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A B S T R A C T   

Natural dyes and pigments (vegetal, animal and microbial) are safer than synthetic dyes which have a polluting 
and harmful impact on the environment. Among natural microbial sources of pigments, microalgae are widely 
exploited for the production of phycobiliproteins, chlorophylls but especially carotenoids which have also health 
benefits. Production process of carotenoids from microalgae includes the steps of: biomass production and 
harvesting, extraction, saponification, separation and conservation. In this review the whole processes will be 
reviewed with special interest on different extraction steps and technics aiming to give a summarized overview of 
how carotenoids are produced from microalgae. Furthermore, improvements in cultivation and extraction sys-
tems, as well as carotenoid storage methods, are required for an economical, reproducible and ecofriendly large 
scale applications.   

1. Introduction 

Dyes and pigments are color additive substances soluble in the me-
dium where they will fix it, they are used in food, pharmaceutical, 
cosmetic, textile and paint fields to give or change a color. The major 
difference between dye and pigment lies in physical and chemical 
properties of which they influence light-substance interaction that de-
fines the color [1]. 

Dyes are of two types: synthetic based on petroleum products and 
natural based on natural products. The first type is known by its toxic 
and harmful effect on human health and ecosystem equilibrium, while 
the second type is derived from plants, invertebrates, minerals and mi-
croorganisms [2–4]. However, microbial pigments are characterized by 
their stability, availability and productivity in a short time compared to 
other natural sources [5,6]. 

Among microbial pigments, those derived from microalgae specif-
ically carotenoids have been gaining importance in recent years for 
applications in food and nutrition industry as coloring additives or vi-
tamins, but also in the pharmaceutical and cosmetic industry due to 
antioxidant, anti-inflammatory and antimicrobial activities [7–11]. 
These carotenoids are obtained after a multitude of steps passing by a 
culture of microalgae (open pond systems or photobioreactors), har-
vesting and extraction by different physical and chemical methods 
reaching finally the separation and conservation [12–19]. 

Several publications have appeared in recent years documenting 
toxicity and health hazards associated with the use of synthetic dyes as 
well as their polluting environmental impact that requires effluent 
treatment and bioremediation [4,20–22]. To solve this issue, natural 
choices are exploited to ensure the safety of used dyes especially in the 
food sector [23–25]. In this context, most previous works have dealt 
with plant pigments, while microalgal pigments have been less 
addressed with a focus on chlorophylls and phycobiliproteins more than 
carotenoids [26]. That's why this review aims to highlight microalgal 
carotenoids as an alternative to synthetic dyes, giving an overview of 
their manufacturing procedure and trends of used technologies. 

The review will be divided into three main sections, the first serves as 
an overview of dyes and pigments from a chemical standpoint, while the 
second will give a summary of all natural sources of dyes and pigments 
involving plants, animals, microorganisms (bacteria, fungi and micro-
algae) which is not provided by other reviews where each type is treated 
alone or in a brief manner and not together in the same article (see 
examples of reviews [27–29]). This section will focus on microalgal 
carotenoids whose view is generalized regarding their use for coloring 
and not specified to the food field as in most literature. The third section 
will cover production steps of carotenoids from microalgae (biomass 
production, harvesting, extraction, saponification, separation, storage 
and conservation) with details on the extraction step and techniques. 
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2. Overview of dyes and pigments 

2.1. Brief background 

As a chemical compound used to give or change the color of all sorts 
of substances, dyes and pigments are widely involved in pharmaceutical, 
cosmetic, plastic, textile, paint, ink, photography, paper and food in-
dustries where pigments are preferred than dyes. They are very diverse 
in terms of structure, synthesis and applications [1,2]. 

Internationally, the simplified and most accepted definitions of dyes 

and pigments are those given by Towns [30] where dye is a colorant that 
is in solution during some or all stages of its application to a substrate, 
while pigment is a colorant that is not in solution at any point during its 
application to a substrate and whose particle structure remains unal-
tered throughout. In this definition colorant means a substance used to 
impart color to another material, while the term substrate refers to the 
object in which the colorant is incorporated or onto which colorant 
containing medium is coated [30]. In the same defining context, syn-
thetic and natural dyes are different, synthetic means any kind of 
product made from chemicals or artificial substances which are in this 

Dyes classification based on

Azo dyes

Application method

Anthraquinone dyes

Indigoid dyes

Phatalocyanine dyes

Sulfur dyes

Nitro and Nitroso 
dyes

Reactive dyes

Disperse dyes

Acide dyes

Basic dyes

Direct dyes

Vat dyes

Chemical structure

Classification of pigments 

Organic Inorganic
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Colored pigments

Miscellaneous 
pigments 

Azo pigments

Dioxazine pigments

Quinophtalone 
pigments

Polycyclique 
pigments

Anthraquinone 
pigments

Triarylcarbomium 
pigments

Fig. 1. Classification of dyes and pigments [40].  
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case petroleum products, while natural dyes are those obtained from 
natural animal, plant and microbial materials without transformation 
[2,31]. 

The history of discovery and use of dyes and pigments is very old, of 
which researchers think that it was born since Neolithic period 4000 to 
9000 years ago. Indeed, techniques and processes used have often 
remained well-kept secrets [32,33]. In 1856 at the Royal College of 
Chemistry in London, William Harry Perink could isolated Mallow, the 
first synthetic dye commercially made and used [34,35]. Successful 
applications of Perkin and others have directed interest in the produc-
tion of synthetic dyes which now represents the vast majority of the 
world's chemical industries [36]. 

2.2. Difference between dyes and pigments 

Although dyes and pigments share the same character of coloration, 
dyes are soluble in medium and therefore disperse at molecular level 
during the process of application giving a brighter color by selective 
absorption of light, while pigments disperse in form of organic or inor-
ganic particles insoluble in medium that modify appearance either by 
selective absorption and or by scattering of light, they are more stable to 
heat and resistant to solvents compared to dyes. On the other hand and 
taking into consideration that it is the result of interaction between light 
and substance, the color depends strongly on physicochemical proper-
ties of this substance; if the latter is a dye, color in this case is defined 
exclusively by its chemical structure, but if it is a pigment the color 
depends on the physical characteristics of particles [1,37,38]. 

2.3. Classification 

Mainly, dyes are of two types natural and synthetic. As mentioned 
before synthetic dyes are based on petroleum products. In contrast, 
natural dyes are of plant, animal, microbial or mineral origin. They are 
the most preferred because of their bright nature, soothing and less 
toxicity [2]. 

Dyes and pigments can also be classified according to application 
method, solubility, color, type of fiber (nylon, cotton, polyester…), or 
according to the electronic origin of color such as acceptor-donor 
chromogens, cyanic type chromogens and polyene chromogens. How-
ever, classification based on chemical structure is the most appropriate 
because it gives a manageable number of groups and facilitates identi-
fication of dyes or pigments belonging to the same group [39,40]. Fig. 1 
illustrate the classification of dyes and pigments. 

3. Natural sources of dyes and pigments 

Synthetic dyes have harmful effects on human health and the envi-
ronment, especially aquatic environments. Indeed, their toxic, muta-
genic and carcinogenic properties cause an imbalance of aquatic 
ecosystems specifically marine. This imbalance affects diversity, growth 
and existence of different species which necessitates a treatment of 
liquid effluents from washing textiles before releasing them to the 
external environment [3,41,42]. Therefore, the focus of the review will 
be on dyes of natural origin especially from microalgae which are 
biodegradable and possess biological activities beneficial for health 
[43–47]. 

3.1. Terrestrial plants 

Most natural dyes and pigments are of vegetal origin, extracted from 
different parts of plants (roots, nuts, seeds, flowers, leaves, bark and 
wood). Red color, for example, can be produced from alkanetes (Alkanna 
tinctoria), bugloss, asafoetida and madder (Rubia tinctoria); yellow can 
also be produced from saffron, pomegranate bark, turmeric, and car-
thame. The blue color is derived from indigo dye plants mainly Indigo 
genus [48,49]. Other plant species are mentioned in Table 1 and shown 

in Fig. 2. 

3.2. Animals 

Although the earliest animal pigment was derived from marine 
mollusk secretions of Murex genus, most animal dyes and pigments are 
extracted from insects (Fig. 3). The protective resinous secretion of Lac 
insect gives a purple color, and Dactylopius coccus species produces a 
crimson, scarlet, and pink color. Other dyes are produced such as 
carmine (Porphyrophora hamelii) and cochineal (Dactylopius coccus, 
Porphyrophora polonica), as well as pigments such as chlorocruorin, 
haemocyanin and melanin. Moreover, there is another green pigment in 
the hemolymph of Pieris rapae, Cacoecia australana and Amphipyra san-
guinpuncta larvae [48,50,52–56]. 

3.3. Microorganisms 

Microbial origin pigments (fungi, bacteria and microalgae) present 
some more remarkable advantages than those of animal and plant 
origin, which are sensitive to light, unavailable and poorly soluble 
[57–59]. Indeed, microbial pigments are highly stable, available, char-
acterized by a high rate of productivity in a short time with a lower cost. 
The current literatures aim to study their different synthetic pathways in 
order to exploit them in various fields. These pigments also have 
promising antimicrobial, antitumor, antioxidant and anti-inflammatory 
activities [6,60–62]. In this section the focus will be on microalgal 
pigments specifically carotenoids because of their wide implication in 
food, cosmetic and pharmaceutical fields. 

3.3.1. Microscopic fungi 
Microscopic fungi contain highly light stable pigments, they are 

known by the production of melanins, anthraquinones, hydroxyan-
thraquinones, azophilons, carotenoids, axapolyene, quinones and 
naphtoquinones. Arpink red produced by Penicillium oxalicum var 
armenia CCM8242 was the first fungal pigment produced. The majority 
of fungal pigments are polyketides or derivatives of polyketides syn-
thesized most often by ascomycetes (genus Neurospora) in addition to 
other pigments of terpenoid and polyphenol classes [6,63,64]. Table 2 
shows some fungal pigments. 

3.3.2. Bacteria 
With their ubiquitous property and high genetic diversity, bacteria 

and specifically marine bacteria have become an attractive source of 
new biomolecules including pigments. Marine ecosystems remain un-
exploited for their microbial diversity which reflects the metabolic di-
versity, and among the microorganisms inhabiting these ecosystems 
actinobacteria and myxobacteria are important sources of new com-
pounds. A variety of pigments such as prodigiosin (red), riboflavin 
(yellow), indigoidin (blue), violacin (purple) and pyocyanin (greenish 
blue) are of bacterial origin (Table 3), those that are hydrosoluble and 
others that are liposoluble [62,70–73]. 

3.3.3. Microalgae 
Whether prokaryotic or eukaryotic, microalgae constitute a prom-

ising and fascinating alternative source of natural pigments which are 

Table 1 
Some extracted dyes from various parts of plant species [50,51]  

Plant species Part used Color obtained 

Mahonia napaulensis Stem Yellow 
Salvia splendens Flower Red 
Canna indica Flower Red 
Cosmos sulphureus Flower Mustard color 
Delonix regia Flower Olive green 
Nymphaea alba Rhizomes Blue 
Rumex maritimus Seeds Brown  
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essential for their photosynthetic metabolism [80]. This alternative is 
cheaper and efficient with a high growth rate [5]. Microalgal chloro-
phylls, phycobiliproteins and carotenoids have recently gained great 
commercial interest for food and cosmetic applications, as well as 
pharmaceutical interest due to antioxidant, anticancer, anti- 
inflammatory, antiobesity and neuroprotective activities [9,81–83]. 

The species Spirulina sp. and Chlorella sp. are mainly used in food 
industry as a source of proteins, lipids, vitamins and minerals; but also 
for production of pigments such as phycobiliproteins and carotenoids 
(Table 4; Fig. 4). Furthermore, Dunaliella salina and Haematococcus 
pluvialis are exploited for the production of β-carotene (precursor of 

Vitamin A) and astaxanthin (powerful antioxidant) [84,85]. 
Silva et al. [8] summarize the information concerning chlorophylls 

synthesized by Chlorella vulgaris, phycocyanins by Spirulina platensis, 
β-carotene by Dunaliella salina and astaxanthin by Haematococcus plu-
vialis [8]. On the other hand, other recent research results show a profile 
of chlorophylls, violaxanthin, vancheriaxanthin diester and β-carotene 
pigments in Eustigmatophyceae [44]. 

3.3.3.1. Microalgal carotenoids. Carotenoids are isoprenoid molecules, 
light absorbing, liposoluble belonging to tetraterpenes class. Their 
polyene chain with conjugated double bonds gives them the ability to 
extinguish excess light and free electrons, thus preventing oxidative 
damage of photosystems which result from solarization (photo-oxida-
tion). According to the presence or absence of oxygen in aromatic ring 
attached to chains, carotenoids are classified into two groups: carotenes 
without oxygen (α-carotene, β-carotene and lycopene) and xanthophylls 
with oxygen (astaxanthin, zeaxanthin, antheraxanthin, lutein) [7,86]. 
Biosynthetic pathway of carotenoids in microalgae involves several key 
enzymes that have a role of transformation of resulting precursors from 
one form to another giving different subclasses of carotenoids [15]. 
Chemical structures and biosynthetic pathway of carotenoids are shown 
in Figs. 5 and 6 respectively. 

Several researches are done for studying carotenoid production by 
microalgae [81,84,87–91]. The species Synechococcus sp. PCC7002, 

Fig. 2. Some plant species used for dye production, a: Delonix regia; b: Mahonia napaulensis; c: Canna indica; d: Rumex maritimus.  

Fig. 3. Insect species used for dye production, a: Dactylopius coccus; b: Pieris rapae; c: Porphyrophora hamelii.  

Table 2 
Pigments from microscopic fungal species.  

Fungal species Pigment Pigment 
color 

Reference 

Rhodotorula sp. 
(yeast) 

Torularhodin Orange-red [5] 

Candida famata 
(yeast) 

Riboflavin Yellow [5] 

Trypethelium 
eluteriae 

Trypethelon Violet-red [65] 

Penicillium 
purpurogenum 

N- 
glutarylmonascorubramine 

Purple-red [66] 

Fusarium culmorum Aurofusarin Red [67] 
Emericella purpurea Epurpurin A Greenish- 

yellow 
[68] 

Aspergillus fumigatus Melanin Dark-brown [69]  

Table 3 
Pigments from bacterial species.  

Bacterial species Pigment Pigment 
color 

Reference 

Zooshikella ganghwensis gen. nov., sp. 
nov. 

Prodigiosin Red [74] 

Nocardiopsis dassonvillei sp. strain JN1 Melanin Brown [75] 
Corynebacterium glutamicum sp. Astaxanthin Red [76] 
Aquibacter zeaxanthinifaciens gen. 

nov., sp. nov. 
Zeaxanthin Yellow [77] 

Cyanobacterium synechococcus sp. Beta 
carotene 

Orange- 
yellow 

[78] 

Pseudoalteromonas luteoviolacea sp. Violacein Purple [79] 
Streptomyces sp. Melanin Brown [72]  

Table 4 
Microalgae derived pigments and their production status [60].  

Microalgae Pigment Pigment 
color 

Status 

Haematococcus pluvialis 
(company AstaReal among 
many others) 

Astaxanthin Pink-red Industrial 
production 

Dunaliella salina (company 
Henkel-cognis Australia) 

β-Carotene Yellow- 
orange 

Industrial 
production 

Many species Chlorophylls Green Development 
stage 

Chlorella and many others Lutein Yellow Industrial 
production 

Arthrospira sp. (formerly 
Spirulina sp.) and other 
microalgae and cyanobacteria 

Phycocyanin Blue Industrial 
production 

Porphyridium and many other 
cyanobacteria and microalgae 

Phycoerythrin Red Development 
stage  
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Synechocystis sp. PCC6803 and Rhodosorus sp. proved the production of 
zeaxanthin [92]. However, other researchers were able to isolate this 
pigment from the halophilic species Dunaliella salina [87]. Table 5 shows 
the content and productivity of carotenoids in some microalgae species. 

This compounds are not only used for coloring, but they have also an 
antioxidant, anti-inflammatory, neuroprotective power as well as 
improvement of cardiac dysfunction and macular degeneration related 
to age [15,87,92–95]. 

Fig. 4. Some species of pigment producing microalgae, a: Chlorella vulgaris; b: Haematococcus pluvialis; c: Spirulina platensis.  

α-carotene ß-carotene

Lycopene

Zeaxanthin Canthaxanthin

Antheraxanthin Capsanthin

Violaxanthinß- cryptoxanthin

Lutein 

Xanthophylls

Carotenes

Fig. 5. Chemical structure of different carotenoid subclasses.  
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On another side, the comparative study of Lin et al. [96] shows that 
production rate of microalgae is 3–6 times higher than marigold flowers 
a common source of lutein. The species of Chlorella fusca, Chlorococcum 
citroforme, Neospondiococcum gelatinosum, Tetracystis aplanosporum, and 
Tetracystis tetrasporum have all a lutein content higher than 4 g/kg 
biomass [96]. 

The recovery rate of astaxanthin in Haematococcus pluvialis can reach 
70 % and 95.08 ± 3.02 % as well as its productivity can get to 357 mg/L 

after culture in double-layered photobioreactor [97–99]. Another fed- 
batch strategy also improved astaxanthin productivity to 2.0 mg/L/ 
d without compromising biomass of Chromochloris zofingiensis [100]. 
Rodrigues et al. [17] valorized agroindustrial waste for Phormidium 
autumnale cultivation, their carotenoid profile results showed a content 
of β-carotene (70.22 μg/g), zeaxanthin (26.25 μg/g), lutein (21.92 μg/ 
g), trans-echinenone (19.87 μg/g) and cis-echinenone (15.70 μg/g) 
[17]. Furthermore, the enhancement of β-carotene productivity by ge-
netic engineering in Scenedesmus sp. CPC2 gave a content of 31.8 mg/g 
[101]. 

Jeon et al. [102] found that culturing Chlorella vulgaris in medium 
with presence of magnesium sulfate, EDTA-2Na, and trace metal solu-
tion increased lutein production from 139.64 ± 12.88 mg/L to 252.75 
± 12.92 mg/L [102]. However, the use of light-related strategies 
improved productivity to 4.08 mg/L/d in Scenedesmus obliquus FSP-3 
[103]. Another study by Shi et al. [104] shows lutein productivity be-
tween 68.42 and 83.81 mg/L under the heterotrophic culture of Chlor-
ella protothecoides [104]. Some other microalgae have a fucoxanthin 
content of 18.23 mg/g which is 15 times higher than that of macroalgae 
[105,106]. 

4. How carotenoids are obtained from microalgae? 

Production of carotenoids from microalgae requires a series of steps 
that are carried out by multiple physical and chemical techniques, which 
will be summarized in this section (see an illustrative diagram in Fig. 7). 

4.1. Biomass production 

As long as the main goal is increasing carotenoid productivity, both 
microalgal biomass rate and carotenoid content must be optimized 
which requires well maintained culture systems. The production of 
microalgal carotenoids is often carried out in open pond or closed 
photobioreactor culture systems depending on resistance of microalgal 

Fig. 6. Biosynthetic pathway of carotenoids in microalgae, MEP: methylerythritol phosphate; IPP: isopentenyl pyrophosphate; DMAPP: dimethylallyl diphosphate; 
GPPS: geranyl diphosphate synthase; GGPPS: geranylgeranyl pyrophosphate synthase; GGPP: ger-anylgeran anylgeranyl pyrophosphate; PSY: phytoene synthase; Z- 
ISO: ζ-carotene isomerase; ZDS: ζ-carotene desaturase; CrtISO: carotene isomerase; LCYE: lycopene epsilon cyclase; CYP97A: cytochrome P450 beta hydroxylase; 
CYP97C: cytochrome P450 epsilon hydroxylase; LCYB: lycopene β-cyclase; BKT: β-carotene ketolase; CHYB: β-carotene hydroxylas [15]. 

Table 5 
Carotenoid content and productivity in certain species of microalgae.  

Microalgal species Carotenoid Content in 
dry weight 
mg/g 

Productivity 
mg/L/day 

Reference 

Chromochloris 
zofingiensis bkt1 
(mutant) 

Zeaxanthin 7.00 36.79 ±
3.23 

[91] 

Chromochloris 
zofingiensis 

Astaxanthin 2.88 9.9 [107] 

Dunaliella bardawil 
UTEX 2538 
(=Dunaliella salina) 

β-Carotene – 2.2 [108] 

Mallomonas sp. Zeaxanthin 26.6 – [90] 
Chromochloris 

zofingiensis 
Lutein 4.0 – [109] 

aDunaliella salina zea1 
(mutant) 

Zeaxanthin 5.9 – [110] 

aTetraselmis sp. CTP4 β-Carotene 4.41 – [111] 
aTisochrysis lutea Fucoxanthin 16.39 9.81 [112] 
aChlorella ellipsoidea Zeaxanthin 4.26 – [113] 
aPhaeodactylum 

tricornutum 
Fucoxanthin 16.33 – [114] 

aIsochrysis 
zhanjiangensis 

Zeaxanthin 23.29 2.94 [115] 

aOdontella aurita Zeaxanthin 18.47 7.96 [116]  

a Marin species. 
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strain to contamination and the purity requirements of the final product; 
for example, strains of genus Dunaliella have the ability to live in a saline 
environment, so they are grown in open ponds, whereas xanthophyll 
producing strains are grown in photobioreactors because of their 
sensitivity [117,118]. 

Open pond systems such as raceway ponds, circular central-pivot 
ponds and mixed ponds are the most commonly used because they are 
cheaper to build and maintain, but they also have a risk of contamina-
tion, poor mass transfer and poor resistance to climate change outside of 
tropical areas. This makes photobioreactors preferred by allowing a 
better control of physicochemical parameters, optimization of fluid 
dynamics, mass transfer and minimization of water losses [117,118]. 
When selecting cultivation systems the following factors should be taken 
into consideration: investment and operational costs, area available for 
cultivation, climate, contamination risk, water availability, mixing 
strategies, level of automation, efficiency and cultivation objective 
[119]. 

Furthermore, microalgal culture and biomass production are influ-
enced by three categories of environmental factors, abiotic factors (light, 
temperature, concentrations of P, N and K, CO2, O2, pH, salinity and 
toxins), biotic factors (bacteria, viruses, fungi and other competitive 
microalgae) and operational factors (degree of mixing and agitation, 
addition of bicarbonate, dilution rate, width and depth of containers and 
frequency of collection) [120,121]. These factors are the variables that 
researchers act on to improve yield and increase carotenoid content. 
Some adopted culture strategies are summarized in the following points: 

• Strategy of adaptive evolution induced by stress: it consists in in-
duction of an adaptive evolution by stress conditions. For example, 
high temperature favors growth and accumulation of lutein, high 
light intensity increases its fraction in cellular pigments, pH in-
fluences CO2 availability by conversions of CO2, HCO3

− and H2CO3, 
and the addition of oxidizing agents or ferrous salts generates an 
oxidative stress that increases lutein content. Some of other carot-
enoids such as astaxanthin can reach their highest contents under 
extreme stress conditions [117].  

• Strategies of reducing nitrogen, phosphorus and introducing salts 
such as NaCl: they are effective for astaxanthin and β-carotene pro-
duction especially under high light conditions [117].  

• Tow-stages cultivation strategy: it consists of two stages, the first one 
is under optimal conditions for cell growth and the second one in-
troduces stress conditions for pigmentation [117].  

• Hyperaccumulation strategy: it is successful for astaxanthin and 
β-carotene where it facilitates the recovery of targeted molecules 
from total biomass and increases yield by creating hyper-
accumulation of these carotenoids following nutrient depletion 
conditions, especially nitrogen [122].  

• Metabolic engineering: these are genetic manipulations that affect 
different enzymes involved in metabolic pathways of caroteno-
genesis either by mutation induction or by other advanced genomic 
and proteomic techniques [117]. 

4.2. Biomass harvesting 

The step of removing microalgae from cultivation media called 
biomass harvesting present a major challenge in the whole process of 
carotenoid production because even at maximum density, cell fraction 
constitutes only a small part of media fraction. The difficulty increases as 
the cell size decreases [18,117]. 

Physical or chemical harvesting methods vary according to the re-
sources available; they include settling, flocculation, filtration, centri-
fugation, and combinations of these methods. Other more advanced 
techniques such as advanced settling tanks, membrane filters, oscillating 
filters, dissolved air floatation systems, hydrocyclones, electro-
coagulation, flow through centrifuges and scalable fractionation are 
used. Chemical methods are cheaper and consume less energy, but not as 
fast and efficient as physical methods [117,123]. Advantages and dis-
advantages of some chemical and physical harvesting methods are 
presented in Table 6. 

4.3. Carotenoid extraction 

4.3.1. Pretreatment and cell disruption 
Microalgae are characterized by their rigid, complex and dynamic 

wall that prevents penetration of solvents inside the cell, in addition to 
the association of carotenoids with fatty acids and or proteins. That's 
why the pretreatment is required to destroy cell barriers and to facilitate 
carotenoids extraction afterwards. Physical, chemical and biological 
methods are used for cell disruption since the choice depends on criteria 

Biomass produc�on Biomass harves�ng Extrac�on  Pretreatment

Extrac�on

Physical methods

Chemical and 
biological methods

Green solvents, 
Soxhlet extrac�on, 
Super and subcri�cal 
fluid extrac�on, 
Pressurized liquid 
extrac�on, 
Microwave and 
Ultrasonic assisted 
extrac�on

Saponifica�on 

Separa�on, 
analysis and 

iden�fica�on Storage  

Fig. 7. Illustration of carotenoid production process from microalgae.  
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of cell wall and matrix [124]. 

4.3.1.1. Physical methods 
4.3.1.1.1. Bead milling. The method consists in the use of small 

beads made of steel, glass or ceramic which will be agitated in agitators 
of various designs (concentric or eccentric discs or rings). The increase of 
the bead diameter has a positive effect when it is lower than 0.5 mm but 
it has a negative effect when it is higher than 0.5 mm. Thus increase of 
processing time, stirring speed, number of cycles and bead filling into 85 
% of the gridding chamber volume influences positively the cell 
disruption process. In a highly viscous medium, high density beads such 
as zirconium are preferred, while for a low viscosity medium less dense 
beads such as glass are preferred [125–127]. 

4.3.1.1.2. High pressure homogenization. The principle of cell 
disruption in this method is based on the high pressure impact of which 
cell suspension flows radially through a valve, contacts an impact ring, 
exits the valve and then flows either to a second valve or to discharge. 
The high pressure of fluid jet accelerated on a stationary surface of the 
valve induces cell disruption. This latter can also be achieved by hy-
drodynamic cavitation which is due to shear stress induced by pressure 
drop. Cavitation is a phenomenon in three steps that occur in short time 
intervals (μs or ms) starting with the formation of bubbles followed by 
their growth and ending with the collapse of microbubbles [126,128]. 

4.3.1.1.3. High speed homogenization. Characteristic mechanisms of 
this technique are hydrodynamic cavitation generated by high speed 
agitation and shear forces at the solid-liquid interphase. Dynamic cavi-
tation occurs when there is a decrease in local pressure almost to liquid 
vapor pressure which cannot be achieved unless impeller tip speed 
reaches a critical value of 8500 rpm; as the liquid moves away from the 
impeller its pressure recovers in proportion to decrease in speed and 
distance from impeller tip which leads to collapse of cavities. High speed 
homogenizer is the specialized device for this method, it is a high 
agitation speed homogenizer consisting of a stator-rotator assembly with 
a variety of stator-rotator designs [126,129]. 

4.3.1.1.4. Ultrasonication. The approach uses several ultrasonic 
systems either for extraction of a compound or production of micro/ 
nano emulsions or for cell disruption as in this case, where the cells will 
be destroyed due to high shear forces. Cavitation process is generated by 
energy of high frequency acoustic waves on one side and on the other 
side the propagating shock wave forms jet currents in surrounding me-
dium which causes cell disintegration. High power ultrasounds (>20 

kHz) can potentially generate strong cavitation effects [126,130]. 
4.3.1.1.5. Microwave treatment. Exposure of cell suspensions to mi-

crowaves (generally 250 MHz) generates interactions between them and 
polar molecules, mainly water, and causes local heating; the water then 
rapidly reaches boiling point, which leads to an increase in its concen-
tration and internal pressure, as well as to cell expansion. Recovery of 
intracellular compounds is then facilitated by heat, internal pressure and 
microwave-induced membrane or wall damage. Treatment efficiency 
depends on the concentration of free water in the cell [126]. 

4.3.1.1.6. Pulsed electric field treatment. High Intensity Electric Field 
Pulsed also called Pulsed Electric Field consists of perforation of the 
membrane/cell wall by applying an external electric field to induce a 
critical electric potential through this membrane/wall. Cell disruption is 
therefore caused by electromechanical compression and electric field 
induced voltage (electroporation) whose number and size of pores 
depend on the intensity of applied field [126]. Membrane/wall damage 
can be reversible or irreversible depending on the ratio between total 
pore surface and cell membrane surface [131]. 

4.3.1.2. Chemical and biological methods. Chemical cell disruption is 
based on effect of different chemical compounds such as antibiotics, 
chelating agents, chaotropes, detergents, solvents, hypochlorite, acids 
and bases; each of which has its own mechanism of action. For example, 
solvents cause perforation or dissolution of membrane or wall, acids also 
cause pore formation, while bases saponify membrane lipids [126]. 
Some researchers have studied the action of other surfactants and 
oxidizing agents on microalgal cells [132–134]. Selection of most 
effective and appropriate chemical agent depends on the composition of 
membrane or wall that will be destroyed [126]. 

Although they consume less energy than physical approaches, 
chemical approaches present problems of feasibility, efficiency and 
toxicity which led researchers to turn to a biological enzymatic alter-
native less harmful on the environment. Glycosidase, glucanase, pepti-
dase and lipase are the most widely used enzymes for cell lysis, they 
have advantages of specificity of action, operating conditions with low 
energy requirements [126]. 

4.3.2. Extraction 
After cell lysis, carotenoids must be extracted and released from 

associated compounds; for this purpose, different methods are devel-
oped whose efficiency varies according to the principle of each one as 
well as chemical properties and sensitivity of targeted carotenoid. In this 
section several methods will be described along with the advantages and 
disadvantages of each one (Figs. 8 and 9 respectively). 

4.3.2.1. Green solvent extraction. Green solvent extraction has become 
an alternative of extraction by organic solvents which are powerful 
environmental pollutants, extremely flammable, volatile and toxic. 
Deep eutectic solvents, ethanol, surfactants and the new type of ionic 
liquids (ILs) are green solvents used in this alternative; they are less toxic 
and more environmentally friendly. For example, ethylammonium 
caproate can strongly and efficiently dissolve the mannans composing 
the wall in a very short time (50 s), it has advantages of easy synthesis, 
low cost and better biocompatibility [124,135,136]. For more infor-
mation on the applications of green solvents and their results see the 
studies [98,135,137–140]. 

4.3.2.2. Soxhlet extraction. To selectively extract compounds, 
atmospheric-liquid Soxhlet extraction consists in the use of solvents at 
boiling temperature with low pressure (ambient). This conventional 
technique allows the highest recovery of carotenoids and is also used to 
evaluate performance of other methods. Among its disadvantages are 
time consuming, large amounts of solvents (high cost), in addition to the 
possibility of degradation and cis-trans isomerization of carotenoids 
under high temperature [124]. López-Bascón-Bascon and Luque de 

Table 6 
Advantages and disadvantages of some harvesting methods [117].  

Method Advantages Disadvantages 

Physical methods 
Centrifugation • Reliable, fast and efficient 

• Applicable at laboratory and 
small industrial scale 
• Suitable for most strains of 
algae 

• High capital cost 
• Risk of cell damage 

Gravity 
sedimentation 

• Inexpensive and suitable for 
large, dense and non-motile 
cells 
• Used as a first treatment to 
reduce energy consumption 
when combined with other 
methods 

• Takes a long time if no 
supplementary flocculent is 
used 

Electromagnetic 
technics 

• More environmental 
compatible 

• Fouling of electro-cathodes 
can cause problems for 
large-scale application  

Chemical methods 
Flocculation • Possibility to treat large 

scale suspensions with low 
cost 

• Possibility of 
malfunctioning with marine 
microalgae 
• High investment cost and 
operational requirements  
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Castro have well described this technique [141]. 

4.3.2.3. Supercritical and subcritical fluid extraction SFE. Supercritical 
fluid extraction is an efficient method for extraction of soluble ther-
molabile compounds from a solid matrix or insoluble liquid. It is widely 
studied for extraction of carotenoids from microalgae. The technique 
consists in using a supercritical fluid extraction solvent which is a fluid 
under conditions of temperature and pressure higher than their critical 
limits. It is therefore a special fluid state which can seep out solid like gas 
and dissolve matter like liquid. Generally, carbon dioxide CO2 is the 
most preferred because it quickly reaches the critical conditions, their 
high diffusion coefficient and low viscosity allow a rapid penetration 
through pores of complex matrix which improves extraction efficiency 

[124,136,142,143]. 
Extraction steps by supercritical fluid extraction are [142]:  

1) Absorption of supercritical solvent by solid substrate promoting 
expansion of cell structures which facilitates solvent flow;  

2) Soluble compounds will be dissolved in the solvent simultaneously;  
3) Dissolved compounds will be subsequently transferred to a solid 

surface by diffusion;  
4) Transport of compounds by solvent and remove from the extractor. 

Extraction temperature (40–60 ◦C), pressure (300–400 bar), time 
(30–120 min), CO2 density (solvent power), CO2 flow rate (1–5 mL/min) 
and entertainers concentration (5–25 % v/v) are the most critical 

Fig. 8. Illustrative diagrams of extraction methods [157–160].  
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parameters of supercritical carotenoid extraction [144]. However, 
Ludwig et al. [89] found that this technique allows the recovery rate of 
β-carotene of >90 % from Dunaliella salina at 70 ◦C and 500 bars with 10 
% ethanol as co-solvent [89]. 

Subcritical fluid extraction is similar to the Supercritical fluid 
extraction except that temperature and pressure are relatively lower 
than the critical values (31.06 ◦C and 73.8 bar) [143]. It has been shown 
that subcritical CO2, 1,1,1,2-tetrafluoroethane and diethyl ether have 
the potential to extract carotenoids from macro and microalgae 
[16,145,146]. However, the number of studies derived from the 
subcritical extraction of microalgal carotenoids is limited compared to 
supercritical extraction [143]. 

4.3.2.4. Pressurized liquid extraction PLE. This technique is known 
under different names, Pressurized Liquid Extraction, Pressurized Sol-
vent Extraction (PSE), Accelerated Solvent Extraction (ASE) and 
Enhanced Solvent Extraction (ESE). Their principle is based on liquid 
extraction where solvents will be heated to their boiling temperature (20 
to 200 ◦C) under high pressure (34–204 bar) to maintain liquid state. 
The analyte in this case will go through three main steps: desorption 
where analyte is removed from its site in matrix, then diffusion where it 

diffuses through pores of matrix and reaches extraction phase and finally 
transfer of analyte into bulk solvent and collection. Pressurized liquid 
extraction can be automated and programmed to analyze several sam-
ples in a short time [142,147]. 

4.3.2.5. Microwave assisted extraction MAE. Microwave assisted 
extraction is an economical method, fast and requires small amounts of 
solvents to extract carotenoids, it allows a deeper contact of solvent with 
sample to improve extraction [124,142]. The principle is an energy 
transfer (in a form of heat) from microwave radiation to solvents by two 
mechanisms: dipolar rotation and ionic conduction, which facilitates 
mass transfer and the dissolution of analytes. Transferred heat causes 
evaporation of humidity inside the cell inducing a change of pressure, 
which increases membrane porosity and consequently solvent penetra-
tion and release of intracellular compounds. On the other side, heat 
transfer destroys hydrogen bonds and causes a migration of dissolved 
ions, which leads to a high solvent penetration [142,143]. 

Generally, microwave assisted extraction is performed in open or 
closed reaction vessels, open when extraction is at low temperature and 
atmospheric pressure and closed when it is at high temperature, this 
approach can follow several paths using different solvents or without 

Fig. 9. Advantages and disadvantages of extraction methods [124,136,142,143,151].  
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any solvent [142,143]. Recent studies illustrate microwave-assisted 
extraction of different classes of carotenoids from Chlorella sor-
okiniana, Chlorella luteoviridis and other species [13,148–150]. 

4.3.2.6. Ultrasound assisted extraction UAE. Ultrasound extraction is 
based on application of ultrasound waves in a liquid medium, which by 
acoustic cavitation (formation of small bubbles in a liquid medium) 
promotes diffusion of intracellular compounds through the plasma 
membrane and can also destroy the latter, causing release of compounds 
into the medium [124,143]. Influencing factors of this extraction tech-
nique are: power, frequency, intensity, reactor shape and volume, sol-
vents, temperature, presence of dissolved gas and external pressure as 
well as material parameters [151]. 

Techniques of ultrasonic extraction are devised in three main types: 
conventional techniques, hybrid techniques (sono-Soxhlet, sono- 
clevenger) and combination with other innovative techniques such as 
the combination with microwave or supercritical fluid extraction or with 
extrusion extraction [151]. In order to improve extraction of zeaxanthin 
and β-carotene from marine Chlorella saccharophila, Singh et al. [152] 
tried to optimize the process using ultrasonication, they applied 
response surface methodology and they optimized the parameters: sol-
vent/CDW ratio, power, pulse length, and extraction time to obtain the 
highest yield of zeaxanthin (11.2 mg/g) and β-carotene (4.98 mg/g) 
[152]. 

4.3.3. Comparison of extraction methods 
In this section extraction methods will be compared in terms of dif-

ference in yield, ecological impact and extraction efficiency. 
For the difference in yield, Soxhlet and green solvent extraction 

methods show high recovery of carotenoids, Desai et al. [98] had 70 % 
of astaxanthin from Haematococcus pluvialis using ionic liquid ILs as 
green solvent [98,136]. Supercritical fluid extraction and pressurized 
liquid extraction have a low yield of carotenoids of which that of PLE 
(3–39.31 % (w/w)) is higher than that of SFE but still remains a low 
value compared to other methods. Microwave-assisted extraction tech-
nique gives high yield whose intermittent irradiation was found to be 
effective for better recovery [124,142]. On the other hand, an experi-
ment of astaxanthin extraction from Haematococcus pluvialis by 
ultrasound-assisted extraction gave a recovery rate of 95.08 ± 3.02 % 
which was the highest until the year 2021 [99,136]. 

For ecological impact, most of the methods discussed in this review 
are ecofriendly green techniques except the conventional Soxhlet tech-
nique that uses large amounts of organic solvents harmful to the envi-
ronment [124,143]. SFE uses Super Critical CO2 SC-CO2 as a non- 
flammable, non-toxic and environmentally friendly recyclable solvent, 
while green solvent extraction uses ecofriendly green solvents produced 
from renewable biomass resources or non-toxic and biodegradable pe-
troleum products [124]. MAE, UAE and PLE techniques use small 
amounts of solvent without affecting the yield. PLE reduces waste and 
allows the replacement of organic solvents by green solvents, as well as 
UAE reduces their consumption, eliminates post treatment of resulting 
wastewater and consumes only a fraction of the energy usually used by a 
conventional extraction method [124,142,151]. 

For extraction efficiency, SFE presents a significant efficiency due to 
its use of SC-CO2 which gives a highly concentrated final product 
without any trace of toxic organic solvent [124]. MAE gives a purified 
final product and allows a deep contact with the sample which improves 
efficiency and time [142]. Similarly, UAE is characterized by high effi-
ciency, reproducibility and purity of the final product [124,151]. 
Furthermore, Soxhlet method has been shown to be effective for 
extraction and is sometimes used to evaluate the performance of other 
methods, whereas PLE is poor in terms of selectivity [124,142]. A 
comparative study of astaxanthin extraction efficiency between pulsed 
electromagnetic field, ultrasound, high-pressure micro-fluidization, HCl 
and ILs showed that ILs, HCl and high-pressure micro-fluidization 

treatment were the most efficient with >80 % astaxanthin recovery from 
Haematococcus pluvialis [153]. In the same context, Khoo et al. [99] 
designed an ultrasound-assisted two-phase solution system that gave a 
very high efficiency of 99.74 ± 0.05 % not observed previously [99]. 

4.3.4. Mechanisms of extraction 
In order to scale up the process and broaden the application range of 

extraction methods, it is crucial to understand extraction mechanisms. 
In solvent extraction of microalgal carotenoids, cells will be exposed to a 
biocompatible solvent where it can be absorbed causing alterations in 
cell membrane. This contact between solvent molecules and hydro-
phobic membrane parts can be prevented by the wall and/or hydrophilic 
parts of external membrane and makes extraction difficult which re-
quires pretreatment and wall destruction. After the solvent is in contact 
with membrane it dissolves in it and causes changes where some oil 
globules containing carotenoids will be extracted from the chloroplast to 
the space between chloroplast and membrane and subsequently to cell 
exterior. The biocompatibility of solvent, function of compound, local-
ization and the way it accumulates in the cell are the factors that must be 
taken into consideration during this type of extraction [154]. 

Electroporation or membrane permeabilization mechanism is not yet 
fully understood, but it is accepted that it occurs in four steps: 1) 
Application of an electric field induces an increase in transmembrane 
potential of cytoplasmic membrane due to its charge. 2) Reaching of a 
determined threshold potential and induction of the formation of small 
hydrophilic pores. 3) Evolution of the number and/or size of pores. 4) 
Entry of extracellular substances and leakage of intracellular compounds 
during post treatment [155]. 

Khadraoui et al. [156] studied the mechanisms of metabolites 
extraction from rosemary leaves by ultrasound assisted extraction. Their 
observations by different scanning microscopies and cyto- 
histochemistry have shown that there is a chain dexturation mecha-
nism that occurs in a well determined order: local erosion, shear force, 
sonoporation, fragmentation, capillary effect and dexturation [156]. 

4.4. Saponification 

As mentioned previously, carotenoids are divided into two main 
classes: carotenes and xanthophylls. Carotenes exist in free form inside 
cells while xanthophylls exist either in free form or esterified with fatty 
acids in a more stable form. Saponification is therefore a treatment of 
these esterified carotenoids (mono or diester) by a base (KOH or NaOH) 
allowing a removal of esterified xanthophylls but also lipids, chloro-
phylls and proteins. It is often performed as a separate step after 
extraction [124,136,161]. 

During the saponification process, base concentration, temperature 
and treatment time have a direct influence on carotenoid yield. Inbaraj 
et al. [162] found that 6 h of incubation with 2 % methanolic KOH (w/v) 
induced complete saponification of carotenoid esters, while an exten-
sion of time to 8 h caused carotenoid degradation. A high temperature 
(56 ◦C, 20 min) or low temperature (25 ◦C, 16 h) is also recommended 
for extraction of free carotenoids [162]. In addition, some experiments 
showed that the highest yield, was with 4 % KOH (w/v) in MeOH, while 
2 % KOH (w/v) was not sufficient for complete saponification of ca-
rotenoids from Scenedesmus almeriensis [163]. Another study elucidates 
the loss of 20–30 % of β-carotene and 50 % of xanthophylls after 
treatment with 10 % KOH (w/v) [164]. For Scenedesmus obliquus, 
treatment with 2.5 % KOH (w/v) for 40 min at 40 ◦C in a hot water bath 
increased lutein content by nearly twofold, while the use of 80 % KOH 
(w/v) and overnight incubation at 4 ◦C did not significantly affect the 
lutein content when compared with an unsaponified sample [165]. 

4.5. Separation, analysis and identification 

After extraction and saponification, carotenoids must go through a 
further separation, analysis and identification processes; for this 
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purpose, their physical and chemical properties must be taken into 
consideration. Carotenoids are sensitive to temperature, oxygen, acids, 
alkaline bases, and light whose exposure can cause cis-trans isomeriza-
tion and induce destruction. In addition to characteristic conjugated 
double bond system of carotenoids which presents a major problem 
during its manipulation [12,166]. 

In general, physicochemical features of compounds are the basis for 
choice of separation technique, so they are: distillation, crystallization, 
dialysis, electrophoresis, column and thin layer chromatography [12]. 
However, chromatographic techniques are the most used for carotenoid 
separation and are reported in literature for a long time [167–174]. This 
technique is based on distribution of compounds in a mixture between 
two phases; one is stationary and the other mobile, which passes through 
the stationary phase. The latter can be a solid adsorbent, a liquid 
deposited on the surface of a solid base, an ion exchanger or gel. It is 
applied in isolation of compounds either by their separation at elution of 
column (column chromatography), by scraping spots of chromatoplates 
(thin layer chromatography) or by cutting spots on the paper (paper 
chromatography). In the case of carotenoids, separation depends on the 
polarity of functional groups of molecules determining hydrophobic 
character, there is therefore two methods of separation either by dis-
tribution between two immiscible liquid phases or by adsorption of 
adsorbent [12]. 

High Performance Liquid Chromatography (HPLC), Thin Layer 
Chromatography (TLC) and more recently Ultra High Performance 
Liquid Chromatography (UHPLC) are used not only for separation, but 
also for analysis (quantitative and qualitative) and identifying where 
they are coupled with mass spectrometry [175–177]. 

Quantitative and qualitative analyses of carotenoids are provided by 
several spectroscopic and mass spectrometric methods. Other tech-
niques such as MALDI-TOF/MS (Matrix Assisted Lazer Desorption 
Ionization Time Of Flight Mass Spectrometry), ASAP (Atmospheric 
Solids Analysis Probe) and Raman spectroscopy are used to rapidly 
profile and qualify carotenoids in several extracts without the need for 
sample preparation or chromatographic separation [177]. 

Carotenoid identification can be chemical by characteristic reactions 
of functional groups, as well as physical which is the most applied way. 
HPLC and UV visible are the commonly used detectors, but the similarity 
of UV visible spectrum and carotenoid structures (see Fig. 5) causes 
coelution, so mass detectors are developed to elucidate structure and 
facilitate quantification of individual carotenoids that coelute 
[12,177,178]. Mass spectrometry is based on transformation of carot-
enoids into ions by electron bombardment and subsequently they will be 
accelerated, separated and recorded. Many ionization techniques are 
reported in mass spectrometry analysis of carotenoids: EI Electron 
Impact, FAR Fast Atom Bombardment, MALDI Matrix Assisted Lazer 
Desorption Ionization, ESI Electrospray Ionization, APCI Atmospheric 
Pressure Chemical Ionization, APPI Atmospheric Pressure Photoioniza-
tion, and ASAP Atmospheric Solids Analysis Probe [12,175,177]. 

4.6. Storage and conservation 

The major problem associated with carotenoids storage is its easy 
degradation by oxygen, light and temperature; for that researchers tried 
to find the suitable conditions for their stability during storage. Chan 
et al. [165] studied storage parameters of lutein extracted from Scene-
desmus obliquus whose results show that low temperature (4–20 ◦C) with 
the addition of antioxidant BHT butylated hydroxytoluene at 0.01 % can 
maintain lutein stability after 80 days, the appropriate amount of anti-
oxidant, promotes stability under light exposure [165]. Another evalu-
ation of freezing and storage temperature effect on carotenoids in food 
products demonstrates that carotenoid mass fraction is not affected by 
freezing [179]. 

More recently, micro and nanotechnological encapsulation have 
emerged as an effective alternative for improving bioavailability and 
stability of carotenoids under storage conditions. It is a physicochemical 

process of entrapment of an active substance in a structurally engineered 
micro or nanosystem in order to develop an effective thermodynamic 
and physical barrier against deteriorating environmental conditions 
[180]. 

Microencapsulation technologies are: spray drying, freeze drying, 
coacervation, liposomes, inclusion complexation, and extrusion while 
nanoencapsulation technologies are: nano liquid-liquid carriers, nano-
encapsulation using supercritical fluids, protein self-assembled nano-
particles, solid lipid nanoparticles, nano structured lipid carriers, solvent 
displacement and emulsification evaporation [14,180–183]. In general, 
polymeric nanoparticles are the most widely used due to their stability 
during storage and high release control efficiency of encapsulated ca-
rotenoids [183]. 

5. Conclusion 

Compared to synthetic dyes, microalgal carotenoids present a 
promising alternative with important advantages in terms of safety, 
beneficial bioactivities, productivity and high yield in a short time. This 
will help to minimize the time, effort and money losses for the pro-
duction of safe dyes especially for the food field. 

Microalgal carotenoids production consists of biomass production, 
harvesting, extraction, saponification, separation and finally the stor-
age. During biomass production, successful strategies for increasing 
productivity and yield are adopted by playing on factors that affect cell 
growth and carotenogenesis. Biomass harvesting is one of the major 
challenges in manufacturing processes, because cell fraction represents a 
small fraction of the total medium fraction. Indeed, several physical and 
chemical techniques are dedicated to collecting this fraction. 

Before extracting carotenoids, a physical or chemical pretreatment is 
crucial to facilitate the access of solvents to carotenoid compounds by 
destroying cellular barriers that prevent their penetration. Extraction is 
performed by different innovative methods whose goal is the recovery of 
carotenoids localized inside the cells. Indeed, understanding extraction 
mechanisms allows to scale up the process and to widen the range of 
application of these techniques. Saponification is often the next step to 
recover esterified xanthophylls. 

After extraction and saponification, carotenoids have to go through 
further separation and identification processes where their physico-
chemical properties have to be taken into consideration. The last step of 
storage and conservation is the other major challenge because carot-
enoids are sensitive to storage conditions, and for this reason researchers 
are still working to improve them. In addition, emerging micro and 
nanoencapsulation technologies have proven their effectiveness in 
improving bioavailability and storage of carotenoids under storage 
conditions. 

Technological advancements are required to solve some of the issues 
related to production, extraction, storability and yield, of which cost 
reduction, environmental safety, efficiency and reproducibility are the 
points to be considered for a successful large scale application. 
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[1] A. Gürses, M. Açıkyıldız, K. Güneş, M.S. Gürses, Dyes and pigments: their 
structure and properties, in: Dye. Pigment. Springer Briefs Mol. Sci, Springer, 
Cham, 2016, pp. 13–29, https://doi.org/10.1007/978-3-319-33892-7_2. 

[2] H.B. Singh, K.A. Bharati, Handbook of Natural Dyes and Pigments, Elsevier, 2015, 
https://doi.org/10.1016/C2014-0-02803-1. 

[3] A. Tkaczyk, K. Mitrowska, A. Posyniak, Synthetic organic dyes as contaminants of 
the aquatic environment and their implications for ecosystems: a review, Sci. 
Total Environ. 717 (2020), 137222, https://doi.org/10.1016/j. 
scitotenv.2020.137222. 

[4] I.S. Khan, S. Ali, K.B. Dar, M. Murtaza, M.N. Ali, S.A. Ganie, S.A. Dar, 
Toxicological analysis of synthetic dye orange red on expression of NFκB- 
mediated inflammatory markers in wistar rats, Drug Chem. Toxicol. (2021) 1–11, 
https://doi.org/10.1080/01480545.2021.1979579. 

[5] A.M. Grumezescu, A.M. Holban, Natural and Artificial Flavoring Agents and Food 
Dyes, Elsevier, 2018, https://doi.org/10.1016/C2016-0-00380-7. 

[6] R. Kalra, X.A. Conlan, M. Goel, Fungi as a potential source of pigments: 
harnessing filamentous fungi, Front. Chem. 8 (2020) 369, https://doi.org/ 
10.3389/FCHEM.2020.00369/BIBTEX. 

[7] E. Christaki, E. Bonos, P. Florou-Paneri, Innovative microalgae pigments as 
functional ingredients in nutrition, in: K. Se-Kwon (Ed.), Handb. Mar. Microalgae 
Biotechnol. Adv, Elsevier, 2015, pp. 223–243, https://doi.org/10.1016/B978-0- 
12-800776-1.00014-5. 

[8] S.C. Silva, I.C.F.R. Ferreira, M.M. Dias, M.F. Barreiro, Microalgae-derived 
pigments: a 10-year bibliometric review and industry and market trend analysis, 
Molecules 25 (2020) 3406, https://doi.org/10.3390/molecules25153406. 
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