ance.*’ Because of this reason, phthalocyanines are mostly
limited to blue and green, including brilliant turquoise and
green hues that are unique among synthetic dyes.”> Only a few
colours outside this range could be achieved, for example, in
phthalocyanine-porphyrin hybrid molecules. Red, brown and
purple examples were described.”® Overall, the dyes are ther-
mally and chemically very stable, and the colours are bright
and tinctorially strong, so they are considered cost-effective.
Challenges with phthalocyanines are their low solubility in
polar and apolar solvents. Sufficient solubility is only possible
in acids. In application, phthalocyanines are often formed
from precursors directly on the textile fibres, mainly used on
synthetic ones. For dyeing cotton, sulfonic acid salt derivatives
are applied.*®”

The last examples in Fig. 2 belong to other synthetic dyes of
less importance for textile dyeing, such as the triarylcarbenium
Malachite Green (7) and the azine Nile Blue (8).
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Biogenic dyes are coloured small molecules naturally pro-
duced by microorganisms. The structural diversity is similarly
high as for synthetic dyes. An extensive compilation of bio-
genic dye structures can be found in Ramesh et al,”* and
others.”»?*3%% (lassification attempts in recent literature
mainly were made from a biological perspective, focused on
certain substance classes only or were not satisfyingly consist-
ent. In this review, a solid classification of microbial dyes
attempts to show the interested reader what is chemically
possible among coloured biological molecules. In the first
step, chromophores can be divided into hydrocarbon-based
structures and heterocycle-based structures. Further separation
into subclasses is indicated in the following paragraphs and
respective figures. Strikingly, the classes anthraquinones,
indoles, and azines can be found in natural and synthetic dyes.

Polyenes show typical conjugated double bonds as the
chromophore. The molecules may be derived from isoprene
building blocks or not. Fig. 3 shows a selection of such terpe-
noids and non-terpenoids. The major subgroup is the well-
known carotenoids with more than 750 compounds found
among microorganisms such as microalgae (Haematococcus
pluwvialis, Dunaliella salina), fungi (Blakeslea trispora), bacteria
(Brevundimonas species), plants (Adonis species) and insects
(spider mite).*> Furthermore, they can be divided into purely
hydrocarbon structures (carotenes) or oxygenated structures
(xanthophylls) and are coloured in yellow, orange and red.*® In
the cellular metabolism, structures evolve from linear mole-
cules without end groups like lycopene to molecules with
cyclic hydrocarbon end groups and later to oxygenated or deri-
vatised end groups instead. These structures may be aromatic
rings or monounsaturated cyclohexene rings as present in
B-carotene (9). Oxygenated rings may contain keto, epoxy or
hydroxy groups as in astaxanthin (10), and derivatised end
groups may feature methyl ethers, acetylation or glycosyla-
tion.”® Carotenoid tetraterpenes can be differentiated from
azulenes (11), representing sesquiterpenes with an interesting
cycloheptatriene-cyclopentadiene scaffold on the blue end of
the spectrum.”” Also non-terpenoid polyenes exist such as
granadaene (12). Synthetic polyenes are rather called (poly)
methine dyes when applied in textile dyeing. They are charac-
terised by a system of conjugated double bonds with an odd
number of carbon atoms connecting two possibly charge-carry-
ing terminal groups. Their importance is very low among syn-
thetic dyes, with a few examples used for dyeing polyacrylo-
nitrile or polyester material.***

Quinones are a diverse group of compounds with several
subclasses and colours spanning across the entire visible spec-
trum. Fig. 4 sketches the considerable diversity that is found
in nature. The benzenoid/chinoid chromophore can be
extended by one or two aromatic rings, giving benzoquinones,
naphthoquinones or anthraquinones, see (13) to (15). Further
extension on the aromatic rings is possible, such as hydroxy/
methoxy groups, alkyl chains or annealed heterocycles.
Notably, many derivatives of anthraquinones are found in
microorganisms. Hydroxylated methyl species such as emodin
(15), heterocyclic bostrycoidin (16), epoxide containing

This journal is © The Royal Society of Chemistry 2022
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xanthoepocin (17), the commercialised alkenyl- and carboxy-
functionalised Arpink Red (18) and species with ether-bridged
dimers such as ascoquinone A (19) can be found in different
members of  Aspergillus, Fusarium or Penicillium.**
Azaphilones form a subclass, also typically found in fungal
organisms. Especially the genus Monascus is known for its
variety in these yellow to red structures 20 and 21, but also
different azaphilones can be found (22). Originally used in
Asia for food purposes (production of red rice), these dyes
were also investigated for the dyeing of fabrics.*® A significant
drawback is the coproduction of mycotoxins from most organ-
isms.*® Several Talaromyces species also produce azaphilones
but without mycotoxin formation. Intense research is being
conducted on this genus.>® The pyran-benzofuran substructure
in azaphilones may be the most similar natural counterpart to
benzodifuran synthetic dyes. Other structures in this diverse
class are benzoisochromanequinones such as blue granaticin
(23) or bisquinones with imine linkage as found in scleroder-
ris blue (24).*** As mentioned above, anthraquinone synthetic
dyes are mainly used to dye synthetic fibres like polyester, poly-
amide and acetate or natural ones like cellulosics, wool and
Microbial quinones were tested quite extensively on
different materials already. Anthraquinones dyed wool/silk with
good rub and wash fastness values in a 70 °C dyeing bath and
cotton under the same conditions with similar values for per-
spiration and rub fastness, but poor values for light and wash
fastness.>! Azaphilones were used to dye cotton and wool with
mordanting, achieving fair to good colour fastness values.'*>
Indoles are well-known structural motifs with colouring
properties because of their conjugated double bonds but do
not exhibit high diversity as polyenes or quinones. Natural
derivatives can be grouped according to the number of indole
units incorporated, as depicted in Fig. 5. Tryptanthrin (25) is a
yellow monoindole that presents a simple quinazolinone
derivative of indole. It was discovered in the yeast Candida lipo-
Iytica and dyer’s plants such as Chinese woad.>® Research

silk.

This journal is © The Royal Society of Chemistry 2022

interest focuses on various biological activities, including anti-
protozoan and anti-tumour activity.>* Bisindole substances are
the most important in this class. First of all, the blue indigo
(chemical substance name is actually indigotin), which was
produced from plants for centuries, was also found in microor-
ganisms. Some hydrocarbon-degrading organisms, such as
certain Pseudomonas species, have the ability to produce
indigo from indole.’® This is possible because the specialised
naphthalene dioxygenase or styrene monooxygenase enzymes
also accept indole and turn it into indoxyl, leading to indigo
formation.>® Purple violacein (26) is probably the most exten-
sively treated microbial dye in the literature. Its unique bisin-
dole-pyrroline architecture is created from the amino acid
tryptophan by Chromobacterium, Janthinobacterium and many
more like the marine Pseudoalteromonas.” It is mainly studied
because of its bioactive properties but also dyeing experiments
were conducted.®® An N-cycloalkyl derivative of indigo, akashin
A (27), was found in marine Streptomyces and showed cytotoxic
activity.*** Another highly abundant indole structure is the
indole polymeric structure melanin (28) which can be mainly
found in yeasts and fungi such as Exophiala, Cryptococcus,
Trametes or Aspergillus (brown to black colour eponymous for
Aspergillus niger) but also in Streptomyces bacteria. They can be
further divided into eumelanin, phaecomelanin and allomela-
nin, which has strong protective effects, primarily against UV
radiation, reactive oxygen species or chemical stresses.’*®**¢
Indigo and its derivatives are used as a vat dye for cotton and
animal fibres such as wool and silk.*** While tryptanthrin was
solely investigated for its bioactive properties, other molecules
from this class were used in dyeing experiments. Violacein (26)
was applied to polyamide by different dip-dyeing methods
achieving uniform dyeing in different purple hues.’® Melanin
(28) dyed cotton fabric when culture supernatant of the native
producer Streptomyces glaucescens was used.>”

Pyrrole containing dyes are again abundant in marine micro-
organisms and can be grouped by their number of pyrrole units.
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Fig. 6 shows a selection with an increasing unit count. Yellow
monopyrrole tetrabromopyrrole (29) and dipyrrole tambjamine
(30) are found in Pseudoalteromonas species.”® The brightly red
tripyrrole prodigiosin (31) from Serratia marcescens is one of the
most investigated microbial dyes in science to date. Derivatives
with linear alkyl chains, annealed cycloalkyls, and cyclised var-
iants exist (32), and all of them show various biological activities
(antibiotic, anti-cancer, among others).®® Prodigiosin-producing
bacteria growing on bread or communion wafers may be the
reason for numerous “blood miracles” in the Catholic Church,
reported throughout the centuries.®" Tetrapyrroles are usually
degradation products of heme in animals, but also bacterial
tetrapyrroles are known. Phycocyanobilin (33) is a blue light-
harvesting molecule in Cyanobacteria. Bactobilin, another bac-
terial tetrapyrrole from Propionibacterium shermanii is a similar
but presumably more stable variant of phycocyanobilin. Both
are not biologically active, in contrast to the blue prodigiosin
tetrapyrrole (34) from marine Hahella.**® Due to increasing
conjugated double bonds in different pyrroles, the colour range
covers comprehensive parts of the visible spectrum. Dyeing tests
were performed with prodigiosin (31), for example, on silk or
acryl. Thereby the antibacterial properties of the dye could be
transferred to the fabric.> In fact, tests of dyeing fabrics with
prodigiosin were already carried out years earlier than the inven-
tion of synthetic textile dyes. Bartolomeo Bizio, the discoverer of
the first prodigiosin-producing organism, used ethanol extracts
of Serratia to dye silk and wool but was not successful enough
to pursue it further.®®

Azines are again more abundant metabolites in colours
ranging across the whole spectrum. Hundreds of natural

This journal is © The Royal Society of Chemistry 2022

derivatives were discovered mainly in Pseudomonas or
Streptomyces, and examples are shown in Fig. 7. Pyocyanin (35)
from Pseudomonas aeruginosa is the prime example.
Derivatives on the tricyclic core scaffold are manifold, includ-
ing amidated chlororaphine (36), N-oxidised iodinin (37) or
simple hydroxylated, carboxylated, aminated and/or methoxy-
lated species. Also, more complex dimers exist, such as 39 and
40. Cytotoxic properties are shared among biological
azines.”®**® Molecules may contain a varying number of conju-
gated double bonds, making them appear in colour hues
across the visible spectrum. Phenazines are the most abundant
subclass of azines found in microorganisms. A few examples
of oxazines or thiazines, such as the cytotoxic phenoxazine
strepoxazin A, exist in marine Streptomyces species.®* Dyeing
experiments were conducted with pyorubin and oxychlorora-
phine extracted from Pseudomonas species. Silk was dyed after
pre-mordanting and retained antimicrobial activity.®®
Interestingly, the very first synthetic dye is a phenazine deriva-
tive, mauveine A (38). In synthetic dyes, oxazine and thiazine
dyes exist beside phenazines. They are applied to leather and
cotton as direct dyes or synthetic fibres such as polyacryloni-
trile, nylon or polyester as basic dyes and as a reactive dye for
wool and silk.***

Other N-heterocycles are relatively rare structural elements
in biogenic dyes, albeit not less attractive, as Fig. 8 demon-
strates. Rubrolone A (41) is a red product of polyketide syn-
thesis. Investigations are directed towards cardioprotective pro-
perties.®® Indigoidine (42) is the prime example here, exhibit-
ing an indigo-like blue hue. Non-ribosomal peptide synthases
produce this glutamate-derived metabolite in particular bac-
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Fig. 8 Biogenic nitrogen-containing heterocycles that are not part of
previous groups show highly substituted ring structures.

terial species, such as Arthrobacter, Erwinia or Corynebacterium.
In vivo functions were described as protection against environ-
mental conditions such as oxidative stress or low
temperatures.***®” Other members in this group are derived
from different metabolic pathways. Dyeing was investigated
with indigoidine from recombinant Corynebacterium glutami-
cum compared to indigo in a solvent dyeing process on cotton.
Results showed similar colourimetric properties, indicating
promising application as a sustainable dye.®

Biosynthesis

In the course of the primary metabolism, microorganisms
produce energy and build up the biomass from carbon and
nitrogen sources they consume. Glycolysis and citrate cycle
make available important intermediates and products of

22 | Green Chem., 2022, 24,13-35

primary metabolism: sugar phosphates, amino acids, fatty
acids, lipids, organic acids. These are the compounds that are
starting materials available for secondary metabolism. An
extension to a primary metabolic pathway provides the cell
with functional secondary metabolites to counter various
stress conditions. A gene cluster for a pathway of secondary
metabolism is activated upon a suitable external signal.
Common external triggers are environmental stresses such as
changes in temperature, pH, redox conditions, light or compe-
tition for nutrients by other organism species. The cell needs a
specific response, so biosynthetic enzymes are produced. The
flux of certain primary metabolites is then directed towards
the secondary metabolite. As an example, the biosynthesis of
azaphilones is introduced briefly. Usually, the end product of
glycolysis, acetyl-coenzyme A, mainly enters the citrate cycle,
which supplies the cell with reducing equivalents for energy
generation and biochemical precursors. Activation of the
acetate-malonate pathway creates an additional sink for acetyl-
coenzyme A, and a reduced amount is available for the citrate
cycle. Instead, acetyl-CoA is converted into polyketides, which
are aliphatic structures with multiple carbonyl groups.
Polyketide synthases are specialised multi-domain enzymes
that modify such a polyketide with a series of reaction steps,
yielding the desired azaphilone with defined biological
functions.®

By the same principle, metabolic intermediates are directed
into other pathways to fuel the production of other secondary
metabolites. As described in the previous section, a variety of
chemical structures were discovered in microorganisms. No

This journal is © The Royal Society of Chemistry 2022
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single organism is capable of producing all classes of metab-
olites mentioned. Fig. 9 compiled many different pathways
described in the literature to highlight the versatility and the
biosynthetic power of microorganisms.®*”°

Properties

Besides the basic properties concerning dyeing, which were
already described in the section of chemical structures, green
chemistry related properties such as toxicity, bioaccumulation,
ecotoxicity, or cancerogenicity must be considered for a proper
sustainability evaluation. Neither synthetic nor biogenic dyes
can be evaluated and categorised generally, but discrimination
between dye classes must be made. The effects of synthetic
dyes on organisms and the environment were investigated on
numerous occasions. Depending on the dye class, acute tox-
icity, irritation (skin, respiratory), mutagenic and cancerogenic
effects were observed.>***** Microbial metabolites were often
found to have bioactive properties, as they are designed by
nature as functional tools for microorganisms. Ramesh et al.
compiled an extensive list of bioactive properties,’® like anti-
microbial effects (e.g. antibacterial, antifungal, antiviral),
found in pyrrole metabolites, anthraquinones, indoles or phe-

This journal is © The Royal Society of Chemistry 2022

nazines and various quinone species. Furthermore, cytotoxic
activity, including anticancer, was observed among pyrroles
like prodigiosin (33), indoles like violacein (26), phenazines
and several quinones of the azaphilone subgroup. Especially
metabolites from marine organisms are rich in bioactive
properties.”

The research on biogenic dye substances is focused on the
medical field and biological activities. Little information can
be found regarding biodegradability or ecotoxicity. As a work-
around, the biodegradability of dyes can be predicted from
database tools. The EPA CompTox Chemistry dashboard rep-
resents such a database that combines in vivo toxicology data
from different scientific sources and can predict data for sub-
stances where there are no tests yet. Also, data like bio-
degradation half-life or bioconcentration factor can be pre-
dicted.”* Such estimates are called “read-across” and are
becoming more and more popular to fill gaps in environ-
mental and health impact data. Uncertainty has to be
managed to give reliable data.”

Table 1 and ESIt present sustainability-related data such as
acute toxicity, predicted biodegradability half-life and observed
bioactivity in standardised assays for biogenic and synthetic
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Table 1 Acute toxicity, bioactivity and predicted biodegradability of selected microbial dyes. Data was obtained from EPA CompTox database and

NIH ChemIDplus

Pred. Confidence
CAS Toxicity Value acute biodegrad. level in Colour
Class/name no. test toxicity Test species ti» (days) OPERA model® Bioassay activity index no.
Polyenes
B-Carotene (9)  7235-40-7 LDs,  >5000 mg kg™'  Rat (oral)’® 74.4 0.517 Binding solute C.I. Food Orange 5
carrier transporter,
antiviral, antioxidant
Astaxanthin (10) 472-61-7 LDs,  >20000 mg kg™" Rat (oral)”® 44.4 0.514 — —
Azulene 275-51-4 LDj, 108 mg kg™* Mouse (intra-  8.58 0.553 — —
peritoneal )"
Azulene 275-51-4 LDs,  >3000 mg kg“ Mouse (oral)'*' — —
Guaiazulene (11) 489-84-9 LDj, 525 mg kg~ Mouse (intra-  2.50 0.730 Binding nuclear —
peritoneal)* receptors and
Guaiazulene (11) 489-84-9 LDs, 1220 mg kg™* Mouse (oral)®® histone enzymes

“Predicted biodegradability half-life comes with a confidence level index (ranging from 0 to 1) to decide about the reliability of this prediction.

dyes. In Table S2} the data for synthetic dyes were obtained in
the same way to allow direct comparison.

Toxicity is evaluated by acute, chronic or cytotoxicity tests
on bacteria, algae, invertebrates, fish or rodents. The Globally
Harmonised System GHS considers results in acute toxicity
tests for lethal dose LDs, (oral) as harmful (category 4) if they
are in the range of 300-2000 mg kg™ and toxic below 300 mg
kg™ (category 1-3).”® Results of aquatic tests are considered
hazardous to the aquatic environment (category 3) below
100 mg L™' and acute toxic (category 1-2) in the range of
10-100 mg kg™ ".”* This is applied to tests for lethal concen-
tration LCs, (fish 96 hours), effective concentration ECs, (crus-
taceans 48 hours) and effective concentration of growth rate
reduction ErCs, tests (algae 72 hours). Results for the inhibi-
tory concentration for microorganisms ICs, below 100 mg L™
are considered a toxic effect.”®

Toxicity may be mediated by the dye molecule itself or by
breakdown products thereof (metabolites). In the case of azo
dyes, several aromatic amines used as diazo or coupling com-
ponents were found to be potent carcinogens, such as benz-
idine or o-toluidine.”” The same is true for anthraquinones.
Primary amino groups or methylamino groups are features of
molecules ~ with  higher  cancerogenic  properties.”
Phthalocyanines were described as largely non-toxic due to
their low solubility and non-bioavailability, although at higher
concentrations, the copper ions from the Cu-phthalocyanine
complex exhibit toxic effects.*' In general, metal ions such as
cobalt, nickel or chromium from metal-complex dyes pose a
significant issue in water pollution and aquatic toxicity.”
Chavan gave an overview of studies on different toxicity types.
From 4461 synthetic dyes tested for LDs, acute toxicity using
animals, only 8% were classified as harmful or poisonous. In
contrast, aquatic toxicity was found to be more widespread. In
LCs, tests using fish, 30% of 3000 synthetic dyes were classi-
fied as acute toxic according to OECD definition.”>”®

Such extensive evaluation is not available for biogenic dyes.
Data on typical examples from different biogenic dye classes
can be found in Table 1 and the ESL{ For polyenes (Table 1),

24 | Green Chem., 2022, 24,13-35

substances p-carotene (9) and astaxanthin (10) may be
regarded as non-toxic; on the other hand, azulenes highly
depend on the test performed. Some toxicity results in
Table S17 fall in a range that is considered harmful, some even
below. LDs, values below 300 mg kg™ were found for some
derivatives of pyrroles, phenazines, azulenes and violacein
(26). It has to be noted that results depend on the organism
tested or the type of test used.! This can especially be seen for
violacein (26) or emodin (15). Violacein did not show an effect
at problematic concentrations to the fungus P. capsici (ECs
560 mg L") but did so when injected into mice (LDs, 100 mg
kg ™). Toxicity of emodin showed a significant difference when
administered orally (LD, 1000 mg kg™') or by injection (LDso
35 mg kg™") to mice.

Ecotoxicity. Upon environmental degradation of dyes,
harmful breakdown products may be formed. Azodyes may be
cleaved by microbial azoreductases liberating possible cancero-
genic aromatic amines. Heavy metals may be liberated from
metal-complex dyes such as Cu-phthalocyanine or are already
present in dyeing effluent. Triphenylmethane dyes may be
reduced to their lipophilic leuco form, which facilitates bioac-
cumulation. This mode of action leads to the formation of
chemicals that may migrate from plants and fish into tertiary
consumers (humans).” In bioaccumulation experiments, leuco
forms of crystal violet and malachite green (7) were added to
the feed of Atlantic salmon for 40 days. Even after a following
90 days period of a regular diet, the lipophilic dyes were detect-
able in the fish, although concentrations were below the limit
of the European Food Safety Authority.””

Cancerogenicity. As described, synthetic dyes can be cleaved
into reactive or toxic substructures in the environment that
accumulate in the biosphere. Similar dyes can be turned into
toxic/cancerogenic breakdown products by the human metab-
olism, e.g., azo reduction in the liver. The International Agency
for Research on Cancer (IARC) detailed the mechanism of aro-
matic amine cancerogenesis in a monograph on human
exposure to these substances. Free aromatic amines undergo
metabolic activation by oxidation to hydroxylamines and

This journal is © The Royal Society of Chemistry 2022
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further to nitrenium ions (R,N"). This species creates point
mutations in the DNA by forming an adduct with DNA-base
guanine and is therefore identified as the cause of cancer
development. Although there is cancerogenic evidence only for
a few aromatic amines, the monograph concludes that all aro-
matic amines are likely to have the potential for metabolic acti-
vation and, therefore, cancerogenic effects.®’

Biodegradability. Synthetic dyes were designed to be highly
stable, so they present recalcitrant substances to be removed
in wastewater treatment. Biodegradability plays an essential
role in biological wastewater treatment. Generally, microorgan-
isms possess unspecific enzymes such as peroxidases, lac-
cases, aryl alcohol oxidases, flavin reductases or NADH-depen-
dent reductases capable of converting various xenobiotic sub-
strates into less complex molecules.®” Even molecular struc-
tures that are not known to nature, such as azo groups, can be
converted by specialised enzymes. These azoreductases are
able to cleave azo bonds reductively, which requires anaerobic
conditions. Subsequent degradation of aromatic building
blocks must be conducted under oxidative conditions.>>®* In
activated sludge of wastewater treatment plants, diverse micro-
biological consortia may theoretically mineralise organic mole-
cules completely. Ali et al. summarised different studies inves-
tigating the degradation of single synthetic dyes with specified
microorganisms. Indigo carmine (at 20 mg L") was degraded
by the fungus Lentinus polychrous under optimal pH 9.0 by
98% in three hours. In contrast, the same organism degraded
bromophenol blue at optimal pH of 4.0 by 37%.%* Scarlet R
was entirely degraded by a consortium of two bacteria in 1.5
days at optimal pH 7.0.*> Many studies reached over 90%
degradation grade, which took up to 14 days in some
instances.®® These examples show that biodegradation may be
unequally more difficult in real-life wastewater. Considering
the difficulties in wastewater treatment mentioned above,
other substances present in textile effluents may also hinder
proper degradation. These include salts, alkali, metals, sus-
pended solids and organic compounds accountable for the
chemical oxygen demand of the wastewater.”” Processes may
take longer due to the complex nature of mixtures of sub-
stances to treat and the above-mentioned changes from
anaerobic to aerobic conditions.

For biogenic dyes, the literature only mentions the
(assumed) better biodegradability of biogenic dyes compared
to synthetic dyes.?*'° This assumption can be regarded as jus-
tified; however, reliable and comprehensive data is missing on
this topic. The degradation of selected phenazines by
microbial action was investigated in more detail but not in a
wastewater treatment environment. Rhodococcus sp. degraded
phenazine-1-carboxylic acid into a dihydroxylated product with
a newly discovered dioxygenase enzyme. The antimicrobial
activity of phenazine-1-carboxylic acid was strongly decreased
by converting it into dihydroxyphenazine.®® Microbial degra-
dation of blue pyocyanin (35) was also investigated more
closely. It serves the bacterium Pseudomonas aeruginosa as a
virulence factor and biofilm mediator. The newly discovered
enzyme pyocyanin demethylase removed the methyl group to

This journal is © The Royal Society of Chemistry 2022
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leave hydroxy phenazine. Biofilm formation was disrupted,
and sessile conditions of the bacteria were disturbed.®

Predicted biodegradation half-lives (¢;/,) in Table 1 and ESI
Tables S1 and S271 illustrate the impact on water bodies if dyes
should end up there. Relatively high values were found for
carotenoids, the quinones actinorhodin (14) and emodin (15),
the pyridine derivative rubrolone A (41) and the phenazine
benthocyanin (40). Other substances like monascin (20), prodi-
giosin (31), pyocyanin (35) or azulene were predicted to be
easily biodegraded. The values for confidence levels are med-
iocre, so conclusions have to be drawn with caution. In con-
clusion, biogenic dyes show better predicted biodegradability
than synthetic dyes. Bioassays indicated binding to certain
enzymes or receptors for many biogenic dyes. Among synthetic
dyes, many showed acute toxicity and, most notably, disruptive
endocrine activity by binding to androgen receptors.

Bioproduction of ‘critical’ synthetic dye alternatives

On many occasions, the advantages of bioproduction have
been described, including mild reaction conditions during fer-
mentation, possible use of renewable starting material,
unmatched selectivity of many enzymes/whole-cell production
systems and generation of environmentally benign waste.
Table 2 provides an overview of biotechnological production
processes for dyes found in the literature, and some examples
shall be discussed in this section. A comparison of biotechno-
logical processes was made to plant-derived or synthetic ones
where data was found. In many cases, dyes are unique to
microorganisms and have not yet been found in plants. Indigo
is one of the few cases for which three types of production at a
larger scale can be compared: plant-based, synthetic and bio-
technological production.

Historically indigo was extracted from plants, requiring
minimal chemical spending (sulfuric acid, water) and high
land use (7000 km? for 19000 t around 1900 in India) for
small yields.” Soon after the establishment of the petrochem-
ical industry, indigo was mainly produced synthetically. Good
yields (up to 90%) were obtained from aniline starting material
under harsh reaction conditions (e.g. 200 °C, KOH/NaOH
solvent, formaldehyde).”’ From the 1980s, the production of
indigo from indole or tryptophan was investigated with recom-
binant microorganisms. Gene technology, enzyme and meta-
bolic engineering enabled biotechnological production in an
aqueous medium.>>°* E. coli expressing a recombinant flavin
monooxygenase produced indigo from tryptophan in synthetic
medium with a yield of 37 mol% based on tryptophan.®?
Although this work was performed at a 3000 L pilot scale, com-
mercialisation is still waiting due to difficulties in product sep-
aration from biomass and treatment of large volumes of by-
products. Recently, the former most expensive dye in the
world, Tyrian purple, was produced by genetically engineered
E. coli.”* Formation of this brominated indigo species was
achieved by expressing a recombinant flavin-containing trypto-
phan halogenase, an r-tryptophan indole-lyase (tryptophanase)
and a flavin monooxygenase. These enzymes achieved the bro-
mination of tryptophan, cleavage of the bromoindole unit and
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dimerization to Tyrian purple by oxidation, respectively. Also,
other non-natural halogenated indigo species could be pro-
duced using tryptophan halogenases with different regio-
selectivities.”* Besides indigo, also other dyes were isolated in
biotechnological processes. Prodigiosin (31) was produced in
an engineered Serratia marcescens with 35 mol% yield using
carbon source sucrose (16 g L' concentration in medium).”®
Recombinant Rhodotorula toruloides yielded blue-coloured
indigoidine (42) with 14 mol% on glucose or 18 g L' in
medium.”®

Although some biotechnological processes show already
decent yields, Table 2 indicates that other syntheses of bio-
genic dyes show rather low productivities. This issue has to
be tackled with molecular biology methods and will be dis-
cussed in the next section. Azines like pyocyanin (35) and
hydroxyphenazine showed low yields in wild-type or engin-
eered Pseudomonas.”” In contrast, synthetic processes reach
higher yields for these substances, even though more process
steps and energy are needed.’® This fact directly points to the
great potential that stems from biotechnological processes:
sustainability. Probably the most significant advantage com-
pared to the production of dyes from petrochemicals is the
use of renewable starting materials. This fact allows the inte-
gration of dye production into a biorefinery scaffold and,
therefore, into circular economy processes. Yield may not be
similarly high as with the usage of defined carbon sources
like glucose. Still, the drastic reduction in medium costs and
development towards circular processes can make this re-
placement option worth investigating. Different classes of
biogenic dyes were already produced using low-cost industrial
by-products as a nutrient source in the medium. Blue bispyri-
done indigoidine (42) was obtained by the genetically engin-
eered fungus Rhodotorula toruloides. When using different
lignocellulose hydrolysates as the sole carbon source, a pro-
duction titre of 0.3 g L™ could be reached. In contrast, in
the same report fed-batch fermentation in synthetic medium
with high glucose content achieved 18 g L™".°° Carotenoids
like p-carotene (9) or astaxanthin (10) are produced indust-
rially mainly by algae in open ponds or photobioreactors
with moderate yields around 5 wt%.>® But also Rhodotorula
yeast is suited for this task, using low-cost carbon and nitro-
gen source for fermentation such as raw glycerol and spent
brewer’s yeast. With this setup, Rodrigues et al. obtained a
mixture of four carotenes with a total concentration of
0.4 mg g ' cell mass which was higher than any other caro-
tene yield from Rhodotorula species until then.'® Pyocyanin
(37) was produced by Pseudomonas aeruginosa grown solely
on maise processing wastewater. After optimisation using a
response surface methodology, the dye yield was improved to
3.3 mg L™1.1%*

Renewable feedstock is one and waste generation another
significant advantage. Aqueous growth medium may be dis-
posed into the sewers after the inactivation of microorganisms.
Solid cell residues can be used as fertilisers or are even suited
as animal feed. Residues with high salinity or acidic/basic pH
however, would need more thorough treatment.'®
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Challenges for application of biogenic
dyes

In the past, many contributions treated challenges that arise with
the large-scale production of dyes by fermentation. Examples
include the use of cheap production medium, filamentous
growth of many fungi, a potential co-production of mycotoxins
or product yield. Molecular biology provides excellent methods
for dealing with these.?*>>'*'> Many challenges discussed in the
following section have still to be tackled and solved in the future.

Finding suitable coloured metabolites and conditions of
production

Although a plethora of possible biogenic dyes are described in the
literature, finding new coloured substances and isolating them is
not a straightforward task. Secondary metabolites are only pro-
duced under particular conditions. In standard lab conditions, an
estimated 90% of putative biosynthetic gene clusters remain
silent.® Investigation of production conditions of biogenic dyes
often lacks a level of detail. The influence of physical and chemi-
cal growth parameters such as temperature, pH, aeration con-
ditions, redox conditions, light, carbon and nitrogen sources have
been widely acknowledged. However, a detailed and systematic
study of all parameters is time-consuming and costly.**“'®

Without DNA sequence data, such studies have to be
carried out exploratively using the “one strain many com-
pounds” approach. In this strategy, microorganisms are sub-
jected to several growth conditions, and metabolic profile
changes are determined. Changes were even observed with
different shaking speeds or vessel types (e.g. altered shear
forces). Such screenings should be carried out in a high-
throughput fashion, for example, by cultivating microbes in
microtiter plates.'”” In combination with optimisation by
response surface methodology (RSM), statistically valid models
for metabolite production can be obtained.*®

Alternatively, if the DNA sequence data is available, genomic
data mining can be performed. Comparison to annotated
sequence data with known functions can not only confirm the
existence of hidden biosynthetic gene clusters in the target
organism’s DNA but also identify them. In this way, the product
substance class may be predicted and favourable production
conditions inferred. Follow-up studies may be carried out much
more targeted than with the “one strain many compounds”
approach. For example, in the genetic analysis of a newly iso-
lated Antarctic bacterium, five biosynthetic gene clusters were
identified; two were found to be of terpene type. Their products
were predicted by comparing the clusters, gene by gene, with
their most similar matches from databases, which resulted in a
possible Cs, p-cyclic carotenoid product. Preliminary character-
isation of extracts after microorganism cultivation by UV-vis and
mass spectroscopy supported this prediction.'®

Industrial production

Once new potential biogenic gene clusters have been identi-
fied, they can be transferred into industrial production hosts.

28 | Green Chem., 2022, 24,13-35
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Thereby, a complex activation and prior knowledge of growth
and dye-production conditions can be circumvented.
Heterologous expression of gene clusters may not succeed
right away, as cofactors, pathway regulation, or essential genes
outside the gene cluster can cause problems with the efficient
production of the desired secondary metabolite. Many chal-
lenges and possible strategies solutions were shown in a
recent publication on biotechnological production under time
pressure.™'? In this work, ten more or less complex molecules,
from APIs (pacidamycin) to platform chemicals (carvone,
THF), were targeted to be produced biotechnologically in a
3-months pressure test. Each of the target molecules had faced
particular challenges along the usual path of biotechnological
production - biosynthetic pathway construction, cloning into a
host organism, expression of pathway enzymes and pro-
duction. The study compiled strategies from bioinformatics,
molecular biology, organic chemistry and biochemistry to
solve the aforementioned challenges in a short timeframe. In
cases of problematic pathway regulation, the gene cluster have
to be redesigned. The DNA may be codon-optimised for the
individual host organism, genes may be reorganised into artifi-
cial operons, native repressor or regulating DNA sequence may
be removed, and inducible promoters may be added. In the
pacidamycin example, functional gene
achieved by replacing an activator gene from the gene cluster
with an activator gene from the heterologous host under a
host-specific promoter.'’® Additionally, inhibitory effects of
the recombinantly produced molecule on the host organism
have to be considered. Metabolic regulatory functions or bio-
active properties may pose a challenge for high-yield pro-
duction. This issue was addressed in the recombinant pro-
duction of prodigiosin (31). Besides the large size and com-
plexity of the gene cluster to be cloned, the antimicrobial
activity of the desired product was identified as a challenge in
that work. The heterologous production host Pseudomonas
putida was chosen over Bacillus subtilis and Escherichia coli due
to its non-susceptibility to the antimicrobial. In fact, the prodi-
giosin-producing mutant showed no difference in growth
behaviour compared to the wild-type P. putida.'"!

expression was

Colour range

Accessible biogenic dye structures cover only the integral
colour spectrum (yellow, orange, red, blue, purple, but hardly
any green), and synthetic dyes exhibit a much broader colour
range as chemical synthesis opened the door to virtually any
hue in the visible spectrum. Additionally, synthetic dyes offer a
continuous colour palette, as can be seen on manufacturers’
websites.''? Biogenic dyes in comparison have a more “patchy”
spectrum which nevertheless provides excellent opportunities
for engineering.®

Many chemical and biological methods are available for
creating analogues of natural products, which may alter the
properties of biogenic dye molecules, including the colour.*?
These methods encompass the well-known semi-synthetic
approach,''* precursor-directed biosynthesis,""> mutasynthesis
with or without post-biosynthetic modification,"*® combinator-

This journal is © The Royal Society of Chemistry 2022
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ial biosynthesis''” and chemogenetics,"'® from which two easy
to use methods are described in more detail.
Precursor-directed biosynthesis is the first step in obtaining
non-natural variants of metabolites. No genetic engineering is
required. Novel derivatives of the pathway products can be
obtained just by exploiting the tolerance of biosynthetic
enzymes to non-natural precursor molecules (substrate prom-
iscuity). Precursors are supplied to the organism and incorpor-
ated into the product. As precursor derivatives compete with
natural ones, a mixture of products is obtained. Violacein (26)
formation in Chromobacterium and other species should be
mentioned as a natural example of precursor-directed biosyn-
thesis. This biogenic dye molecule is formed from the precur-
sor r-tryptophane. The final enzyme of the secondary metab-
olite pathway is the NADPH-dependent monooxygenase VioC.
It can accept two different pathway intermediates, leading to
violacein (26) as major and deoxyviolacein as a minor natural
product (Fig. 10A).""® Natural precursor-directed biosynthesis,
in this case, yields molecules with a different colour. Violacein
appears blue with an absorption maximum at 572 nm,
whereas deoxyviolacein shows purple colour with its
maximum at 560 nm. Also, acid/alkali tolerance and antitu-
mour activity of the substances were found to be significantly
different.’*® Mutasynthesis is a similar strategy that involves
partial knockout of the biosynthetic pathway. One building
block for the final product cannot be produced any longer but
is exogenously provided to the organism in the form of a non-
natural derivative. The final product is thus obtained as a
derivative of the natural analogue. This approach also takes
advantage of substrate promiscuity of enzymes but avoids the
formation of non-derivatised products. The biosynthetic
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pathway for prodigiosin (33) consists of two parallel for-
mations of precursors, a monopyrrole unit from 2-octenal and
a bipyrrole unit from t-proline. In a final step, they are con-
densed by the membrane-bound synthetase PigC, forming the
tripyrrole prodigiosin.'*' Klein et al. engineered this pathway
by knocking out the enzymatic steps responsible for mono-
pyrrole formation. Supplying the organism with non-natural
monopyrrole derivatives resulted in the formation of prodigio-
sin derivatives with altered colour and bioactive properties
(Fig. 10B)."°

Colourimetry

Another essential aspect of this topic concerns colour
measurement. In the scientific literature, the colour of natural
dyes is usually characterised by spectroscopic analysis (UV-vis
spectrum, absorption maximum, extinction coefficient).*** In
the industry, the colour space is measured differently, depend-
ing instead on the application. Devices that produce colours
electronically (monitors, scanners) use the additive colour
space (RGB, red, green and blue). In contrast, ink-jet printing
is associated with the subtractive colour space (CMYK, cyan,
yellow, magenta and black). The International Commission of
Ilumination (CIE) developed a device-independent colour
space, CIE L*a*b*. It defines colours in the dimensions light-
ness (L*), red-green value (a*) and blue-yellow value (b*).'*?
“Pantone” and “Color Atlas” provide frameworks for standar-
dising dye colours for the industry. These measurements
characterise the final appearance of a dyed textile, depending
on the concentration of the dye in use or the fabric type,
among others. On the other hand, spectroscopy characterises
the inherent properties of the dye molecule, whereas colouri-
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Fig. 10 Natural substrate promiscuity of monooxygenase VioC in violacein biosynthesis pathway (A), mutasynthesis in prodigiosin pathway accord-
ing to Klein et al. by exploiting substrate promiscuity of prodigiosin synthetase PigC''® (B). NADPH — reduced Nicotinamide adenine dinucleotide

phosphate, ATP — Adenosine triphosphate.
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metry assesses the final dyeing result. For a quantitative com-
parison of the available colour range between synthetic and
biogenic dyes, comparable measurements have to be available
first. Unfortunately, colourimetric data for biogenic dyes are
largely unavailable. Only specific publications carry out col-
ourimetric measurements according to industry practice. Ren
et al. characterised acrylic fabric dyed with aqueous prodigio-
sin (31) nano-suspension by colourimetry and colour fastness
to washing, rubbing and perspiration.®®” Riisinen investigated
emodin (15) and other fungal anthraquinones in dyeing/print-
ing of cotton and linen with mordanting and obtained excel-
lent results for dye uptake rates, colourimetric properties and
good scores in fastness tests.'*® Several authors analysed
dyeing with raw extracts of unspecified microbial dyes. De
Santis et al. investigated the colourimetric properties of red
and orange Monascus purpureus dyes with different mordant-
ing methods on wool.*® Yan et al. used an unidentified yellow
fungal pigment on silk and wool with different mordanting."**
In general, the interest in dyeing with microbial-derived mole-
cules is growing; hence, more investigations of different struc-
ture classes are expected to follow. The study situation seems
to be a spotted landscape at the moment. Given the countless
parameters of the textile dyeing process (e.g. dye method, pre/
post-mordanting, temperature, pH value, liquor ratio) that all
may influence colourimetric and colour fastness properties,
more systematic tests are required. A comparison of the per-
formance of different dyes in the same dyeing method or vice
versa will ensure better comparability of results.

Downstream processing

One of the key challenges in the biotechnological production
of dyes is downstream processing. The dyes have to be isolated
from the fermentation media as well as from the biomass.
Furthermore, they need to be separated from the cell-derived
metabolites. Efficient production is of course, the basis of a
successful process, but less was talked about the isolation of
the product from the fermentation broth. Selectively separating
the dyes from cell mass or aqueous medium is still a big chal-
lenge and is needed to facilitate the subsequent purification
significantly. Kalra et al. discussed extraction methods for
intracellular dyes with regard to green chemistry aspects.
Extraction assisted by ultrasound, microwave or pulsed electric
fields increase extraction efficiency at low temperatures, redu-
cing energy usage. Extraction by pressurised liquid, ionic
liquids or supercritical fluids reduces solvent consumption or
applies new and tuneable affinities of extractants, increasing
the efficiency of the process. The authors concluded that there
is no generally applicable isolation method for dyes.'

Little attention has been paid to using a solid phase for the
extraction of dyes, similar to the concept of ‘in situ product
recovery’. This topic was reviewed by Dafoe et al., also giving a
possible explanation for the limited application of the tech-
nique. Resins have to be selected for each task, which is done
mainly by trial and error. Only a few attempts exist to make
rational resin selection by first principles considerations.'*
Performing an isolation step via solid-phase extraction lead to

30 | Green Chem., 2022, 24,13-35
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less solvent and time consumption for the extraction. A recent
example of in situ product recovery in dye fermentation was
presented by Domrose et al. Prodigiosin (31) was produced in
a heterologous organism and was isolated from the culture by
a polyurethane solid-phase. The dye is primarily located intra-
cellularly, but a fraction diffuses into the liquid medium. They
reasoned that the solid phase acted as a possible product sink,
shifting the intra/extracellular partitioning equilibrium.
Additionally, the productivity of the culture was found to be
enhanced by using the solid phase."""

An interesting example of secondary metabolite isolation
was presented by Bailey et al. The authors successfully applied
natural plant spores as isolation material for the extraction of
a light-sensitive polyene antibiotic from fermentation. The
porous structure of the spores encapsulated the compound of
interest and provided photoprotection.’*® No generally appli-
cable method for extraction was shown here either, but these
resins exist in a wide range of polarities or functionalities. A
material selective enough for a particular task can most likely
be found.

Undesired properties of biogenic compounds

Many biogenic dyes show certain properties that may impede
their application as textile colourants. Firstly, they often
display bioactive properties like antibacterial, antifungal, anti-
cancer activities, which should be avoided in everyday appli-
cation. Toxicity data and bioactivity assay results from Table 1
suggest that this may be an issue, but safe molecules can be
found among biogenic dyes. Careful consideration herein
should prevent regrettable substitutions.

Many biogenic dyes exhibit bioactive properties, of which
antimicrobial and cytotoxic effects may be the most concern-
ing. Cytotoxic dyes do not exhibit the initially proposed ideal
inertness, rather posing hazards to workers and consumers. If
antimicrobial substances are used in the scale that textile dyes
necessitate, the threat of resistance development becomes
imminent. This usage would go against current efforts to
ensure the efficacy of antimicrobial drugs. The engineering of
molecules should offer solutions for such issues. Each class of
biogenic dyes provides different derivatives with altered pro-
perties. If no suitable natural molecule can be found, biologi-
cal derivatization methods can be applied to obtain non-
natural derivatives. Herein, different approaches can engineer
and remove unfavourable properties of dyes.””> Adding water-
soluble functional groups to a dye molecule not only improves
its applicability in aqueous dyeing baths but also facilitates its
excretion from cells, whereby bioaccumulation can be signifi-
cantly reduced. Primarily used functional groups are sulfonic
acids, carboxylic acids, hydroxy groups and quaternary
ammonium salts. An increase in size (molar weight) and
polarity of the dye molecule strongly impedes transport across
the cell membrane. The genotoxic potential is thus decreased
as the molecule cannot reach the DNA in the cell anymore.
Replacement of problematic building blocks with safer alterna-
tives also reduces toxic impact. Innovative azo dyes, for
example, contain benzimidazole amines instead of potential

This journal is © The Royal Society of Chemistry 2022
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cancerogenic aromatic amines. In metal-complex dyes, aquatic
toxicity may be lowered if iron instead of a more concerning
metal (e.g. Cu) is used.”” This strategy may not always be
applied, especially if a particular colour has to be achieved.
Additionally, as dye complexes with different metals give
different colours, dye structure may be altered.'®”

Other challenges for biogenic dyes could be limited stability
in the conventional dyeing process or low water solubility.
Studies reported insufficient stability to high temperatures or
extreme pH values faced in the dyeing process.’® Typical con-
ditions in dyeing processes range from 40 °C-90 °C and pH
3-10 for up to 60 min.'***'*® New ways of dye production also
offer opportunities for novel applications, preferably oriented
in a sustainable direction. Indigo derived from biotechnologi-
cal production provides an excellent example for a more sus-
tainable process. Herein the indigo precursor, indican is pro-
duced in recombinant E. coli. Indican, naturally found in
plants, represents the activated form of indole protected with a
sugar moiety. In the dyeing process, the sugar protecting
group of the water-soluble indicant is cleaved off enzymati-
cally, and indigo is formed in situ on the fibre. No reducing
agent or base is required as in the traditional vat dyeing

process.'*”

Outlook

Facing the enormous effects of synthetic dyes on the environ-
ment and the human population and following political
decisions on stricter environmental legislation, such as the EU
Green Deal, humanity is searching for a feasible alternative to
replace problematic dyes gradually. Biogenic dyes pose a prom-
ising alternative in textile dyeing, as comparison on different
levels were shown in this review. Microorganisms can provide
a diverse choice of chemical structures with important colours
available. Gaps in the colour palette may be closed by employ-
ing biochemical derivatization or molecular biology methods.
Production is possible in large-scale without suffering typical
disadvantages of plant dyes. Moreover, a renewable feedstock
may be used to close the circular economy loop on particular
organic waste streams. Isolation of dyes from biomass is chal-
lenging, but various methods are already at hand to achieve
this with only reasonable effort. However, low yields are still a
significant obstacle for the feasible production of biogenic
dyes. Biotechnology, molecular biology and bioinformatics
offer numerous tools to discover dyes and engineer organisms
for improved properties. Dyeing experiments with fungal or
bacterial dyes have been carried out for years. Also, colouri-
metric measurements have started to be used for efficient com-
parison with industrial standards. Toxicology data sets are cer-
tainly not completed and have to be accomplished when
dyeing development yields various derivatives with altered pro-
perties. The most significant advantage from a green chemistry
perspective is the possibility to switch to renewable starting
materials and improve biodegradability. Prediction results on
biodegradability are promising in favour of biogenic dyes,

This journal is © The Royal Society of Chemistry 2022
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although confidence levels are low which has to be taken into
account. The future of dyeing is bio-based, as more and more
scientists, designers and policy makers work on a sustainable
transition of our colourful life.
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