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This work reviews applications of high added value molecules
produced from microalgae. Older forms of valorization - health
food and quality feed, polyunsaturated fatty acids, pigments,
carbohydrates - are currently penetrating their markets. They
are driven by desirable properties : texturer and dye for food
industry, antioxidant for cosmetics and the appetite of the gen-
eral public for biosourced compounds. Most recent develop-
ments, such as peptides, vitamins, polyphenols, phytosterols and
phytohormones, are struggling to meet their market and reach
economical competitiveness. Still they are pushed forward by
the very powerful driver that is pharmaceutical industry. In
addition this work also proposes to link microalgae phyla and
related potential applications. This is done through highlight-
ing of which bioactive compounds can be found in which phyla.
While some seem to be restricted to aquaculture, Cyanobacte-
ria, Chlorophyta and Rhodophyta show great promises.
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1. Introduction
Algae are a group of organisms that live almost every habitat.
While, most part of them are preferentially found in aquatic
environments, they can also colonise other spaces includ-
ing deserts, volcanic waters, highly acidic and frozen soils1.
They form the basic component of food chains in the world’s
ecosystems. In addition, they are the main producers of oxy-
gen and contribute to about 40% of global photosynthesis2–4.

Algae bring together macroalgae, commonly referred to as
seaweed which are macroscopic and multicellular organisms,
and microalgae, which are microscopic organisms commonly
found in marine and freshwater. The later are the focus of this
review. Microalgae have been used by man since the dawn
of time. It started more than thousand years ago serving as
food for indigenous populations. Still, the production of mi-
croalgal biomass really began to develop in the middle of the
last century, starting first with Germany when post-war soci-
eties were apprehensive at a strong demographic growth and
its implication to food security5,6. However, with the need
for sustainable development, microalgae have really sparkled
academics and engineers attention over the last half-century
for numerous reasons. First of all, as photosynthetic organ-
isms, they can derive their energy from light and carbon from
inorganic sources. Compared to higher plants, they show
higher annual photon-to-biomass conversion efficiencies of
about 3 % (compared to < 1 %) and no intrinsic sensibility

to seasonality7,8. This feature combined with the great di-
versity of strains allow valuable molecules such as proteins,
lipids, carbohydrates, pigments to be produced with high
yields. Second, they can be grown on wastewater or non-
agricultural land without pesticides hence not compromising
the production of food or others products from crops. Fur-
thermore, they are able to recycle atmospheric carbon diox-
ide and thus minimising associated environmental impacts.
As result, and driven by current energy, environmental and
food challenges4,6,9, microalgal biotechnology steadily rose
into power. Nowadays it can be split into four major research
fields that are wastewater treatment, CO2 sequestration, bio-
fuel production and high-added value molecules production.

By having a look at the scientific literature, it is safe to
say that the first three fields have already been well explored
and reviewed over the former decades. Figure 1 presents
the publication trends of those scientific communities. As
one can see, very recently, the focus of microalgae applica-
tions has changed and is now mainly on the production of
high value-added molecules rather than environmental ap-
plications. This recent shift in interest is probably related
to the high cost of microalgae production even on a large
scale. Among the main limitations, the low biomass con-
centration (about 3 g/L for autotrophic cultures) of microal-
gae cultures has a significant impact on the downstream proc-
cesing. In particular, additional costs are required at the har-
vesting stage to successfully concentrate the cultures. These
difficulties have led scientists to find new, higher added-
value, strategies for valorisation of biomass. From this graph,
we can see that the sequestration of CO2 has a rather lin-
ear trend with a low slope suggesting a limited interest (lin-
ear fit since 2007, R2=0.977). As for biofuels, the peak of
research intensity seems to be passed (bell curve). Indeed,
extensive research has already been led, and the conclusion
is that commercial viability will be made possible only if
high added value molecules are extracted from biomass be-
forehand10. Finally wastewater treatment and high value-
added molecules1 clearly depict an exponential trend (expo-

1It should be noted that for this last stream, broad keywords have been
applied. However, unlike other applications, high value-added molecules
from microalgae are very diverse and can have different applications. As a
result, the volume of publications may have been underestimated with the
use of very broad-spectrum keywords. With keywords more focused on the
type of molecules such as "carbohydrate", "protein" or else "phytosterol",
the trend remains the same but the volume of publication is larger than that
presented in the graph.
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nential fit since 2007, R2=0.976 and R2=0.991 respectively).
As a consequence, this review focuses on high-added value
molecules production from microalgae and associated appli-
cations.

Fig. 1. Number of publications by category of microalgae applications over time.
Results obtained on November 8 2019, on the Web of Science search engine over
a period until 2018 with the following keywords: TS=(microalgae AND (molecules
OR bioactive OR compound)) for high-value molecules, TS=(microalgae AND
((CO2 OR Carbon) AND (sequestration OR mitigation))) for CO2 sequestration,
TS=(microalgae AND (wastewater OR "waste water" OR remediation OR polluted))
for wastewater treatment and TS=(microalgae AND (fuel OR biofuel OR oil OR
biooil)) for biofuels.

High added value molecules are a very board category with
very different applications. They range from lipids, proteins
and carbohydrates with food and nutraceutics applications
to pigments and sterols with cosmetics and pharmaceutical
aims. The broad range of applications comes from the fact
that microalgae are one of the oldest life forms on Earth.
They have evolved and adapted over billions of years, yield-
ing a tremendous diversity and complexity. As classification
can be of help when assessing the biotechnological potential
of a strain, a reminder of a state of the art classification is the
first section of this article. Then, for the sake of completeness
and the reader interest, environmental applications are briefly
mentioned and relevant contributions are pointed out. This is
followed by the core of this paper, a review of high-added
value molecules production and associated applications. Fi-
nally, a link is drawn between classification and applications
with the goal to ease strain selection for a specific applica-
tion.

2. Classification
Microalgae term ties together microscopic algae and oxy-
genic photosynthetic bacteria. Therefore the first disctinction
is between prokaryotes and eukaryotes11. The key distinction
between both types of cells is the presence of membrane-
bound structures in eukaryotic cells which are lacking in
prokaryotes. The latter were allegedly acquired by eukary-
otes from evolution through endosymbiosis12,13. As a re-
sult, eukaryotes are larger, more complex, and can be either
unicellular or multicellular while prokaryotes are simple and
small single-celled organisms.

Traditionally, microalgae have been classified according
to their photosynthetic pigments. Yet the current systems of
classification take account of others criteria, among them cy-
tological and morphological characters, cell wall constituents
and chemical nature of storage products. Based on these
features, some methods are commonly employed to iden-
tify and classify algal species including morphological ob-
servations under a microscope, molecular-based classifica-
tion using specific short gene sequences14 or more recently
semi-automated or fully automated classification using a flow
cytometer combined with computational methods15–17. Re-
gardless of the approaches used to identify algal species,
the classification system has changed many times over the
years. Currently, there is no consensus among the tax-
onomists around the world to use one classification over an-
other18,19. However, one of the lastest classification models
includes two main domains, Prokaryota and Eukaryota gath-
ering seven kingdom: Archaebacteria, Eubacteria, Protozoa,
Chromista, Fungi, Plantae and Animalia20.

Keeping in mind that the taxonomic organization may
change as information accumulates, the current microalgal
classification considers eight major phyla belonging to four
of the seven kingdoms depicted in Figure 2. While a large
majority of microalgae are nested in the Eukaroyta domain
and distributed in seven main phyla, there is only one rep-
resentative phylum of microalgae in the Prokaryota domain
grouped under the name Cyanobacteria. Despite the low rep-
resentation in this domain, Cyanobacteria are among the most
abundant phylum alongside Chlorophyta and Heterokonto-
phyta phyla21–23.

3. Applications

3 1. Summary of environmental applications
Owing to the increasing deterioration of our environment and
the need for energy, research have been focused on recycling
and resource recovery. Within this context, microalgae have
been studied as an appropriate response to the current envi-
ronmental issues due to potential benefits they offer22,24–26,
namely:

• Their ability to integrate carbon from combustion gases
as a source of carbon6,24,27–29,

• Their potential of growing on wastewater and in-
corporating polluants into their metabolism as nutri-
ents28,30–32,

• The variability of their biochemical composition in mi-
cronutrients (mainly nitrogen, potassium and phospho-
rus) for biofertilizers4,12,33–35 and in macronutrients
(carbohydrates and proteins) for bioplastics produc-
tion36–40.

Microalgae have also sparked a major wave of research
on the possibility of turning them into biofuels summarized
in the Figure 3. Nevertheless, despite the high potential
of microalgae, the development of an efficient microalgae-
based biofuel production chain remains a major challenge
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3.2 Health food and quality feed

Domain Kingdom Phylum Class

Prokaryota

Eukaryota

Archaebacteria

Eubacteria

Fungi

Plantae

Protozoa

Animalia

Chromista

Cyanobacteria

Euglenozoa

Cryptista

Haptophyta

Heterokontophyta

Glaucophyta

Rhodophyta

Chlorophyta

Cyanophyceae

Gloeobacterophyceae

Euglenophyceae

Coccolithophyceae

Cryptophyceae

Pavlovophyceae

Bacillariophyceae

Chrysophyceae

Eustigmatophyceae

Dictyochophyceae

Phaeophyceae

Xanthophyceae

Glaucophyceae

Cyanidiophyceae

Chlorophyceae

Trebouxiophyceae

Fig. 2. Major microalgae phyla distribution as per seven-kingdom classification scheme inspired from 20 with classes used for various biotechnological applications

for commercial deployment, both technically and economi-
cally6,41–44.

3 2. Health food and quality feed
Thanks to their composition as well as their simplicity of
cultivation, microalgae garnered interest over time as a so-
lution to feed under-nourished populations in the context of
malnutrition in developing countries6. Furthermore, in re-
cent years, consumer concerns regarding health and safety
issues related to the consumption of processed foods have
increased45. In this respect, microalgae would appear to be
potential actors in the trend of using natural additives and are
expected to play an important role in the food industry, in
particular as nutraceuticals4–6,23,46. As a result, many com-
pagnies have started to market functional foods containing
microalgal biomass. This latter can either be directly mar-
keted under different forms such as tablets, capsules and liq-
uids or integrated into products and act as a natural nutritional
supplement or as a natural rheology improver product4,12.

Currently, the market is dominated by four genera of mi-
croalgae4,5,45,47 which are Arthrospira with more than 12,000
tons of biomass produced every year, followed by Chlorella
with about 5,000 tons per year. Dunaliella salina, mainly
marketed for its β-carotene, has an annual production of
3,000 tons and finally Aphanizomenon is produced at a level
of 1,500 tons per year. Health food production systems also
cultivate to a lesser extent the green alga Scenedesmus6,12.
It should be underlined that these species benefit from the

GRAS status, i.e. Generally Regarded As Safe given by FDA
for food purposes and are thus considered as safe and valu-
able for human consumption4,5,23,48.

In addition to its use in human food, microalgae have
shown a growing interest in animal nutrition as feed addi-
tive. Microalgal biomass can be incorporated into the diet of
a wide variety of animals ranging from fish to pets and live-
stock4,5,12,34,49. They are mainly used to improve the physiol-
ogy of animals but also the organoleptic properties of the final
consumer product4. Currently, about 30% of current global
microalgae production is sold to the feed industries4–6,50.

The perspectives of the use of microalgae as food and feed
lies in the diversity of biomass composition. This can be
achieved either by strain selection (Table 1) or growth con-
dition manipulation (Table 2). Indeed, they are able to modu-
late their biochemical composition in response to a change in
their environment. As a consequence, researchers have devel-
oped strategies based on metabolic imbalances which divert
the electron energy towards the selected target51. These are
usually referred to as stressing procedures and feature nutri-
ent depletion, high light irradiance, extreme pH, temperature,
high salinity or metal concentration.

Beyond its macronutrient composition, microalgae are
able to express and accumulate secondary metabolites under
stressful conditions. This paves the way to targetted bioactive
compounds production, and eventually penetrate cosmetics
and pharmaceutical markets.
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Biomass

Can be either fresh culture, or broken cells that
have been valorized beforehand

Conversion pathways Conversion processes Products

Thermochemical

High temperature and/or pressure degradation
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Deconstruction by other microorganisms

Chemical

Conversion / upgrading via chemical reactions

Mainly sugars
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Lipids

Anaerobic digestion

hydrolysis, fermentation through bacteria, methanogenese25,52–54

Alcoholic fermentation

fermentation through yeast55–62

Photobiological H2 production

light, hydrogenase enzyme, anaerobic conditions63–68

Hydrothermal liquefaction

300 - 350 ◦C, 5 - 20 MPa, possible presence of catalyser43,55,69–72

Pyrolysis

300 - 500 ◦C, 0.1 - 100 ◦C/s heating rates, atmospheric pressure55,73

Gasification

800 - 1000 ◦C, gasifiying agents71,74–76

Combustion

T ≥ 800 ◦C, under air or oxygen atmosphere47,77–79

Transesterification

60 ◦C, 90 min - 8 h, atmospheric pressure56,80–83
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Heat

Electricity

Mechanical power
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Legend

Conversion processes:
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Fuel states: solid, liquid, gaseous, other

Fig. 3. Scheme of the pathways to produce biofuels from microalgal biomass
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3.3 High-value molecules

3 3. High-value molecules

High-value molecules term can be broken into several sub-
categories as it covers a very wide range of bioactive com-
pounds. In this review, the are divided into: polyunsaturated
fatty acids (PUFAs), pigments, carbohydrates, peptides, vita-
mins, polyphenols, phytosterols and hormones. For the sake
of readability, the applications of those family of molecules
extracted from microalgae are synthetically presented in Ta-
ble 3 with respect to four fields of applications: food, nu-
traceutics, pharmaceutics and cosmetics. More specific de-
tails about their productions and key activities are empha-
sized in the text hereinafter.

3.3.1. Polyunsaturated fatty acids (PUFAs). There are two
main groups of lipids in microalgae: the lipids produced by
photosynthesis and stored in the cell known as storage lipids
(mainly triglycerides) and lipids being an integral part of the
cell structure known as structural lipids (phospholipids and
sterols)4.

Fatty acids belong to the storage lipids. They represent
one of the primary metabolites. Within them, polyunsatu-
rated fatty acids (PUFAs) are of note. They are biomolecules
made of a long unsaturated hydrocarbon chain containing
more than one double bonds with attractive properties for
both food and pharmaceutical industries. From a medical
point of view, PUFAs have been proven to have health ben-
efits. Several studies highlighted the essential nature for the
development of the human nervous system and visual abil-
ities supported by the United States Environmental Protec-
tion Agency, the Food and Drug Administration as well as
the Food and Agriculture Organisation121,148,149. In addition,
these fatty acids would also help to reduce the occurrence of
various chronic diseases such as diabetes, arthritis, cardio-
vascular disease, and obesity4. Futhermore, a medical re-
view based on both in vitro and in vivo studies in animals and
humans on the ω-3 fatty acids supplementation underlined
their anti-inflammatory, anti-proliferative and anticachectic
effects150.

More specifically, ω-3 and ω-6 are essential for human be-
ing as they are not able to produce themselves these lipids
which are necessary for their basal metabolism9,119,122,124.
Therefore, they have to obtain them from an exogenous
source. It has emerged that one of the promising sources
of omega is microalgae, the primary producers of ω-3 eicos-
apentaenoic acid (EPA) and docosahexaenoic acid (DHA).
Accordingly, numerous studies focused on the production of
PUFAs from microalgae.

In a very general way, microalgal fatty acids profile is
relatively preserved within a phylum151 while their con-
tent varies within species according to environmental factors.
Though, the ω-3 (EPA and DHA) content in microalgae is
naturally relatively low. As an example, 12 strains of mi-
croalgae belonging to two distinct phyla were screened in a
study151. Of all microalgae, only Chlorella had quantifiable
levels of DHA and EPA (3.24 and 8.9% of total FAME re-
spectively). Thus, EPA and DHA productivity improvement
strategies within the cells have been implemented. The first

and most well-known approach is to modify environmental
parameters to affect internal metabolism. As a result, several
studies has been focused on the impact of different environ-
mental factor on the lipids productivity152,153. One of the
most employed strategy consists in partially or completely
depriving microalgae of nitrogen to achieve higher lipid pro-
ductivity. One of the most striking example is the growth of
Chlamydomonas reinhardtii CC-400 cw15 mt+. Under nor-
mal conditions, the strain is able to express 9% dry matter
of lipids while under nitrogen starvation it yields 41% dry
matter89. Another way to stimulate lipid production is to act
directly on the metabolism of the microalgae. It has been
shown that under heterotrophic conditions, microalgae ob-
tain higher lipid yields152,154. As an example, after 3 days
of cultivation, a Thraustochytrid strain 12B is able to express
57.8% lipids in biomass with 43.1% of DHA in it155. Be-
sides, increasing experimental evidence seems to highlight
that an appropriate level of intracellular Reactive Oxygen
Species (ROS) can improve lipid accumulation although the
metabolic mechanism is not well known yet154. This is made
possible by, among other things, the controlled addition of
oxygen during cultivation.

However, these conditions, although favourable for lipid
accumulation, are not so for microalgae growth leading to
reduced growth rates. One way to overcome this problem
is to use a two-phase approach. This strategy consists in first
the cultivation of microalgae under sufficient nutrients condi-
tions to stimulate higher growth rate and by extension higher
biomass. These cells are then exposed to more severe con-
ditions such as nutrient starvation for accumulation of the
lipids. As an example, a study following this methodology
was conducted on Nannochloropsis oculata cells101. Under
both control conditions, i.e. repleted nitrogen, and nitrogen
limitation conditions, the final cell yields were similar. How-
ever, the cell volume increased under nitrogen limitation from
14.1 to 18.7 µm3 suggesting a lipid accumulation inside the
cells. This was confirmed by analyses. The lipid content
increased from 26 to 34% of dry matter. Another way to im-
prove lipid yields without substantial loss of biomass is to
combine this approach with strain breeding or genetic engi-
neering approach152,153.

Currently, the main source of EPA and DHA in food are
fatty fish such as salmon. Yet PUFAs derived from this source
have low oxidative stability, can contain toxins as well as re-
leasing unpleasant smell and taste, thus limiting their appli-
cation49,122,127. Consequently, microalgae are increasingly
emerging as an alternative to the use of fish oil156. How-
ever, this alternative is limited to the production of DHA122.
Indeed, until recently, the production of EPA rich algal oil
has been restricted to laboratory scale6. As a result, DHA is
currently the only product on the market49. The most com-
mon microalgae used for its production are from the gen-
era Crypthecodinium, Schizochytrium and Ulkenia found in
the kingdom Chromista4,157. These microalgae are capable
of accumulating up to more than 40% DHA in fatty acids
composition158. Other genera such as Thraustochytrium
and Labyrinthula have also been identified as producers of
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Table 1. Biochemical composition of different microalgae with controlled growth conditions. Results expressed as % of dry matter

Strains Original study parameters Biochemical composition (% dry matter) ReferencesProteins Carbohydrates Lipids
Arthrospira maxima - Lighting conditions: natural sunlight 56-62 18-23 13 84

Arthrospira maxima
- Lighting conditions: 180 µmolphotons/m²/s
- Temperature: from 20 to 40 °C 63-70 10-20 6-7 85

Arthrospira platensis
- Lighting conditions: 180 µmolphotons/m²/s
- Temperature: from 20 to 40 °C 59-72 11-20 6-7 85

Arthrospira platensis K-2
- Lighting conditions: 30 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)
- Nitrogen sources: ammonium nitrate or urea

38-53 13-25 6-15 86

Arthrospira platensis LEB-52

- Lighting conditions: 31.35 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)
- Temperature: 30 and 35°C
- Nitrogen source: sodium nitrate

57-70 - 7-10 87

Chlamydomonas reinhardtii - Lighting conditions: continuous illumination 65 23 - 88

Chlamydomonas reinhardtii CC-
400 cw15 mt+

- Lighting conditions: continuous illumination of 80 µmolphotons/m²/s
- Nitrogen source: ammonium chloride 45 25 9 89

Chlorella vulgaris
- Lighting conditions: 150 µmolphotons/m²/s
- Photoperiod: 16:8 hours (L/D cycles) 12-45 8-35 3-6 90

Chlorella vulgaris
- Lighting conditions: continuous illumination of 60 µmolphotons/m²/s
- Nitrogen source: potassium nitrate 7 63 29 91

Chlorella vulgaris - Lighting conditions: daylight illumination 51 18 7 92

Chlorella vulgaris ESP-6
- Lighting conditions: 60 µmolphotons/m²/s
- Temperature: 28 °C 48 18 13 93

Chlorella vulgaris FSP-E
- Lighting conditions: 60 µmolphotons/m²/s
- Temperature: 28 °C 60 12 12 93

Dunaliella salina Nothing specific 26 40 18 94

Dunaliella tertiolecta
- Lighting conditions: 70-80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles) 20 12 15 95

Isochrysis galbana - Photoperiod: 12:12 hours (L/D cycles) 16-22 3-6 4-5 96

Isochrysis galbana The strain was received freeze-dried and was analysed without further processing 42 10 25 97

Isochrysis galbana
- Lighting conditions: 1000 lux
- Temperature 20 °C 29-42 4-10 20-24 98

Isochrysis galbana
- Lighting conditions: 70-80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles) 29 13 23 95

Isochrysis galbana TK1
- Temperatures: 15°C and 30°C
- Lighting conditions: 200 µmolphotons/m²/s 27-32 25-33 18-25 99

Isochrysis sp.
- Lighting conditions: 80 µmolphotons/m²/s
- Salinity 25 ‰ 30 16 23 100

Nannochloropsis oculata
- Lighting conditions: 350 µmol photons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)
- Salinity: 33 ‰

26 29 26 101

Nannochloropsis oculata

- Lighting conditions: 80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)
- Temperature: 26 °C
- [FeCl3]: 0,15 to 63 mg/L

- - 21-33 102

Nannochloropsis oculata
- Lighting conditions: 70-80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)
- Temperature: 20 °C

35 7,8 18 95

Nannochloropsis sp.
- Lighting conditions: different light spectra
- Photon flux density <100 µmolphotons/m²/s 20-25 18-30 44-60 103

Pavlova salina
- Lighting conditions: 70-80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles) 26 7 12 95

Phaeodactylum tricornutum
- PBR and circular pond comparison
- Lighting conditions: daylight 30-59 9-20 24-36 104

Phaeodactylum tricornutum - Lighting conditions: 18-72 µmolphotons/m²/s 38-51 18-28 9-30 105

Phaeodactylum tricornutum
- Lighting conditions: 70-80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles) 30 8 14 95

Phaeodactylum tricornutum - [Nitrogen]: 0.88 mM 32 19 29 105

Porphyridium cruentum
- Lighting conditions: 50 and 200 µmolphotons/m²/s
- Salinity: 33 ‰
- Nitrogen sources: ammonium and nitrate

5-10 25-37 8-18 106

Porphyridium cruentum 161 - Lighting conditions: 60 µmolphotons/m²/s - 30 10 107

Porphyridium cruentum 161
- Mode: continuous mode (dilution rate 10h)
- Lighting conditions: daylight 34 32 7 108

Scenedesmus obliquus CNW-N
- Lighting conditions: 420 µmolphotons/m²/s
- Temperature: 28 °C 15-41 38-52 12-22 109

Tetraselmis sp.
- Lighting conditions: 80 µmolphotons/m²/s
- Salinity: 25 ‰ 13-14 8-9 26-30 100

Tetraselmis suecica - Lighting conditions: 1000 lux 33-34 8-10 6-7 98

Tetraselmis suecica
- Lighting conditions: 70-80 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles) 31 12 10 95
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3.3 High-value molecules

Table 2. General composition of different microalgae under stressful conditions. Orange: light stress (above 200 µmolphotons/m²/s) ; Red: nitrogen stress (exhausted nitrate
source) ; Purple: combined light and nitrogen stress ; and Blue-green: chemical stress.

Strains Original study parameters Biochemical composition (% dry matter) ReferencesProteins Carbohydrates Lipids

Chlamydomonas reinhardtii CC-
400 cw15 mt+

- Lighting conditions: continuous illumination of 80 µmolphotons/m²/s
- Nitrogen starvation 36 17 41 89

Chlamydomonas reinhardtii UTEX
90

- Mode: fed-batch culture for 96 h
- Lighting conditions: continuous illumination of 450 µmolphotons/m²/s 9 60 - 110

Chlorella vulgaris

- Lighting conditions: 150 µmolphotons/m²/s
- Photoperiod: 16:8 hours (L/D cycle)
- Nitrogen limitation
- Cadmium stress

10-25 10-59 5-16 58

Chlorella vulgaris ESP-6
- Lighting conditions: 60 µmolphotons/m²/s
- Temperature: 28 °C
- Nitrogen starvation

23 49 15 109

Chlorella vulgaris FSP-E
- Lighting conditions: 60 µmolphotons/m²/s
- Temperature: 28 °C
- Nitrogen starvation

21 54 19 109

Isochrysis galbana
- Lighting conditions: continuous illumination of 150 µmolphotons/m²/s
- Temperature: 27 °C
- Nitrogen starvation

12-30 - 24-47 111

Nannochloropsis oculata

- Lighting conditions: 350 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)
- Salinity: 33 ‰
- Nitrogen starvation

18 29 34 101

Nannochloropsis sp.
- Mode: semicontinuous regime
- Lighting conditions: from 0 to 480 µmolphotons/m²/s
- Photoperiod: 12:12 hours (L/D cycles)

10-43 20-29 33-61 112

Pavlova sp.
- Lighting conditions: 180-220 µmolphotons/m²/s
- Salinity: 34-35 ‰ 34-54 30-44 16-29 113

Phaeodactylum tricornutum - Nitrogen limited and nitrogen free media 16-25 15-17 32-41 105

Porphyridium cruentum 161
- Lighting conditions: 60 µmolphotons/m²/s
- Nitrogen limited - 43 10 107

Porphyridium cruentum VISCHER
1935/107

- Lighting conditions: 8000 lux 27-38 40-57 9-12 114

Scenedesmus obliquus
- Lighting conditions: continuous illumination from 10 to 1,000 µmol/m²/s
- Pulsed light at 1,500 µmol/m²/s and 10 Hz 30-40 17-40 35-50 115

Scenedesmus obliquus HM103382
- NaCl stress
- Continuous light of 40 µmolphotons/m²/s
- Temperature: 27 °C

- - 18-34 116

Scenedesmus sp. CCNM 1077
- Photoperiod: 12:12 hours (L/D cycles)
- Nitrogen limitation and starvation 17-50 16-45 16-29 117

Tetraselmis sp.
- Continuous illumination at 100-120 µmolphotons/m²/s at both sides of PBR
- Different sources of nitrogen 22-48 17-42 16-28 118

Tetraselmis sp.
- Continuous illumination at 100-120 µmolphotons/m²/s at both sides of PBR
- Nitrogen limitation 17-22 42-55 13-16 118

DHA155. More generally, the PUFAs-producing microalgae
species are Phaeodactylum tricornutum, Monodus subterra-
neus, Porphyridium cruentum, Chaetoceros calcitrans, Nan-
nochloropsis sp., Crypthecodinium cohnii, Isochrysis gal-
bana, and Pavlova salina126,127.

3.3.2. Pigments. In addition to PUFAs, microalgae include
photosynthetic pigments in their composition. The latter are
classified into three groups: chlorophylls, carotenoids and
phycobiliproteins responsible for green, yellow/orange and
red/blue colours, respectively4,35. For several years, these
compounds have been shown to have beneficial health prop-
erties, such as antioxidant properties, vitamin precursors, im-
mune activators and anti-inflammatory agents4,33. Therefore,
they are mainly used for food, pharmaceutical or cosmetic ap-
plications as natural colours, food supplements or as a source
of bioactive molecules23.

• Chlorophylls: Chlorophylls are green pigments, essen-

tial for photosynthesis, present in almost all photoau-
totrophic organisms. Due to their high green pigmen-
tation and growing consumer demand for more natural
products, chlorophylls are gaining in importance as a
dye agent in the food industries as well as in pharma-
ceuticals and in cosmetics49,122. Naturally present in
photosynthetic organisms as chlorophyll a and chloro-
phyll b, these molecules can also be found in the form
of sodium and cupric derivatives, for example. The lat-
ter are mainly used as food additives or in beverages49.

Although chlorophylls are mainly extracted from in-
expensive sources such as grass or alfalfa, microal-
gae contain a significant amount of them. The lat-
ter are therefore considered as an alternative source
to chlorophyll extraction49,122, which would be poten-
tial for covalorization in the scope of biofuel produc-
tion. Indeed, the chlorophyll content of a cell varies
according to environmental conditions as well as the
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Table 3. Main molecules of commercial interest extracted from microalgae in relation to their field of application

Molecules Applications References
PUFAs

DHA,
EPA

Food: -
9,119–121

4,6,49,122
Nutraceutics: Enrich formula in omega-3
Pharmaceutics: Positif on blood system (pressure, coagulation), act on the proper function and develop-
ment of nervous and visual system, reduce occurrence of chronic diseases (diabete, artritis, cardiovascular
disease and obesity), reduce the level of chlolestrol triglycerids, prevent arthritis, Alzheimer’s disease, pso-
riasis and certain type of cancer, anti-inflammatory properties
Cosmetics: -

Chlorophylls

Chlorophyll a and b

Food: Green dyeing agents

33,49,122
Nutraceutics: Antioxidant properties
Pharmaceutics: Antioxidant properties, vitamin precursors, immune activator, anti-inflammatory proper-
ties, cancer prevention (colorectal), cytotoxic towards tumoral cells, stimulate liver function, increase bile
secretion, increase hemoglobin, promote rapid cell growth
Cosmetics: Dyeing agents, additive agents, antioxidant properties, mask odours

Carotenoids

β-caroten,
Astaxanthin,
Lutein,
Lycopene,
Violaxanthin

Food: Dyeing agents whose color depends on the molecule (red, orange, yellow)
4,23,33,49,123–125

35,122,123,126,127
Nutraceutics: Antioxidant properties
Pharmaceutics: Antioxidant properties, vitamin precursors,immune activator, anti-inflammatory proper-
ties, antihypertensive properties, neuroprotective properties, protective activities against cancer, atheroscle-
rosis, ulcers and carviovascular diseases, prevent macular degeneration, reduce the prevalence of metabolic
syndrome, adiposity and serum triglyceride concentrations, strengthen immune resistance to viral, bacterial,
fungal and parasitic infections
Cosmetics: Antioxidant properties, photoprotective properties, dyeing agents

Phycobiliproteins

Phycoerythrin,
Phycocyanin,
Allophycocyanin,
Phycoerythrocyanin

Food: Dyeing agents whose color depends on the molecule (red, blue, light blue, magenta)
33,122,124,127

4,6,35,49
Nutraceutics: -
Pharmaceutics: Fluorescent properties, markers of certain immunological methods, antioxidant properties,
anti-inflammatory properties, neuroprotective properties, hepatoprotective properties
Cosmetics: Dyeing agents

Exopolysaccharides

Food: Water retention capacity, texturing agents, thickening agents, gelling agents, stabilizers, emulsifiers,
shelf-life extenders

48,123,126,128–130
Nutraceutics: -
Pharmaceutics: Antioxidant properties, antiviral properties (HIV, Herpes simplex type 1), antitumor prop-
erties, anticancer properties, anticoagulant properties, antilipidemic properties, immune activator, anti-
inflammatory properties, fight against certain diseases (atherosclerosis, cardiovascular disorders, HIV),
thickening and gel-forming properties for drug design
Cosmetics: Rheology modifiers, conditioners, anti-inflammatory properties, anti-redness properties, antimi-
crobial properties, antiviral properties, antioxidant properties, moisturizing agents, healing agents, emulsi-
fiers, substitutes for hyaluronic acid, stimulate collagen synthesis, protective activities against enzymatic
proteolysis

Proteins

Food: Emulsifiying agents, foaming agents, thickening agents, gelling agents
9,126,131–134

49,123,129,135,136

35,44,137–139

Nutraceutics: Hypolipidemic, hypoglycemic, anorectic, anorexigenic
Pharmaceutics: Anti-inflammatory properties, antihypertensive properties, anticancer properties, antibac-
terial properties, antioxidant properties, platform for recombinant proteins production
Cosmetics: Stimulate collagen synthesis, reduce vascular imperfections, photoprotective properties, antiox-
idant properties

Vitamins

Food: -
140Nutraceutics: Precursor properties of some important enzyme cofactors

Pharmaceutics: Antioxidant properties
Cosmetics: -

Polyphenols

Food: -

140–143
Nutraceutics: -
Pharmaceutics: Antioxidant properties, anti-inflammatory properties , anti-cancer properties, anti-allergic
properties, anti-diabetes properties, antimicrobial properties, antifungal properties, antimycotoxigenic prop-
erties, improve cardiovascular-associated disorders
Cosmetics: -

Phytosterols

Food: -

144–147
Nutraceutics: -
Pharmaceutics: Reduce LDL-cholesterol, promote cardiovascular health, anti-inflammatory proper-
ties, anti-atherogenicity properties, anti-cancer properties, anti-oxidative properties, protection properties
against nervous system disorders
Cosmetics: -

8 | Published in Biotechnology Advances Levasseur & Pozzobon et al. | A review of high value-added molecules production by microalgae in light of the classification



3.3 High-value molecules

strain from about 0.5 to 4% of dry weight5,159. A re-
view highlighted the chlorophyll-inducing conditions
in microalgae among which are low light, red light
spectrum, a sufficiently high temperature, and a re-
plete nitrogen and phosphorus content160. To illus-
trate this, many studies have been carried out. As an
example, a study showed that under high light inten-
sity (400 µmol photon/m2/s) the chlorophyll a con-
tent of two microalgae strains underwent a greatly
decline compared with low light intensity (40 µmol
photon/m2/s)161. Chlorella sp. decreased its chloro-
phyll a content from 14 mg/L to 2 mg/L and Mono-
raphidium sp. from 11 mg/L to 3 mg/L. Another study
assessed the effect of nitrogen depletion and low light
intensity on the chlorophyll content of Scenedesmus di-
morphus162. The authors found a higher chlorophyll
content when the cells were cultivated under low light
intensity at 16.9 µmol photon/m2/s (128% higher than
the control group grown at 123 µmol photon/m2/s).
Conversely, nitrogen starvation induced an abrupt de-
crease in chlorophyll content of about 77.53% com-
pared to the initial time. In addition, the proportion of
chlorophyll a and chlorophyll b within the cells was
investigated. Microalgae exposed to low light inten-
sities were found to have the same pigment distribu-
tion as the control group (81% of chlorophyll a and
19% of chlorophyll b average percentage relative to
the total chlorophyll content). However, nitrogen de-
privation induced the production of chlorophyll b at
the expense of chlorophyll a (a decrease in 8.77% in
chlorophyll a content and an increase by 42.21% in
chlorophyll b content). In addition to nutrient sta-
tus and light intensity, the impact of the visible light
wavelengths (color spectrum) on the photosynthetic
pigment production was also investigated. In this re-
spect, a study emphasizes a difference in pigmentation
according to light exposure for the two strains stud-
ied163. The green microalgae Chlorella vulgaris was
found to have an increased pigmentation and the high-
est chlorophyll content (1.29% and 0.38% dry weight
for chlorophyll a and b, respectively) under red light of
650–700 nm compared to the daylight control (0.86%
and 0.28% dry weight for chlorophyll a and b, respec-
tively). Green light yielded the best chlorophyll a pro-
duction in the cyanobacteria Gloeothece membranacea
with a chlorophyll a content of 1.23% dry weight com-
pared with the control at 1.09% dry weight. Light
photoperiod is another parameter that can be used to
manipulate the cell chlorophyll content164. As an ex-
ample, Chlorella vulgaris total chlorophyll content ex-
posed to 60-second periods (215 µmol quanta/m2/s av-
erage light intensity) underwent a 50% increase com-
pared to the continuous light reference165.

Once the chlorophylls extracted from the cells, the re-
maining cell fragments can be used to produce biofu-
els, for example. Among the most exploited strains,
the most well known microalgae is from the genus

Chlorella, whose chlorophyll content represents about
7% of its biomass, five times more than that of
Arthrospira44.

• Carotenoids: Carotenoids are another class of pig-
ments that are abundantly found in microalgae. These
richly coloured molecules ranging from yellow to red
are mainly known for their antioxidant property as
well as dyeing power49,122,123. Thanks to their prop-
erties, carotenoids are frequently encountered in food
and feed industries as well as cosmetics and pharma-
ceutical area35. With more than 600 representatives,
carotenoids form the most diverse and widespread
class of pigments122,166. Most of them share a com-
mon chemical structure composed of a 18-carbon con-
jugated double bond chain with two hexacarbon rings
at each end122. Within this large class, carotenoids
are divided into two groups: carotenes and xantho-
phylls. The former are oxygen-free hydrocarbons
such as α-carotene and β-carotene, while the latter
are oxygenated derivatives of carotenes (lutein, violax-
anthin, zeaxanthin, fucoxanthin, astaxanthin, among
others)167. The main sources of carotenoids are mi-
croalgae belonging to the Chlorophyceae class. These
microalgae are capable of producing a wide range of
pigments: carotenes (β-carotene, lycopene) as well
as xanthophylls (astaxanthin, violaxanthin, anteraxan-
thin, zeaxanthin, neoxanthin and lutein, among oth-
ers). Other pigments, such as fucoxanthin, diatoxan-
thin and diadinoxanthin are produced by other microal-
gae phyla123. On average, carotenoids represent 0.1 to
0.2% of the dry matter5. However, under unfavourable
conditions, these pigments can be expressed up to 12%
in the phylum Chlorophyta167. Currently, the two pig-
ments having the highest demand in global carotenoid
market are β-carotene and astaxanthin from the genera
Dunaliella and Haematococcus, respectively6,123,168.

β-carotene is the first ever high-value product
to be commercially produced from microalgae168.
It is commonly produced by Scenedesmus alme-
riensis, Dunaliella bardawil and Dunaliella terti-
olecta4,33,44,49,123,126,127. However, the richest source
for commercial production of natural β-carotene is the
microalgae Dunaliella salina which is capable of ex-
pressing up to 98.5% β-carotene in relation to its total
carotenoids and about 13% of its dry biomass168,169.
Although the latter is in competition with its syn-
thetic equivalent, natural β-carotene would have the
advantage to be the unique source of 9-cis β-carotene.
This isomers plays a major role in quenching oxygen
free radicals and preventing oxidative damage to the
cell168.

Astaxanthin, a red xanthophyll pigment, is the sec-
ond most industrially exploited carotenoid. It is nat-
urally produced by the microalgae Chlorella zofingien-
sis, Chlorococcum sp. and Scenedesmus sp. as well
as the yeast Xanthophyllomyces dendrorhous49,122,127.
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However, the microalga Haematococcus pluvalis4,35

is able to accumulate up to 81% of astaxanthin of
its total carotenoids and about 7% of dry weight169.
Therefore, this microorganism is seen as the most
favourable specie for industrial scale production of
natural astaxanthin168,170. Due to its high red dye-
ing power, this carotenoid pigment is mainly used in
aquaculture feed as a dye agent for fish and shellfish
flesh4,35,49. However, the use of astaxanthin is not
limited to its pigmentation. It is particularly known
to have antioxidant properties ten times greater than
other carotenoids, making it the most potent natural
antioxidant4,33,123,126. In this respect, astaxanthin is
linked to biological activities with positive effects on
human health. However, despite its attractive biolog-
ical properties, the cost of production of natural as-
taxanthin is higher than that of synthetic astaxanthin
(2,500 to 7,000$/kg and 1,000$/kg, respectively)171,
which is a barrier to the industrial exploitation of this
microalgae127.

Lutein is another yellow carotenoid found in microal-
gae. It is mainly involved in the formulation of drugs
and cosmetics. Particularly, they are mainly know
to have protective activity against photoinduced dam-
age to the lens and retina of eyes172. Currently, most
of the lutein production comes from marigold flowers
(lutein content in marigold granules: 20 g/kg)49,127,173.
However, lutein production from microalgae is gaining
more and more ground due to higher productivity127.
Indeed, although they have a lower lutein content than
flowers (on average 5 g/kg), the annual production
of microalgae is estimated to be 70-150 tons/hectare,
11.5-25 times higher than that of marigold flow-
ers (6 tons)173. Lutein-producing strains include
Muriellopsis sp., Chlorella protothecoides, Chlorella
zofingiensis, Chlorococcum citriforme, Neospongio-
coccus gelatinosum and Scenedesmus almeriensis as
the largest producers with the ability to produce up to
0.5% lutein on a dry basis49,127,171.

Other carotenoid pigments with industrial applications
include lycopene, violaxanthin and zeaxanthin. Ly-
copene is a natural red antioxidant found in the cos-
metics industry as a sunscreen and in anti-aging care
formulations33,127. It is also used for pharmacologi-
cal purposes because of its anti-carcinogenic and an-
tiatherogenic properties127. Violaxanthin, an orange
carotenoid pigment, is particularly known for its anti-
inflammatory and anti-cancer properties. It is natu-
rally produced by the strains Chlorella ellipsoidea and
Dunaliella tertiolecta123,126. Zeaxanthin is a yellow
carotenoid. It is mainly used in the pharmaceutical,
cosmetic and food industries. For its production, the
strains Scenedesmus almeriensis and Nannochlorop-
sis oculata are used4,127. Finally, other carotenoids
such as canthaxanthin, β-cryptoxanthin or fucoxan-
thin are used for pharmaceutical or cosmetic purposes
because of their tanning, anti-inflammatory and anti-

cancer properties, respectively33.

• Phycobiliproteins: Phycobiliproteins are the last
class of pigments found in photosynthetic organ-
isms. They are hydrophilic protein-pigments com-
plexes present only in cyanobacteria, and microalgae
of the Rhodophyta phylum as well as in some Crypto-
phytes and Glaucophytes124,167,174. Like chlorophylls
b/c/d/f and carotenoids, phycobiliproteins are acces-
sory photosynthetic pigments used to extend the range
of light absorption needed for photosynthesis (from
450 to 650 nm)167,175,176. They are classified into four
major subgroups according to their absorption spec-
tra122,127: the red phycoerythrin (PE, λ max = 540
- 570 nm), the magenta phycoerythrocyanin (PEC, λ
max = 560 - 600 nm), the blue phycocyanin (PC, λ
max = 610 - 620 nm), and the light blue allophyco-
cyanin (APC, λ max = 650 - 6500 nm). Their compo-
sition varies with the species and environmental con-
ditions. Under certain conditions, they can represent
up to 13% of the dry biomass of some microalgae174.
As a matter of fact, researchers have investigated the
effects of different culture conditions (light source and
growth media) on the expression of phycobiliproteins
of Pseudanabaena mucicola freshwater cyanobacte-
ria177. The highest total phycobiliprotein content (237
mg/g) was reached when the cyanobacteria was cul-
tured on wastewater under white light. When zooming
in on the different pigments individually, it appeared
that phycocyanin was produced in larger quantities in
blue light on BBM medium (0.419 mg/L), while allo-
phycocyanin had better performance under white light
on wastewater (0.523 mg/L). The phycoerythrin con-
tent was mainly influenced by changes in pH rather
than light. As a result, its content in the study was
found to be very low (> 0.05 mg/L). However, another
study aiming at maximizing its content in Porphyrid-
ium marinum found the greatest amount to be 40 mg/g
dry weight under 70 µmol photons/m2/s, NaNO3 = 3.4
g/L and metal solution = 1.5 mL/L178. Hence, strate-
gies need to be investigated to optimize phycocyanin
production. In this regard, a study aimed at identify-
ing the optimal growth conditions to obtain the highest
phycocyanin content from Spirulina platensis179. To
do so, they set the following parameters: light inten-
sity = 400 µmol photons/m2/s, CO2 aeration = 2.5%
and flow rate = 0.2 vvm. Then, they varied different
parameters such as the source of the illumination, the
photoperiod, the nature of the culture medium. They
finally found the highest phycocyanin content and pro-
ductivity (14.9% and 101.1 mg/L/d, respectively) un-
der white LED light source, 30:30 min light/dark cy-
cles, recycled medium (50% replacement), and nitrate
addition (45 mM).

Due to their powerful and highly sensitive fluorescent
properties, phycobiliproteins are used as markers for
certain immunological methods, in flow cytometry, mi-
croscopy and DNA tests4,6,35,49,122. On an industrial
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scale, these pigments are produced from the species
Porphyridium sp., Arthrospira sp. and Aphanizomenon
flos-aquae4,33,49,122,126,127.

3.3.3. Carbohydrates. Carbohydrates are synthesized intra-
cellularly and represent the major part of the compounds de-
rived from photosynthesis. Their content can reach up to
50% of dry weight of certain microalgae180. Among the gen-
era and species most commonly used for the production of
polysaccharides extracted from microalgae are Tetraselmis
sp., Isochrysis sp., Porphyridium cruentum, Porphyridium
purpureum, Chlorella sp. and Rhodella reticulata126.

Once synthesized, these carbohydrates can serve a vari-
ety of biological functions. Depending on their physiological
role, polysaccharides are usually grouped into three classes:
energy reserve polysaccharides, structural polysaccharides
that participate in cell wall formation and polysaccharides
involved in cell communication137,181. From a biotechno-
logical point of view, only the first two categories of polysac-
charides have industrial potential and are therefore developed
in the following paragraphs. Furthermore, energy reserve
polysaccharides have been studied in great depth mainly in
the context of biofuel production. While structural polysac-
charides show great promises for pharmaceutical, cosmetic
and food applications thanks to the diversity of molecules,
the studies dealing with them are very recent and remain few.

• Energy reserve polysaccharides: Carbohydrates, as
storage compounds, provide energy for the metabolic
processes of organisms and allow, if necessary, tem-
porary survival in the dark182. The synthesis of these
reserve polysaccharides is a species-dependent pro-
cess. Generally, polymers used as a storage product
differ from those used as components of cell walls.
In most microalgae species, the energy reserves are
in the form of starch. The latter is a complex carbo-
hydrate composed of amylose and amylopectin, two
glucose polymers. Its degree of polymerization as
well as its location within the cell differ according
to the species of microalgae. In red microalgae, the
Rhodophytes, starch is called floridian, i.e. it is stored
as a vesicle in the cytoplasm outside the chloroplast. In
green microalgae, the Chlorophyceae, starch is stored
intraplastidially. In addition to starch and floridean
starch, other types of storage polysaccharides includ-
ing chrysolaminarin, paramylon and glycogen can be
found137,183. Although most microalgae store their
reserves as starch, cyanobacteria tend to accumulate
glycogen, sucrose or glucosylglycerol182,184.

The constitution of energy reserves is not equivalent
in all microalgae. For example, the strain Porphyrid-
ium cruentum is able to accumulate carbohydrates
up to 57% of its dry matter content while Chlamy-
domonas sp. does not exceed 17%182,184. As pointed
out earlier, carbohydrates content can be manipulate
through growth conditions. As a consequence, highly
fluctuating carbohydrate levels have been reported in
the literature. For instance, Chlorella vulgaris may

be able to accumulate carbohydrates between 9 and
41% of its dry matter content depending on growth
conditions184,185. The same is true for Scenedesmus
obliquus, which could accumulate between 10 and
47% of carbohydrates in its dry matter content184.
However, in the literature, an antagonistic mechanism
to the accumulation of carbohydrates has also been ob-
served. Indeed, microalgae are able to modify the com-
position of their biomass and redirect their metabolic
pathway under stress conditions to maintain cellular
activities182. As a result, several studies have docu-
mented a conversion of carbohydrates to lipids when
cells were exposed to different stress conditions. In this
respect, a study showed that a salinity of 1 g NaCl/l in-
duced a 58.68% conversion of carbohydrates to lipids
in a microalgal consortium186. Temperature is another
abiotic factor that can induce metabolic changes. Stud-
ies have shown that a temperature of 30°C and 40°C
caused the conversion of 57.8% and 42% of carbohy-
drates to lipids, respectively187,188.

The main application of reserve polysaccharides is bio-
fuels180. Indeed, their ability to be easily digested
without requiring pre-treatment makes them a good
choice for biomass conversion technologies, in partic-
ular for anaerobic digestion. However, in order to max-
imize biofuel production from microalgae, it is neces-
sary to combine the high innate carbohydrate content
of a species with its ability to produce biomass in a
significant way182.

• Structural polysaccharides: Structural polysaccha-
rides are gaining increasing importance in the liter-
ature. These cell wall related polysaccharides were
firstly exploited for their rheological properties as
thickening or gelling agents. Yet they have recently re-
ceived much attention because of the detection of dif-
ferent biological activities well reviewed189 in addition
to being relatively easy to extract137,181. Consequently,
these macromolecules can find applications in the
food23,35,48,130, cosmetics126,129,180 and pharmaceuti-
cals23,35,123,126,128,130,180 industries. Some polysaccha-
rides are also thought to have biosurfactant activities
used in bioremediation of water and soil35.

Except for a few species, the microalgal cell is sur-
rounded by a cell wall whose composition differs
whithin a phylum, class or even species137. It is
generally rigid, homogeneous and multi-layered. In
eukaryotic microalgae, the cell wall consists of mi-
crofibrils embedded in a mucilage composed in part of
polysaccharides, called fibrillar polysaccharides, such
as cellulose and hemicellulose. A mixture of oth-
ers polysaccharides such as xylose, mannose or sul-
fated polysaccharides are also found in different pro-
portions. All these polysaccharides are related to the
rigidity of the cell wall as well as the resistance to me-
chanical disruption techniques137. Unlike eukaryotic
microalgae, cyanobacteria have a peptidoglycan-based
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cell wall made up of N-acetylglucosamine and N-
acetylmuramic acid residues connected by β-1,4 link-
ages that are easily breakable137,190.

Furthermore, several eukaryotic and prokaryotic mi-
croalgae can produce and excrete extracellular poly-
meric substances either non-covalently bonded to the
surface of cells or in their surrounding environment.
Most of the time, these polymers are referred to as
exopolysaccharides although the terminology remains
unclear35,180,191. Contrarily to both intracellular and
cell wall polysaccharides, these exopolysaccharides
have a very complex structure. As a result, there
is still limited information available on the structural
characterization of carbohydrates from microalgae192.
This phenomenon is all the more amplified by the
fact that the interest in exopolysaccharides is rather re-
cent137,181,192,193. However, several potential functions
have been identified. Exopolysaccharides are known
to promote the formation of cell adhesion or aggre-
gates playing a role in the formation of biofilms137,181.
In addition, their expression would be an adaptive re-
sponse of microalgae to both mechanical and environ-
mental stresses providing a protection to the cell. It is
therefore not surprising that microalgae have been rec-
ognized as a good source for exopolysaccharides pro-
duction ranging from about 0.5 g/L to up to 20 g/L192.
However, to date, only few studies have been done on
the subject. It also appears that, most of the time, the
name used in the literature does not allow to distin-
guish between exopolysaccharides and cell wall related
polysaccharides making comparison difficult192.

Carbohydrates from microalgae are generally made
up of a mixture of neutral sugars, amino sugars
and uronic acids in their structure. Their nature
is species-dependent and therefore vary from one
species to another130,184,193–195. However, the 12 most
common monosaccharides constituting the carbohy-
drates in microalgae are glucose, rhamnose, xylose,
mannose, galactose, fucose, arabinose, ribose, glu-
cosamine, galactosamine, glucuronic acid and galac-
turonic acid35,137,193. Their detection is not always
easy as their synthesis depends on the culture condi-
tions, as well as the growth phases. One of the most
commonly used strategies for the accumulation of ex-
opolysaccharides is nutrient limitation. A study inves-
tigated the influence of different nitrogen sources on
exopolysaccharide synthesis by Botryococcus braunii
UC 58196. The results highlight the strain ability to
produce exopolysaccharides regardless of the nitrogen
source but at different concentrations (2.4 g/L with ni-
trate, 1.8 g/L with urea and 2.1 g/L with ammonium
after 14 days of culture). However, the nitrogen limita-
tion had no effect on the composition of Tetraselmis
suecica cell wall197. Regardless of the initial ni-
trate concentration (62 and 90 ppm), the cell walls
were found to have a similar monosaccharide com-
position consisting of 54% 3-deoxy-D-manno-oct-2-

ulosonic acid (Kdo), 17% 3-deoxy-lyxo-2-heptulosaric
acid (Dha), 21% galacturonic acid and 6% galactose.
However, nitrate depletion at a concentration of 3 ppm
induced an accumulation of intracellular starch up to
45% of dry biomass.

Apart from culture media, physico-chemical culture
paramaters such as light, temperature, aeration can
affect the exopolysaccahrides composition and pro-
duction. In this context, a study demonstrated that
the production of exopolysaccharides from Arthrospira
platensis was a light-dependent process and was also
influenced by the temperature198. The authors found
an optimum for exopolysaccahrides production at light
intensity higher than 180 µmol photons/m2/s and
temperature at 35°C. In addition to light intensity,
wavelengths and therefore light spectrum also influ-
ence the production and monosaccharide composition
of exopolysaccharides without changing their struc-
ture. A study conduced on Nostoc flagelliforme re-
vealed that blue light was more suitable than white
light for exopolysaccharides production199. The ef-
fect of CO2 concentration was also investigated on
exopolysaccharides production200. The same aera-
tion (2% of CO2) was applied to four different strains
of Chlorella. Within the same species, different
polysaccharides profiles were found. Chlorella vul-
garis and Chlorella variabilis showed a different con-
tent of total carbohydrates in their cell wall (48% and
33% of total carbohydrates in cell wall, respectively)
but their neutral cell wall monosaccharides profiles
were quite similar (about 14% of arabinose, 36% of
rhamnose, 43% of xylose+galactose+mannose and 7%
of glucose). Conversely, Chlorella sorokiniana and
Chlorella minutissima had the same total cell wall car-
bohydrates content (about 30%) but presented differ-
ent cell wall composition: 0% arabinose, 38% rham-
nose, 58% xylose+galactose+mannose and 4% glu-
cose ; and 0% arabinose, 3% rhamnose, 74% xy-
lose+galactose+mannose and 23% glucose, respec-
tively.

To date, there is poor knowledge of the structure of ex-
opolysaccharides. In order to maximize their biotech-
nological exploitation, it is necessary to have access
to their structural information to establish relationships
between structure and biological activity. For this, fur-
ther studies are necessary and expected in the coming
years.

3.3.4. Proteins, peptides and amino acids. Depending on the
species and environmental factors, the protein content varies
from 6 to 70% of their dry weight, although the majority of
them have protein levels around 50%131. Microalgae also
have a rich and varied composition of amino acids, among
which the most abundantly found are aspartate (Asp) and glu-
tamate (Glu)201. These molecules have different biological
functions that can be used in the nutritional, cosmetics and
pharmaceuticals fields.
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Proteins from microalgae are mainly used as nutraceuti-
cals or included in the formulation of functional foods35,44.
Due to the high protein content of microalgae, mainly in
Arthrospira, Chlorella and Dunaliella salina, they are con-
sidered to be an unconventional source of protein for human
consumption, particularly for developing countries9,131,135.
It would be estimated that by 2054, about 50% of the re-
placement protein market would be covered by proteins de-
rived from algae or insects44. Furthermore, microalgae
contain well-balanced essential amino acids profiles, how-
ever, they may have lower digestibility than standard protein
sources131,137. In this respect, in vitro microalgae digestibil-
ity tests have been performed on different microalgae species.
The results showed a large variability in protein digestibility
values depending on the species analyzed ranging from 50
to 82%202,203. In the high range, N. sphaeroides, A. platen-
sis and C. vulgaris were found with crude protein digestibil-
ity values of 82%, 81% and 76%, respectively. These mi-
croalgae have a higher digestibility than some standard pro-
tein sources such as beans, oats and wheat (78%, 72% and
77%, respectively)202. Conversely, other microalgae such as
N. oceanica and C. sorokiniana exhibited relatively low pro-
tein digestibility values (50 and 55%, respectively). The re-
duced digestibility of some microalgae is explained by the
composition of the cell wall. The thick, rigid and cellulosic
cell wall in some microalgae is considered to be a barrier
to digestibility204. Conversely, cyanobacteria have a thin-
ner cell wall that is more easily hydrolysable. Neverthe-
less, the digestibility of microalgae can be improved by ex-
posing the cells to different processes204. In this sense, a
study has shown digestibility values of sixteen microalgae
increased when the cells were subjected to a cell disruption
process203. In untreated cells, the highest average digestibil-
ity was found in Chlorella sp.. (79%) and the lowest in Nan-
nochloropsis sp.. (54%). The process of cell disruption in-
creased the average digestibility of all types of microalgae
(78-84% on average), but with different gains. The largest in-
crease was obtained in Nannochloropsis sp.. (49% increase),
while for the other genera the increase was less significant:
Arthrospira sp. (5%), Chlorella sp. (6%) and Phaeodactylum
sp.. (8%). In addition to nutraceuticals, proteins of microal-
gal origin would present promising technological functional-
ities for the agri-food industry. For example, Chlorella vul-
garis and Tetraselmis sp. would have emulsifying and foam-
ing properties137. Thickening or gelling properties have also
been reported for Arthrospira platensis and Tetraselmis sue-
cica proteins137.

Microalgal proteins, maily from Arthrospira and Chlorella
genera, have also penetrated the cosmetics field, and more
particularly the skin market136,205. In general, protein ex-
tracts are found in the formulation of beauty products be-
cause of their attractive biological activities. These activites
have already been well reviewed205. At present, some beauty
products containing protein extracts from microalgae can be
found in the market. For example, Dermochlorella DG ®

is a product developed from Chlorella vulgaris extracts con-
taining oligopeptides. This microalgae-based ingredient, by

stimulating collagen production, acts as a restructuring agent
that gives firmness to the skin, reduces the morphology of
stretch marks and reduces vascular imperfections49,129,136.
Arthrospira proteins are also used in cosmetics to repair the
signs of early skin aging136. Micosporin-like amino acids
have also attracted a lot of interest as potential cosmetic
agents123,126. The latter specifically have photoprotective
and antioxidant actions to fight against photoinduced skin ag-
ing35,126.

From a pharmacological point of view, peptides from mi-
croalgae have gained more attention as alternative bioac-
tive compounds due to their safety status. They are mainly
known to have anti-inflammatory132, antihypertensive, an-
ticancer133, antibacterial and antioxidant134 properties that
can be applied in human health promotion140. These peptides
are generally obtained following enzymatic hydrolysis of var-
ious proteins135,206. Proteins usually contain 3–20 amino
acid residues, and their activity depends on their amino acid
composition and sequence135. One of the main producers
of peptides is Chlorella sp.206. As such, many studies have
been conducted on this genus. One of them was performed in
vitro on hydrolyzed proteins from Chlorella ellipsiodea207.
This study identified a specific pentapeptide (Leu-Asn-Gly-
Asp-Val-Trp) showing to have peroxyl radical, 1,1-Diphenyl-
2-picrylhydrazyl (DPPH) and hydroxyl radicals scavenging
antioxidant activities at the half maximal inhibitory concen-
trations (IC50) values of 0.02, 0.92 and 1.42 mM, respec-
tively. Once purified, the peptide was cultured with mon-
key kidney cells. The latter has improved both cellular via-
bility against hydrochloride-induced cytotoxicity on normal
cells (56.3%, 72.3%, and 79.4% at the concentrations of 25,
50, and 100 µM, respectively) and reduced the proportion of
necrotic apoptotic cells hydrochloride-induced by 32.95%.
The same author conduced another study on Chlorella el-
lipsiodea hydrolysates in order to identify anti-hypertensive
properties208. In this respect, another peptide (Val-Glu-Gly-
Tyr) was reported to have both in vitro angiotensensin I-
converting enzyme (ACE) inhibitory activity (IC50 value =
128.4 µM) and in vivo systolic blood pressure lowering ef-
fects when orally administrered in rats. A similar study
has been conduced on both Chlorella vulgaris and Spirulina
platensis peptides showing different peptides with different
inhibition activity209. In Chlorella vulgaris, 4 peptides of
the 5 peptides studied inhibited the ACE acitivy with lower
IC50 than in the previous study: Ala-Phe-Leu (63.8 µM),
Phe-Ala-Leu (26.3 µM), Ala-Glu-Leu (57.1 µM), and Val-
Val-Pro-Pro-Ala (79.5 µM). Five peptides have been identi-
fied from Spirulina platensis: Ile-Ala-Glu (34.7 µM), Phe-
Ala-Leu, Ala-Glu-Leu, Ile-Ala-Pro-Gly (11.4 µM), and Val-
Ala-Phe (35.8 µM). In vitro cytotoxic effects of Dunaliella
salina peptides have also been reported in the literature210.
The antimicrobial activity was performed against Escherichia
coli, Staphylococcus aureus and Helicobacter pylori. The
highest inhibitory effect was obtained from peptids with >
10 kDa molecular weights for E. coli and peptids with 3-
10 kDa molecular weights after 16 h of culture (16.8% and
17.2% inhibitory effect, respectively). The bioactive pep-
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tides with highest bacterial inhibition effect were observed
on H. pylori culture with a minimum inhibitory concentra-
tion of 0.175 mg compared to E. coli and S. aureus (0.58
and 0.81 mg, respectively). Antiproliferative properties of
Dunaliella salina peptides was analysed on human colon can-
cer cell lines (SW480). Among the three peptide fractions
and concentrations studied, the most effective concentration
appeared to be the peptides < 3 kDa in 0.1 µg/mL concen-
tration after 72 h with about 30% viability. Although a large
number of studies have been conducted using in vitro and
cell-based assays for identifying properties, there are an in-
creasing number of in vivo studies, mainly in rats. To our
knowledge, the latest one to date was on the oral toxicity of
microalgal protein hydrolysates on Wistar rats. This study
has revealed the safety of these hydrolysates and thus sup-
ports their use in functional foods or nutraceuticals211.

These proteins, once synthesized, require extraction and
purification steps. These must be monitored and tested to
ensure that no changes in protein integrity occur as a result of
these treatments139.

3.3.5. Vitamins. Microalgae are an essential primary food
source in the rearing of all stages of marine bivalve mol-
luscs, larvae of several marine fish species and shrimps, and
zooplankton providing them with nutritional intakes. In ad-
dition to their balanced macronutrient composition, microal-
gae provide them with vitamins essential to their develop-
ment as they are not able to synthesize them. These bioactive
compounds are important metabolites because of their pre-
cursor properties of some important enzyme cofactors. Be-
sides, they play an essential antioxidant role in the scavenger
of ROS. Thus, the majority of studies on vitamin production
by microalgae have been conducted on strains used in aqua-
culture.

In the context of aquaculture, marine microalgae are able
of synthesizing and accumulating a wide range of vitamins
including pro-vitamin A, some vitamins of the B group (B1,
B2, B3, B5, B6, B8, B9 and B12), vitamin C, and vita-
min E, among others140. The vitamin content from microal-
gae is both species-dependent212–215 and correlated with the
growth phase and growth conditions215. For instance, a study
demonstrated that riboflavin (vitamin B2) content of six mi-
croalgae species used in mariculture all increased during the
onset of stationary growth phase216. Later, the same author
studied the effect of photoperiod and harvest stages on Nan-
nochloropsis sp. CS-246 vitamins content215. Under dif-
ferent light conditions, the content of most of the vitamins
changed. Both vitamin B2 and B6 were found in larger quan-
tities under constant light (62 and 9.5 µg/g, respectively com-
pared with 25 and 3.6 obtained under light/dark cycles of
12:12h) while pro-vitamin A content was found to be lower
(0.29 compared with 0.50 mg/g). Harvest stage also affected
the vitamin content. Some vitamins such as vitamin C and vi-
tamin E are expressed in greater quantities when the culture is
harvested during the exponential phase. In constrast, the pro-
vitamin A and vitamin B2 contents decreased as the culture
grown and was harvested during the stationary phase. An-
other study also investigated the relationship between light

availability and vitamin yield in Dunaliella tertiolecta217.
The vitamin C content of the cells increased from 1.72 to
3.48 mg/g with increasing average light intensity (from 84 to
430 µmol/m2/s). Unlike vitamin C, the authors found a neg-
ative correlation between the amount of vitamin E produced
per mole of photons absorbed and the average light intensity
inside the reactor. Two years earlier, a study had shown the
same trend218. However, the authors highlighted that vita-
min E production was not only a function of light, but also
of the strain and growth phase. Under the same conditions,
Tetraselmis suecica expressed the highest vitamin E content
during the exponential phase (1.08 mg/gDW). However, this
content gradually declined over the rest of the growth to reach
a final value of 0.4 mg/gDW. In contrast, in Dunaliella ter-
tiolecta, the vitamin E content increased with increasing cell
density to reach up to 0.5 mg/gDW. Finally, the availability of
nutrients in the culture medium is also likely to affect vitamin
synthesis in microalgae. As an example, a study investigated
the effects of the nitrogen source (sodium nitrate and ammo-
nium chloride) and their concentration (882 and 441 µmol/L)
on the accumulation of vitamin E in Nannochloropsis ocu-
lata219. The authors identified the highest vitamin E content
(2325.8 µg/g dry weight) at 441 µmol/L sodium nitrate in
the late stationary phase, i.e. 34 days of culture suggesting
that decreasing nitrogen concentrations led to an increase in
vitamin E accumulation. All these results support that vita-
min expression is a species-dependent process and is adjusted
according to the environmental conditions to which they are
exposed (light, nutrients) as well as the harvesting stage.

In addition to aquaculture, studies have been carried out
on the contribution of vitamins from microalgae in human
nutrition. In this respect, a study has shown that commercial
microalgae powders intended for consumption are a source of
vitamins B2, B3, B9 and B12220. The vitamin B2 content of
Spirulina powders showed a low variability between the sam-
ples tested with a maximum content of 40.9 µg/g. Vitamin
B3 is expressed more strongly in Chlorella (0.24 mg/g) than
Spirulina (0.16 mg/g) powders, although the difference ob-
served was not significant. However, overall, these powders
represent only a small portion of the recommended daily al-
lowances of riboflavin (B2) and niacin (B3) for adults, which
are 1.3 and 16 mg, respectively. In contrast, Chlorella and N.
gaditana powders have been shown to be a good source of vi-
tamin B9. Their content (maximum content of 25.9 µg/g and
20.8 µg/g, respectively) is 6 times higher than that of Spir-
ulina (maximum content of 4.7 µg/g), representing a quarter
of the daily intake (400 µg) for a consumption of 5 g of mi-
croalgal powder. Moreover, another recent study has identi-
fied microalgae, in particular the cyanobacterium Anabaena
cylindrica, as a non-toxic source of vitamin K1221. This vita-
min, which plays a role in the prevention of chronic diseases,
is mainly produced chemically. Cyanobacterial production of
vitamin K1 offers an interesting biological alternative since
it allows only active isomers to be produced (as opposed to
10 to 20% inactive by chemical means). Additionally, its
very high concentration of around 200 µg/g dry weight (six
times higher than the 37 µg/g found in parsley, a rich vitamin
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K1 food source) provides three times the daily needs of an
adult for a 1 g intake of powder. Futhermore, others stud-
ies point out that the microalgal vitamin content is superior
to certain vegetable commodities. Notably, some microalgae
would have higher vitamin pro-vitamin A, vitamins E, B1
and B9 contents than conventional foods such as orange, car-
rot, wheat flour, corn flour, rye flour or soy flour212. Besides,
fruits and vegetables do not represent a good source of vita-
min B12 because the latter is neither synthesized nor required
by the plants222. Consequently, a vegetarian or vegan diet
can lead to a deficiency of this vitamin. To make up for this
deficiency, microalgae are considered as an essential source
of vitamin B12 for people following these diets222. Studies
have shown that microalgae powders would be a good alter-
native. For example, Chlorella-based powder can contain up
to 2.4 µg/g of vitamin B12, thus covering 5 times the recom-
mended daily intake of 2.4 µg for an intake of 5 g of pow-
der220. In addition, one gram of Anabaena cylindrica pow-
der provides 64% of the adult vitamin B12 intake221. Still,
the bioavailability of these vitamins is species-dependent140.

Thus, depending on the desired product, different strate-
gies are to be implemented. Moreover, a special attention
must be paid to post-harvesting treatments as drying pro-
cesses. These latter could have a considerable effect on the
vitamin content, especially on the heat unstable vitamins such
as B1, B2, B3 and C.

3.3.6. Polyphenols. Polyphenols are a wide group of sec-
ondary metabolites comprising phenolic acids, flavonoids,
isoflavonoids, stilbenes, lignans and phenolic polymers140.
Their basic structure consists of one or more hydroxyl
groups bound to an aromatic ring, making them polar com-
pounds. These molecules display a wide range of biologi-
cal activities including antioxidant activites as well as anti-
inflammatory, anti-cancer, anti-allergic, anti-diabetes, anti-
aging and antimicrobial properties140,141. A recent review
focusing on both preclinical and clinical studies of polyphe-
nols from seaweeds suggests that these latter would improve
cardiovascular-associated disorders, but the authors point out
that further data are needed to make this clear142. Recently,a
study was carried out on polyphenols extracted from two dif-
ferent microalgae species: Nannochloropsis sp. and Spir-
ulina sp.143. These extracts were used to study antifungal and
antimycotoxigenic properties on trichothecenes mycotoxins
from in vitro cultures of Fusarium graminearum. This study
revealed that after 168 h of culture, 40 µg/mL of phenolic
extracts from Nannochloropsis sp. completely inhibited ni-
valenol and deoxynivalenol and dramatically hindered acety-
lates production by 98%. Polyphenol extracts from Spirulina
sp. totally inhibited nivalenol and significantly decreased de-
oxynivalenol production by 62% and reduced acetylates con-
tents by 78%.

Extensive information on polyphenols exist on macroal-
gae223, however, production of polyphenols from microal-
gae was also studied. Like all other active biological com-
pounds, both the composition and content of polyphenol from
microalgae are species-dependent. A screening of 32 dif-
ferent species was performed to determine among other the

polyphenol contents224. From this study, it has been shown
that polyphenols range between 54 mg Gallic Acid Equiva-
lent (GAE)/100g DW (Haematococcus pluvialis) to 375 mg
GAE/100g DW (Phaeodactylum tricornutum). Tetraselmis
sp. and Neochloris oleoabundans are also great producers
with 374 and 373 mg GAE/100g DW, respectively. Other
studies on microalgal polyphenols have found results within
this range. For instance, a study found that Arthrospira
platensis exhibits 334 mg GAE/100g DW while Chlorella
vulgaris expresses 217 mg GAE/100g DW225. Moreover,
when compared to other sources of polyphenols, it has been
observed that microalgae have total polyphenolic content
similar to or higher than several vegetables and fruits226.
However, the greatest polyphenolic producers remain red
berries.

Despite this step forward, further studies are needed to ex-
plore the production mechanism of polyphenols in more de-
tail to determine the advantageous conditions to their expres-
sion.

3.3.7. Phytosterols. Sterols are components of the cellular
membrane acting on its stability, permeability and fluidity by
controlling movement of fatty acid chains within it140,147,227.
They are nitrogen-free complex polycyclic alcohols that orig-
inate from isoprenoid biosynthesis. Among the 200 reported
phytosterols, β-sitosterol is the most abundant in higher
plants, but in a number of microalgae it appeared that 24-
ethylcholesterol was dominant140,147,227. In addition, the
sterols present in microalgae display both a great diversity
of structures and occurrence variety. These compounds are
species-dependent and their composition can also be influ-
enced by environmental factors such as light intensity, tem-
perature, salinity and growth stage227,228.

Phytosterols have already been the subject of numer-
ous reviews because of their beneficial effects on human
health145,147. Particularly, they are well-know for their abil-
ity to reduce low density lipoprotein (LDL)-cholesterol and
promote cardiovascular health with an intake of 2-3 g/days
minimum. Besides, they present anti-inflammatory, anti-
atherogenicity, anti-cancer and anti-oxidative activities144.
An in vivo study conducted on mice also highlighted some
protection properties of β-sitosterol against nervous system
disorders146. In addition to their properties, the biodisponi-
bility of phytosterols has been studied by exploring their ab-
sorption on different animal species. It has been reported that
rabbits do not absorb phytosterols while rats and humans ab-
sorb a small fraction (4% and 1.5% to 5%, respectively)145.

In microalgae, a screnning of 10 species commonly used in
aquaculture and the nutraceuticals industry was conducted to
determine the best candidates for phytosterols production147.
From this study, it emerged that Pavlova lutheri, Tetraselmis
sp. M8 and Nannochloropsis sp. BR2 were the greatest pro-
ducers of total phytosterols (from 0.4 to 2.6% dry weight). In
addition, when stressed, Pavlova lutheri was able of express-
ing sterols up to 5% DW (day 14 at 35 ‰salinity)147.

Currently, the main industrial sources of phytosterols are
tallow and vegetable oils. For instance, corn and rapeseed
are capable to synthesize 850 mg/100g and 820 mg/100g of
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phytosterols, respectively147. Microalgae are also good pro-
ducers of phytosterols, especially Pavlova lutheri with 5186
mg/100g of phytosterols. However, further efforts are needed
to induce overexpression of phytosterols from microalgae
through metabolic or genetic engineering, as well as on re-
covery and purification methods.

3.3.8. Hormones. Phytohormones are a class of molecules
produced in very low concentrations serving as chemi-
cal messengers to coordinate cellular processes in higher
plants229. Most of the microalgal lineages are able to produce
phytohormones. Among the classical phytohormones, there
are auxin, abscisic acid, cytokinin, ethylene, gibberellins,
polyamines, jasmonides, salicylates, signal peptides, and
brassinosteroids126,229,230. Although their functional roles
are not well known to date, they have recently been stud-
ied126,229. Depending on strains, phytohormones can act on
development, growth, light response, stress tolerance, sec-
ondary metabolite synthesis and senescence of microalgae
and thus regulating homoeostasis to cope with variable en-
vironmental factors229,230. As a result, understanding phyto-
hormone pathways can be considered as a strategy for the
selection of microalgae species for specific industrial pur-
poses in particular for enhanced biofuel production229. In-
deed, the manipulation of phytohormone metabolism could
improve important industrial and economic characteristics of
microalgae such as increased biomass productivity, or sec-
ondary metabolites, and better tolerance to adverse environ-
mental conditions, among others. In addition, microalgae-
based hormones could play a role in counteracting the signs
of skin ageing in the field of cosmetics126.

4. Current and projected market share
In 2017, the global market for microalgae-based products
was estimated at 32.60 billion USD and is projected to reach
approximately 53.43 billion USD by 2026231. This general
enthusiasm for microalgae is partly due to the various ben-
eficial properties that their diversity offers, affecting various
sectors. The first market niche to have developed is that of
colouring agents with 300 million USD in 2009, followed by
nutraceuticals (30 million USD in 2009)231. Since then, other
potential markets have emerged. As such, it is estimated that
in 2020, colouring agents will still be the leading microal-
gae product on the market with 800 million USD, closely
followed by pharmaceuticals/chemicals (500 million USD),
nutraceuticals (300 million USD) and finally cosmetics (30
million USD)231. Currently, the market for mcroalgae-based
products is dominated by the United States, Asia and Ocea-
nia. However, in the coming years, it is likely that Europe
will become one of the leaders in the field of microalgae-
based bioproducts231.

Considering the total market volume of microalgae-based
products, more than 75% of the production of microalgae-
derived products is dedicated to food, feed or nutraceutical
applications231. Two species, Arthrospira (trade name Spir-
ulina) and Chlorella, are at the head of the world market with
a production of 12,000 tons per year and 5,000 tons per year,

respectively232,233 . These production figures are expected to
increase further due to the evolution and growing consumer
demand for a healthier diet. As an example, it is estimated
that by 2050 more than 18% of protein sources will be de-
rived from microalgae234. As a result, the increase in the
market value of Spirulina powder is estimated at over 380
million USD by 2027 compared to 220.5 million USD in
2017232.

If we take a closer look at the market shares of current mi-
croalgae products (Table 4), one can see that only certain high
value-added molecules from microalgae have really made in-
roads into the world market. Among these molecules are PU-
FAs, in particular omega-3 with a current market share of 2.5
billion USD in 2014, and carotenoids with 1.5 billion USD
in 2017. Currently, the largest share of the PUFAs market
is held by the United States. However, this market is ex-
pected to grow at an average annual growth rate of 13.5%233.
The market for carotenoids is also growing steadily due to
the health benefits of these molecules. Of the 600 existing
carotenoids, only a few have commercial potential: astaxan-
thin and β-carotene. The global market for astaxanthin was
estimated at 1.2 billion USD in 2010 with only 1% of this
value corresponding to the production of naturally occurring
astaxanthin. However, with the emergence of natural and or-
ganic products, the market value for natural astaxanthin can
be expected to increase. To this end, it has been estimated
that the market share of astaxanthin derived from microalgae
would be 770 million USD by 2024. The same phenomenon
can be observed for β-carotene.

5. Discussion
From the proposed review, one can see that microalgae have
a great potential for high added-value molecules production.
Still, the levels of maturity of the aforementioned categories
variate, while pigments and PUFAs have started to penetrate
their markets, other molecules are still under active research.
In particular, exopolysaccharides, polyphenols, phytosterols
and hormones are classes of molecules whose research wave
is relatively recent. Further research efforts to better un-
derstand the structures and/or mechanisms of production are
needed to hopefully make them emerging technologies in the
coming years.

With this focus, microalgae cultures will be product driven.
Still subsequent capital will be needed for both culture pro-
tocol and product development, making the early choice of
the relevant strain all the more relevant. In the light of mi-
croalgae diversity, this choice may not be an easy task. With
this aim, Figure 4 ties together classification, phyla specific
bioactive compounds and their properties to biotechnological
applications.

As one can see, Chlorophyta phylum is the one with the
most diverse applications. It is followed by Cyanobacteria
and Heterokontophyta phyla. Other phyla, usually cultivated
for aquaculture (Cryptista, Haptophyta) seem to have poten-
tial for higher value application, such as PUFA. At the other
end of the list, Euglenozoa phylum has no identified high
added-value application and seems to be restricted to wastew-
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Table 4. Current and projected market share for microalgae-based products (N.A.: Not Available)

Products Current demand Projected demand Main producing strains

Omega-3 PUFAs 2.5 billion USD in 2014 233 5 billion USD by 2020 233

EPA 300 million USD in 2010 231
4 billion USD for EPA/DHA by 2022 232 Isochrysis galbana, Nannochloropsis ocu-

lata, Phaeodactylum tricornutum
DHA 1.5 billion USD in 2010 231 Crypthecodinium cohnii, Schizochytrium li-

macinum, Ulkenia sp.
Carotenoids 1.5 billion in 2017 235–237 2.0 billion beetween 2019-2022 235,236

Astaxanthin both synthetic and natural forms: 555.4 mil-
lion USD in 2016 231

1.5 billion USD by 2020 236 to 2.57 billion
by 2025 232. Microalgae-based form: 770
million USD by 2024 232

Haematococcus pluvialis

β-carotene 224 - 285 million in 2019 231,232 N.A. Dunaliella salina
Phycobiliproteins Greater than 60 million USD in 2010 233 N.A.
Phycoerythrin 10 – 50 million USD in 2019 235 N.A. Porphyridium sp. and Rhodella sp.
Phycocyanin 112.3 million USD in 2018 232 232.9 million USD by 2025 232 Arthrospira sp., Porphyridium aerugineum

Exoplosaccharides

PUFAs

Polyphenols

Vitamins

Proteins

Chlorophylls

Phycobiliproteins

Carotenoids

Sterols

Dyeing

Immune stimulant

Anti-inflammatory

Photoprotective

Antioxidant

Rheological agent

Collagen stimulant

Anti-chronic diseases

Antimicrobial/viral

Anti-lipidemic/glucemic 
cachetic

Anti-degenerative

Chlorophyta

6,714 species

Rhodophyta

7,263 species

Cyanobacteria

4,722 species

Glaucophyta

25 species

Cryptista

220 species

Haptophyta

764 species

Heterokontophyta

15,821 species

Euglenozoa

1,490

Fig. 4. Main bioactive compounds expressed in microalgae in relation to their classification and possible applications as high value added products. Numbers of species
obtained from 238,239. Blue circle: pharmaceutics ; pink circle: cosmetics ; yellow circle: nutraceutics and green circle: food.

ater treatment. In addition, to identify potential valorisation
for a given strain, Figure 4 highlights that some compounds
can only be produced by a very restricted set of phyla. It is
specifically the case for chlorophylls and carotenoids which
are produced at relevant levels by Chlorophyta, or for tech-
nical proteins produced by Chlorophyta and Cyanobacteria.
Still, no matter which molecule would be extracted, it could
be valorised in different configurations thanks to several pos-
itive effects (except for vitamins whose have only one). Re-
garding applications, despite their diversity, the potential sec-
tors of applications for microalgae extracted bioactive com-
pounds mostly belong to cosmetics and pharmaceutical in-
dustries. Finally, food industry may consider microalgae

for technical purposes restricted to dyeing and rheological
agents.

Despite the benefits of microalgae, there are many bottle-
necks throughout the process of their exploitation51. Dur-
ing the culture stage, strain selection, which this article aims
at helping, strain engineering and nutrient supply strategies
need to be optimized for the hyperaccumulation of a single
product. In addition, the growth of microalgae in culture
is strongly limited by the degree of light penetration, result-
ing in dilute cultures with low biomass concentrations (about
3 g/L for autotrophic cultures compared to 30-100 g/L for
heterotrophic fermentations). The diluted nature of the cul-
ture has major repercussions on processes downstream of the
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value chain, which represent 40% of the total costs of the
entire process, and in particular on the harvesting stage240.
Finally, the extraction of metabolites of interest is also lim-
iting due to the capacity of microalgae to effectively resist
cell disruption processes due to the nature of the biochemical
composition of their cell wall25,52. At present, these bottle-
necks have not been resolved. The most optimitic projections
envision a whole biomass cost of 0.62 C/kg dry weight (ac-
counting for 0.20 C/kg dry weight cost reduction associated
to wastewater treatment valorisation)241. Still, the diversity
of applications widen the valorisation horizon as it is an edge
that may alleviate the cost burden associated with biomass
low cost (biofuel, feed) valorisation. Depending on the mar-
ket value associated to the targeted bioactive compounds, two
strategies can be envisioned. For high price molecule such as
astaxanthin, its sole hyperaccumulation may bring economic
viability to the production process. In addition, after extrac-
tion of this flagship molecule, spend biomass can be turn to
biofuel. An alternative strategy would be the production of
two or more medium added value compounds without paying
the additional production costs associated to hyperaccumula-
tion promoting growth conditions51.

Still, one can note that, in recent years, genetic and
metabolic engineering has emerged as a potential tool for
promoting economical viablity of microalgal biotechnology.
Indeed, it allows to modify existing strains to improve their
performances hence reducing associated production costs.
Several examples can be given in this regard. First, in order to
make the production of biofuels from microalgae profitable,
strains can be modified to overexpress lipid production4,47.
Another relevant example is the production of recombinant
proteins. A recombinant protein is a protein produced by a
cell whose genetic material that has been modified by ge-
netic recombination. Recombinant proteins obtained from
microalgae include antibodies, vaccines and enzymes such
as138,139. Microalgae have been considered and studied as
a platform for the production of these proteins. Being eu-
karyotic cells, their main advantage is to contain the cellular
machinery allowing them to synthesize complex human pro-
teins in a cost effective manner242. Thanks to the complete
sequencing of the genome of Chlamydomonas reinhardtii,
the latter has great potential for the production of recombi-
nant proteins138,139,242. Other strains such as Chlorella ellip-
soidea, Dunaliella tertiolecta or Dunaliella salina have also
been studied139. Some of the notable successes, although
many, are the expressions of an anti-glycoprotein D anti-
body of herpes simplex virus, a monoclonal antibody IgG1
directed against anthrax protective antigen or the human pro-
tein TRAIL known to induce apoptosis in tumor cells in-
fected with a virus138,139,242. However, routine genetic ma-
nipulation has been limited to a few species until recently42.
To date, few - about thirty - species have undergone transfor-
mations4,12,243. As for other genetically modified organisms,
modified microalgae would have to face two challenges reg-
ulations and consumer acceptance.

6. Conclusion and perspectives
This work reviewed applications of high added value
molecules produced from microalgae. From this, it can be
stated that, older forms of valorization - health food and qual-
ity feed, polyunsaturated fatty acids, pigments, carbohydrates
- are currently penetrating their markets. For some they can
even be found on supermarkets shelves. They are driven by
two factors. For general public goods, the consumer appetite
for healthy food and biosourced molecules in cosmetics. For
industrial applications, desirable technical properties : e.g.
texturer and dye for food industry, antioxidant for cosmet-
ics. Most recent developments, such as peptides, vitamins,
polyphenols, phytosterols and phytohormones, are struggling
to meet their market and reach economical competitiveness.
Still they are pushed forward by the very powerful driver that
is pharmaceutical industry and the hope to gain new drugs
and therapy. Regarding those, only time, research and devel-
opment will tell us if they fulfill their expectations.

This work not only reviewed the aforementioned applica-
tions, it also tried to link microalgae classification and related
potential applications. This is done through highlighting of
which bioactive compounds can be found in which phyla.
While some seem to be restricted to aquaculture, Cyanobac-
teria, Chlorophyta and Rhodophyta show great promises.
This diversity of potential can be explained by two factors:
the low number of strains in some phyla (25 and 220 species
currently described for Glaucophyta and Cryptista, respec-
tively), meaning low intrinsic potential, and the past direction
of global research effort which may have biased our percep-
tion toward some phyla.

Finally, in addition to unravelling microalgae capabilities,
academics and engineers still have to focus on alleviating
large scale production bottlenecks, namely, high density cul-
tures, harvest and molecules extraction. This could be done
by strain genetic engineering, rising concerns about regula-
tion and consumer acceptance, or conventional process opti-
mization.
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