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Preface

Microalgae are predominantly fascinating sources of products ranging from 
human nutrition, food/feed additives, cosmetics, medicines, and health sup-
plements to emerging sources including bioplastics, bio-based polymers, and 
vaccination agents for aquaculture organisms. The global market for microal-
gae products was valued at US$ 32.60 Bn in 2017 and estimated to reach US$ 
53.43 Bn by 2026 (https://www.credenceresearch.com/report/algae-products-
market). The major products currently being commercialized or under consid-
eration for commercial extraction include human nutrition, animal and aquatic 
feed, phycobilins, β-carotene, polysaccharides, polyunsaturated fatty acids, 
vitamins, sterols, stable isotope biochemicals, biologically active molecules 
of antimicrobial, antiviral, antibacterial, and anticancer drugs for use in 
human and animal health; however, more new items are likely to be produced 
in the following decade. Moreover, commercial algae production is being 
lauded recently as a new agricultural phenomenon that can provide sustain-
able feedstocks of proteins and oils for hundreds of new products, absorb mil-
lions of tons of carbon dioxide, treat wastewater, and become a driver of 
economic growth around the world. Our previous book Microalgae 
Biotechnology for Development of Biofuel and Wastewater Treatment 
addressed microalgae, which represent a very promising biomass resource for 
wastewater treatment and producing biofuels; in that edition, we have vastly 
presented the culture and harvesting technology of microalgae in fresh or in 
wastewater either in open or close system. This book, Microalgae 
Biotechnology for Food, Health, and High Value Products has focused only on 
the various applications of microalgae ranging from human nutrition, food/
feed additives, cosmetics, medicine and health, soil improvement, etc. It pro-
vides coverage of relevant, up-to-date research assembled by a group of con-
tributors who are dedicated to the advancement of microalgae applications for 
human kind. We believe that this book will be greatly helpful for commercial 

https://www.credenceresearch.com/report/algae-products-market
https://www.credenceresearch.com/report/algae-products-market
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algae producers, algae product developers, scientific researchers, students, or 
community people who are dedicated to the advancement of microalgae bio-
technology for health, diet, nutrition, cosmetics, biomaterials, etc.

Henan, China  Md. Asraful Alam 
Henan, China   Jing-Liang Xu 
Guangdong, China   Zhongming Wang  

Preface
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Chapter 1
Food and High Value Products 
from Microalgae: Market Opportunities 
and Challenges

Khondokar M. Rahman

Abstract Microalgae are a potential source of molecules for a wide range of food 
and novel high-value products and have good market opportunities. They can be 
used in biofuels, health complements, feed, medicine and cosmetics. The develop-
ment of innovative and sustainable technologies with minimum energy inputs is 
required for large-scale cultivation and downstream processing of lipids and hydro-
carbons in order for the production to be economically viable. In addition, the via-
bility of bioenergy production from microalgae biomass is contingent on the net 
energy gain of the overall process, with exhaustive utilization of algal biomass for 
biofuel and other co-products for feed, food, and chemicals. The energy output from 
the biomass as fuel has to be greater than the energy required to produce and process 
the algae. Microalgae produce a comprehensive variety of bioproducts such as 
enzymes, pigments, lipids, sugars, vitamins and sterols. Moreover, its capability to 
alter atmospheric CO2 into beneficial products such as lipids, carbohydrates, metab-
olites and proteins cannot be overstated. The key challenges appear to be high cost 
of operation, infrastructure and maintenance, selection of algal strains with high 
protein contents, dewatering and commercial scale harvesting. Optimizing the man-
ufacture and commercialization of microalgae value products depend also on 
numerous factors (such as market and financial affairs). There is limitation of 
authentic and reliable data and statistics of microalgae market opportunities which 
make it difficult to assess their actual potential. Long-term research is needed to 
develop systems for the production of sustainable algal-based products, as sustain-
ability is a key concern especially for food, feed and fuel.

Keywords Microalgae · High value product · Market challenges · Opportunities
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1  Introduction

Algae which grow through photosynthesis are a diverse group of simple plants that 
can range from microscopic (microalgae) to large seaweed (macroalgae). They play 
a vital role in many ecosystems. Algae are disseminated globally specially in the 
sea, in both fresh and wastewater.

Microalgae are unicellular, but some are larger, multicellular organisms (Ozkurt 
2009), for example macroalgae (or seaweed) (Fig. 1.1). It is almost recognized in 
the academic community that microalgae are not viable for fuels commercially or 
sustainably due to the cost and nutrient inputs.

A number of microalgae have been examined for their prospect of value-added 
products with extraordinary pharmacological and biological potentials, animal and 
fish feed, cosmetics, chemicals and polymer, pollution control, etc. (Khan et  al. 
2018). Biotechnology for the cultivation of microalgae has developed since the 
middle of the last century for the production of biofuel when oil price increased 
dramatically but now numerous commercial applications have been recorded. The 
most widespread application of microalgal culture has been through aquaculture for 
farming of marine animals, including finfish, crustaceans and molluscs. There is 
potential to develop multi-trophic systems and utilize microalgae for the purpose of 
bioremediation of, for example wastewater or aquaculture wastes, which reuses the 
wastewaters for the growth of micro- and macroalgae. Wastewater provides nutri-
ents, for example ammonia, nitrite, nitrate, dissolved organic nitrogen and phos-
phate (Abe et  al. 2002), which can be used for the production of microalgae. 
Microalgae are photosynthetic with the potential to produce hydrocarbons and lip-
ids whilst harnessing the energy of the sun and sequestering carbon dioxide. This 
chapter presents the outcomes of a review of current scientific, economic and mar-
ket expansions in the various field of products derived from microalgae for food, 
feed and high-value products (HVPs). It delivers the existing and future projections 
on topics related to the field of microalgae. The areas covered in this study are as 
follows:

 1. Microalgae Background and a Brief History of Algal Research.
 2. Algae to Algae Product: A Value Chain.
 3. High-Value Product from Microalgae.
 4. Microalgae Product and Market.
 5. Future Prospects of Microalgae Industry.

1.1  Microalgae Characteristics and Composition: Background

Microalgae is a rich carbon source, and this can be utilized in biofuels, health sup-
plements, pharmaceuticals and cosmetics (Das et al. 2011). They also have potential 
to bioremediate wastewater and CO2 sequestration (Alam and Wang 2019). A wide 
range of bioproducts, as well as different materials such as polysaccharides, lipids, 

K. M. Rahman
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pigments, proteins, vitamins, and antioxidants, are produced from microalgae 
(Brenna and Owende 2010). Advances in cultivation technologies and techniques 
and genetic engineering offer potential to expand their application and processing 
for high-value products.

Industrial-scale cultivation of microalgae to produce bioproducts and bioenergy 
has received increased attention in recent decades and its applications have been 
widespread. (Plaza et al. 2009). Algae is produced and sold directly as food and 
nutrient supplement, while it’s treated goods are used in both the biopharmaceuti-
cals and cosmetics industries (Luiten et  al. 2003; Borowitzka 2013; Pulz and 
Gross 2004).

Microalgae and cyanobacteria are recognized as marketable sources of HVPs, for 
example β-carotene, astaxanthin, pigments and extracts from algae, which are used 
in cosmetics. Algal products are categorized into three types based on their market 
values, and they are: high-value, medium-value and low-value products (Fig. 1.2).

1.2  A Brief History of Algal Research

Algae have been used as a food source and for treatment of various illnesses for over 
two thousand years in China, Japan, Tawian and Australia (Gao 1998). Regarding 
microalgae use as an energy fuel, Meier (1955) and Oswald and Golueke (1960) 
recommended the use of microalgal cell from biological compound fraction for the 
production of methane via anaerobic digestion (AD). The detection of a number of 
microalgae species that can produce relatively high concentrations of lipids similar 
to the cellular oil under certain evolution circumstances times back to the 1940s 
(USDOE 2010).

Microalgae contain higher concentrations of lipids compared to any terrestrial 
plant. An average lipid content differs from 1% to 70% while under specific func-
tioning circumstances few of them can reach up to 90% of oil weight by dry bio-
mass weight (Mata et al. 2010; Georgianna and Mayfield 2012). There have been a 
number of serious global crises in oil production. For example, the two worst crises 
in the oil and energy sector were in 1973 and 1979 during the Yom Kippur War and 

Fig. 1.1 Microalgae (DOE: U.S. Department of Energy and Wageningen University 2016)

1 Food and High Value Products from Microalgae: Market Opportunities…
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the Iranian Revolution. This initiated disruptions in Middle Eastern oil dissemina-
tion (Oil Squeeze 2008; Duncan 2001). Research into microalgae as an alternative 
biofuel emerged in 1978 after an oil crisis struck. The use of microalgae for biofuel 
production has gained enormous research interests in recent years, mainly due to the 
ability to photosynthetically convert CO2 into potential biofuel biomass, and food, 
feedstocks, and high value biochemical (Zeng et al. 2012).

By evaluating the physiology and biochemistry of microalgae, researchers 
(Hounslow 2016) narrowed their focus to potential lipid activates. For an example, 
under nutrient stress, lipid accumulation is favoured, and triacylglycerol (TAG) is 
formed as the main element. A number of studies have stated that most microalgal 
species can improve lipid accumulation and undergo transformation under nutri-
ent stress.

There is a wide diversity of microalgae species with respect to the size and shape 
of the organisms that perform photosynthesis in eukaryotic cells. These eukaryotic 
microorganisms are crucial for life on earth. Planktonic algae, living in the oceans, 
perform nearly half of global photosynthesis (Behrenfeld and Falkowski 1997). 
Algal protein is a prospective source of fish and animal feed and this types of pro-
tein has been projected to get a related profile of amino acid (Gross 2013). For 
example, cyanobacterium Arthrospira platensis and many other marketable species 
of the single-celled green alga have 42–70% of dry weight protein (Milovanovic 
et al. 2012; Plaza et al. 2009) and these microalgae also have an amino acid that 
relates well with egg, albumin and soya (Williams and Laurens 2010) particularly 
comprising all of the vital amino acids which humans are unable create in their body 
but need to obtain from food (Gantar and Svircev 2008). Chlorophyll is a useful 
bioactive compound, and the process of its extraction from marine microalgae 
begins with dewatering and desalting the highly diluted microalgal culture (Hosikian 
et al. 2010).

Fig. 1.2 Value pyramid: market value of microalage products (Voort et al. 2015)

K. M. Rahman
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2  Algae to Algae Product: A Value Chain

A ‘value chain’ has been defined by Bush (2019) as ‘an interrelated functioning 
action businesses perform throughout the process of transforming raw materials 
into finished products’. The value chain and the development of high-value products 
from microalgae depends on composition, applications, formulation, production 
scale and comparative reference. An impression of the whole value chain required 
to derive energy from both macroalgae and microalgae. The stages of the value 
chain include cultivation, harvesting and biomass pre-treatment, and this includes 
washing, purification, dewatering and drying.

2.1  Nature and Characterization of Algae and Algae Products

Microalgae are versatile and can produce various composites like proteins, carbohy-
drates, lipids, carotenoids and different vitamins and minerals. The relative compo-
sition of these are dependent upon species and growth conditions (Koller et al. 2014; 
Hamed 2016). Various studies have been conducted on the characteristics of micro-
algae and to elucidate the key compounds of commercial interest. These include, for 
example, Chlorella vulgaris, Arthrospira platensis, Nannochloropsis sp. and 
Phaeodactylum tricornutum (Tibbetts et al. 2015; Matos et al. 2016); other species 
are Dunaliella salina (Muhaemin and Kaswadji 2009), Haematococcus pluvialis 
red stages (Shah et al. 2016) and green stages (Kim et al. 2015) and Scenedesmus 
almeriensis (Sánchez et al. 2008).

At present Chlorella vulgaris, Arthrospira platensis, Haematococcus pluvialis 
and Dunaliella salina are supported for the food, feed and nutraceutical sectors. 
Similarly, carotenoids and lipids, especially omega-6 and omega-3, find superior 
uses than existing in many markets, for example in fish and animal food, aquacul-
ture, in protein and in cosmetics industry (Molino et al. 2018).

2.2  Principles of Value Chains: A Bio-Based Economies

The microalgae value will mostly depend on the following variables: (1) composi-
tion, (2) purity level, (3) applications and (4) formulation (Vieira 2016). The value 
of a product increases with its level of refinement or processing.

2.2.1  Value Depends on Composition

The chemical composition of microalgae includes: lipid at 20–30%, protein is 
around 50%, carbohydrate 20–30% and other compounds account for approxi-
mately 5%. The market value depends on the concentration and amount of the 

1 Food and High Value Products from Microalgae: Market Opportunities…
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essential amino acids, polysaccharides, polyunsaturated fatty acid (PUFAs) and 
amount of essential vitamins (Vieira 2016). 

2.2.2  Value Depends on Applications

Likewise, the value depends upon the application, for example what is the purpose 
of the use of algae and compared to similar alternative sources of this product. This 
includes the current application as food, feed, medicine and cosmetics and the addi-
tional application as fuels, fertilizers, wastewater treatment  and chemicals 
(Vieira 2016).

2.2.3  Value Depends on Formulation

The value of the microalgae-based product depends upon its formulation, for 
example is it granular, small or bigger particle size, a paste, dry or wet. A number 
of dry algal products are used for food and feed, aquaculture and pharmaceuticals 
(Vieira 2016). This product value chain also depends on comparative reference—
for example, microalgae high-value product in comparison source of algae link 
with others: soy and fish (oil and meal).

3  High-Value Products from Microalgae

Microalgae are progressively playing an important role in the development of cos-
meceuticals, alternative of pharmaceuticals and high-value foods. High-value 
extracts from microalgae include: proteins, lipids, carbohydrates, different pig-
ments, vitamins and anti-oxidants used in different sectors, such as cosmetics, nutri-
tion and pharmaceuticals.

3.1  Algae: Human Food

Japan has a well-established market for edible products (algae soup) (Fig.  1.3a) 
from algae (Holdt and Kraan 2011) and according to Wellinger (2009) China and 
Japan have the highest production and consumption of dry algae globally. There is 
utilization as whole cell (e.g. nori or others) and extracts, which can be used as an 
ingredient.

K. M. Rahman
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3.1.1  Agar from Algae

Agar is a polysaccharide derived from seaweeds (macroalgae) of the rhodophyceae 
class, and the most commonly used solidifying agent (Mesbah and Wiegel 2006). 
Agar formulates double helices that combined to form a gel or balm, holding water 
within the opening (Tiwari and Troy 2015). This water-holding capacity makes this 
gelatinous substance a good thickener. Throughout Japan, Korea and China it was 
used as a desert and in other food ingredients, however, presently it is also important 
as a gelatine for growing organisms in medical and scientific studies.

3.1.2  Alginates from Algae

Alginates are a polysaccharide derived from Phaeophyceae, which are brown algae 
containing alginic acid salts and are the raw ingredients in alginates manufacture. It 
is a polymer made up of arrangements of α- β-d-mannuronic acid and l-guluronic 
acid. They are widely used in various food, beverage, printing, textile and 
 pharmaceutical industries as a thickening agent, stabilizer, emulsifier and chelating 
agent (Hay et al. 2013).

Fig. 1.3 (a) Cooking 
healthy soup from algae 
(Fresh Designpedia 2019). 
(b) Algae as medicine in a 
tablet format

1 Food and High Value Products from Microalgae: Market Opportunities…
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3.2  Pharmaceuticals and Health-Related Products

The application of algae-based products (e.g. from cyanobacteria) in the different 
sectors (e.g. pharmaceuticals) has increased globally (Sathasivam et  al. 2019). 
Interest in microalgae-based antibiotics and pharmacologically active compounds 
(Fig. 1.3b) is also growing. There are a variety of products in the pharmaceutical 
sector derived from algae and their application such as: antivirals, antimicrobials 
and antifungals, and drugs and therapeutic proteins. The pharmaceuticals products 
derived from microalgae include: omega-3 fatty acids, EPA, DHA, beta carotene 
and astaxanthin (Sathasivam et al. 2019).

3.2.1  Omega-3 Fatty Acids/PUFA

Acids, for example EPA and DHA, from algae have received considerable attention 
because of their involvement in the inhibition and action of numerous diseases, 
including, thrombosis, atherosclerosis and arthritis. Although marine fish oil 
remains the traditional source of both EPA and DHA, there are studies that seem to 
indicate that greater quantity of EPA and some DHA can be gained from algae. 
Omega-3 and omega-6 are the two most important fatty acids, PUFAs have two 
important groups with a long chain of carbon atoms: carboxyl and methyl groups 
(Harris 2010). Microalgae is capable of supplying omega-3 fatty acids at high con-
centrations. Different species, for example Crypthecodinium, Thraustochytrium and 
Schizochytrium, contain the omega-3 fatty acid DHA, and the species of 
Phaeodactylum, Chlorella and Monodus contain Eicosapentaenoic acid (EPA). The 
human body can only form carbon–carbon double bonds after the ninth carbon from 
the methyl end of a fatty acid (Jones and Rideout 2014). Alpha-linolenic acid (ALA) 
is an essential fatty acids, and they must be obtained from the diet and that cannot 
be synthesized in the body (Jones and Papamandjaris 2012).

3.2.2  Astaxanthin

Astaxanthin is a xanthophyll carotenoid present in a variety of microalgae and this 
is the most abundant natural pigment existing in nature (Ambati et al. 2014). The 
main source of astaxanthin for human consumption is obtained via digestion of 
seafood or extracted from the microalga Haematococcus pluvialis. It is estimated 
that the global astaxanthin market is approximately US$257 million (Khattar et al. 
2009). The majority of astaxanthin produced from microalgae is utilized for aqua-
culture, most of them in fish coloration. The astaxanthin market size was assessed 
at US$555.4 million in 2016 (Market Research Report 2017). Astaxanthin is mainly 
utilized by the salmon feed industry due to their potent antioxidant activity; it would 
also be beneficial for patients with cardiovascular, immune, inflammatory and 
neuro-related diseases (Wu et al. 2015).

K. M. Rahman

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/haematococcus-pluvialis


11

Astaxanthin is produced commercially, but naturally occurs from the microalgae 
species Hematococcus pluvialis. Astaxanthin, which produced commercially, is 
most commonly used is in fish farming and it conveys colouring to farmed salmo-
nids and crustaceans (Koller et al. 2014) (Fig. 1.4). It has been used widely in the 
nutraceutical and pharmaceutical industry due to its antioxidant activity and fortifi-
cation (Cardozo et al. 2007). The marketable astaxanthin is led by the synthetic one 
since the market value for the natural one is higher than the synthetic version (Pérez- 
López et al. 2014; Li et al. 2011). The demand for the production of astaxanthin 
from the natural sources has increased because the demand for health-related food 
to the consumer has increased.

3.2.3  Beta-Carotene

Beta-carotene is a member of a family of molecules found in microalgae and 
plays a vital role in health because of its antioxidant exchanges to vitamin 
A. Beta- carotene is a good source of vitamin A, and the provitamin A function 
of beta- carotene contributes to vitamin A intake (Grune et al. 2010). The con-
centration of carotenoids (Table 1.1) in most algae is 0.1–2%, but Dunaliella, 
if grown in the right circumstances of high salinity and light strength, could 
yield up to 14% of beta-carotene. Global market revenue of beta-carotene is a 

Fig. 1.4 Lipids, astaxanthin and chlorophyll in an astaxanthin-rich H. pluvialis cell. NR Nile Red, 
AXT astaxanthin, and CHL chlorophyll (Wayama et al. 2013)

1 Food and High Value Products from Microalgae: Market Opportunities…
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CAGR (Compound Annual Growth Rate) of 3.5% and is US$224 million in 
2018 (Transparency Market Research 2018).

Naturally, beta-carotene, which is a carotenoid compound, is derived from algae 
Dunaliella salina. The bioactivity of beta carotene is comparatively higher and this 
is why it is broadly used in medicine and used as provitamin A supply, precise 
growth and sight. Due to its antioxidants characteristics, beta-carotene is consid-
ered an inhibitor of some genes and it exhibits anticancer properties (Berman et al. 
2014; Harasym and Oledzki 2014; Zhang et al. 2016).

3.3  Algae in Nutraceuticals

Algae and their extracts play an important role in the nutraceutical industry. The key 
species currently utilized include Spirulina and Chlorella, and products related to 
algae nutraceuticals include poly unsaturated fatty acids (PUFAs, such as DHA, 
ARA, GAL and EPA), beta-carotene and Astaxanthin. Dried Spirulina used in food 
supplements contains about 60% protein, with a composition which is rich in all 
vital amino acids (Nicoletti 2016).

Spirulina and Chlorella species are leading the worldwide microalgae market 
as they are getting acceptance in food- and health-related supermarkets and 
stores (Koyande et  al. 2019). The two popular usable species of spirulina are 
Arthrospira platensis and Arthrospira maxima (Tomaselli 1997). Their cell wall 
is similar to the Gram-positive bacteria, subsequently they comprise of glucos-
amines and muramic acid linked to peptides (Falquet 1997). The wall of Spirulina 
is not digestible, is fragile and makes the cell content readily available to diges-
tive enzymes.

Table 1.1 Ideal conditions of beta-carotene production by D. salina (Hermawan et al. 2018)

Processing 
condition Reactor configuration Productivity

Temperature: 
25 °C;
pH: 7.5 ± 0.5

Semi-continuous outdoor, 
closed tubular (55 L)

Biomass: 2 g m−2 d−1

Total carotenoids: 102.5 ± 33.1 mg m−2 d−1 
(β-carotene: 10% of biomass)

Temperature: 
29 °C
pH: 7.5–8.6

Semi-continuous outdoor The optimum Dissolved Oxygen (DO) 
6.3–6.9 mg/L

Temperature: 
30 °C;
pH: 7.5

Continuous turbidostat,
flat-panel (2.5 L)

β-Carotene: 13.5 mg L−1 d−1 (15.0 pg cell−1)

Temperature 
30 °C;
pH: 7.5

Continuous turbidostat,
flat-panel (1.9 L) with
in situ extraction

β-Carotene: 0.7 mg L−1 d−1

β-Carotene: 8.3 mg L−1 d−1 (8.9 pg cell−1)
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3.4  Animal and Fish Feed

In aquaculture, microalgae are used as vital sources of live feeds and supplements 
for larval and juvenile animals, which include oyster spat, juvenile abalone and 
rotifer. The product related to food from algae is aquaculture feed, shrimp feed, 
shellfish diet and livestock feed. Microalgae are a significant direct and indirect feed 
source for the primary growing phases of many farmed finfish, shellfish and inver-
tebrate species (Shields and Lupatsch 2012).

3.5  Algae in Cosmetics

Many algae species are used to produce high-value cosmetics. They are used as 
thickening agents, antioxidants and water-binding agents in cosmetics. Irish moss, 
AlgaVia proteins, different types of vitamins, sugar, starch, different micro-and 
macro-nutrients are other forms of algae. These are useful for skin, either as oint-
ments or antioxidants and the associated invention are algae in cosmetics, carra-
geenan and alginates. The most common applications are in skin care, protection 
from sun and hair care, toothpaste, shaving cream, lotions and antibacterial creams 
(Pimentel et al. 2018).

3.6  Algae Chemicals

Next to the extraction of oil from algae—they commonly referred as algae cake 
and these cake can be used as organic manures instead of chemical or inorganic 
fertilizers. Microalgae as a chemical and the related products are chlorophyll, 
phycocyanin, fucoxanthin and the potential applications are: defoamers, inks, 
algae based resins, stable isotopically labelled compounds, dyes and colourants 
(Kruus 2017).

3.6.1  Phycocyanin

It is one of the major pigment molecules (chemical formula C165H185N20O30) found 
within Spirulina. The dietary and aesthetic values of phycocyanin have been well 
known (Romay et al. 2003). It is a dye of blue colour which fits to Phycobilli pro-
teins found in blue green algae.

1 Food and High Value Products from Microalgae: Market Opportunities…
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3.6.2  Phycoerythrin

This is a red protein pigment complex produced by blue-green microalgae 
Arthrospira platensis. This is generally used as natural colouring agent in the food 
industry (Taufiqurrahmi et al. 2017). The price of any chemicals (e.g. phycocyanin) 
is an important issue as it states its market capability. The cost of cultivation is one 
of the main factors that determine the price of phycocyanin. The carotenoids pro-
duce by certain forms of microalgae, particularly red ones, or rhodophyta, comprise 
phycocyanin and phycoerythrin (Becker 1994).

3.6.3  Fucoxanthin

Fucoxanthin (with formula C42H58O6) is an explicit carotenoid found in brown sea-
weeds with extraordinary natural properties. Ishimozuku (Sphaerotrichia divari-
cata), an edible brown alga, has morphology that is almost indistinguishable to that 
of Okinawa-mozuku. Ishimozuku contains various anti-oxidant ingredients and is 
more likely to improve human health (Maeda et al. 2018).

4  Microalgae Product and Market

Economic feasibility depends upon the market value and production costs (e.g., 
biomass production costs and biorefinery costs). The algal product types are: hydro-
colloids, carotenoids, and omega-3 PUFA, and their applications are in food and 
feed, nutraceutical, cosmetics and chemicals.

4.1  Market Opportunities: Algae-Derived Products

Commercial-scale cultivation of microalgae has already improved, even though the 
total production cost of some microalgae biomass is more than the industrial 
expectation. To develop the competitiveness of microalgae-based products, many 
aspects of their value chain need to be improved. The technical and the economic 
aspects, including maintenance, market awareness and following regulations, are 
important factors for wider algal market opportunities and scope. It is important to 
understand the regulatory framework, environmental and ecological law, and risk 
management for the development of microalgae based market product. 
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4.2  Important Determining Market Opportunities 
and Challenges

Algae biomass contains not only proteins and lipids. In fact, even if these products 
currently represent most of the algae market, further high-value bioproducts can be 
obtained by processing algae in efficient ways, such as pigments for food color-
ation; pharmaceutics and phenolics as cosmetics, skin care emollients and sun pro-
tection products. The European Biomass Industry Association (EUBIA) is currently 
working on this front, preparing projects and strategies to make algae biorefinery a 
real competitive solution. At present the manufacture of food and feed from micro-
algae in European countries assures 5% of global market (Enzing et  al. 2014). 
Currently the United States, Asia and Oceania dominate the market but Europe 
could also be another leading country in microalgae-based bioproducts in the next 
decade but needs to focus on specific policies to launch specific targets.

4.3  Microalgae-Based Products: Market Opportunities 
and Key Challenges

4.3.1  Market Scope of Spirulina

This is a microscopic and filamentous cyanobacterium whose name originates 
from the spiral or helical nature of its fibres and it has been stated that it was used 
during the Aztec civilization (Dillon et  al. 1995). Spirulina or Arthrospira is a 
blue-green alga which achieved fame after it was successfully used by NASA as 
a dietary supplement for spacemen on planetary tasks. A number of studies 
exploring the efficacy and the potential clinical applications of Spirulina in treat-
ing several diseases have suggested anticancer, antiviral and anti-allergic effects 
(Karkos et al. 2011).

The market for food companies was not well organized and control in 1970–1980 
when Spirulina was introduced on the market. The current main providers of spiru-
lina are located in the USA (Earthrise), Hawaii and Thailand (Bosschaert 2002). 
Regarding the market scope of Spirulina, the logistics are simple, and Merredin’s 
location is ideal for logistics purposes.

4.3.2  Market Scope of Omega-3 Fatty Acids/PUFA

Omega-3 PUFA market is predicted to grow at a CAGR of 13.5% (Market Watch 
2018). Omega-3 poly unsaturated fatty acid (PUFA) is a type of necessary fatty 
acid which cannot be synthesized by the human body and which needs intake 
through omega-3-rich food. Omega 3 PUFA is used to enhance the cardiovascular 
and cognitive functioning of the human body. The ingredients of Omega-3 PUFA 
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are sourced from various fish oil, krill oil, chia seed, flaxseed and other plant 
sources (Market Research Future 2019). The Global Omega-3 PUFA Market is 
segmented into Europe, North America and Asia Pacific along with rest of the 
world (RoW). Among these, North America holds the major market share in the 
global Omega-3 PUFA market both in terms of value and volume. This is attrib-
uted by the rising number of health conscious people in the USA and also pres-
ence of companies in the North American region such as Unilever, Abbott, and 
Nestle SA.  Also, vital companies are introducing new products in the North 
American region in order to retain their existing customers and also to acquire 
new customers. The Asia Pacific region is expected to grow immensely during the 
forecast period (Market Research Future 2019). According to FAO statistics 
(2010) the market size of EPA and DHA are 300 million and 1.5 billion USD, 
respectively, and the price is 0.2–0.5 USD/gm and 18–22 USD/gm, respectively.

Over 75% of the manufacture volume of microalgae was used in the health food 
marketplace as nutritional enhancements (Chacon-Lee and Gonzalez-Marino 2010). 
The algae-based valued food additives and ingredients, e.g. DHA, represent a rising 
market. Martek’s (now DSM) algae-derived DHA is found in 99% of all baby foods 
in the USA (Eckelberry 2011).

4.3.3  Market Scope of Astaxanthin

The demand for natural astaxanthin is now increasing and it has been increased into 
a billion dollar market potential of nutraceuticals (Martín et al. 2008). The Global 
Astaxanthin Market is segmented into five regions: (1) Asia Pacific, (2) North 
America, (3) Europe, (4) Latin America and (5) Middle East and Africa. North 
America holds a major share of the market due to the growing demand for carot-
enoid pigments in feed, supplements, food, health care products, and others. The 
feed segment is predicted to witness a rapid growth in the market due to growing 
consumption of Haematococcus pluvialis to produce high standard astaxanthin in 
countries such as the USA, Canada and Mexico. It is estimated the health care prod-
ucts section is set to witness a higher growth in market share during the forecast 
period 2017–2023 (Market Watch 2019). It is projected that the astaxanthin market 
is set to spectate a higher growth owing to growing use of carotenoid pigments dur-
ing the forecast period (Market Watch 2018). According to Shah et al. (2016) the 
total value of astaxanthin synthesis is estimated at more than $200 million, which 
corresponds to 130 metric tons of product annually. The average market price is 
above USD 2000 per kilogram, and the cost is estimated at USD 1000 per kilogram 
(Shah et al. 2016; Milledge 2011). Recent investigations showed that microalgae- 
derived astaxanthin was only responsible for less than 1% of the total commercial-
ized market, ascribed to its higher product prices than those of synthetic products 
and technological challenges of large-scale cultivation and harvesting of microalgae 
(Koller et al. 2014). The chemical components and structures of natural astaxanthin 
improve its bioavailability and biological activities (especially antioxidant activity), 
which highlight the commercial value of the carotenoid. Due to the growing market 
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demand on natural astaxanthin, the market value is estimated at US$1.1 billion and 
projected to reach 670 metric tons by 2020 (Shah et  al. 2016). In the case of 
Haematococcus astaxanthin, the market value is estimated in the range US$2500/kg 
to US$15,000/kg, depending on products’ purity (Koller et al. 2014; Pérez-López 
et  al. 2014). The market size and country wise market sector and future market 
potential of Astaxanthin are presented in Tables 1.2 and 1.3, respectively.

4.3.4  Market Scope of Beta-Carotene

Europe held the largest market share of beta-carotene in 2017 (Market Watch 2019). 
The growth in the food and beverages (Fig. 1.5), pharmaceutical and personal care 
industry has caused a rise in the beta-carotene market. Food and medicine industries 
in developing countries, for example China and India, is contributing to the increase 
in demand for beta carotene market in Asia Pacific (Table 1.4). The market share of 

Table 1.2 Market size and potential market of microalgae products (Molino et al. 2018)

Market sectors/area
Market size (year 2009) (Million 
US dollar)

Potential market (year 2020) 
(Million US dollar)

Colouring agents 300 800
Antioxidant 
nutraceuticals

30 300

Pharmaceuticals/
chemicals

Developing 500

Cosmetics/makeups Emerging/rising 30

Table 1.3 Prominent countries having market sectors and future market for Astaxanthin

Company Location
Production capacity of pure 
Astaxanthin

Alga Technologies Israel N/A
Cyanotech Hawaii N/A
Stone Forest Astaxanthin Biotech Co Ltd China 1200 kg/year
Yunnan Baoshan Zeyuan Microalgae Health 
Technology Co., Ltd

China 500 kg/year

Jingzhou Natural Astaxanthin Inc China N/A
Beijing Gingko Group China 900 kg/year
Yunnan Alphy Biotech Co Ltd China 600 kg/year
Yunnan SGYJ Biotech Co Ltd China 400 kg/year
Algaetech International Malaysia, 

Indonesia
N/A

Parry Nutraceuticals India N/A
Mera Pharmaceuticals Inc. Hawaii N/A
Fuji Chemicals Japan, Sweden N/A
Valensa International Florida N/A

N/A: data not available
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beta-carotene in 2017 is estimated as US$247 million, but this amount was increased 
to US$285 million by 2015 which is a CAGR of 1.8% (Rastogi et al. 2017).

4.3.5  Market Scope of Phycoerythrin

Phycobiliproteins is a protein produced commercially from Spirulina and the red 
microalgae Porphyridium and Rhodella (Becker 1994; Singh et al. 2005; Borowitzka 
2013; Spolaore et al. 2006). Ultrafiltration was used to isolate phycoerythrin protein 
from Grateloupia turuturu following cell homogenization, which was testified to 
retain 100% of the protein without denaturation (Denis et al. 2009). Phycoerythrin 
can establish a significant amount of the complete protein content in red algae, with 
levels of 1.2% reported for P. palmata (Wang et al. 2001).

The key companies in phycoerythrin market are: Europa Bioproducts, Sigma- 
Aldrich, Jackson Immuno Research, Thermo Fisher Scientific, SETA 
BioMedicals, Binmei Biotechnology, Algapharma Biotech, Phyco-Biotech, 

Table 1.4 Prominent com-
panies in the beta- carotene 
market (Market Watch 2019)

Company Location/area

Aqua Carotene USA, New Zealand
Cognis Nutrition and Health Australia
Fuqing King Dnarmsa 
Spirulina Co., Ltd.

China

Cyanotech Hawaii, USA, UK
Nikken Sohonsha Corporation Japan
Tianjin Lantai Biotechnology China
Parry Nutraceuticals Asia/India
Seambiotic Israel
Muradel Australia

Global beta-carotene market share by product, 2016 (%)

Algae Fruits & Vegetables Synthetic Others

Fig. 1.5 Market share of beta-carotene from algae (Market Research Report 2016)
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Norland Biotech, Columbia Bioscience and Dainippon Ink and Chemicals. The 
main regions which play a vital role in phycoerythrin market are: North America, 
Europe, China, Japan, Middle East and Africa, India and South America. The 
most important types of Phycoerythrin products: PE545, R-phycoerythrin and 
B-phycoerythrin (Market Watch 2019). The prominent commercial market 
sources of Phycoerythrin are: Europa-bioproducts, Cambridge, UK, and 
Invitrogen, NY, America.

4.4  European Guidelines on Marketing of Microalgae 
Products

The key challenges of marketing microalgae products in the European Union are: 
biomass production cost, technical breakthroughs, access to venture capital and 
regulatory, academic and industrial training (Fig. 1.6). It is very important to under-
stand, monitor, observe and practice the regulation for food and feed prior to use 
and marketing.

The market size based on the amount of nutrient obtained from microalgae are 
still less compared to the ones derived from cereals and other crops. But still the 
sector has seen an impressive and exceptional growth. Even with the challenges due 
to the climatic situations together with the inadequate domestic demand and the dif-
ficulty of the EU Novel Food regulation, a survey discovered that the EU can 
improve its market position in the next decade (Vigani et  al. 2015). The general 

Reduction of biomass production costs

Technical breakthroughs

Access to venture capital

Double EC budget

Regulatory approval

Academic and industrial training

Other
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39
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20 40
Percentage of respondents mentioning this challenge

60 80

Better co-operation

Fig. 1.6 Key challenges in the development of microalgae market in the EU (Salimbeni 2014)
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principles and requirements of EU food law are controlled under Regulation (EC) 
178/2002. Other relevant regulations include (Parker et al. 2014):

• Regulation (EC) 258/97 on novel foods and ingredients.
• Regulation (EC) 767/200 on the marketing of feed materials and compound feed.
• Regulation (EC) No 41/2009.
• Regulation (EU) No 1169/2011.
• Commission Implementing Regulation (EU) No 828/2014 (European Union 

2014).
• Directive 89/107/EEC on food additives.
• Regulation (EC) 1831/2003 on the authorization, and labelling of feed 

additives.
• Regulation (EC) No 852/2004 on food hygiene.
• Regulation 183/2005 on feed hygiene.
• Regulation 1829/2003 on GMOs for food and feed.
• Regulation (EU) No 828/2014.

A significant number of other European Union regulations and directives cover 
the production and distribution of animal feedstuffs, while Regulation 183/2005 is 
the key measure for algal production. Market introduction of food products using 
the whole microalgae (e.g. Spirulina or Chlorella) or microalgal ingredients which 
are incorporated into pasta with the green algae colour are subject to food safety 
regulations that apply to all food products. Production through engineering technol-
ogy and marketing of food and feed from microalgae are mainly regulated into the 
European Community by the Food Safety Regulation (EC 178/2002) and the Novel 
Food Regulation (EC 258/97) (Enzing et al. 2014) (Table 1.5).

Table 1.5 EU and USA safety guidelines regarding investigation, manufacture and market of 
microalgal products for food and feed applications (Modified from Enzing et al. 2014)

Europe United States

Research – Commission Implementing Regulation 
(EU) 2017/2470.
– EC directives 2009/41/EC (GM algae).
– EC directive 2001/18/EC (GM algae).

– NIH rDNA Guidelines.
– EPA Standards, under the Toxic 
Substances Control Act (TSCA).

Production – EC directives 2009/41/EC (contained 
use of GM algae).
– EC directive 2001/18/EC (deliberate 
release of GM algae).

– TSCA Environmental Release 
Application (TERA).
– Microbial Activity TSCA.
– USDA Plant Protection Act.

Market 
introduction

– Regulation on Food Safety (EC 
178/2002).
– Regulation EC 2017/2470 Directive 
2002/46/CE (Borowitzka 2013).
– EC Regulation on Genetically Modified 
Food and Feed (EC 1829/2003).
– Regulation EC2017/2470 and 2002/46/
CE.
– EC Regulation on Nutrition and Health 
claims made on foods (EC 1924/2006).

– Food, Drug and Cosmetic Act.
– Dietary Supplement Health and 
Education Act.
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5  Future Prospects of the Microalgae Industry

To ensure the sustainability of the microalgae biorefinery process, an advanced 
microalgae biorefinery needs to be applied through the production of manifold 
products in the form of HVPs and biofuel. Algae can play an important role in the 
biobased economy and they are efficiently cultivated in places that are unsuitable 
for agriculture and where nature is not harmed (Wolkers et  al. 2011). Recently, 
microalgae cultivation has received increased attention because this could synthe-
size larger amounts of HVPs, such as pigments, vitamins, PUFAs, anti-oxidants 
and many more.

Algae are considered the most diverse group of organisms on earth and there-
fore have potential for advanced use in the future, however based on its demand 
and potential supply and technology. Algae and algae-derived products have future 
prospects in the industrial sector based on the demand in this sector and having the 
capability of algae for industrial use. The use of algae-based products in pharma-
ceuticals (bioactive and new drugs), nutraceuticals (probiotic, antioxidants) and 
also use in industry as biofuels, chemical/enzyme, new cosmetics/cosmeceuticals 
which is currently limited, has a wider scope to expand. Future prospects of prod-
uct areas of algae are: nutrient-rich food, bioenergy, bioactive medicine, novel 
enzymes, specialist chemicals, biofertilizer, clean insecticides and bioremediation. 
Despite potential demand, supply and technical expertise, technological issues hin-
der the future prospects of algal applications. The major constrains include: engi-
neering difficulty in production, formulation of invention, strain stability and 
productivity. Refining of algal fuel and bioproducts technology from an experi-
mental scale to a profitable level is possible by overcoming the challenges and 
limitations associated with this technology.

6  Conclusion

The nature, characteristics and composition of algae are diverse and the reason 
product types and formulations are different. Based on an extensive overview on 
microalgal research, it was found that significant research on microalgae, microal-
gal product and their market potential have been conducted at the lab, pilot and in 
large scales. The value chain of microalgae and algal products is a biobased econ-
omy and the value depends on its composition, application and formulations. The 
potential high-value products (HVPs) from microalgae are: food, agar, alginates, 
astaxanthin, beta-carotene, omega-3 fatty acids, phycocyanin, phycoerythrin and 
fucoxanthin; these are used mainly in pharmaceuticals, nutraceuticals, cosmeceu-
ticals and industrial sectors. High value product that extracted from microalgae 
improve the economics in a biorefinery approach and have its market scope and 
opportunities. However it need to understand whether it is market driven or tech-
nology driven. Production economics such as the cost effectiveness of the system 
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is also important for further investments. The technology also needs to be robust 
and reliable for its market flow.

Microalgae is not currently considered economically viable for the production of 
fuel but has proven potential for the production of food and high-value products. 
This chapter provides insights on the broader algae-based value chain, high value 
products derived from microalgae, their market scope and opportunities and biore-
finery of microalgae for the production of high-value products. The proper and 
modern use of technology and tools gives higher yield, comfort of operation and 
helps economic processing. The potential for production of multiple products from 
microalgae has led to more effective and efficient invention pathways in the use of 
materials and energy. An understanding of the environmental impacts and legisla-
tions is important in the evaluation of technology and economic performance of a 
biorefinery system and its marketing. From an algal value chain analysis, it was 
found that value depends on composition, application, formulation, production 
scale and comparative reference. To increase the market opportunities of algae- 
derived products, it is important to determine market opportunities and challenges 
and find a sustainable solution. It is very important to practice and understand the 
rules, regulations and legislation related to algae in high-value products and their 
supply chain stages. There is no formal regulation related to algae and algae high- 
value products in many developing countries, but there are a few regulations in the 
EU, USA and other parts of the developed world. These regulations are on novel 
food and ingredients, feed material and compound food, food additives, food 
hygiene, and GMOs for food and feed. It is important to emphasize on research, 
production and market introduction for better prospects in the microalgae industry.
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Abstract The value of future market of microalgae for food can be in billions of 
dollars, currently with microalgae-based nutritional supplement products such as 
Spirulina, Chlorella Euglena power or tablet and astaxanthin from Haematococcus 
pluvialis, already available on the shelves of selected stores in various parts of the 
world. Although microalgae have potential to further become mainstream food 
ingredients, they are facing many challenges before they are accepted as part of 
regular meals. In this chapter, various nutritional values of microalgae, such as pro-
tein, lipids, and vitamins, are examined in detail from the perspective of food appli-
cation. The topic is a diverse one. While we focus on the inherent nutritional values 
from algae to demonstrate their suitability for the daily consumption, we also con-
currently look through the lens of cultivation technology and biotechnology, as well 
as through analysis of bioavailability, in attempt to make clear path towards the goal 
of algae production. Demand analysis is made subsequently from functional aspect 
of microalgae and the derivatives as sources of food colorants and consumer seg-
ments where vegetarian and elder population are likely the earlier beneficiaries. 
Throughout the chapter, examples of microalgae-containing products are given at 
selected markets, highlighting the regional characteristics with a proper emphasis 
on nutritional values. Only with the suitable positioning of the values of algae in the 
target consumers and enabling of various technologies can microalgae become a 
significant part of the mainstream food ingredient market.
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1  Introduction

The global population on Earth is expected to surge to nearly ten billion by 2050. In 
2016, approximately 55% of the inhabitants live in urban settlement. According to 
the United Nations, this percentage is expected to rise to 60% by 2030. The demand 
for food will inherently experience explosive growth. The global nutraceutical mar-
ket, for example, which includes functional food and beverage ingredients, dietary 
supplements, personal care, and pharmaceuticals, valued at nearly US$200 billion 
in 2015, is expected to increase to nearly US$300 billion by 2021 at a compound 
annual growth rate of over 7% (Transparent 2018).

From a more granular perspective, meat (protein) consumption is driving growth 
in emerging markets at a compounded annual growth rate of 3–4%. Increasing afflu-
ence in the rising middle class is one of the primary contributors to this phenome-
non. Ultimately, the inevitable question needs to be addressed as how our society 
would sustainably feed the global population with what we are going to have as 
food sources. Scientists and companies involved in plant-based proteins around the 
world are searching for and trying to come up with sustainable resources, to fill the 
gap and meet rising demand. Beyond meat (protein), the demand for other nutrition 
will increase drastically due to ever-increasing human activities.

The microalgae (i.e., the prokaryotic cyanobacteria and the eukaryotic microal-
gae) are an extremely diverse collection of organisms. Microalgae are ubiquitous 
throughout the world. It has persisted and thrived in a diverse natural environment. 
The ability to propagate rapidly, use light energy efficiently, fix atmospheric CO2, 
and produce more biomass per hectare than vascular plants ensures its ability to 
overcome extreme habitation conditions. The single-cell organism, a rich source of 
biologically active compounds, has existed since prehistoric times. This highly 
nutritious biomass content has only been recognized as such and widely cultured at 
large industrial scale, for health benefits in recent years. Microalgae have demon-
strated the potential to meet the population’s needs for a more sustainable food 
supply, specifically with respect to protein, for years to come (Caporgno and Mathys 
2018; Alam and Wang 2019). The beauty of this plentiful and yet humble resource 
is that it does not infringe upon our existing food supply; instead, it adds to the 
choices and variety of health benefits, a perfectly augmented sustainable food sup-
ply that will provide adequate nutritional balance for generations.

1.1  Historical Perspective of Algae as Food

The origin of microalgae as a food ingredient is not a recent phenomenon. It has 
served a vital role in the upstream and downstream of our food chain. We have been 
consuming our aquamarine food source, which feeds upon algae as a primary source 
of nutrients. Omega-3 (fish oil) from the cell organism enters our food chain through 
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fish (Ji et al. 2015). Microalgae, a primary source of the aquamarine community, 
have been an integral part of our food chain.

Research showed that humans have used microalgae as a food source or nutri-
tional supplements for hundreds of years. Aztecs (1300–1521  AD) and other 
Mesoamericans before Conquista consumed Spirulina from Lake Texcoco, as a dry 
cake known as tecuitlatl (Digs 2013). Figure 2.1 depicts Aztecs harvesting tecuitlatl, 
also known as green mud. Since the Spirulina species requires highly salty water, 
dams were built to prevent spillover of freshwater during the flooding. Eventually, 
the dikes were destroyed during the Spaniard conquest, and the environment of 
Lake Texcoco was no longer suitable for the growth of Spirulina, resulting in the 
loss of diet for the native Mexicans.

For centuries, the population in Chad has been harvesting Spirulina from Lake 
Kossorom for food “dihe” on the daily basis (Abduqader et al. 2000). Lake Chad 
has similar alkalinity to Lake Texcoco. In approximately 900 AD, the Kanembu 
discovered the nutritional value of Spirulina which they called dihe. As shown in 
Fig. 2.2, a woman in Chad is harvesting Spirulina in the shallow water. Although 
malnutrition is found throughout Central Africa, in Chad, where “dihe” is part of the 
diet, malnutrition is negligible.

More recently, to alleviate the suffering of children with acute malnutrition in 
Bangui, Central African Republic, the nuns who helped serve women and children 
with pre- and postnatal care in St. Joseph Health Centre literally took the matter into 
their own hands. They utilized the technical skills and formula which a French phar-
macist provided to cultivate vitamin-rich green Spirulina in their own backyard, as 
shown in Fig. 2.3. The results were beyond anyone’s expectations: “none of our 

Fig. 2.1 Aztecs harvesting 
Spirulina from Lake 
Texcoco
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babies die anymore, we have huge success with this.” Sister Margherita’s eyes 
beamed with satisfaction when she relays.

1.2  Recent Development of Production of Algae 
as a Mainstream Food Ingredient

Spirulina, one of the most popular microalgae (cyanobacteria), contains all the 
essential amino acids (EAAs) plus minerals like iron. It is a good source of plant- 
based protein. With over 60% of protein in biomass content, it is comparable to 

Fig. 2.2 A woman in 
Chad is harvesting 
Spirulina

Fig. 2.3 Nuns grow 
Spirulina in Central 
African Republic to fight 
malnutrition with ingenuity 
(Central Africa 2015)
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seven times (7×) the amount from soybeans, on the same area of land. In one study 
in which Spirulina were administered to malnourished kids with ages between 
6 months to 5 years old in the Democratic Republic of Congo, results have shown 
significant improvement in their health conditions (Matondo et  al. 2016). Other 
extensive exploratory work is done on plant-based protein (Soeder and Pabst 1970) 
in the 1970s that helped countries accelerate the commercialization path of Chlorella 
and Spirulina, as health food supplements in Japan, Taiwan, and Mexico.

Although rapid advancement in food science and technology has been made in 
the twentieth century, such as genetically modified (GM) food crops, chemical pre-
servatives, artificial flavorings, and colorants, which all make our everyday food-
stuff more attractive and enjoyable, the consequential ailments and arisen 
health-related issues also affect our quality of life. The need for replacement of 
these unnatural ingredients coupled with meeting of the demand of additional food 
sources for increasing population provides the ample opportunity for microalgae to 
become a viable contender. Microalgae have been a recognized source of naturally 
produced high-value chemicals including carotenoids (Borowitzka 2013), long- 
chain polyunsaturated fatty acids (PUFAs) (Martins et al. 2013), and food colorant 
from microalgae (Begum et al. 2015). High-quality nutritional biomass incorporates 
a comprehensive range of bioactive extracts from microalgae including antioxidant 
(Sansone and Brunet 2019), antibiotic (Falaise et  al. 2016), antiviral, anticancer, 
anti-inflammatory, antihypotensive, and other activities.

Table 2.1 shows the US Food Labeling Report from an independent food testing 
lab on the dry biomass from axenic Euglena culture produced at Geb Impact. The 
protein content exceeds 55% of the dry biomass and nearly 10% is lipids. In this 

Table 2.1 US Food Labeling Report from a third-party food testing lab on the dry biomass from 
axenic Euglena culture grown at Geb Impact facilities in Hong Kong

Test Results Method

Moisture (g/100 g) 2.46 GB 5009.3-2010
Ash (g/100 g) 10.3 In-house method by gravimetric technique
Total dietary fiber (g/100 g) 9.0 AOAC 985.29 (2005)
Protein (g/100 g) 56.3 In-house method by Kjeldahl method
Total fatty acid as triglycerides 
(g/100 g)

9.2 AOAC 996.06 (2005)

Sat. fat (g/100 g) 4.72 AOAC 996.06 (2005)
Trans. fat (g/100 g) 0.309 AOAC 996.06 (2005)
Sugar (glucose, galactose, fructose, 
sucrose, maltose, lactose) (g/100 g)

2.6 In-house method by high-performance liquid 
chromatography-RI technique

Added sugar 3 (g/100 g) 0 Information provided by customer
Sodium (mg/100 g) 233 In-house method by inductively coupled 

plasma-AES techniqueIron (mg/100 g) 40.3
Calcium (mg/100 g) 76.4
Potassium (mg/100 g) 768.0
Vitamin D (mcg/100 g) 19
Cholesterol (mg/100 g) <1 AOAC 994.10, 2005
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chapter, various key nutrition ingredients from microalgae are to be analyzed in 
more detail, comparison being drawn with those of modern food; the focus is given 
on the microalgae and their derivatives applied for mainstream food application.

2  Content and Quality of Microalgae Protein for Food

Protein is one of the macronutrients required for the human body. They are chains 
of amino acids linked together by peptide bonds. There are two types of amino acid, 
namely, the EAAs and non-essential amino acids (NEAAs). According to WHO/
FAO/UNU recommendations regarding human’s requirements of EAAs (WHO/
FAO/UNU 2002), humans must include EAA in their diet since the EAAs cannot be 
synthesized in the human body.

Historically, microalgae have not been cultivated as a source of food stock. The 
long-term health impact on human development is less known. Although a plethora 
of proteins and amino acids are present in various microalgae biomass, their contri-
bution to human health warrants further investigation, in particular, due to the fact 
the dry biomass of certain strains contains over 50% of their weight as protein, one 
of the major nutrition sources for humans (Bleakley and Hayes 2017).

In this section, microalgae will be compared with other conventional food for 
being a source of dietary protein. The content of protein in microalgae will be dis-
cussed, and the quality of microalgae protein will be assessed in terms of amino acid 
profile and bioavailability. At last, the application of microalgae protein other than 
nutrient source will also be discussed.

Table 2.2 Comparison of 
protein content from various 
food origins (Koyande et  al. 
2019)

Food origin Protein content (% dry matter)

Beef 17.4
Fish 19.2–20.6
Chicken 19–24
Peanut 26
Wheat germ 27
Parmesan cheese 36
Skimmed milk powder 36
Soybean flour 36
Beer yeast 45
Whole egg 47
Chlorella sp. 50–60
Spirulina sp. 60–70

A. Wang et al.
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2.1  Protein Content in Microalgae

Among various food sources, microalgae contain a significant protein content. As 
shown in Table 2.2, meat such as beef contains about 17% of protein, and plant such 
as soybean flour contains around 36% of protein in their dry biomass. In compari-
son, the dry biomass of Chlorella sp. and Spirulina sp. consists of 70% of protein 
(Koyande et al. 2019). Chlorella and Arthrospira accumulate high-quality proteins, 
both species having well-balanced amino acid profiles. The amino acids of both 
species are similar to other conventional protein sources such as egg and soybean.

Some of the advantages of microalgae proteins over other currently used protein 
sources include (1) low requirement for area of land, compared to animal-based 
proteins (<2.5 m per kg of protein compared to 47–64 m2 for pork, 42–52 m2 for 
chicken, and 144–258 m2 for beef production); (2) low requirement for area of land, 
for other plant-based proteins used for food and feed, such as soybean meal, pea 
protein meal, and others; (3) usage of nonarable land for cultivation; (4) minimal 
freshwater consumption; and (5) potential replacement of non-sustainable soy- 
based protein sources. Microalgae can produce high protein yield. Their protein 
yield is 4–15 tons/Ha/year. This is higher than the protein yield from wheat, pulse 
legumes, and soybean, which are 1.1 tons/Ha/year, 1–2 tons/Ha/year, and 0.6–1.2 
tons/Ha/year, respectively (van Krimpen et al. 2013).

Apart from Chlorella and Spirulina mentioned above, there are other microalgae 
species widely used in food production including Dunaliella terticola, Dunaliella 
salina, and Aphanizomenon flos-aquae due to their high protein content and nutri-
tional value (Soletto et al. 2005). However, the current global market in microalgae 
food product is being dominated by Chlorella and Spirulina species, due to their 
high protein content and nutrient value and, more importantly, ease to grow 
(Chronakis and Madsen 2011). The composition of the major microalgae species is 
listed in Table 2.3, where Spirulina has a higher protein content than other microal-
gae species.

2.2  Quality of Microalgae Protein

The protein quality of a certain food can be graded by their content of EAAs and 
their bioavailability. For humans, there are nine EAAs including phenylalanine, 
valine, threonine, tryptophan, methionine, leucine, isoleucine, lysine, and histidine. 
As shown in Table 2.4, microalgae have a comparable profile of EAA content when 
compared with a typical dietary protein source such as egg and soybean 
(Becker 2007).

Apart from the amino acid profile, the quality of the protein in microalgae was 
being studied by their bioavailability. For a nutrient component to be utilized by the 
human body, it needs to travel from the food matrix into the human body. When the 
food protein is released into the GI tract, they will first be denatured by the acidic 
environment in the stomach. Proteolytic enzymes including pepsin from the 
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 stomach, trypsin, and chymotrypsin from pancreas will cleave the food proteins into 
polypeptides. The polypeptides will then be broken down by peptidases into small 
peptides and amino acids. Amino acids are transported into enterocyte in the intes-
tine, across the basolateral membrane, and eventually enter the circulation and can 
be metabolized (van der Wielen et al. 2017).

Bioavailability assesses the digestion in the GI tract, food absorption, metabo-
lism, distribution within the human body via circulation, and bioactivity of the 
nutrients on the host (Carbonell-Capella et al. 2014). Numerous methods are devel-
oped to measure the bioavailability of food protein, including protein efficiency 
ratio (PER) and biological value (BV) (Becker 2007; Hoffman and Falvo 2004). 
PER is calculated by measuring the weight gain in rats after a feeding trial of the 
candidate food, as compared to casein protein. This is to measure how effective the 
candidate protein can stimulate animal growth (Hoffman and Falvo 2004).

BV is used to measure the incorporation of food protein nitrogen into the nitro-
gen within the test subject body. The measurement is done by measuring the amount 
of nitrogen loss via excretion of the animal including urine and feces, in order to 
predict the amount of nitrogen retention in the subject (Fixsen and Jackson 1932).

Table 2.3 Comparison of composition of various microalgae species (Koyande et al. 2019)

Microalgae species
Composition (% dry matter)
Protein Lipids Carbohydrates

Anabaena cylindrical 43–56 4–7 25–30
Aphanizomenon flos-aquae 62 3 23
Chaetoceros calcitrans 36 15 27
Chlamydomonas reinhardtii 48 21 17
Chlorella vulgaris 51–58 14–22 12–17
Chlorella pyrenoidosa 57 2 26
Diacronema vlkianum 57 6 32
Dunaliella salina 57 6 32
Dunaliella bioculata 49 8 4
Euglena gracilis 39–61 22–38 14–18
Haematococcus pluvialis 48 15 27
Isochrysis galbana 50–56 12–14 10–17
Porphyridium cruentum 28–39 9–14 40–57
Prymnesium parvum 28–45 22–38 25–33
Scenedesmus obliquus 50–56 12–14 10–17
Scenedesmus dimorphus 8–18 16–40 21–52
Scenedesmus quadricauda 47 1.9 21–52
Spirogyra sp. 6–20 11–21 33–64
Spirulina maxima 60–71 6–7 13–16
Spirulina platensis 46–63 4–9 8–14
Synechococcus sp. 63 11 15
Tetraselmis maculata 52 3 15

A. Wang et al.
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As shown in Table 2.5 (Becker 2007), the microalgae being tested have lower 
bioavailability than conventional protein source. Some microalgae possess a cellu-
losic cell wall, which is indigestible for humans. The protein from the untreated 
sample of these strains such as Chlorella thus has lower bioavailability than the 
conventional protein source.

The bioavailability of the microalgae protein can be enhanced by disrupting the 
cell wall. Physical methods including crushing, grinding, and heating have been 
reported to enhance the digestibility of the algae protein (Becker 2007; Marrion 
et al. 2003). Mechanical disruption of the cell wall is also applied in a commercial 
setting to produce microalgae food supplement with enhanced bioavailability 
(Nakayama 1991).

On the other hand, microalgae such as Spirulina do not possess a cellulosic cell 
wall and thus have a higher digestibility (Gutiérrez-Salmeán et al. 2015).

2.3  Applications of Microalgae Protein Other than the 
Nutrient Source

Phycobiliproteins (PBPs) are produced in cyanobacteria including Spirulina. Due to 
its brilliant color, it is used as a natural food dye (Babu et al. 2006). Phycocyanin, a 
blue PBP isolated from Spirulina, is widely used in food including chewing gum 
and jellies (Santiago-Santos et al. 2004).

Apart from food colorant, the microalgae protein has been proposed with other 
health benefits, including anticancer effect. Glycoprotein produced by Chlorella 
vulgaris has shown anticancer ability in cell-based assay (Hasegawa et al. 2002). 
With the notion that intact protein absorption is observed in some condition (Gardner 
1988), the potential of dietary microalgae protein being anticancer exists, and more 
studies are required to confirm.

Besides the intact microalgae protein, the peptides produced by enzymatic 
hydrolysis of the microalgae protein are reported with anticancer activity (Abd 

Table 2.5 Comparative data on biological value (BV), digestibility coefficient (DC), net protein 
utilization (NPU), and protein efficiency ratio (PER) of different processed algae (Becker 2007)

Algae Processing BV DC NPU PER

Casein 87.8 95.1 83.4 2.50
Egg 94.7 94.2 89.1 –
Scenedesmus obliquus DD 75.0 88.0 67.3 1.99
Scenedesmus obliquus DS 72.1 72.5 52.0 1.14
Scenedesmus obliquus Cooked–SD 71.9 77.1 55.5 1.20
Chlorella sp. AD 52.9 59.4 31.4 0.84
Chlorella sp. DD 76.0 88.0 68.0 2.00
Spirulina sp. SD 77.6 83.9 65.0 1.78
Spirulina sp. DD 68.0 75.5 52.7 2.10

AD air-dried, DD drum dried, SD sun dried

A. Wang et al.
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El-Hack et al. 2019). Dolastins are peptides isolated from Lyngbya sp. and Symploca 
sp. They showed anticancer activity on a cell-based assay for ovarian cancer and 
colon cancer (Aherne et al. 1996). Other peptides derived from microalgae are also 
reported with different bioactivities such as antihypertensive and antioxidative, as 
shown in Table 2.6 (Samarakoon and Jeon 2012).

Table 2.6 Possible bioactivities of peptides from selected algae, adopted with modification 
(Samarakoon and Jeon 2012)

Marine 
algae

Possible 
bioactivity

Proteolytic enzymes, 
fermenting 
microorganisms, or 
others

Bioactive amino acids 
or peptide sequences

IC50 
valuesa

Navicula 
incerta

Acidic amino acids; 
Glu-, Asp-, Lys-, Arg-

Antioxidative:
DPPH Pepsin 196 μg/

mLHydroxyl α-chymotrypsin

102 μg/
mL

Superoxide Neutrase 196 μg/
mL

Navicula 
incerta

Hepatic fibrosis 
inhibitory effect

Papain Pro-Gly-Trp-Asn-Gln-
Trp-Phe-Leu 
Val-Glu-Val-Leu-Pro-
Pro-Ala-Glu-Leu

Chlorella 
vulgaris

Antioxidative: 
superoxide radical

Pepsin Val-Glu-Cys-Iyr-Gly-
Pro-Asn-Arg-Pro-Glu-
Phe

7.5 μM

Chlorella 
vulgaris

ACE inhibitory Pepsin Val-Glu-Cys-Iyr-Gly-
Pro-Asn-Arg-Pro-Glu-
Phe

29.6 μM

Chlorella 
vulgaris

Anti-proliferation Pepsin Val-Glu-Cys-Iyr-Gly-
Pro-Asn-Arg-Pro-Glu-
Phe

70.7 μM

Chlorella 
vulgaris

ACE-I inhibitory Pepsin Ile-Val-Val-Glu 315.3 μM
Ala-Phe-Leu 63.8 μM
Phe-Ala-Leu 26.3 μM
Ala-Glu-Leu 57.1 μM
Val-Val-Pro-Pro-Ala 79.5 μM

Spirulina 
platensis

ACE-I inhibitory Pepsin Ile-Ala-Glu 34.7 μM
Phe-Ala-Leu 26.2 μM
Ala-Glu-Leu 57.1 μM
Ile-Ala-Pro-Gly 11.4 μM
Val-Ala-Phe 35.8 μM

IC50 values: the concentration of peptide required to inhibit 50% of the activity
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Together with delivery tools to transport the protein or the peptide to their target 
site (Liu et al. 2019), it is possible to develop microalgae-derived peptides for phar-
maceutical purposes. More investigation on this topic is merited.

3  Lipids from Microalgae as Part of Human Diet

Lipids, a group of nonpolar organic molecules, are essential macronutrient for all 
known living organisms including humans. A balanced intake of lipids is important 
for human body development, energy source, and homeostasis maintenance. Among 
the numerous types of lipids, fatty acids, as the major components determining the 
functional properties of lipids, are the basic molecules that can be absorbed via the 
intestine and assimilated into human biological activity. Some essential fatty acids, 
especially long-chain PUFAs like omega-3 and omega-6, are not synthesized in 
human metabolism and are needed exogenously. Microalgae as a primary producer 
in the aqua environment are the major source of omega-3 and omega-6 oils to all 
kinds of higher trophic levels including fishes that produce fish oils. PUFAs are 
critical to maintaining human health in different aspects such as heart disease pre-
vention, brain development, and aging deceleration. Compared to fish oils and 
plant-based oils for the source of edible oils like PUFAs, oils from microalgae 
sources have valuable and competitive potentials. To fully exploit this potential of 
microalgae as an alternative source of PUFAs to meet the demand of the market, 
microalgae processing technology and relevant equipment need to be further 
developed.

3.1  Chemical Structures of Lipids

Lipids, including fats and oils in nature, are products of esterification forming a 
-COOC- (ester) functional group between two organic molecules (Li-Beisson et al. 
2016). A typical example such as a triglyceride consists of a glycerol molecule 
forming three ester bonds with three fatty acids between each OH (hydroxyl) group 
from glycerol and the single COOH (carboxylic acid) group of fatty acids via a 
condensation, in which the reaction has three H2O molecules eliminated in dehydra-
tion reaction (H of hydroxyl group and OH of COOH are removed to combine as 
H2O) (Fig.  2.4). Free fatty acids are organic compounds with general formula 
H2OCH3(CH2)nCOOHCH3(CH2)nCOOH, where “n” can be from 2 to 28 and is 
always an even number. The carbon chain can be either saturated or unsaturated; the 
latter one has at least one C=C double bond which causes kink structure in the chain 
(Cohen et al. 2011).

A. Wang et al.
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3.2  The Functions of Lipids in a Human Body

Lipids are one of the main ingredients in the human diet and contribute to supply 
energy and essential nutrients such as essential fatty acids (FAs), cholesterol, and 
lipid-soluble vitamins. Thus, they are critical to maintaining overall health. 
Depending on individual differences in diet, personal lipid consumption ranges 
from 50 g up to 150 g/day (Meynier and Genot 2017). As a source of energy, lipid 
provides 9 kcal per 1 g consumed, which is two times higher than the energy content 
of protein or carbohydrate (4 kcal/g). Excess fats are stored in the fat tissue, and 
fatty acids are released for respiration when alternative energy source other than 
carbohydrate is required.

Equally important as for energy purpose, phospholipids, triglycerides, and cho-
lesterol of lipid members also function as structural building blocks of the mem-
brane of cells that are fundamental units of the body. Besides quantitative lipid 
intake, the qualitative aspect of lipids that are differentiated by the property of fatty 
acids is also critical for a healthy state. For example, the carbon chain length and the 
saturation state of the fatty acids as the main components of phospholipids and tri-
glycerides determine the arrangement of the cell membrane and its fluidity. A 
shorter chain and higher unsaturated fatty acids promote flexibility of membranes 
and thereby affect fundamental biological functions such as dynamic of a particle in 
and out across the cell membrane barrier. Also, many important micronutrients like 
vitamins A, D, E, and K are insoluble in water and rely on fat as a carrier for its 
absorption in the intestine, delivery in blood, and involvement in metabolism in a 
body including growth and development, part of which is illustrated in Fig. 2.5.
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Fig. 2.4 Lipid molecules. Triacylglycerol (NL) on the left. Phospholipid (polar lipid) on the right. 
R′, R″, and R′″ in the triacylglycerol molecule represent fatty acid chains. Phospholipid molecule 
is negatively charged (Chen et al. 2018)
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3.3  Essential Fatty Acids for Humans: PUFAs

Fatty acids can be grouped into saturated, monounsaturated, and PUFAs according 
to the hydrogen saturation degree of their carbon chain. Two groups of PUFAs, 
known as omega-3 and omega-6 that differ in the first C=C double bond at carbon 
atom numbers 3 and 6, are exceptionally important bioactive substances for benefits 
on human health and growth promotion as our bodies cannot synthesize the PUFAs 
to meet our own needs.

Types of omega-3 fatty acids include α-linolenic acid (18:3, n − 3; ALA), eicosa-
pentaenoic acid (20:5, n − 3; EPA), and docosahexaenoic acid (22:6, n − 3; DHA) 
that exceptionally originate from marine oils (Doughman et  al. 2007); types of 
omega-6 fatty acids include linoleic acid (18:2, n − 6; LA), ɣ-linolenic (18:3, n − 6; 
GLA), and arachidonic acid (20:4 n − 6; ARA) which are involved in human physi-
ology. Evidence has shown that PUFAs take the most important roles in cardiovas-
cular disease prevention (increased “good” HDL cholesterol) (Miller et al. 2011), 
cancer and type 2 diabetes, blood clotting, hypertension, macular degeneration, 
rheumatoid arthritis, osteoporosis, anti-inflammation, hormone-like homeostasis 
(prostaglandins), brain (60% fat and DHA/EPA-rich) development, and eye vision 
protection (retina is DHA-rich).

Fig. 2.5 Schematic overview of lipid digestion and metabolism highlighting crucial steps and 
some regulation pathways (Meynier and Genot 2017)

A. Wang et al.
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Nowadays, an intake of 250 mg to 2 g of EPA and DHA daily is recommended 
to prevent coronary heart or PUFA-deficient-related aging diseases. On the supply 
side, seafood such as oily fish including salmon and tuna is used for commercial 
production of both DHA and EPA. However, fishes do not produce PUFAs them-
selves; instead, they obtain PUFAs via bioaccumulation from the food chain by 
preying on small fishes that rely on consuming zooplankton as food rather than 
directly consuming phytoplankton (microalgae) that primarily produce PUFAs 
(Arbex et al. 2015).

3.4  Advantages of Algae as a Source of Lipid Production

Microalgae are photosynthetic microorganisms in freshwater or marine and contrib-
ute to more than 32% of global photosynthesis and nearly half of regeneration of the 
atmospheric oxygen. Lists of major factors favor using microalgae for oil produc-
tion, for example, they have higher photosynthetic efficiency; around 1.8 kg carbon 
dioxide is needed to produce 1 kg biomass (Adamczyk et al. 2016). Limited land is 
needed thus not to compete with arable land for crop cultivation; free CO2 from the 
atmosphere and formulated nitrogen and phosphate are easily and repeatedly uti-
lized anywhere with sunlight and appropriate temperature, thus no reliance on the 
soil condition as do plants. Microalgae cultivations do not aggravate the greenhouse 
effect and water pollution (no pesticides needed); saltwater or brackish water can be 
used depending on species. The quality of microalgal oil is comparable to plant- 
based oil; high proliferation rate (a couple of days) can bioaccumulate 20–50% lipid 
content of total biomass depending on the strain selected and cultivation method 
(Roy and Pal 2015) (Ma et al. 2016). Theoretically, the annual oil yield by selecting 
an oil-rich microalgal species can be as much as 19,000–57,000 L per acre, which 
is almost 60 times higher than the plant source oil production of best-performing 
species; other nutrient-rich by-products can be harvested (Farag and Price 2013).

As a good source of primary producers for oil production, microalgae are credi-
ble sources for PUFA production including as a source of omega-3 and omega-6 in 
all fish, which chemical structure is shown in Fig. 2.6. However, as an intermediate 
PUFA source, market supply of fish oils will be limited due to the bottleneck caused 
by overfishing problem in fishery industry. Additionally, chemical or plastic con-
tamination polluting aqua ecosystem’s environment also affects the fish oil quality, 
for example, unacceptable odor of oil. Many evidences support that plant-based 
omega-3 are as nutritional and therapeutic as the omega-3 in fish oil. Clinical trials 
of EPA or DHA from specific microalgae indicate similar efficacies from fish oil on 
promoting human health such as lowering cardiovascular risk by reducing the level 
of plasma triglycerides and oxidative stress. In addition, studies demonstrate that 
microalgae oil can have a higher concentration of omega-3 such as DHA than fish 
oil does (Skulas-Ray et  al. 2011). Important minerals from microalgae oil like 
iodine can also be a good source for human biological need. Consideration of veg-
an’s preference for nonanimal food products as their diet and plant-based food from 
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diverse types of microalgae biomass provides additional options for the sources of 

essential lipids.
Table 2.7 lists lipid contents from various microalgae species together with pro-

tein contents and carbohydrate contents. As an important primary photosynthetic 
source of essential lipids, both more environmentally friendly and sustainable 
microalgae can be a good alternative or even better source of PUFAs than fish oils 
and plant-based oil for meeting a growing PUFA market demand.

3.5  Lipid Contents, Quality of PUFAs, and Commercial Value 
in Microalgae

Like their functions in most other cells, lipids are major constituents of microalgae 
cells for their basic biological functions such as energy storage, signaling, and 
building blocks of cell membranes. However, due to the high diversity of microal-
gae, lipid contents of microalgae vary in a wide range as abovementioned. Under 
specific conditions, the oil content of some species may be as high as 80% of the dry 
biomass (Roy and Pal 2015) (Table 2.7). For example, the most well-studied lipid 
producer Botryococcus braunii can produce lipids of 75% (w/w) of total cell mass. 
Not surprisingly, their lipid products are varied in quality with different carbon 
chain length (C12–C22) of saturated, monounsaturated, polyunsaturated, or even 
branched fatty acids (Sun et al. 2018). Besides saturated fatty acids (SFAs) such as 
myristic (C14:0) and palmitic (C16:0) acids or monounsaturated fatty acid (MUFA) 
like oleic acid (C18:1) for the industrial application, algal oils also contain highly 
valuable PUFAs that can be potentially used as ingredients in nutraceutical, phar-
maceutical, and therapeutic industries. It is worth mentioning that the neutral lipid 
content of the total lipid in the microalgae biomass also varies among different spe-
cies (Table 2.8), which can serve different purposes of metabolic processes.

Fig. 2.6 Chemical structures of the most common polyunsaturated fatty acids found in microalgae 
(Matos 2017)

A. Wang et al.
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Microalgae are reported to produce edible oil known as single-cell oil (SCO) 
mostly containing different subtypes of LC-PUFAs (Matos 2017). Omega-3 oils 
include C. vulgaris (ALA producer); Isochrysis galbana, Nannochloropsis oculata, 
and Phaeodactylum tricornutum (EPA producers); and Crypthecodinium cohnii and 
Schizochytrium limacinum (DHA producers). Omega-6 oils include Arthrospira 
platensis (GLA producer) and Porphyridium cruentum (ARA producer). However, 

Table 2.7 Protein, carbohydrate, and lipid contents of few microalgae (Roy and Pal 2015)

Algae Protein (%) Carbohydrates (%) Lipid (%)

Spirulina platensis 50–65 8–14 4–9
Chlorella sp. 51–58 12–17 14–22
Scenedesmus sp. 50–56 10–52 12–14
Dunaliella sp. 49–57 4–32 6–8
Synechococcus sp. 63 15 11
Euglena sp. 39–61 14–18 14–20
Prymnesium sp. 28–45 25–33 22–38
Anabaena sp. 48 25–30 4–7
Chlamydomonas sp. 43–56 2.9–17 14–22
Porphyridium sp. 28–39 50–57
Spirulina maxima 60–71 13–16 6–7
Spirogyra 6–20 33–64 11–21
Tetraselmis 52 15 16–45
Pavlova 24–29 6–9 9–14
Enteromorpha intestinalis 6.15 30.58 7.13
Rhizoclonium riparium 21.09 15.34 3.37
Lola capillaris 40.87 22.32 4.05
Ulva lactuca 8.44 35.27 4.36
Catenella repens 8.42 28.96 5.29
Polysiphonia mollis 16.59 25.81 5.79

Table 2.8 Lipid content of selected microalgae strains (Ma et al. 2016)

Species
Total lipid content (% of 
DW)

Neutral lipid content (% of total 
lipid)

Nannochloropsis 37–60 23–58
Isochrysis 25–33 80
Dunaliella salina 23 30
Haematococcus pluvialis 16–35 50–59
Neochloris oleoabundans 2–47 23–73
Phaeodactylum 
tricornutum

20–30 –

Crypthecodinium cohnii 20 –
Spirulina platensis 7.6–8.2 –
Tetraselmis maculate 8 –
Scenedesmus obliquus 12–14 –
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the ratio of specific PUFA production differs depending on the microalgae species 
of interest. For example, C. cohnii exclusively produces DHA, Nannochloropsis 
oculata and Phaeodactylum tricornutum contain mainly EPA, and Porphyridium 
cruentum contains predominantly ARA (Doughman et al. 2007).

The Food and Agriculture Organization of the United Nations suggests a daily 
intake of 0.25–0.5 g omega-3 PUFAs for human nutrition. Table 2.9 shows microal-
gal long-chain fatty acids useful in food application with daily recommended dos-
age for humans of omega-3 and omega-6. In 2014, the market consumption of 
omega-3 PUFAs worldwide was around 0.13 million metric tons and valued at 2.5 
billion USD (Matos 2017). The demand in 2020 is believed to double with a market 
value of around 5 billion USD. In the PUFA market, EPA is not only used in fishery 
industry such as salmon farming and needed for juvenile development, but the EPA- 
rich oils are also combined with DHA for infant formulation or nutritional supple-
ments that are critical for structural maintenance of the human brain and eye. The 
inclusion of DHA into an infant formula is becoming popular and recommended by 
nutrition organizations. DHA functions similarly as EPA in body development, and 
its anti-inflammatory effects are also required for the development of human fetus 
and production of healthy breast milk. For example, one of the key leading microal-
gae companies in this field, Martek Biosciences Corporation, has developed a patent 

Table 2.9 Microalgal long-chain fatty acids useful in food application (Matos 2017)

Fatty acid fraction Microalgae source Application of the fatty acid

Daily intake 
recommendation 
for humans (mg)

Omega-3

Alpha-linolenic 
acid (ALA)

Chlorella vulgaris Nutritional supplement 
(single-cell oil)

1000–2000

Eicosapentaenoic 
acid (EPA)

Nannochloropsis 
oculata, Phaeodactylum 
tricornutum, Monodus 
subterraneus, 
Isochrysis galbana

Nutritional supplement, 
Psychotherapeutic 
medication, brain 
development for children, 
cardiovascular health

250–500

Docosahexaenoic 
acid (DHA)

Schizochytrium 
limacinum, 
Crypthecodinium 
cohnii, Pavlova lutheri

Food supplement, important 
for brain and eye 
development of fetus and 
children, significant for 
cardiovascular health, adult 
dietary supplement in food

250–500

Omega-6

Gamma-linolenic 
acid (GLA)

Arthrospira platensis Nutritional supplements, 
anti-inflammatory, 
autoimmune diseases

500–750

Arachidonic acid 
(ARA)

Porphyridium 
cruentum, Mortierella 
alpina, Parietochloris 
incisa

Nutritional supplements, 
anti-inflammatory, muscle 
anabolic formulations 
(bodybuilder)

50–250

A. Wang et al.
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to produce DHA-rich oil from C. cohnii and Schizochytrium sp. for food and phar-
maceutical purposes.

For the omega-6 lipid market, Exsymol is a major producer of cosmetic product 
that suppresses antiaging of skin based on GLA lipids extracted from Spirulina. 
GLA lipid is known to be a precursor for C20 eicosanoids involved in synthesizing 
prostaglandin. Its functions in a human body are also associated with positive health 
effects including anti-inflammatory effects, boost of immune system, and diabetes 
control. ARA, another omega-6 lipid, is an important component of cell membrane 
especially needed in the development of brain, muscles, and liver. In addition, it is 
also involved in vasodilation and anti-inflammatory processes. It is recommended to 
take 50–250 mg daily as a supplement for maintaining a healthy state of adults. Not 
just as a food element, ARA can be used as active product extracted from red micro-
algae such as Porphyridium cruentum for commercial cosmetic product (Exsymol), 
which is believed to benefit the skin such as resistance to extreme conditions 
(Matos 2017).

Long-chain polyunsaturated fatty acids from microalgae have been compared 
with that from fish oil as the fishing industry has been strained for various environ-
mental concerns (Table 2.10). It is suggested that PUFA from microalgae can be 
potential replacement of that from fish oil (Doughman et al. 2007).

3.6  Extraction and Limitations of Microalgae Oil

To meet the demand for microalgae-related products, cultivation of microalgae and 
scaled-up production require a series of scientific-/engineer-based knowledge since 
microalgae are highly diverse group with more than hundreds of thousands of spe-
cies. Selection of appropriate microalgae to produce economically feasible produc-
tion of oil is a must. The high varieties in species or even strains imply cultivation 
technique needs to be adjusted anytime to fit the production of the microalgae of 
specific interest. For microalgae oil as part of human diet, the issue of phycotoxin 
contaminations is a major concern to be addressed. For example, Spirulina biomass 
can be polluted with microcystins that are produced by another cyanobacteria 
Microcystis growing in the same environment. Microalgae dinoflagellates including 
Alexandrium and Karenia are neurotoxin producer of saxitoxin and brevetoxin 
(Matos 2017). Also, once the biomass is harvested, the extraction of microalgae oil 

Table 2.10 Long-chain polyunsaturated fatty acids of some nontoxic algae versus fish oil 
supplements (Doughman et al. 2007)

Kingdom Phyla Species name (common) DHA EPA AA

Plantae Chlorophyceae (Green algae) 0% 2.5% 0.1%
Plantae Rhodophyta (Red algae) 0% 20% 4%
Chromista Heterokonteae (Yellow green) 0.5% 27% 6%
Chromista Heterokonteae Schizochytrium 37.4% 2.8% 1.0%
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is another challenge to be overcome to fully take advantage of its benefits. To extract 
microalgae oil, different strategies are developed to fit various types of microalgae, 
to mechanically disrupt the physical cell wall barriers with methods including bead 
beating, enzymatic disruption, chemical method, ultrasonication, microwave, etc. 
(Chen et al. 2018). Subsequently, extraction can be done with a nonpolar solvent 
like hexane or chloroform combining with ethyl ester, water, and methanol (Farag 
and Price 2013). Recently, non-solvent extractions like using supercritical fluid 
extraction (carbon dioxide) have been developed but costs are high. Additional pres-
ervation step is needed to prevent isolated PUFAs from being oxidized in a chain 
reaction, which could produce undesirable, devalued, highly odorous oil. The 
extracted oil needs to be further processed to guarantee no solvent remained or any 
heavy metal contamination. In general, the steps involved for oil extraction are 
time-consuming and include high operation cost such as higher power consumption 
(Fig. 2.7).

4  Vitamins

Vitamins are precursors of enzyme cofactors that drive essential biosynthesis in the 
human body. Humans essentially need 13 different vitamins to stay healthy. Yet, the 
human body can only endogenously synthesize two of them (vitamin D and niacin). 
This suggests that humans must obtain the rest of the 11 vitamins from the diet. The 
11 vitamins include vitamin A, vitamin B (thiamine, riboflavin, pantothenic acid, 
pyridoxine, biotin, folic acid, and cobalamin), vitamin C, vitamin E, and vitamin 

Fig. 2.7 Process diagram of producing biodiesel from algae (Farag and Price 2013)

A. Wang et al.
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K. Since microalgae contain all these 11 vitamins, it can be considered as a source 
of vitamin that can help fulfill our daily needs and combat vitamin deficiency in 
regions or diets where access to vitamins is limited. Table 2.11 shows 8 of 11 essen-
tial vitamins from microalgae. It is to be noted that the fat-soluble vitamins extracted 
from microalgae need to be ingested together with food rich in lipid to facilitate 
their absorption into the body.

This section aims at addressing the following questions: (1) Which species of 
microalgae is rich in a specific type of vitamin? (2) How is the vitamin synthesized/
obtained by the microalgae? (3) Is the vitamin present bioavailable to humans? (4) 
How cultivation conditions and harvesting stage affect the level of the vitamin in 
microalgae?

4.1  Vitamin A

Microalgae cannot synthesize vitamin A. However, they can synthesize provitamin 
A carotene, the precursor of vitamin A. For Spirulina sp., 1 g of it contains 0.9 mg 
of all-trans β-carotene. Studies have shown that Spirulina β-carotene is bioavailable, 
with a conversion factor to vitamin A of 4.5 to 1 in adults (Tang and Suter 2011). It 
has also been proven that regular intake of Spirulina sp. as a supplement can increase 
serum retinol (vitamin A1) level (Tang and Suter 2011). Retinol is needed for the 
prevention of night blindness and can possibly suppress tumor growth. For 
Dunaliella sp., 13.8% of its dry weight is β-carotene which is much higher than that 
of Spirulina sp. (Tang and Suter 2011). Yet, the current use of Dunaliella sp. focuses 
mainly on food coloring. Studies revealed that the cultivation condition and harvest-
ing stage affect the provitamin A content of algae. At least for Nannochloropsis sp., 
algae grown under 12:12  L:D (light/dark cycle) contain double the amount of 
β-carotene when compared to that grown under 24:0 h L:D, and algae harvested at 
log phase contain only half of the β-carotene content of that harvested at stationary 
phase (Table 2.12) (Brown et al. 1999). On the other hand, urea serves as the best 
nitrogen source in the culture medium if higher algal β-carotene content is desired 
(Abalde et al. 1991).

Table 2.11 Vitamin content of four marine microalgae (Fabregas and Herrero 1990)

T. suecica I. galbana D. tertiolecta C. stigmatophora

Vitamin A 493,750 127,500 137,500 82.30
Tocopherol (E) 421.8 58.2 116.3 669.0
Thiamine (B1) 32.3 14.0 29.0 14.6
Riboflavin (B2) 19.1 30 31.2 19.6
Pyridoxine (B6) 2.8 1.8 2.2 1.9
Cobalamin (B12) 0.5 0.6 0.7 0.6
Folic acid 3.0 3.0 4.8 3.1
Pantothenic acid 37.7 9.1 13.2 21.4

2 Microalgae as a Mainstream Food Ingredient: Demand and Supply Perspective
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4.2  Vitamin B

4.2.1  Vitamin B1 (Thiamine)

Tetraselmis sp. is rich in vitamin B1 (Table 2.12). The amount of vitamin B1 is 
much more than that found in conventional food considered to be rich in thiamine 
such as carrot and cow liver (Table  2.13). This makes microalgae an attractive 
source of thiamine supplement. Vitamin B1 is involved in glucose metabolism and 
the maintenance of proper nerve function.

Not all microalgae can endogenously synthesize thiamine. Only microalgae like 
C. reinhardtii which contains all the genes involved in thiamine metabolic pathway 
can synthesize thiamine endogenously (Croft et al. 2006). Synthesis of thiamine in 
algae begins with the synthesis of thiazole ring and pyrimidine ring separately, fol-
lowed by the connection of the two parts by a methylene bridge (Fig. 2.8). For thia-
mine auxotrophs, thiamine cannot be synthesized since some of the genes involved 
in the abovementioned biosynthetic pathway are lost. In this case, thiamine needs to 
be obtained from external sources like symbiosis or scavenging (Tandon et  al. 
2017). In the case of symbiosis, the algae coexist with bacteria (e.g., E. coli) with 
the bacteria providing the algae with thiamine and the algae providing photosyn-
thate to the bacteria (Tandon et al. 2017). In other words, when culturing microal-
gae, one needs to determine if the species under cultivation is thiamine-auxotrophic 
or not. If the species is thiamine-auxotrophic, extra component needs to be added 
into the culture medium. It is interesting to note this “extra component” may not 
necessarily be thiamine due to differences in specificity on thiamine requirement by 
different algal species (Tandon et al. 2017). For instance, some species can make 
use of thiazole ring or pyrimidine ring of thiamine to fulfill its thiamine require-
ment, while some like Emiliania huxleyi can make use of 4-amino-5- 
hydroxymethyl-2-methylpyrimidine (HMP), a thiamine analog to do so (Tandon 
et al. 2017).

Table 2.13 Vitamin content of conventional food which presents maximum value for some 
vitamins (Fabregas and Herrero 1990)

Orange Carrot Soy flour Cow liver

Vitamin Aa 14,728 175,438–1,052,631 1538 659,793
Tocopherolb 17.82 39.47 34.36
Thiamineb 6.20 11.40 8.46 9.27
Riboflavinb 2.32 5.26 3.07 96.21
Pyridoxineb 9.30 16.66 6.12 34.36
Cobalaminb 0 0 0 1.03
Folic acidb 2.66 1.48 1.71
Pantothenic acidb 15.50 70.17 19.35 171.82
Biotinb 0.07 0.06 6.87

aI.U./kg dry weight
bmg/kg dry weight
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Studies revealed that for most microalgae, the thiamine content of microalgae 
harvested at stationary phase is much more than that harvested at log phase (Fig. 2.9). 
However, lighting condition during cultivation (i.e., 12:12 L:D vs 24:0 h L:D) does 
not affect the thiamine content of microalgae (Brown et al. 1999) (Table 2.14).

Fig. 2.8 Structure of thiamine (Feenstra n.d.)

Fig. 2.9 Content of thiamine in the log and stationary phase of six microalgae (Brown et al. 1999)

A. Wang et al.



53

Table 2.14 Suggested daily value of vitamins (SDVV) according to FDA (The Food and Drug 
Administration 2019) 

Vitamin What it does Where is it found
Daily 
valuea

Biotin – Energy storage.
– Protein, carbohydrate, 
and fat metabolism.

– Avocados.
– Cauliflower.
– Eggs.
– Fruits (e.g., raspberries).
– Liver.
– Pork.
– Salmon.
– Whole grains .

300 mcg

Folate/folic acid
(important for pregnant 
women and women 
capable of becoming 
pregnant)

– Prevention of birth 
defects.
– Protein metabolism.
– Red blood cell 
formation.

– Asparagus.
– Avocado.
– Beans and peas.
– Enriched grain products 
(e.g., bread, cereal, pasta, rice).
– Green leafy vegetables (e.g., 
spinach).
– Orange juice.

400 mcg

Pantothenic acid – Conversion of food 
into energy.
– Fat metabolism.
– Hormone production.
– Nervous system 
function.
– Red blood cell 
formation.

– Avocados.
– Beans and peas.
– Broccoli.
– Eggs.
– Milk.
– Mushrooms.
– Poultry.
– Seafood.
– Sweet potatoes.
– Whole grains.
– Yogurt .

10 mg

Riboflavin – Conversion of food 
into energy.
– Growth and 
development.
– Red blood cell 
formation.

– Eggs.
– Enriched grain products 
(e.g., bread, cereal, pasta, rice).
– Meats.
– Milk.
– Mushrooms.
– Poultry.
– Seafood (e.g., oysters).
– Spinach

1.7 mg

Thiamine – Conversion of food 
into energy.
– Nervous system 
function.

– Beans and peas
– Enriched grain products 
(e.g., bread, cereal, pasta, rice).
– Nuts.
– Pork.
– Sunflower seeds.
– Whole grains

1.5 mg

(continued)

2 Microalgae as a Mainstream Food Ingredient: Demand and Supply Perspective



54

Table 2.14 (continued)

Vitamin What it does Where is it found
Daily 
valuea

Vitamin A – Growth and 
development.
– Immune function.
– Reproduction.
– Red blood cell 
formation.
– Skin and bone 
formation.
– Vision.

– Cantaloupe.
– Carrots.
– Dairy products.
– Eggs.
– Fortified cereals.
– Green leafy vegetables (e.g., 
spinach and broccoli).
– Pumpkin.
– Red peppers.
– Sweet potatoes.

5000 IU

Vitamin B6 – Immune function.
– Nervous system 
function.
– Protein, carbohydrate, 
and fat metabolism.
– Red blood cell 
formation.

– Chickpeas.
– Fruits (other than citrus).
– Potatoes.
– Salmon.
– Tuna.

2 mg

Vitamin B12 – Conversion of food 
into energy.
– Nervous system 
function.
– Red blood cell 
formation .

– Dairy products.
– Eggs.
– Fortified cereals.
– Meats.
– Poultry.
– Seafood (e.g., clams, trout, 
salmon, haddock, tuna).

6 mcg

Vitamin D nutrient of 
concern for most 
Americans

– Blood pressure 
regulation.
– Bone growth.
– Calcium balance.
– Hormone production.
– Immune function.
– Nervous system 
function.

– Eggs.
– Fish.
– Fish liver oil.
– Fortified cereals.
– Fortified dairy products.
– Fortified margarine.
– Fortified orange juice.
– Fortified soy beverages 
(soymilk) .

400 IU

Vitamin E – Antioxidant.
– Formation of blood 
vessels.
– Immune function.

– Fortified cereals and juices.
– Green vegetables (e.g., 
spinach and broccoli).
– Nuts and seeds.
– Peanuts and peanut butter.
– Vegetable oils.

30 IU

Vitamin K – Blood clotting.
– Strong bones.

– Green vegetables (e.g., 
broccoli, kale, spinach, turnip 
greens, collards, Swiss chard, 
mustard greens).

80 mcg

aThe Daily Values are the amounts of nutrients recommended per day for Americans 4 years of age 
or older

A. Wang et al.
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4.2.2  Vitamin B2 (Riboflavin)

Riboflavin is involved in the catabolism of carbohydrates, proteins, and fats to sup-
ply energy to our body. When compared with other microalgae, Pavlova pinguis is 
significantly rich in riboflavin, containing 50 μg of vitamin B2 per gram (Table 2.12). 
Studies revealed that different cultivation conditions affect the amount of riboflavin 
present in microalgae. At least for Nannochloropsis sp., the algae cultured under 
24:0  h  L:D contain 2.5-fold more riboflavin than that cultured under 
12:12 L:D. Harvest stage affects the riboflavin content of microalgae as well. In 
summary for Nannochloropsis sp., the algae harvested at log phase contain only half 
of the riboflavin content of that harvested at stationary phase (Brown et al. 1999).

4.2.3  Vitamin B5 (Pantothenic Acid)

T. suecica is rich in pantothenic acid when compared with other microalgae, con-
taining 37.7 mg per kg dry weight of vitamin B5 (Table 2.11). This is much higher 
than that of some conventional food considered to be rich in vitamin B5 such as 
oats, cheese, salmon, and soybeans. Vitamin B5 is involved in the production of 
blood cells and, together with other vitamin B, produces energy for the body from 
food (Table 2.15).

Studies revealed that pantothenic acid content of microalgae decreases continu-
ously throughout cultivation. Therefore, algae should be harvested at an earlier 
stage if a higher content of algal pantothenic acid is desired (Pratt and Johnson 1966).

4.2.4  Vitamin B6 (Pyridoxine)

Stichococcus sp., when compared with other microalgae, is rich in pyridoxine. It 
contains 17 μg of vitamin B6 per gram (Table 2.12). Vitamin B6 is needed for the 
synthesis of neurotransmitters and myelin and is, therefore, important for the ner-
vous system. Studies revealed that Nannochloropsis sp. grown at 24:0 L:D has a 
higher (more than twofold) pyridoxine content than that grown at 12:12 L:D (Brown 
et al. 1999).

Table 2.15 Pantothenic acid 
content of Chlorella sp. (Pratt 
and Johnson 1966)

Item
Pantothenic 
acid

C. vulgaris, dried 5-day harvest 2779
C. vulgaris, dried 7-day harvest 1318
C. vulgaris, dried 21-day harvest 309
C. pyrenoidosa, dried 5-day harvest 1609
C. pyrenoidosa, dried 7-day harvest 920
C. pyrenoidosa, dried 21-day harvest 316
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4.2.5  Vitamin B7 (Biotin)

Biotin is needed to produce energy from food and is important for the healthy 
growth of hair, nails, and skin. In the algal kingdom, only a small proportion of 
microalgae are biotin auxotrophs (e.g., Dictyostelium discoideum and Entamoeba 
histolytica). All of them have a complex plasmid and are also either auxotrophic to 
cobalamin/thiamine or both. Biotin auxotrophy is caused by the loss of a single 
gene in the biotin biosynthetic pathway; however, the lost gene is different from 
auxotrophs to auxotrophs. For biotin auxotrophs, biotin needs to be obtained from 
external sources, mostly through the engulfment of bacteria by phagocytosis (Croft 
et al. 2006). On the other hand, studies revealed that different lighting conditions 
(24:0 L:D and 12:12 h L:D) have no effect on the biotin content of Nannochloropsis 
sp. (Brown et al. 1999).

4.2.6  Vitamin B9 (Folate)

In terms of mg per kg dry weight, microalgae generally contain more folate than 
oranges, a fruit conventionally considered to be vitamin B9 rich (Tables 2.11, 2.12, 
and 2.13). Folate is needed to produce new cells and maintain DNA stability. Study 
revealed that unlike plants, different algal species make use of the same isoform of 
a gene in regulating the same step in the biosynthesis of folate. Moreover, in algae, 
the cellular localization of the enzymes involved in the biosynthesis of folate is 
fluctuating among different species and is, therefore, less predictable than that in 
plants (Gorelova et  al. 2019). On the other hand, different lighting conditions 
(24:0  L:D and 12:12  h  L:D) do not have an effect on the folate content of 
Nannochloropsis sp. (Brown et al. 1999).

4.2.7  Vitamin B12 (Cobalamin)

It is known that vitamin B12 is needed for DNA repairing and can reduce the chance 
of having breast cancer. Microalgae serves as an attractive B12 supplement to veg-
etarian as plants do not synthesize B12. Certain algae species (e.g., Spirulina sp., 
Chlorella sp., and Pleurochrysis carterae) are rich in cobalamin. However, the 
cobalamin present is not necessarily produced by the algae itself. The ability to 
endogenously synthesize cobalamin mainly depends on whether the methionine 
synthase of the algae is cobalamin dependent or not (Croft et al. 2005). Interestingly, 
there are some algae (e.g., C. reinhardtii) that possess both cobalamin-dependent 
and cobalamin-independent methionine synthase (Croft et al. 2005). In this case, it 
is found that the algae will be a cobalamin auxotroph; it will use cobalamin- 
dependent methionine synthase in the presence of exogenous vitamin B12 and use 
cobalamin-independent methionine synthase in the absence of exogenous vitamin 
B12. Of course, the presence of other cobalamin-dependent enzymes (e.g., vitamin 
B12-dependent ribonucleotide reductase) further determines whether the algae are 
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a cobalamin auxotroph or not (Croft et al. 2005). In nature, the external cobalamin 
source of cobalamin-auxotrophic algae is cobalamin-prototrophic bacteria. Studies 
reveal that in such a case, the algae and bacteria coexist in a mutualistic relationship; 
bacteria supply cobalamin to algae, while algae supply organic carbon source (gen-
erated from photosynthesis) to bacteria to support their growth (Croft et al. 2005). 
However, the cobalamin from bacteria is in a form called pseudo-cobalamin which 
is not bioavailable to algae. The differences between B12 and pseudo-B12 is that 
B12 has 5,6-dimethylbenzimid azole (DMB) as the lower axial ligand, while 
pseudo-B12 has an adenine group as the ligand; in the presence of pseudo-B12 and 
DMB, auxotrophic algae can convert pseudo-B12 to B12 via a process called micro-
algal remodeling, making the cobalamin bioavailable to themselves (Fig. 2.10). In 
other words, when producing axenic cultures of algae, one needs to consider whether 
the algae are a cobalamin auxotroph or not. If the algae are a cobalamin auxotroph, 
vitamin B12 has to be added into the medium to support the growth of the algae.

Previous studies revealed that the bioavailability of algal B12 to humans varies 
(Watanabe et al. 2002). Cobalamin of Spirulina sp. is not bioavailable because it 
exists in the form of pseudo-cobalamin. Intrinsic factor (the enzyme responsible for 
the absorption of cobalamin in the ileum) in human strictly recognizes the structure 
of cobalamin (Watanabe et al. 2002). Its affinity to pseudo-cobalamin is 79–87% 
lower than that to authentic cobalamin; therefore, most ingested pseudo-cobalamin 
will eventually be excreted in the urine (Watanabe et al. 2002). Currently, there is 
still controversy over whether absorbed pseudo-cobalamin is an antagonist of 
authentic cobalamin and blocks B12 metabolism or not. Yet, for safety sake, when 
culturing Spirulina sp. for the use as food ingredients, it is advised to culture it in 
the absence of cobalt. This is because cobalamin is a cobalt-containing tetrapyrrole, 
and studies have revealed that the absence of cobalt in culture medium can signifi-
cantly reduce the pseudo-cobalamin content in Spirulina sp. (Watanabe et al. 2002). 
On the other hand, cobalamin of Chlorella sp. and Pleurochrysis carterae is bio-
available because it exists in the form of authentic B12 (Watanabe et al. 2002).

4.3  Vitamin E (Tocopherol)

Vitamin E is an antioxidant and is also involved in maintaining the integrity of cell 
membranes. Euglena gracilis Z is microalgae rich in vitamin E, with 97% of the 
tocopherol it contains in the form of α-tocopherol, the form of vitamin E with the 
highest physiological activity. Studies have been carried out to find out how the 
vitamin E content of Euglena gracilis Z can be maximized. Results of the studies 
concluded that vitamin E content of Euglena gracilis Z can be maximized by culti-
vating the algae in α-tocopherol production medium (which contains 2% glucose, 
1.2% peptone, inorganic salts, thiamine, and cyanocobalamin) at pH  5 with the 
addition of l-tyrosine, homogentisate, ethanol, and peptone at the fifth day of culti-
vation (Table 2.16). l-Tyrosine increases the tocopherol content because it shares 
the same biosynthetic pathway with tocopherol. Therefore, its direct addition into 
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the medium will, in turn, reduce its own biosynthesis and promote the biosynthesis 
of vitamin E.  As for homogentisate, it increases the production of tocopherol 
because it is a precursor of tocopherol (Tani 1989). The tocopherol content can 
further be enhanced by increasing the light intensity. Such an act can induce the 
production of vitamin E to rescue oxidative damages of the thylakoid membrane 
(Carballo-Cárdenas et al. 2003). Oxygen starvation and low temperature also play a 
role in increasing the vitamin E content of Euglena gracilis Z (Abalde et al. 1991).

The vitamin E content of D. tertiolecta and T. suecica is comparable to that of 
Euglena gracilis Z. Therefore, studies have also been carried out to enhance the 
vitamin E content in these two species of algae. It is found that for D. tertiolecta, a 
decrease in light availability per cell increases the tocopherol content of the algae 
(Fig.  2.11). This is because a decrease in light availability occurs as the culture 
grows. Therefore, higher production of vitamin E is needed to deal with oxidative 
processes such as cell senescence which occurs as the culture grows (Carballo- 
Cárdenas et al. 2003). Moreover, nitrate serves as the best source of nitrogen if a 
higher algal tocopherol content is desired (Abalde et al. 1991). As for T. suecica, in 
case nutrient supply is sufficient, changes in light availability per cell have no effect 
on the vitamin E content of the algae (Fig. 2.12). However, vitamin E content can be 
enhanced by the addition of nitrate and phosphate (Carballo-Cárdenas et al. 2003).

Table 2.16 The amount of vitamin E produced by Euglena gracilis Z under different conditions 
(Tani 1989)

Medium Cell yield (g/L)
α-Tocopherol produced
(mg/L) (mg/g dry cells)

KH medium 7.0 2.0 0.3
α-Tocopherol production medium 9.0 9.9 1.1
Added l-tyrosine 10.7 14.8 1.3
Added homogentisate 11.9 17.0 1.4
Added l-tyrosine, homogentisate, and ethanol 11.4 49.8 4.3
Fed l-tyrosine, homogentisate, ethanol, and 
peptone

28.4 143.6 5.1
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Fig. 2.11 The effect of decreasing light availability per cell on α-tocopherol content of D. tertio-
lecta (Carballo-Cárdenas et al. 2003)
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4.4  Vitamin K1, Phylloquinone

Anabaena cylindrica is rich in vitamin K1, containing 200 μg of vitamin K1 per g 
of dry weight, three times SDVV of vitamin K (Table  2.14). This is also much 
higher than the vitamin K1 content of conventional food considered to be rich in 
vitamin K1 such as spinach and parsley. Vitamin K1 can help prevent osteoporosis 
and cardiovascular disease. There are several advantages of using microalgae 
instead of chemical methods to produce vitamin K1. First, microalgae only produce 
the bioavailable E-isomer of phylloquinone, whereas chemical methods produce a 
mixture of E-isomer and non-bioavailable Z-isomer. Moreover, the production of 
vitamin K1 using microalgae does not require extreme temperature and pressure 
and is more sustainable. There are also advantages of using microalgae instead of 
plants to produce phylloquinone—higher growth rate, simpler genome, and easier 
screening (Tarento et al. 2018).

Studies revealed that the vitamin K1 productivity of Anabaena cylindrica can be 
increased by fourfold by increasing light intensity and nitrate concentration in the 
culture medium (Fig. 2.13). Nitrate works by increasing the concentration of PSI 
which uses phylloquinone for electron transfer (Tarento et al. 2018).

5  Algae and Its Extract as Food Colorant

Generally, colorants are added to food and beverages to make them look more 
appealing and attractive. Colorants can be natural or synthetic. Synthetic colorants 
are mainly derivatives of coal tar which are obtained during coal distillation. Due to 
safety fears, many of the synthetic colorants are banned in many countries. Some of 
these synthetic dyes contain lead acetate which is toxic to the nervous system, while 
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Fig. 2.12 The effect of increasing cell density (decreasing light availability per cell) on 
α-tocopherol content of T. suecica when nutrient supply is sufficient (Carballo-Cárdenas et  al. 
2003)
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some other synthetic colors are allergens and irritants, and some others are known 
carcinogens. Therefore, there is an increasing demand for natural colors for use in 
food products. Figure 2.14 shows Chinese rice cakes and cocktail drink with micro-
algae and extracts for the color enhancement. Although there are wide selections of 
plant extracts serving as natural food colorants, pigments such as carotenoids and 
PBPs from microalgae are good alternatives for natural colors, providing unique 
nutritional properties such as antioxidant and protein. In addition, using microalgae 
for the production of colors has several advantages, including controllable produc-
tion, easier extraction, higher yields, no lack of raw materials, and no seasonal 
variations.

Fig. 2.13 Phylloquinone productivity of Anabaena cylindrica under different conditions (Tarento 
et al. 2018)

Fig. 2.14 (a) Chinese rice cakes with algae pigments. (b) Cocktail drink with microalgae as colo-
rant. (Photo Courtesy of Ceco International)
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5.1  Carotenoids

Carotenoids: In 2010, the market for carotenoids is valued at US$1.2 billion (data 
from industry and trade sources). A significant portion of the output is chemically 
synthesized. Only two compounds, β-carotene and astaxanthin, represent a major 
part of the natural production of carotenoids. In the 1980s, the commercial world 
started production of β-carotene from microalgae in open ponds. Dunaliella 
bardawil was selected for its high β-carotene content, and growth process naturally 
precludes natural contamination. The market price for the natural version at the time 
supports the commercialization of the compound.

Carotenoids function as accessory, light-harvesting pigments and protect the 
photosynthetic apparatus against photodamage (Ben-Amotz et al. 1987). It is the 
largest group of green algae. Carotenoids are richly colored molecules consisting of 
a class of more than 600 naturally occurring organic pigments synthesized by plants. 
Most of the natural carotenoids have more cis-β-carotene (synthetic carotenoids are 
dominated by trans-β-carotene). Xanthophyll, astaxanthin, has many applications in 
nutraceuticals and food and feed industries. Species like Chlorella, Chlamydomonas, 
Dunaliella, and Haematococcus produce carotenoids as part of their biomass and 
are rich sources of carotenoids, while H. pluvialis represents the richest biological 
source of carotenoids (BGG 2016).

Dunaliella is another important source for the production of β-carotene. There 
are several advantages of using Dunaliella to obtain β-carotene. This includes 
increased absorption by the human body, high efficiency, and isomeric composition, 
and it can be produced up to 14% of dry weight of the biomass rapidly (Metting 
1996). Factors which increase the production of carotenoids include high salinity, 
photosynthetic photon flux density (PPFD; >500 μmol/s) (Brown et al. 1997), low 
growth temperature, far-red light, and nutrient limitation.

Apart from high PPFD, all other factors lead to an increase of carotenoids with a 
reduction in the growth rate. It can be said that there is an inverse relationship that 
exists between β-carotene and the specific growth rate. Starvation of nitrate and 
sulfate resulted in the accumulation of β-carotene in the wild-type Dunaliella sp. 
(Becker 2004); carotene/Chl ratio of D. salina increased by 33 times under nitrogen 
starvation conditions in aqueous two-phase systems.

Besides Dunaliella, Chlorella zofingiensis and Muriellopsis are also suitable 
candidates for carotenoid production. At present, carotenoid production from green 
microalgae refers only to astaxanthin and β-carotene from H. pluvialis and D. salina. 
Besides these, cyanobacteria Synechocystis sp. PCC6803 and Synechococcus sp. 
PCC702 have also been considered as suitable organisms for genetic modification 
with the aim of enhancing β-carotene accumulation (Vernass 2004). Despite all the 
advantages, there are still several disadvantages of using microalgae as a source of 
natural colorant. These disadvantages include inadequate process control, low effi-
ciency, high CO2 consumption, contamination issues, and the requirement of high 
amounts of salt, water, and solar radiation required for optimal production.
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To overcome these inadequacies, alternative strategies of operating systems or 
culturing parameters are needed. Such strategies involve using extensive open 
ponds, natural ponds, wheel-driven ponds, photobioreactors, and different culture 
medium to increase the beta-carotene production. Innovative cultivation approaches 
can also enhance the productivities of the microalgae. During one study by Raja 
et al., De Walne’s medium was used in the cultivation of Dunaliella; with the addi-
tion of Sargassum wightii and Ulva lactuca which are extracted from seaweed, a 
significant increase in the growth rate and β-carotene yield of were achieved (Raja 
et al. 2004).

5.2  Phycobiliproteins

Phycobilin: Estimated total available market for PBP products is greater than US$60 
million. This number represents early 2010 numbers. Current market value would 
far exceed this due to rapid commercialization and an expansion in capacity. 
Spirulina (Arthrospira), an excellent source of phycocyanin, has long held the major 
share of global production. Estimate annual global production exceeds 5000 tons. 
New capacity from producers in Asia is rapidly coming onstream to meet mar-
ket demand.

PBPs are a group of colored, water-soluble proteins present in cyanobacteria and 
certain algae. Isolated as pigment-protein complex, PBPs can be safely used in food 
coloring and in cosmetics as they are nontoxic and noncarcinogenic. Figure 2.15 
shows drinks and break spread that use “the blue protein” extracted from Spirulina. 
PBPs belong to two families (α and β) with each polypeptide covalently attached 
with chromophores.

Based on the presence of different chromophores, the chromoproteins can be 
categorized into four groups: (1) phycoerythrin (PE) λmax 480–570 nm, (2) phyco-
cyanin (PC) λmax 590–630 nm, (3) phycoerythrocyanin (PEC) λmax 630–665 nm, and 
(4) allophycocyanin (APC) λmax 620–665 nm. Figure 2.16 shows the physical struc-
ture of phycobilisomes, with the presence of PE, PC, and APC.

Fig. 2.15 Drinks and bread spread with phycocyanin. (Photo Courtesy of Ceco International)
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Phycocyanin derived from S. platensis is used as a natural pigment in food items 
such as chewing gums, dairy products, and jellies (Santiago-Santos et al. 2004). The 
blue, purple, and pink pigments developed by them have applications in foods that 
do not require heating, such as desserts, ice creams, sweets, cakes, decorations, 
milkshakes, etc. The blue color produced from the red microalga Porphyridium 
aerugineum resisted change with pH and was stable in light but was sensitive to 
heat. These properties are important for their use in food item since many food 
items are acidic, particularly drinks and confectionery items. This blue color was 
added to beverages such as Pepsi without heat application and did not lose their 
color for one month at room temperature (Sekar and Chandramohan 2008). The 
color was very stable in dry preparations.

PE gives yellow fluorescence which can be applied for a range of food items that 
fluoresce such as transparent lollipops made from sugar solution, dry sugar drop 
candies for cake decoration, soft drinks, and alcoholic beverages.

5.3  Microalgae as Food Colorant: In Butter Cookies

A study (Gouveia et al. 2007) used Chlorella vulgaris biomass on butter cookies as 
a coloring ingredient. The effects of C. vulgaris integrated onto the cookie surface 
were monitored for 3 months. The color of the cookie remained stable throughout 
the storage period. These C. vulgaris-enriched cookies appeared to have more 
appealing green tones which is more evident with the increasing microalgal concen-
tration (Fig. 2.17).

Furthermore, a correlation between the increase in firmness and an increase of 
microalgal biomass was evident, thus making the texture more favorable (Fig. 2.18). 
Increased firmness will lead to higher biscuit structure protection. The biomass 
incorporation was not detected or negatively associated with the taste of the  biscuits; 
this was confirmed by a sensory evaluation performed by 15 untrained individuals.

Fig. 2.16 Structure of 
phycobilisome (Gurpreet 
et al. 2009)
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The study investigates how microalgae can be blended to nonperishable food 
product and present itself in natural color. Chlorella sp. has been used as part of the 
ingredient to utilize its green color. The study has found that nonperishable tonali-
ties in the product were welcomed by the consumers and hence concludes that addi-
tional products with microalgae as ingredients are possible (Gouveia et al. 2007).

In summary, as the world needs safer and sustainable alternatives for almost all 
aspects of life, it should come as no surprise that there is an increasing demand for 
the use of microalgae as a food colorant. Microalgae contain minimal harmful sub-
stances (allergens, irritants, and carcinogens) that are usually found in many syn-
thetic colorants. In addition, microalgae are easier to extract, produce higher yields, 
do not lack raw materials, and have no seasonal variations—making them sustain-
able. Carotenoids and PBPs are the prominent pigments from microalgae that are 
used as food colorants. Species such as Chlorella, Chlamydomonas, Dunaliella, and 
Haematococcus are rich in carotenoids, and the production of carotenoids can be 
improved by factors such as high salinity, PPFD, low growth temperature, far-red 
light, and nutrient limitation. Phycocyanin produces a wide range of colorful pig-
ments such as blue, purple, and pink which are used as colorants in dairy products, 
jellies, beverages, desserts, and alcoholic drinks. Apart from improving the appeal 
of food providing rich colors to them, using microalgae as a food colorant has the 
added nutritional benefit of acting as an antioxidant and improves the texture of the 
food item without altering its taste.
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Fig. 2.18 Firmness values 
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Chlorella vulgaris biomass 
(Gouveia et al. 2007)
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6  Demand from Vegetarian, Ethnic, Religious, and Special 
Interest Groups

6.1  Vegetarianism

There is a growing trend for vegetarian and vegan diets nowadays, especially in 
Western countries due to increasing evidence of epidemiological evidence that sug-
gests improvement and maintenance of health from such diets. Vegetarian, by defi-
nition, does not include in their diet animal products such as red meat, poultry, fish, 
even eggs, and/or dairy products, although the exact diet practice is dependent on 
the type of vegetarianism (Allès et al. 2017). The growing vegetarian movement 
does not necessarily imply that more people are converting to a strict vegetarian diet 
only, but rather there is an increasing number of people opting for more nonanimal 
plant-based products or “switching” between animal and nonanimal products in 
their diet. They have been coined the term “flexitarian” (Grebow 2019). The increas-
ing trend of vegetarian/vegans encompasses both the scrupulous vegetarians and the 
niche group of people who have opted for increasing proportion of their diet to 
consist of plants. These discriminant groups of people, though they bear the fruits 
of a vegetarian diet on their health and well-being, also face nutritional concerns 
which include vitamin B12 deficiency, insufficient omega-3 and omega-6 fatty 
acids, and protein deficiencies. A possible godsend for this distinct group is micro-
algae. Microalgae as aforementioned are packed with many of the nutrients that are 
needed to complete a vegetarian/vegan diet while at the same are a more environ-
mentally friendly and sustainable food source option, especially with respect to 
protein demand, that can cope with the increasing environment and nutrition- 
conscious public.

Population following a vegetarian and vegan diet have a lack of sources of food 
with EAAs as most of the plant-derived proteins do not have complete EAA profiles 
which is a major concern for a plant-based diet as this can often lead to issues of 
protein deficiencies. According to the American Dietetic Association and Dietitians 
of Canada, individuals who exercise with moderate to intense activity require 
1.3–1.7 g protein per kg of body weight per day to repair and add muscle tissue to 
the body (Koyande et al. 2019). As a result, microalgae are an ideal food source for 
vegetarians as it is an excellent source of EAAs. Some examples of microalgae spe-
cies with very high protein content, even higher than most animal-based proteins 
per gram, are Chlorella vulgaris and Spirulina platensis. Chlorella and Spirulina 
species have been reported to constitute up to 70% of its biomass to contain well- 
balanced EAA content required for human consumption (Koyande et al. 2019). The 
table below can be used to compare the amino acid profile of microalgae proteins to 
conventional meat sources. The amino acid content in some microalgae is compa-
rable to high protein content sources consumed widely across the world. Isoleucine, 
valine, lysine, tryptophan, methionine, threonine, and histidine are some of the 
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amino acids that are present in microalgae in comparable quantities to conventional 
protein-rich sources.

Apart from macronutrients, micronutrients are also essential for survival. An 
important group of micronutrients is vitamins which plant-based vegetarian diets 
are often rich in. However, some nutrients of concern in the diet of vegetarians 
include vitamin B12, vitamin D, omega-3 fatty acids, calcium, iron, and zinc (Craig 
2010). Table 2.17 shows comparison of average content of linoleic in various oil 
products. Vegetables and fruits lack essential vitamin B12 (cobalamin) as plants do 
not synthesize or require it. Vitamin B12 deficiency is a possibility when relying on 
vegetables for daily nutritional needs. Microalgae have been noted to contain high 
amounts of vitamins. In 1990, according to a study conducted by Fabregas and 
Herrero, it was found that microalgae Dunaliella tertiolecta can synthesize vitamin 
B12 (Fabregas and Herrero 1990). It has also been reported 9–18% of Chlorella 
strains are rich sources of vitamin B12 (Islam et al. 2017; Alsenanai et al. 2015). 
Watanabe et al. reported that although Spirulina species are capable of synthesizing 
vitamin B12, Chlorella species have better bioavailability. They suggest that 
microalgae- derived foods could possibly provide the necessary nutrients to counter-
act any deficiencies that may result from a restrictive vegetarian diet (Watanabe 
et al. 2002).

Table 2.17 Comparison of average content of linoleic (LA 18:2 n − 6) and α-linolenic (ALA 18:3 
n − 3) acids in selected oil product (g/100 g fat) (Narinder et al. 2014)

Sr. 
No. Oil

LA 18:2 
(n − 6)

ALA 
18:3(n − 3)

Total unsaturated fatty 
acids

1 Soybean 50.8 6.8 80.7
2 Cotton seed 50.3 0.4 69.6
3 Corn 57.3 0.8 82.8
4 Safflower 73.0 0.5 86.3
5 Sunflower 66.4 0.3 88.5
6 Sesame 40.0 0.5 80.5
7 Olive 8.2 0.7 81.4
8 Peanut 31.0 1.2 77.8
9 Rapeseed (zero erucic 

acid)
22.2 11.0 88.0

10 Rapeseed (high erucic 
acid)

12.8 8.6 88.4

11 Cocoa butter 2.8 0.2 36.0
12 Coconut 1.8 – 7.9
13 Palm kernel 1.5 – 12.9
14 Palm 9.0 0.3 47.7
15 Almond 18.2 0.5 87.7
16 Cashew 17.0 0.4 73.8
17 Chestnut 35.0 4.0 75.5
18 Walnut 61.0 6.7 86.5
19 Butter 2.3 1.4 32.6
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Table 2.18 shows the comparison of fatty acids from animals and vegetables. 
Compared to nonvegetarians, vegetarians (particularly vegans) tend to have lower 
blood levels of omega-3 fatty acids, EPA, and DHA (Craig 2010). The vegetarian 
population omega-3 indices up to 60% lower than those who consume marine prod-
ucts (Craddock et al. 2017). Omnivorous populations often obtain DHA and EPA 
from consuming fish and animal products; microalga is a possible alternative source 
of PUFAs like omega-3 and omega-6 for this niche population. Several studies have 
investigated the effects of DHA (dose ranges from 172 mg/day to 2.14 g/day) via 
algal supplementation on reasonable sample size ranges of 20–108 participants. 
These studies monitored the DHA levels by measurements that included serum total 
phospholipid DHA (PL DHA), platelet total PL DHA, red blood cell DHA (RBC 
DHA), and omega-3 indices. In all studies, there was a positive correlation in serum, 
plasma, platelet, and RBC DHA fractions and omega-3 indices and algal DHA sup-
plementation. The omega-3 indices were reported to have increased by 55–82%, 
while the DHA serum total phospholipids and platelet phospholipids increased by 
238–246% and 209–225%, respectively, within groups supplemented with algal 
DHA (Craddock et al. 2017). As a result, it illustrates the fact that consumption of 
algal sources of DHA in vegetarian populations greatly increased the levels of cir-
culating DHA. DHA supplementation via algae is a viable option in the vegetarian 
population to address the long-chain PUFA deficiencies.

Furthermore, microalgae have an added advantage to meet the needs of the grow-
ing vegetarian population in an environmental aspect. Using microalgae as a source 
of bulk protein production is a viable option as it has much lower land requirements 
compared to animal-based proteins, lower than 2.5 m2 per kg of protein compared 
to the 42–52  m2  per  kg of chicken and 144–258  m2  per  kg of beef production 
(Caporgno and Mathys 2018). The land usage is also lower than when compared 
with other plant-based protein source cultivation such as soybean meal, pea protein 
meal, and others (Smetana et al. 2017). Apart from that usage of nonarable land for 
cultivation, minimal freshwater for consumption and possibility of growing in sea-
water are added environmental benefits that come with microalgae-based bulk pro-
tein production. With several advantages over other currently used protein sources, 
microalgae provide a much more sustainable means to meet the growing vegetarian 
population and its dietary needs (Sathasiran et al. 2019; Barba 2018).

6.2  Special Interest Groups: Athletes, Elderly

Microalgae are used in combating chronic diseases, neurodegenerative and cardio-
vascular diseases, cancer, diabetes, and obesity due to chronic inflammation and 
oxidative stress. Algal extracts have exhibited anti-inflammatory activities by inhib-
iting the production of pro-inflammatory cytokines and eicosanoids. These algal 
metabolites work in a diverse manner such as modulation of enzyme activities, 
regulation of cellular activities, and interference of two major signaling pathways. 
There is also an added benefit of algal extracts having antioxidant properties. Ease 

A. Wang et al.



69

Ta
bl

e 
2.

18
 

Fa
tty

 a
ci

ds
 p

ro
du

ce
d 

fr
om

 a
ni

m
al

s 
an

d 
ve

ge
ta

bl
es

 (
C

ra
ig

 2
01

0)

Fa
tty

 
ac

id
C

oc
on

ut
 

oi
l (

%
)

Pa
lm

 
oi

l (
%

)
So

yb
ea

n 
oi

l (
%

)
Su

nfl
ow

er
 

oi
l (

%
)

O
liv

e 
oi

l (
%

)
B

ut
te

r 
fa

t 
(%

)

B
ee

f 
ta

llo
w

 
(%

)
Po

rk
 

la
rd

 (
%

)
C

hi
ck

en
 f

at
 

(%
)

L
ar

d 
oi

l (
%

)
Fi

sh
 o

il 
(%

)

C
-4

:0
B

ut
yr

ic
3.

5
C

-6
:0

C
ap

ro
ni

c
0.

5
2

C
-8

:0
C

ap
ry

lic
7

1.
5

C
-1

0:
0

C
ap

ri
c

6
3

C
-1

2:
0

L
au

ri
c

46
3.

5
C

-1
4:

0
M

yr
is

tic
18

.5
1

1
11

3.
5

1.
5

1
1.

5
6

C
-1

4:
1

M
yr

is
to

le
ic

1
0.

5
0.

5
C

-1
5:

0
Pe

nt
ad

ec
an

oi
c

1
1

0.
5

C
-1

5:
1

Pe
nt

ad
ec

en
oi

c
0.

5
C

-1
6:

0
Pa

lm
iti

c
9.

5
43

10
.5

6
11

.5
28

27
25

.5
23

20
.5

13
.5

C
-1

6:
1

Pa
lm

ito
le

ic
1

2.
5

2.
5

2.
5

5
3.

5
7.

5
C

-1
6:

2
H

ex
ad

ec
ad

ie
ni

c
0.

5
C

-1
6:

3
H

ex
ad

ec
at

ri
en

ic
0.

5
C

-1
6:

4
H

ex
ad

ec
at

et
ra

en
ic

1
C

-1
7:

0
M

ar
ga

ri
c

1
2.

5
0.

5
0.

5
C

-1
7:

1
H

ep
ta

de
ce

no
ic

0.
5

0.
5

0.
5

C
-1

8:
0

St
ea

ri
c

3
5

4
4

2.
5

10
22

17
.0

5.
5

6
2.

5
C

-1
8:

1
O

le
ic

7.
5

38
.5

22
20

.5
75

25
36

.5
40

40
51

.5
14

C
-1

8:
2

L
in

ol
ei

c
2

11
54

.5
68

9
3

2.
5

12
21

13
.5

1.
5

C
-1

8:
3

L
in

ol
en

ic
7.

5
1

0.
5

0.
5

1.
0

2.
5

1
1

C
-1

8:
4

O
ct

ad
ec

at
et

ra
en

oi
c

3
C

-1
9:

0
N

on
ad

ec
an

oi
c

0.
5

C
-2

0:
0

A
ra

ch
id

ic
0.

5
0.

5
0.

5
0.

5
0.

5

(c
on

tin
ue

d)

2 Microalgae as a Mainstream Food Ingredient: Demand and Supply Perspective



70

Ta
bl

e 
2.

18
 

(c
on

tin
ue

d)

Fa
tty

 
ac

id
C

oc
on

ut
 

oi
l (

%
)

Pa
lm

 
oi

l (
%

)
So

yb
ea

n 
oi

l (
%

)
Su

nfl
ow

er
 

oi
l (

%
)

O
liv

e 
oi

l (
%

)
B

ut
te

r 
fa

t 
(%

)

B
ee

f 
ta

llo
w

 
(%

)
Po

rk
 

la
rd

 (
%

)
C

hi
ck

en
 f

at
 

(%
)

L
ar

d 
oi

l (
%

)
Fi

sh
 o

il 
(%

)

C
-2

0:
1

G
ad

ol
ei

c
0.

5
0.

5
1

0.
5

1
11

.5
C

-2
0:

2
E

ic
os

ad
ie

no
ic

0.
5

0.
5

C
-2

0:
5

E
ic

os
ap

en
ta

en
oi

c
8.

5
C

-2
2:

0
B

eh
en

ic
0.

5
C

-2
2:

1
E

ru
ci

c
14

C
-2

2:
5

D
oc

os
ap

en
ta

en
oi

c
1

C
-2

2:
6

D
oc

os
ah

ex
ae

no
ic

8.
5

Sa
tu

ra
te

d 
fa

tty
 a

ci
ds

90
.5

49
.5

15
.5

11
14

.5
65

56
44

.5
30

.5
28

24
M

on
ou

ns
at

ur
at

ed
 f

at
ty

 a
ci

ds
7.

5
38

.5
22

20
.5

76
29

.5
40

.5
43

.5
45

.5
56

.5
48

Po
ly

un
sa

tu
ra

te
d 

fa
tty

 a
ci

ds
2

11
62

68
9.

5
3.

5
3

13
.5

23
.5

15
25

.5

A. Wang et al.



71

of digestion and bioavailability of algal products among the elderly are other key 
reasons that support the use of algae as a supplement for combating diseases related 
to aging.

Diet plays an important role in well-being because it not only plays a role in 
providing nutrients to meet the metabolic requirement but also a role in modulating 
various bodily functions. In that sense, it has a very significant impact on deterring 
or benefiting some diseases. The effect of diet on some chronic diseases has been 
reported in scientific papers, showing the extraordinary possibility of diet on 
improving and supporting our health (Levin and Fleurence 2018). These types of 
food that have demonstrated improving the state of health or well-being or reducing 
risk of diseases can be considered as functional foods. Having said that, older peo-
ple may have more difficulties in getting the necessary nutrients they need from 
their diet due to aging. Elderly are also more susceptible to chronic diseases with 
age, making dietary changes using functional foods to prevent these chronic condi-
tions even more paramount. Foregoing the information mentioned, it is apparent 
microalgae are a possible functional food that could meet the various needs of the 
elderly due to their ease of digestion, bioavailability, and richness in micro- and 
macronutrients with reduced caloric intake.

Microalgae have many components that favor supplementation to the elderly that 
includes natural pigments and several bioactive compounds which have antitumor, 
anti-inflammatory, anti-obesity, and neuroprotective properties. Table 2.19 shows 
some of the microalgae that have been incorporated into the food products, most of 
which are suitable for vegetarians and elderly populations.

7  Marketing of Microalgae: Supply Meets Demand

7.1  Algae Product Forms

Microalgae, as a food ingredient, are a versatile element capable of crossing cul-
tural, age, and social divide. It clearly shows the potential to meet the population’s 
needs in its nutritional values for more sustainable food solutions. It is not suggested 
that readers abandon or totally replace current dietary practices, knowing the single- 
cell organism provides additional choices in meeting the demand for food stock and 
providing more options for healthy lifestyle practices.

The development of microalgae-based food industry is based upon producing 
and utilizing microalgae for innovative functional food products. Other than the 
high protein content, balanced amino acid profile, and plethora of vitamins, incor-
poration of microalgae into foods adds an additional level of potential benefits for 
human health due to the presence of bioactive compounds.

Consumers who are looking for natural health and food supplements are fully 
aware of the benefits microalgae bring for their overall health and well-being, with 
increasing new research results on the benefits that microalgae can provide that are 
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Table 2.19 Microalgae incorporated into various food products

Product Microalgae incorporation Addition Benefit

Oil/water 
emulsion

C. vulgaris green and 
C. vulgaris orange (after 
carotenogenesis)

2% w/w Techno-functional 
properties

Oil/water 
emulsions

C. vulgaris green, C. vulgaris 
orange (after 
carotenogenesis) and 
H. pluvialis (red, after 
carotenogenesis)

C. vulgaris: 
0.25–2.00% w/w 
H. pluvialis: 
0.05–2.00% w/w

Coloring and nutritional 
properties (antioxidative 
activity)

Vegetarian 
food gels

C. vulgaris, H. pluvialis, 
A. maxima, and D. vlkianum

0.75% w/w Techno-functional and 
nutritional properties 
(antioxidative activity, 
ω-3 PUFAs)

Vegetarian 
food gels

A. maxima and D. vlkianum 0.1% w/w Techno-functional and 
nutritional properties 
(ω-3 PUFAs)

Vegetarian 
food gels

H. pluvialis and A. maxima 0.75% w/w Techno-functional 
properties

Frozen yogurt Arthrospira sp. 2–8% w/w Nutritional properties
Dairy 
products 
(fermented 
milk)

A. platensis 3 g/L Nutritional properties

Natural and 
probiotic 
yogurt

A. platensis 0.1–0.8% w/w Techno-functional 
properties and nutritional 
properties

Yogurt Chlorella sp. 0.25% w/w extract 
powder and 2.5–
10.0% extract liquid

Techno-functional 
properties and nutritional 
properties

Processed 
cheese

Chlorella sp. 0.5 and 1.0% w/w Techno-functional 
properties and nutritional 
properties

Cookies C. vulgaris 0.5, 1.0, 2.0, and 
3.0% w/w

Coloring agent

Biscuits I. galbana 1 and 3% w/w Techno-functional 
properties and nutritional 
properties (ω-3 PUFAs)

Biscuits A. platensis A. platensis: 0.3, 0.6, 
and 0.9% 
Phycocyanin extract: 
0.3% w/w to wheat 
flour

Nutritional properties

Biscuits A. platensis 1.63, 3, 5, 7, 8.36% 
w/w

Techno-functional and 
nutritional properties 
(protein, fiber content, 
and antioxidative 
activity)

(continued)
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coming out of the labs. However, the algae market has not taken off as one has 
hoped; there seems to be a hard glass ceiling for the marketers and corporations to 
break through, one of which is the format which these products are marketed.

There is no wonder the Aztecs call tecuitlatl mud cake. The description is hardly 
appealing nor appetizing. The root of market pull really comes from the desire “not 
have to tolerate the nasty taste of existing food supplements,” but in a format of 
desirable food products, we can consume and enjoy on the daily basis.

One of the viable value propositions is to integrate high-quality nutritional bio-
mass into familiar food products in the existing diet, working closely with Food & 
Beverage (F&B) to complement and cleverly mask the undesirable fishy taste with 
a natural flavoring that appeals to the regional taste palates.

Figure 2.19 shows seasonal mooncakes prepared for the Chinese Mid-Autumn 
Festival. A traditional Chinese dessert delicacy is enjoyed while the family gathers 
around for a meal. Exclusive vegan sources can be employed, with low plant-based 
natural sweeteners to meet the health-conscious consumers. Current reception from 
our test market was remarkable and overwhelming. The plan is to produce noodles, 
bread, pate, and sausages with microalgae and natural vegan ingredients commer-
cially for the vegan market and healthy lifestyle market segments.

Table 2.19 (continued)

Product Microalgae incorporation Addition Benefit

Biscuits A. platensis, C. vulgaris, 
T. suecica, and P. tricornutum

2 and 6% w/w Techno-functional 
properties and nutritional 
properties (antioxidative 
activity)

Cookies H. Pluvialis Astaxanthin powder 
5, 10, and 15% w/w

Techno-functional 
properties and nutritional 
properties (antioxidative 
activity)

Fig. 2.19 Chinese 
mooncakes with pigments 
from algae and/or algae 
extract. (Ceco 
International)
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7.2  Production Challenges

At the current state of market development, the overall cost related to utilizing 
microalgae-derived products as food substitutes has yet to reach the desired level. 
From the production perspective, the lack of economies of scale for cultivation and 
processing is a major hurdle. With the development of advanced technology, auto-
mation, and artificial intelligence, these obstacles can be significantly lowered. The 
benefits to humanity (health) and the environment and the sustainability of food 
supply, with the growing population, outstrip the challenges and hurdles presented.

There have been many reviews on the production challenges for microalgae. To 
food application, safety and cost are of primary concern. Figure 2.20 shows some of 
the current algae production experience, which includes (1) contamination control 
with the need for axenic culture for food application, (2) photobioreactors that are 
better designed and monitored for repeatability and reliability, (3) maintaining low- 
cost operation with intelligent energy management, (4) cost-effective harvesting 
and dewatering technologies, and (5) extraction technology for various functional 
high-value ingredients (not shown).

Fig. 2.20 (a) Micrograph of axenic Euglena culture produced at Geb facility (×200 Mag). (b) 
Indoor cultivation of Chlorella in a Phyco-Flow (Varicon Aqua). (c) Encystment of Haematococcus 
pluvialis. (d) Ground dry powder of Euglena. All produced at Geb Impact facilities in Hong Kong

A. Wang et al.
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8  Conclusion

Microalgae have come a long way from ad hoc food stock for small indigenous 
population to systematic studies and commercialization as potential mainstream 
food supply. In the chapter, attempts have been made to highlight the most promi-
nent features of microalgae as food ingredients and the applications. Algae cultiva-
tion techniques are also described in detail together with biotechnological 
understanding. The values of nutrition from microalgae to human health have been 
clearly studied and demonstrated. Like application of any new technology, from 
earlier adopters to earlier mainstream users, there is a chasm to cross; algae-based 
food as mainstream ingredients is without exception. The demand from interested 
customers highly depends on cohesive and collective marketing of the potential 
values to the right consumers with the right products with the right pricing points at 
the right time. The dawn with commercialization of algae as mainstream food would 
likely come sooner rather than later as the projected population growth and environ-
mental mandates dwell on us.
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Chapter 3
Microalgal Pigments: A Source of Natural 
Food Colors

Emeka G. Nwoba, Christiana N. Ogbonna, Tasneema Ishika, 
and Ashiwin Vadiveloo

Abstract Naturally sourced colorants and dyes are currently gaining demand over 
synthetic alternatives due to an increase in consumer awareness brought forward by 
health and environmental issues. Microalgae are unicellular organisms which are 
microscopic in size and represent major photosynthesizers with the ability to effi-
ciently convert available solar energy to chemical energy. Due to their distinct 
advantages over terrestrial plants such as faster growth rates, ability to grow on non- 
arable land, and diversity in the production of various natural bioactive compounds 
(e.g., lipids, proteins, carbohydrate, and pigments), microalgae are currently gain-
ing promise as a sustainable source for the production of natural food-grade colo-
rants. The versatility of microalgae to produce various pigments (e.g., chlorophylls, 
carotenoids, xanthophylls, and phycobiliproteins) that can be commercially 
exploited as a source of natural colorant is there to be explored. Various growth fac-
tors such as temperature, pH, salinity, and light in terms of both quality and quantity 
have been shown to significantly impact pigment production. In this chapter, we 
comprehensively review the characteristics of microalgal pigments and factors that 
affect pigment production in microalgae while evaluating the overall feasibility of 
exploiting them as a natural source of food colorants.
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1  Introduction

Colorants are often required to improve the visible appearance of food. These colo-
rants used can either be sourced naturally or be artificially produced. However, in 
recent times, the demand for naturally sourced colorants has been signifi-
cantly increasing due to various health concerns that have been associated with the 
use of artificial colorants such as attention deficit hyperactivity disorder and other 
cases of hyperactivity (Schab and Trinh 2004; Jacobson and Kobylewski 2010). As 
such, Farré et al. (2010) established a significant shift in the demand for naturally 
sourced pigments over those that are chemically produced.

Due to the inherent disadvantages of synthetic colorants and the health benefits 
associated with natural colorants sourced from pigments, there has been great inter-
est in exploiting the production of these natural pigments from different sources at 
a commercial scale. Initially, pigments were conventionally sourced from only 
plants and animals (Timberlake and Henry 1986). However, an increase in demand 
has necessitated the use of fast-growing microorganisms which are not only robust 
but also serve as a reliable source for the production of natural pigments (Ogbonna 
2016b). Many species of microorganisms such as bacteria (Heer and Sharma 2017), 
fungi (Ogbonna 2016a, b; Ogbonna et  al. 2017), cyanobacteria, and microalgae 
(Soares et  al. 2016) have been well documented for the production of natural 
pigments.

Among the other candidates, microalgae and cyanobacteria have attracted great 
interest as a natural source for the production of pigments due to the ease of their 
cultivation, fast growth rates, and their diversity in producing a wide range of pig-
ments naturally. They are able to produce a variety of pigments of various color 
shades and biological activities. These include chlorophylls, carotenoids, xantho-
phylls, and phycobiliproteins. Despite containing multiple pigments, only chloro-
phylls are produced at a reasonable concentration (1–2%  g  g−1 dry weight) by 
microalgae cells under natural conditions (Wang and Chen 2008; Li et al. 2008). 
Most other desired pigments found in algae cells under normal growth conditions 
are typically at low concentrations (e.g., below 0.5% g  g−1 dry weight), making 
them not economically competitive enough against chemically synthesized alterna-
tives (Wang and Chen 2008; Mulders et al. 2014).

However, some of these pigments have high commercial value (β-carotene, 
astaxanthin, and c-phycocyanin), and their feasibility at large scale from various 
microalgae sources are currently being explored (Fig. 3.1).

2  Microalgae and Pigments

Microalgae represent a wide variety of microscopic photosynthetic organisms. 
Their pigment systems have evolved from primitive “plastid” which they acquired 
from oxygen-evolving ancestral photosynthetic cyanobacterium (Jeffrey et  al. 
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2011). A series of further evolution resulted in the present photosynthetic microal-
gae derivatives consisting of a variety of photosynthetic pigments that assist in pho-
tosynthesis and photoprotection (Jeffrey et al. 2011). The availability of light is seen 
to significantly vary in different aquatic environments and according to changes in 
weather or climate. The diversity in their inherent pigment composition allows 
microalgae to survive and successfully adapt to the constantly changing light condi-
tions. In general, photosynthetic pigments in microalgae are typically classified into 
three groups which are chlorophylls, carotenoids, and phycobiliproteins (Gantt and 
Cunningham Jr 2001).

2.1  Microalgae Classification and Their Pigment Composition

The concentration of pigments can significantly vary among different species of 
microalgae. Pigments approximately make up 1–14% of the dry weight of microal-
gae which again is species-specific. Most species of microalgae have a chlorophyll 
content of 0.5–1% and a carotenoid content of 0.1–0.2% (Spolaore et  al. 2006). 
Chlorophyll a is the major pigment found in all microalgae which is vital for photo-
synthesis. Most green microalgae (chlorophytes) contain chlorophyll a and b and 
carotenoids, while microalgae with brownish appearance (Bacillariophyceae) gen-
erally contain chlorophyll a and c and carotenoids. Phycobiliproteins are only 

Fig. 3.1 Commercial-scale production of astaxanthin (a), β-carotene (b), and c-phycocyanin (c) 
from Haematococcus pluvialis (f), Dunaliella salina (e), and Arthrospira platensis (d), 
respectively

3 Microalgal Pigments: A Source of Natural Food Colors
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 present in cyanobacteria, red algae, and cryptophytes, while dinoflagellates are typi-
cally composed of chlorophyll a and c and the carotenoid known as peridinin, as 
major photosynthetic pigments. Most pigments are usually distributed as protein-
pigment complexes within  the thylakoid membranes of microalgal chloroplast 
(Gantt and Cunningham Jr 2001). Pigment composition is among the most impor-
tant criteria in differentiating the various algal classes. Table 3.1 highlights the dis-
tribution of pigments in various classes of microalgae. It is important to note that 
chlorophylls and carotenoids are generally fat-soluble molecules, whereas phyco-
bilins are water- soluble pigments (Gantt and Cunningham Jr 2001).

3  Application of Microalgal Pigments as Natural Food 
Colorants

As highlighted earlier, the shift in demand brought forward by consumers for the 
production of naturally derived products for application in the food industry has 
necessitated significant innovation (Nwoba et  al. 2019b). Food color has always 
remained one of the pivotal organoleptic properties that precisely impact consumer 
decision on the selection and acceptance of desired food. Food color offers sensorial 
attractiveness and visual perception that affects the consumers food selection deci-
sion and preference (Martins et al. 2016; Shim et al. 2011). Despite all food prod-
ucts having their own natural color, processing techniques as well as storage 
conditions including factors such as light, temperature, air, and moisture have been 
shown to significantly affect the color of the final product (Martins et al. 2016).

Therefore, food colorants remain an integral component of the production pro-
cess aimed toward the masking of unpleasant food attributes. Food colorants can be 
typically categorized as dyes, pigments, or specific substances which can directly or 
indirectly impart color to foods, drugs, or cosmetics or directly to the human body 
(FDA 2019). Based on this definition, food colorants are broadly divided into either 
synthetic (artificial) or natural colorants. Synthetic food colorants (made from 
petroleum, organic acids, and inorganic chemicals) have been widely used over a 
long period; however, they are currently restricted due to evidential cases of toxic-
ity, serious side effects and allergic and neurocognitive reactions at short-, medium-, 
and long-term bases (Dias et al. 2015; Laokuldilok et al. 2016). As such, naturally 
derived food colorants are progressively replacing synthetic colorants in the food 
manufacturing industries due to consumer demand (Carocho et al. 2015; Rodriguez- 
Amaya 2019). Besides their efficacy in providing color and organoleptic properties 
to foods, food colorants of natural origins are considered safer than those derived 
from chemical synthesis (Carocho et al. 2014). Also, naturally derived food colo-
rants perform both antioxidative and preservative roles, as well as provide func-
tional properties being the driver of what is currently sought after as functional 
foods (Carocho et al. 2014; Rodriguez-Amaya 2019; Bagchi 2006). The bioactive 
properties of natural food colorants, which include anticancer, anticholesterolemic, 
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antidiabetic, and anti-inflammatory actions, have been well documented (Wang 
et  al. 2015; Nwoba et  al. 2019a). Sources of naturally occurring food colorants 
include vegetables, flowers, insects (cochineals, aphids), fruits, leaves, and microor-
ganisms such as fungi and bacteria (Martins et al. 2016).

Although the demand for the utilization of natural color ants in food (and other 
applications such as pharmaceuticals, cosmetics, textiles, printing) is on the rise due 
to the toxicity of many synthetic dyes, they can be limited by some shortcomings. 
Besides their poor tinctorial strength and persistence, low stability, and most impor-
tantly their higher production cost, the production of natural dyes is also restricted 
in terms of sustainability. A potential solution to some of these major challenges can 
be achieved through the exploitation of novel or unconventional sources of colo-
rants such as microalgae. Microalgae boast a wide array of naturally colored pig-
ments and could be considered as a sustainable option for the production of food 
colorants. Considering that microalgal cultivation is both environmentally friendly 
and sustainable, they do not only offer great potential as a source of natural food 
dyes but also represent a cost-favorable option.

As of recent, secondary metabolites sourced from microalgae are gaining tre-
mendous economic importance and are of high biotechnological interest to research-
ers. In stark contrast to primary metabolites, these compounds do not directly 
mediate the growth and the reproduction of these photosynthetic organisms. Among 
the most sought-after products are metabolites (pigments) such as phycocyanin, 
phycoerythrin, allophycocyanin, astaxanthin, α-, β-, and ϒ-carotene, lutein, lyco-
pene, violaxanthin, chlorophyll a, canthaxanthin, and a host of other substances 
produced by algae cells. These pigments are responsible for the visual appearance 
(color) of different algae (Table 3.1) (Nwoba et al. 2019a). The diversity of pig-
ments (color) in microalgae primarily supports its applications in food as well as 
cosmetics and pharmaceuticals. Interestingly, many of these pigments in microalgae 
can be produced in concentrations higher than that of vascular plants (Fig. 3.2) or 
can only be found in microalgae (e.g., phycobiliproteins, fucoxanthin).

In comparison to terrestrial plants, microalgae have higher areal productivities 
due to their faster growth rates and are cost-effective (does not need arable land) 
while they can be also sustainably grown using seawater or wastewater (freshwater 
is limited), and finally the biomass produced is suitable for biorefinery application 
(co-produces several other high-value macromolecules) (Nwoba et al. 2019a). It is 
interesting to note that the pigment composition can significantly vary according to 
individual sub-strains of a particular species in which each strain is characterized by 
its own unique appearance (color) (Fig. 3.3). Despite the various appealing attri-
butes of microalgae, only two different  carotenoids (β-carotene from Dunaliella 
salina and astaxanthin from Haematococcus pluvialis) and one phycobiliprotein 
(phycocyanin from Arthrospira platensis) are currently produced at a commercial 
scale (Borowitzka 2013). These commercially exploited colorants have high yields 
and market values to warrant economically feasible production from microalgae. 
Figure  3.4 shows the images of commercial products that are currently pro-
duced from algal pigments.
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3.1  Carotenoids

Carotenoids are derived from five-carbon isoprene units that are polymerized enzy-
matically to form highly conjugated 40-carbon structures, with up to 15 conjugated 
double bonds (Ambati et al. 2018). The use of carotenoids as a naturally derived 
food colorant has a recognizable impact and demand due to its striking color 

α–

β–

Fig. 3.2 Comparison of major pigment contents in some plants and microalgae (Del Campo et al. 
2007b; Piccaglia et al. 1998; Mulders 2014)

Fig. 3.3 Diversity of 
major pigment types (1–3) 
and subtypes (3a–c) of 
marine Synechococcus 
spp. Pigment subtype 3d 
represent the chromatic 
adaptation ability of the 
microalgae to modify their 
pigmentation from subtype 
3b to 3c under different 
light spectral 
(colour) (Reproduced from 
Six et al. (2007) under 
Creative Commons 
attribution license)
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 characteristics and bioactivity as well as its well-documented antioxidative and pre-
servative attributes (Rodriguez-Amaya 2019). For these reasons, carotenoids remain 
the best-studied algal pigment and represent the preferred choice of colorant by 
food producers, especially in the preparation of food with elevated content of fatty 

Fig. 3.4 Commercial products derived from algal pigments as natural food colorant
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acids (e.g., margarine, butter, soft drinks, cakes, milk products). Carotenoids are 
lipid soluble in nature and can be obtained from photosynthetic vascular plants and 
algae and non-photosynthetic bacteria, fungi, and animals (Del Campo et al. 2007b). 
The global market for carotenoid was US$1.5 billion in 2017 and is projected to hit 
US$2.0 billion in 2022 (http://www.bccresearch.com). Carotenoids can be classi-
fied into two major groups: carotene (α-, β-, and ϒ-carotene) consisting of hydrogen 
and carbon atoms (true hydrocarbon) and xanthophylls containing oxo, hydroxyl, or 
epoxy groups. β-carotene is currently the most sought-after carotenoid pigment due 
to its wide applicability as a food colorant, a precursor to vitamin A synthesis in 
food and feed, an additive in multivitamin and cosmetic preparations, as well as an 
ingredient in functional foods. Generally, the color characteristics of carotenoids 
range from yellow, orange, and red and they have been shown to give colors to crus-
tacean shell, fish skin (salmons), flowers, fruits, leaves, and so on.

Microalgae have been well recognized as one of the best producers of carot-
enoids (Martins et al. 2016). Microalgal carotenoids are stored in the chloroplasts in 
association with proteins as either a mixture of oil droplets or in a crystalline form 
which is specific for different microalgal class. For example, Dunaliella 
(Chlorophyceae) which is the most extensively studied β-carotene (E160a) pro-
ducer has a β-carotene content ranging between 3.0 and 5.0% per dry weight of 
biomass. D. salina, a halotolerant green biflagellate, is cultured at commercial scale 
for the production of carotenoid (Fig. 3.2), boasting a remarkable yield of more than 
400 mg β-carotene m−2 per cultivation area (Finney et al. 1984). β-carotenes derived 
from Dunaliella are also composed of other accessory carotenoids (in lower con-
centrations) which can exhibit additional nutritional benefits that cannot be found in 
synthetic alternatives. β-carotene is among the leading food colorants used globally, 
with a market value of US$253 million in 2009 (http://www.bccresearch.com). It is 
applied to many food products and beverages to enhance their attractiveness to cus-
tomers. Among the food products that use β-carotene are margarine, cheese, juices, 
baked products, canned foods, confectioneries, health condiments, and dairy prod-
ucts (Table 3.2). Besides these applications to human foods, β-carotene is also used 
in pet food such as dogs, fish, birds, and cats to make them more appealing. 
Moreover, it is also used as animal feed to help improve the appearance (color) of 
birds, fish (e.g., flesh coloring of salmon), and crustaceans. In addition to its use as 
a colorant, β-carotene is also significantly exploited for its antioxidant properties, as 
well as a precursor to vitamin A. When used as a colorant in food, they can also 
provide additional medical benefits such as antihypertensive, anticancer, antidia-
betic, and anti-inflammatory activities (Rodriguez-Amaya 2019). Furthermore, 
carotenoids sourced from microalgae are composed of both the cis- and trans- 
enantiomers which greatly improve its bioavailability and bio-efficacy that is not 
found in synthetic derivatives. It also possesses high bioactivity and anticancer 
property due to the presence of xanthophylls (oxygenated carotenoids). β-carotene 
derived from Dunaliella is marketed as β-carotene extracts, Dunaliella powder for 
human and dried Dunaliella for animal nutrition. The extracted and purified 
β-carotene is distributed in vegetable oil at concentrations ranging between 1 and 
20% for coloring food products, as well as in softgels (5 mg/capsule) for personal 
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use. This purified β-carotene product is naturally associated with other carotenoids 
such as lutein, zeaxanthin, neoxanthin, violaxanthin, α-carotene, and cryptoxanthin 
derived from the Dunaliella cells.

Another high-value carotenoid of great commercial importance as a natural food 
colorant is astaxanthin (E161j), which is a ketocarotenoid from the xanthophyll 
family. Like β-carotene, astaxanthin has applications in animal and human nutrition, 
pharmaceuticals, cosmeceuticals, and nutraceuticals for the management of degen-
erative diseases including cancer prevention. Astaxanthin has a market value of 
US$2500 kg−1 and a total market value of US$257 million in 2009 (http://www.
bccresearch.com). Despite the fact that the current market is dominated by syntheti-
cally derived astaxanthin, a significant increase in consumer push for natural prod-
ucts creates a promising opportunity for naturally sourced astaxanthin. Within the 
microalgae community, Haematococcus pluvialis, a freshwater alga, is the most 
abundant source of astaxanthin, accumulating this pigment at about 0.2–2.0% dry 
weight of biomass and currently cultivated on large-scale production 
(Borowitzka 1999).

Table 3.2 Microalgal pigments with potential food colorant application

Colorant
E 
code

Pigment 
color Uses

Major microalgal 
producers

Carotene (α-, β-, and 
trans-β-carotene)

160a Red orange Butter, margarine, cakes, 
dairy products, soft drinks

Dunaliella salina

Lutein 161b Yellow 
orange

Dairy products, soft drinks, 
confections, salads

Muriellopsis sp.

Astaxanthin 161j Red orange Foods, nutraceuticals, and 
pharmaceuticals

Haematococcus 
pluvialis

Chlorophylls 140 Green Beverages, fruit juices, pasta, 
dairy products, sweetener 
preparations, soups

Chlorella sp.

C-phycocyanin, 
allophycocyanin

n.a. Blue Food, nutraceuticals, 
pharmaceuticals, chewing 
gum, jellies

Arthrospira 
platensis

Phycoerythrin n.a. Red Food, nutraceuticals, 
pharmaceuticals, chewing 
gum, jellies

Porphyridium 
cruentum

Phenolics n.a. Yellow, 
orange, red, 
dark purple

Beverages, dairy products, 
confectionary

Arthrospira sp.

n.a. not applicable
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3.2  Phycobiliproteins

Phycobiliproteins are accessory photosynthetic pigments that aggregate in algal 
cells to form the phycobilisomes, which are attached to the chloroplast’s thylakoid 
membrane. Phycobiliproteins (PBPs) are made of chromophore-bearing polypep-
tides called the bilins. These bilins are synthesized from open-chain tetrapyrrole 
molecules covalently bonded to an apoprotein by thioether linkage. Two major 
classes are predominant and are typically known as the blue and red PBPs, called 
phycocyanin (C-phycocyanin, deep blue, and allophycocyanin, light blue) and phy-
coerythrin (red), respectively. Others in the phycobilin family are phycoviolobilin 
and phycourobilin, which are purple and yellow in color, respectively (Six et al. 
2007). In addition to pharmaceutical and cosmetic applications, these water-soluble 
PBPs are widely sought-after as colorants in the food industry. The red or pinkish- 
red phycoerythrin is mostly produced from the microalga, Porphyridium sp. (e.g., 
P. cruentum, P. purpureum) with a yield of 200 mg L−1 and content of 15% dry 
weight (up to 30% under optimal condition) (Dufoss et al. 2005). This pigment can 
provide color in confectioneries, dairy products, and gelatin desserts at between 50 
and 100 mg kg−1 of food (Table 3.2) (Mishra et al. 2008). When utilized as an ingre-
dient in the preparation of dried food, its color is reported to be highly stable at 
30 °C for 30 min, and when stored at low humidity condition at pH 6–7, the shelf 
life is seen to be extended (Dufoss et al. 2005). The application of red phycoerythrin 
from Porphyridium as a colorant in foodstuffs has received several patents (Dufoss 
et al. 2005). Besides food coloring, red phycoerythrin due to its inherent fluores-
cence properties can also be potentially used in foods, cake decoration, soft drinks, 
and alcoholic beverages that fluoresce under natural and ultraviolet illumination 
(Dufoss et al. 2005). However, the red phycoerythrin from Porphyridium sp. is yet 
to be approved by regulatory bodies for use in foodstuffs and cosmetics meant for 
human consumption.

A source of natural blue color from microalgae is the blue-green cyanobacte-
rium, Arthrospira (Spirulina) sp. This cyanobacterium naturally synthesizes the 
blue PBP pigment called C-phycocyanin at elevated concentrations (Martelli et al. 
2014). However, a red microalga, Porphyridium aerugineum, that lacks red phyco-
erythrin has also been reported to accumulate c-phycocyanin in large concentrations 
(Dufoss et al. 2005). In Arthrospira, the phycobilisome contains the c-phycocyanin 
(up to 20% dry weight) surrounding the allophycocyanin core peripherally. Unlike 
the c-phycocyanin from Spirulina which has already been certified safe and 
approved for use as a colorant in foods, that sourced from P. aerugineum is yet to be 
permitted for use in food and feed products by regulatory authorities. The current 
market value of C-phycocyanin is between the range of US$10 and 50 million annu-
ally, with the price of food-grade (OD620/OD280  =  <1.0) derivatives estimated at 
around US$500  kg−1 (Nwoba et  al. 2019b). The amount of this blue pigment 
required for food coloring is between 140 and 180 mg kg−1 of food/drink (Dufoss 
et al. 2005). Blue colorants are commonly used in food products such as gelatin, ice 
cream, drinks, and confectioneries (Table  3.2). Blue colorants/pigments sourced 
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from microalgae have been shown to be stable under ambient light, temperatures up 
to 60 °C for 40 min, and at pH 4–5 (Dufoss et al. 2005). Nevertheless, C-PC is 
highly sensitive to heat treatment or thermal processes (Chentir et al. 2018).

3.3  Lutein

Lutein represents one of the main carotenoids found in food products and human 
serum. In conjunction with zeaxanthin, they make up the vital component of the 
yellow spot pigment in the retina and lens of our eyes (Del Campo et al. 2007b; 
Whitehead et al. 2006). Lutein is currently utilized as a food colorant and also as a 
feed additive in fish and poultry farms. Previous studies have established the protec-
tive function of lutein in delaying the onset of chronic illnesses (Whitehead et al. 
2006), resulting in its interest and need for large scale. The global market for lutein 
in 2009 was US$187 million, representing an annual growth of 6.9% from its value 
in 2004 (http://www.bccresearch.com).

Lutein is conventionally sourced from dark, leafy green vegetables (e.g., spinach 
and kale) and from food products of yellow color origin such as corn and egg yolk. 
The current main organic source for lutein in the market is from the crown petals of 
Tagetes erecta and T. patula (marigold) flowers (Del Campo et al. 2007b; Piccaglia 
et al. 1998). At least 95% of plant-derived lutein is esterified, in which almost half 
of the weight is composed of fatty acids. Therefore, processing of plant-derived 
lutein entails chemical saponification. In stark contrast to plant sources of lutein, 
microalgae accumulate lutein in the free non-esterified form (Del Campo et  al. 
2007a). Hence, microalgal-derived lutein is considered a more attractive and valu-
able alternative to plant-based lutein. The chlorophycean microalgae Muriellopsis 
and Scenedesmus spp. have been shown to accumulate large quantities of lutein in 
their biomass (Fig. 3.2). Furthermore, other microalgal species that can accumulate 
lutein in high concentration include Chlorella protothecoides and C. zofingiensis 
(Shi et al. 2006; Del Campo et al. 2004). Production of lutein from microalgae is yet 
to be commercialized when compared to other similar carotenoids such as 
β-carotene. However, pilot-scale outdoor production trials of lutein-enriched bio-
mass from Muriellopsis and Scenedesmus spp. (Blanco et  al. 2007; Del Campo 
et  al. 2007b) have been established. Muriellopsis sp. cultivated in a 55 L closed 
tubular photobioreactor (surface area, 2.2 m2) operated outdoor under a continuous 
culture system was shown to have a lutein content of 4.3  mg  g−1 dry weight 
(DW) over biomass (Del Campo et al. 2007b). The biomass and lutein productivi-
ties obtained by Del Campo and colleagues were 40  g  m−2  day −1 and 
180 mg m−2 day −1, respectively. A lutein content of 4.5 mg g−1 and productivity of 
290 mg m−2 day −1 have been reported for Scenedesmus almeriensis cultivated in a 
4000 L serpentine tubular photobioreactor positioned in a greenhouse (Del Campo 
et al. 2007b). Generally, the free lutein content of the biomass could range from 0.4 
to 0.6% DW (e.g., Muriellopsis sp.), which is far higher than that of esterified lutein 
obtained from the petals of marigold plants.
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3.4  Phenolics

Phenolic compounds are gaining attention as a promising group of naturally sourced 
food colorants. In addition to their coloring attributes, phenolics are widely recog-
nized for their enhanced antioxidant, anti-inflammatory, health-promoting, and 
functional properties. More so, these compounds are generally responsible for the 
widespread variation in naturally derived food colors (Shahid and Mohammad 
2013). However, the commercial production of phenolic compounds from plants is 
still limited by some limitations such as the challenge of employing good manufac-
turing practice regulations to cultivated plants, uncertainties due to the use of pesti-
cide or herbicide deposits, and even other environmental contaminants (Kepekçi 
and Saygideger 2012). These challenges have sparked off a growing interest in 
using microalgae as a source of naturally derived phenolic compounds rather than 
vascular plants (Kepekçi and Saygideger 2012). Microalgae represent a promising 
source of phenolic compounds due to their ability to be cultivated in enclosed large- 
scale photobioreactors which reduces the risk of contamination and enhances the 
quality of the desired end product without the application of pesticides, herbicides, 
and toxic environmental pollutants. Harvesting and purification of the target com-
pound are also much easier for microalgae when compared to vascular plants. 
However, all microalgal classes may not be suitable for the production of naturally 
derived phenolic compounds as some of them can be hindered by (a) possible toxin 
production, (b) low growth rates and consequently low yields, (c) difficulties in 
cultivation of some microalgal species, and (d) wide variation in the content of tar-
get compound (Kepekçi and Saygideger 2012; Li et al. 2007). The phenolic com-
pounds often occur as simple phenols, tannins, lignin, phenolic acids, flavonoids, 
phenylpropanoids, and their derivatives. Generally, the safety, stability, and speci-
ficity of actions of these naturally sourced phenolic compounds still remain unclear 
(Carocho and Ferreira 2013), and hence they still do not have approved E codes 
(Table 3.2). Some examples of microalgae that have been previously investigated as 
potential sources of phenolic compounds are Arthrospira (Spirulina) platensis, 
Phaeodactylum tricornutum, Chlorella vulgaris, and Tetraselmis suecica (Batista 
et al. 2017). Among these species,  the total phenolic content of A. platensis was 
found to be highest and ranged between 19 and 50 mg gallic acid equivalent per g 
of dry biomass (Batista et al. 2017; Kepekçi and Saygideger 2012).

3.5  Chlorophylls

Chlorophylls are considered the most abundant and common natural pigment which 
are currently sought after as both food and pharmaceutical colorants and functional 
food supplements. Besides their green colorant functions, chlorophylls have been 
also implicated as chemopreventive agents against the onset of degenerative dis-
eases (Fernandes et al. 2007). Chemically, chlorophylls are porphyrin-containing 
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compounds with macrocyclic tetrapyrrole nucleus. The tetrapyrrole backbones 
coordinate a centrally positioned magnesium atom bonded to the nitrogen atoms of 
the pyrrole molecules (da Silva Ferreira and Sant’Anna 2017). The pyrrole rings are 
linked to each other via methyne bridges with the double bonds forming a closed, 
conjugated loop (Fernandes et  al. 2007). A long phytyl group derived from a 
20- carbon isoprenoid alcohol molecule (phytol) is attached as the side chain, which 
confers the entire chlorophyll molecule its hydrophobic behavior. On the other 
hand, the closed loop of the conjugated double bonds forms the chromophore 
imparting light absorption ability to the molecule.

All plants and algae have chlorophylls as their primary pigment because of their 
vital role in photosynthesis. Recently, the commercial production of chlorophyll as 
a natural colorant in food (Table 3.2), feed, pharmaceutical, and cosmetic industries 
has been gaining immense attention (Christaki et al. 2015). Microalgae, being pho-
tosynthetic organisms, accumulate large amounts of chlorophyll in their biomass. 
Chlorophyll found in microalgae can be divided into various subclasses such as 
chlorophylls a, b, c, d, and f, in which a and b are the only green pigment found in 
most vascular plants. Chlorophyll a is abundantly present in all photosynthetic 
organisms and represents the main light-harvesting pigment required for photosyn-
thesis to occur. Chlorophyll b (the second most abundant pigment) is distributed in 
all chlorophytes and their descendants and also in green plants, while chlorophyll c 
is only found in dinoflagellates, haptophytes, heterokonts, and cryptophytes 
(Table 3.1). Chlorophyll d is found in some red algae—rhodophytes (Schwartz and 
Lorenzo 1990), while chlorophyll f has been identified in certain cyanobacteria (da 
Silva Ferreira and Sant’Anna 2017). The different types of chlorophyll have been 
shown to slightly vary on the basis of their chemical structures, absorption spectra, 
and tonality (Christaki et al. 2015). Chlorophylls a and b are blue-green and brilliant 
green-colored pigments, respectively, whereas chlorophylls c, d, and f are somewhat 
of yellow-green, brilliant/forest green, and emerald green colors, respectively 
(Christaki et al. 2015). The major advantage of the commercial production of chlo-
rophylls from microalgae is that it can be readily extracted and is economically 
viable without the need for its overproduction (da Silva Ferreira and Sant’Anna 2017).

Due to this inherent ability, microalgal species such as Chlorella with high 
growth rates can accumulate a total chlorophyll content of more than 45 mg g−1 DW 
under optimal culture conditions and represent an attractive candidate for commer-
cial production (Christaki et  al. 2015). Due to freshwater limitation around the 
globe, marine microalgal species represent a much more sustainable and attractive 
option for the commercial production of chlorophyll. It is to be noted that the con-
tent of chlorophyll in microalgal biomass can significantly decrease under so-called 
stress (unfavorable) conditions, in contrast to other bioactive compounds such as 
carotenoids whose overproduction is induced under unfavorable growth conditions 
(Markou and Nerantzis 2013).
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4  Cultivation, Commercial-Scale Production, 
and Downstream Processing of Microalgal Pigments

Advances in the knowledge and improved awareness of the positive health benefits 
of naturally sourced pigments from microalgae have spurred the need for innovation 
in boosting their production. In order to meet the projected future demand of natu-
rally sourced colorants, there is great need for large-scale production systems that 
are not only highly efficient but also cost-effective. Nonetheless, based on the inher-
ent characteristics of each targeted pigment and its final application (purity) in the 
food industry, the choice of cultivation system may vary according to the type of 
microalgae and the targeted end product.

4.1  Current Cultivation Systems for the Production 
of Microalgae Pigments

Various configurations of different cultivation systems are currently employed for 
the large-scale production of multiple end products from microalgae. The choice of 
a particular cultivation system is only typically made after much consideration on 
the type of microalgae, its cultivation location, the type and use of the pigment, and, 
very importantly, the commercial value of the pigment. The cultivation systems cur-
rently employed for the production of useful metabolites by microalgae can be 
broadly classified into either open or closed systems (Nwoba et  al. 2019a). A 
detailed description of these different systems including their advantages and disad-
vantages and also their potential applications is summarized in Table 3.3.

4.2  Cultivation Modes for the Production of Microalgae 
Pigments

Microalgae are capable of growth and the production of pigments under three dif-
ferent metabolic modes which are, namely, heterotrophic, photoautotrophic, and 
mixotrophic nutrition in which the choice of growth mode may vary depending on 
prevailing environmental conditions for some microalgae. These metabolic abilities 
and diversity have given microalgae a significant edge over other microorganisms 
and higher plants as a viable source of natural pigments. The different metabolic 
modes can be exploited for pigments and other metabolite production through the 
optimization of culture conditions as summarized in Table 3.4.
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Table 3.3 Various types of systems used for cultivation of microalgae

Cultivation 
system Description Major characteristics

Natural 
waterbodies/
lakes/ponds

Natural lakes, lagoons, and other 
bodies of water that are exposed to 
direct solar illumination. They are 
enriched with nutrients and 
inoculated with the desired species 
of algae

They are very cheap, but productivity 
is usually very low because it is 
difficult to control culture conditions. 
Contamination is also a problem 
except for the growth of 
extremophiles. Mixing is usually by 
wind convection

Artificial ponds These include various types of 
ponds such as circular, raceway, and 
rectangular ponds. They can be 
constructed of concrete or simply 
lined with polythene to prevent 
leakage. Mixing is usually by 
paddles of different designs. 
Large-scale ponds are usually 
exposed, but small- to medium-scale 
cultures can be under transparent 
roofs. The depth depends on the 
strain and solar light intensity in the 
area but usually not more than 
30 cm

Productivity is usually higher than 
that of the natural bodies of water but 
much lower than that of closed 
photobioreactors. Contamination is 
also a problem. However, they are the 
most extensively used system for 
large-scale cultivation of microalgae, 
especially for the production of cell 
biomass and other high-volume, 
low-price products

Tubular 
photobioreactor

These are constructed of transparent 
tubes or glasses of various diameters 
and configurations, ranging from 
vertical, inclined, horizontal, and 
coils. Mixing is by air bubbling, but 
airlift systems are also very 
common. Illumination can be by 
solar irradiation, but indoor, tubular 
photobioreactors illuminated by 
LED, fluorescent lamps, halogen 
lamps, etc., are in use. LED lamps 
are now popular because of low 
energy consumption, low heat 
generation, longevity, and ease of 
control of the light wavelengths

The illumination surface-to-volume 
ratio is usually very high, and thus 
the productivity is much higher than 
that of ponds. The design can also be 
varied to maximize solar light 
interception, and the risk of 
contamination is lower. However, it is 
more expensive to construct and 
maintain. Cleaning of tubes can be 
technically challenging, and use of 
disposable tubes increases the 
production costs. They are suitable 
for small- to medium-scale 
production of relatively high-value 
products

(continued)
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Table 3.3 (continued)

Cultivation 
system Description Major characteristics

Flat plate 
photobioreactors

These are hexagonal vessels with 
very small light paths. They vary in 
width (light path), length, and 
heights. They can be vertical or 
inclined at various angles. They are 
usually installed in units, and the 
spacing and orientation depend on 
the desired light intensity, which in 
turn depends on the strain, the 
product, and the prevailing solar 
light intensity. The higher the 
reactors, the higher will be an area 
of productivity, but the more difficult 
it is to fix them and avoid falling. 
Mixing is usually by air bubbling, 
and the lid can be closed or open

They are simpler to construct than 
tubular photobioreactors, and 
comparable productivities can be 
achieved. Since they are usually in 
units, the operation costs are usually 
higher than that of tubular 
photobioreactors. They are also 
suitable for small- to medium-scale 
cultivation of microalgae

Vertical column 
photobioreactors

These are cylindrical vertical 
transparent or opaque vessels that 
are mixed by bubbling and 
occasional paddle mixing 
(depending on the diameters). The 
small diameter units are mixed just 
by air bubbling, while the larger 
diameter units are mixed by both 
bubbling and intermittent paddle 
mixing. For large-scale production, 
many units are installed and 
operated independently. In such a 
case, the spacing is optimized to 
minimize shading and maximize 
solar light interception. The culture 
depth depends on the species, the 
prevailing solar light intensity, and 
the product

They are simpler to construct than 
flat plates, but the operation costs and 
productivities are comparable for 
most products. Some of them are 
used for on-site aquaculture feed 
production

Internally 
illuminated 
photobioreactors

These are conventional heterotrophic 
bioreactors that are internally 
illuminated by optical fibers, LED 
lamps, or fluorescent lamps

The productivities are much higher 
than other photobioreactors because 
the culture conditions (illumination, 
pH, temperature, mixing, etc.) can be 
precisely controlled just like the 
conventional heterotrophic 
bioreactors. However, they are very 
expensive, and it is still technically 
difficult to construct and operate very 
large-scale internally illuminated 
photobioreactors. They are thus 
suitable for only small-scale 
production of high-value products

E. G. Nwoba et al.
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Table 3.4 Culture modes for pigment production by microalgae

Cultivation mode Description Characteristics References

Heterotrophic Cultivation of microalgae 
in the dark, using organic 
carbon as the carbon and 
energy source

High biomass concentration 
can be achieved using 
conventional bioreactors. It is 
easy to control culture 
conditions and maintain 
monocultures. However, it 
applies to only strains with 
heterotrophic metabolism. For 
most strains, chlorophyll 
development and pigment 
production are suppressed 
under heterotrophic condition

Hu et al. 
(2018), 
Ogbonna and 
Tanaka 
(1998), 
Ogbonna and 
McHenry 
(2015)

Photoautotrophic Cultivation of microalgae 
in light and the presence of 
inorganic carbon source but 
the absence of organic 
carbon source so that light 
is the energy source and 
inorganic carbon is used as 
a carbon source

Chlorophyll and pigment 
production is usually very 
high, but due to light 
limitation, the final biomass 
concentration is usually very 
low. Photobioreactors with 
good light supply (intensity 
and distribution) are required. 
Aside from open ponds which 
have contamination problems, 
it is technically challenging to 
construct efficient large-scale 
closed photobioreactors for 
phototrophy

Nwoba et al. 
(2019b)

(continued)
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Table 3.4 (continued)

Cultivation mode Description Characteristics References

Mixotrophic Cultivation of microalgae 
in the presence of light and 
inorganic and organic 
carbon sources so that both 
heterotrophic and 
photoautotrophic metabolic 
activities take place 
simultaneously

Very high cell concentration 
with relatively high chlorophyll 
and pigment contents can be 
achieved. In some strains, both 
heterotrophic and 
photoautotrophic metabolic 
activities take place 
simultaneously and 
independently so that the 
growth rates and the final cell 
concentrations in mixotrophic 
cultures are the sums of the 
values obtained in 
heterotrophic and 
photoautotrophic cultures. 
However, in some strains, 
either the photoautotrophic or 
heterotrophic metabolic 
activities are inhibited or 
reduced in mixotrophic 
cultures. Depending on the 
type of bioreactor used, 
contamination can be a 
problem

Rezić et al. 
(2013)

Sequential 
heterotrophic/
photoautotrophic 
cultures

This is a two-phase 
cultivation method 
whereby the cells are first 
cultivated heterotrophically 
to high cell concentration, 
and the culture condition is 
switched to the 
photoautotrophic mode 
when the organic carbon 
source is exhausted or by 
harvesting the cells and 
suspending in 
photoautotrophic medium 
and illuminating the culture

Each phase can be optimized 
independently so that high cell 
concentrations with high 
pigment concentrations can be 
achieved. Only cells with 
heterotrophic metabolism can 
be employed, and for 
large-scale processes, two 
reactors – the conventional 
bioreactor and an efficient 
photobioreactors – are required

Ogbonna 
et al. (1997), 
Hata et al. 
(2001)

(continued)
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4.3  Current Commercial Producers of Microalgae Pigments

Currently, there are multiple existing companies that are engaged in the commercial 
production of pigments from microalgae. Despite much research and pilot-scale 
evaluation of indoor microalgal cultivation systems for the production of pigments, 
almost all of the current commercial producers employ outdoor systems that utilize 
natural solar light for the production of pigments (Table 3.5). In addition, most of 
them have also inclined toward the use of open ponds as their choice of cultivation 
system, while a very few have employed the use of tubular photobioreactors for the 
production of certain pigments such as astaxanthin.

Table 3.4 (continued)

Cultivation mode Description Characteristics References

Sequential 
heterotrophic/
mixotrophic 
cultures

This is similar to sequential 
heterotrophic/
photoautotrophic cultures 
except that during the 
second phase, organic 
carbon is still present in the 
culture

The characteristics are similar 
to those of sequential 
heterotrophic/photoautotrophic 
cultures. However, since 
organic carbon is present in the 
second phase, contamination 
can be a problem. Relatively 
high cell concentration can be 
maintained in the second 
phase, but the cellular pigment 
concentrations are usually 
lower than that of the 
sequential heterotrophic/
photoautotrophic cultures

Bassi et al. 
(2014)

Cyclic 
heterotrophic/
photoautotrophic 
cultures

The cells are cultivated 
photoautotrophically 
during the day, but at night, 
a controlled amount of 
organic carbon source is 
added so that the cells grow 
heterotrophically

Night biomass loss which is 
usually experienced in outdoor 
photoautotrophic cultures is 
avoided, and cells grow 
continuously during the day 
and at night. Relatively high 
biomass and pigment 
concentrations can be achieved

Ogbonna and 
Tanaka 
(1998), 
Ogbonna 
et al. (2001), 
Mohsenpour 
and 
Willoughby 
(2013)

Cyclic 
mixotrophic/
heterotrophic 
cultures

This is outdoor 
mixotrophic cultivation of 
microalgae so that the cells 
grow mixotrophically 
during the day and 
heterotrophically during 
the night

Continuous cell growth during 
the day and night results in 
relatively high biomass 
concentration but pigment 
production is usually lower, 
and contamination can be a 
serious problem, depending on 
the type of photobioreactor 
used

Bouarab et al. 
(2004)
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Table 3.5 Commercial production of microalgae pigments

Company name Microalgae Product
Place/
country

Year of 
establishment

Production 
capacity (tons/
year)

Nutrex Hawaii Spirulina, 
Haematococcus 
pluvialis

Hawaiian 
spirulina, 
BioAstin 
Hawaiian 
astaxanthin

Kailua- 
Kona, 
Hawaii

1990 n.a.

Jingzhou 
Natural 
Astaxanthin Inc.

Haematococcus 
pluvialis

Astaxanthin 
powder 
(1.5–3.0%), 
natural 
astaxanthin 
oleoresin, 
natural 
astaxanthin 
softgel 
(5–10%)

China 2003 18

Algatech Haematococcus 
pluvialis, 
Phaeodactylum 
tricornutum, 
Porphyridium 
cruentum, 
Nannochloropsis 
sp.

AstaPure 
Astaxanthin, 
AstaPure 
Arava, 
FucoVital, 
Astaxanthin 
softgels, 
Astaxanthin 
beadlets

Israel, 
USA

1998 n.a.

Yaeyama 
Shokusan Co., 
Ltd.

Chlorella Midori-no- 
Sachi 
Chlorella 
tablet

Okinawa, 
Japan

1975 420

Fuji Chemicals 
Industry Co., 
Ltd.

Haematococcus 
pluvialis

AstaReal, 
AstaTrol

Japan, 
Sweden

1946 1.6

Hydrolina 
Biotech Pvt. 
Ltd.

Spirulina Vitalinaa- 
Spirulina 
capsules, 
tablets

Chennai, 
India

2003 n.a.

Mera 
Pharmaceuticals

Haematococcus 
pluvialis

Astaxanthin Hawaii, 
USA

1983 6.6

Nikken 
Sohonsha 
Corporation

Chlorella, 
Dunaliella

β-carotene 
capsules and 
tablets

Japan 1975 n.a.

Sun Chlorella Chlorella Chlorella 
tablets and 
drinks

Osaka, 
Japan

1969

(continued)
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4.4  Extraction and Further Downstream Processing/
Purification of the Pigments for Use as Food Colorants

The end application of microalgae pigments as a source of food colorant necessi-
tates their isolation and availability in their intact form with high purity for maxi-
mum performance. The first step of pigment extraction from microalgae consists of 
harvesting/dewatering the biomass produced. There are various methods that are 
currently employed for harvesting microalgae which may include centrifugation, 
sedimentation using various flocculating agents including chemicals like alum 
(Gerchman et al. 2017) and bioflocculants such as Moringa oleifera seeds (Ogbonna 
and Edeh 2018) and chitosan (Chen et al. 2015), floatation and filtration method, or 
even a combination of some of these different methods. The choice and relative 
advantages of these harvesting methods depend on the type of microalgae as well as 
the scale of production. Continuous centrifugation is widely used for large-scale 
outdoor cultures, while sedimentation and filtration techniques are preferred for 
relatively small-scale systems.

Post harvesting, the algal biomass needs to be dried to reduce its water content 
and to preserve and make cell disruption much easier (brittle). There are various 
drying methods currently in use for pigment production such as hot air-drying and 
lyophilization. Targeted pigments can be located in various different organelles 

Table 3.5 (continued)

Company name Microalgae Product
Place/
country

Year of 
establishment

Production 
capacity (tons/
year)

Far East 
Microalgae Ind. 
Co., Ltd.

Chlorella and 
Spirulina

Organic 
spirulina and 
chlorella 
tablets, 
dietary 
supplements, 
and 
aquaculture 
feeds

Taiwan 1967 Chlorella—1000, 
Spirulina—200

Beijing Gingko 
Group

Haematococcus 
pluvialis

Pure 
astaxanthin

China 1995 0.9

Stone Forest 
Astaxanthin 
Biotech Co., 
Ltd.

Haematococcus 
pluvialis

Pure 
astaxanthin

China n.a. 1.2

Yunnan Alphy 
Biotech Co., 
Ltd.

Haematococcus 
pluvialis

Pure 
astaxanthin

China n.a. 0.6

Yunnan SGYJ 
Biotech Co., 
Ltd.

Haematococcus 
pluvialis

Pure 
astaxanthin

China n.a. 0.4

n.a. information not available
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within algal cells; therefore, there is a need for efficient disruption or perforation of 
the cell walls for maximum extraction. The cell wall compositions of microalgae 
vary depending on its class, and thus the choice of disruption method according to 
its efficiency may vary according to the type of microalgae. Various mechanical and 
chemical methods including grinding, homogenization, ultrasound, or sonication 
(Hosikian et al. 2010) are used to break algal cell wall to facilitate solvent entry into 
the cell for pigment extraction. There are three basic criteria that must be taken into 
account in selecting a method for pigment extraction from microalgae. These con-
siderations include the cell wall composition of the desired microalgae, the location 
of the targeted pigment(s), and the structure (stability) of the pigments. The compo-
sition of the cell wall determines the choice of the disruption technique, while the 
location of the pigment dictates the steps necessary for rupturing both the external 
and organelle walls.

The solvents used for extraction depend on the nature of the pigments to be 
extracted. For example, a mixture of organic solvents such as methanol and dichlo-
roethane and N,N-hexane and ethanol is generally used to extract water-insoluble 
pigments such as astaxanthin. The choice of solvent for pigment extraction from 
microalgae is determined by the inherent ability of the solvent to dissolve and 
extract the pigment without interfering with the pigment structure and components 
(Soares et al. 2016). Any solvent selected for pigment extraction and purification 
must be able to isolate the target pigment with high efficiency and minimal impuri-
ties. It is therefore very pertinent to choose the right solvent(s) for each pigment of 
interest (Soares et al. 2016). The major requirements for solvents used for pigment 
extraction include non-toxicity, low cost, high efficiency in extracting the target pig-
ment, and the ease with which the solvent can be recovered after extraction.

Current methods used for pigment extraction can be either grouped into conven-
tional methods or non-conventional (electro-technological) methods (Table  3.6). 
Conventional methods involve the use of the individual or a combination of aqueous 
and organic solvents such as acetone, diethyl ether, ethanol, methanol, N,N-hexane, 
ethyl acetate, and chloroform for the extraction of pigments (Kumar et al. 2010). 
These solvents are used in various concentrations together with other treatment 
techniques such as saponification, repeated freezing and thawing, and heating. 
Aside from conventional solvents, supercritical fluid extraction (SFE) also repre-
sents a viable and efficient method for the extraction of various pigments. SFE 
excludes the need for organic solvent as it uses CO2 as an extraction solvent. SFE is 
preferred to organic solvent extraction because the extracted products are usually 
intact and no organic solvents are required. The extracts are usually in their pure 
form, so less additional processing steps are required. The extraction temperature 
can be reduced to avoid extract breakdown. It is important to note that none of the 
conventional extraction methods discussed above fulfills all the requirements of a 
good extraction method that should include efficiency, rapidity, environmental 
friendliness, cost-effectiveness, and recoverability. Thus, there is still significant 
room for improvement that can be potentially achieved through the use of noncon-
ventional procedures.

E. G. Nwoba et al.
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Table 3.6 Methods for pigment extraction from different species of microalgae

Microalgae Pigment Extraction method References

Haematococcus 
pluvialis

Astaxanthin Mix with dodecane for 48 h, saponify 
with 0.02 M NaOH, dissolve in MeOH, 
and leave to sediment in the dark at 4 °C 
for 12 h

Kang and 
Sim (2007)

Haematococcus 
pluvialis

Astaxanthin Supercritical fluid extraction at 69.85 °C 
and 550 bar

Machmudah 
et al. (2006)

Haematococcus 
pluvialis

Astaxanthin Digestion with 2 N HCl at 70 °C, 
followed by extraction with acetone for 
1 h

Sarada et al. 
(2006)

Chlorococcum sp. Astaxanthin Use of a mixture of MeOH/
dichloromethane in a ratio of 3:1, 
followed by saponification in darkness 
(50 mg NaOH in 100 ml MeOH) under 
110 MPa. It is then filtered using a 
0.45 μm filter

Ma and Chen 
(2001)

Dunaliella 
tertiolecta

Chlorophyll, 
β-carotene, 
fucoxanthin

Cold and hot soaking and ultrasound- 
assisted extraction, freeze-drying with 
acetone and ethanol

Pasquet et al. 
(2011)

Cylindrotheca 
closterium

Chlorophyll a 
and fucoxanthin

Since frustules present hinder solvent 
penetration, the biomass is irradiated for 
3–15 min at 25–100 W with stirring at 
56 °C before extraction

Pasquet et al. 
(2011)

Haematococcus 
pluvialis and 
Dunaliella salina

Astaxanthin and 
β-carotene

Solvent extraction, ultrasound-assisted 
extraction, microwave-assisted extraction, 
and supercritical fluid extraction

Saini and 
Keum (2018)

Desmodesmus sp. Lutein, 
β-carotene, 
zeaxanthin, 
trans-lutein, 
chlorophyll

Ultrasound-assisted extraction with 
hexane, acetone, hexane/ethanol/acetone 
10:6:7, and hexane/ethanol in various 
ratios. Extraction is done five times and 
concentrated with a rotary evaporator and 
dissolved in MeOH/dichloroethane 
mixture 1:1 (v/v), filtered and subjected 
to HPLC analysis

Soares et al. 
(2016)

Chlorella sp. Chlorophyll and 
carotenoids

Biomass is ground with glass powder, 
preheating solvent and boiling with 
solvents. Acetone cold or hot extraction 
at 50 °C under shaking and centrifugation

Ilavarasi 
et al. (2012)Acrochaete sp.

Phormidium 
chlorinum,
Jaaginema 
pseudgeminatum

Botryococcus 
braunii UTEX 
LB572

Chlorophyll and 
carotenoids

Grinding with mortar and pestle. 
Pretreatment with 99.95% CO2 rapidly, 
depressurization for 1 h at 21–49 °C and 
6–13 MPa, followed by SFE at 40 °C and 
30 MPa for 1 h

Uquiche 
et al. (2016)

(continued)
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Non-conventional methods are innovative techniques which combine electrical 
power with or without the use of solvents. Among these are the use of electro- 
technologically assisted extraction processes such as pulsed electric field (PEF). 
This method of extraction does not generate heat. Here, the material (microalgae 
biomass) from which pigments are to be extracted is kept between two electrodes 
either in batches or in a continuous treatment chamber. The substrates are then sub-
jected to a continual electric frequency that ranges from Hz to MHz with a strong 
electric field of about 0.1–80 kV cm−1 for less than a second. The pulses applied in 
PEF are either bi- or unipolar with exponential or square-shaped frequencies. The 
applied pulses create holes in the algal cell membranes and permit solvents to per-
meate into them. Controlling some of the parameters (intensity, strength, time) of 
the electric pulses applied can regulate the size of the holes on the cell membrane 
which may result in selective extraction of the pigment of interest (Töpfl 2006). 
Other electric-assisted extraction technologies include the use of a moderate electric 
field, high voltage electric discharges, supercritical and subcritical fluid extraction, 
pressurized liquid extraction, microwave-assisted extraction, ultrasound-assisted 
extraction, and high-pressure homogenization (Poojary et al. 2016). These upcom-
ing technologies are fast (extraction can be completed within a short period) and 

Table 3.6 (continued)

Microalgae Pigment Extraction method References

Chlorella vulgaris Lutein Saponification with 10 M KOH and 2.5% 
ascorbic acid; incubate at 60 °C for 
10 min at cool to room temperature, and 
extract with dichloromethane. Purify with 
a mixture of ethanol/water/
dichloromethane or ethanol/water/
hexane; washing with 30% aqueous 
ethanol removed water-soluble impurities

Li et al. 
(2002)

Haematococcus 
pluvialis

Astaxanthin Dried biomass treated with 4 M HCl at 
70 °C for 2 min, washed twice in 
deionized water, centrifuged and 
extracted with acetone by ultrasonication 
under ice for 20 min, or stepwise 
extraction with MeOH and acetone: 
ultrasonic extraction with 1 ml MeOH 
under ice, followed by 1 ml acetone 
extraction without light or soy oil 
extraction in which dried biomass is 
mixed with soy oil and agitated at room 
temperature for 2 h. It is filtered through 
a 0.22 μm cellulose filter

Dong et al. 
(2014)

Chlorococcum sp. Astaxanthin Saponification and organic solvent 
extraction to obtain crude astaxanthin

Li and Chen 
(2001)

Nannochloropsis 
gaditana

Chlorophyll and 
carotenoids

Acetone, ethanol, and methanol, freezing 
and thawing with liquid N2 and in fridge 
at 60 °C, use of ultrasound-assisted 
extraction at 250 Hz

Henriques 
et al. (2007)

E. G. Nwoba et al.
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may potentially eliminate the need of expensive solvents. Furthermore, since little 
or no solvents are used, a very little solvent is discarded into the environment. Thus, 
they are environmentally friendly. Most of these electro-technologies are very effi-
cient, and therefore most of the target pigments can be extracted from the substrate. 
Furthermore, some of these methods can selectively target and isolate the pigment 
of interest with less impurity.

Post extraction, the crude pigment extracts often contain a mixture of different 
components that can consist of pigments, other metabolites, cell debris, and cellular 
components such as proteins and DNA, depending on the methods used for extrac-
tion, as well as residual solvents used in the extraction. The extracted pigments must 
therefore be separated and subjected to further purification steps before being for-
mulated into desired end products. The choice of method and degree of purification 
highly depends on the intended use of the pigment. After extraction, rotary evapora-
tors are typically used for evaporating the extraction solvent and concentrating the 
extracted pigment samples. Further separation and purification can be achieved by 
either filtration using membrane filter with different pore sizes, scanning electron 
photomicroscopy, reverse-phase high-performance liquid chromatography (HPLC), 
or photodiode array detector (Hosikian et al. 2010). The purified pigments are then 
formulated into powder, tablets, capsules, or even syrups. There are various meth-
ods used for pigment purification. These methods can either be used individually or 
in combinations based on the nature of the pigment, the type of contaminants, as 
well as the intended use. The first step in the purification of pigment extracts con-
taining both fat-soluble pigments such as β-carotene and water-soluble pigments 
such as anthocyanin as impurities is to separate them using a biphasic system con-
sisting of water-ethanol-dichloromethane at different ratios. Water-soluble impuri-
ties can be removed by washing in 30% aqueous ethanol, while fat-soluble impurities 
can be washed off through hexane extraction. This method has been shown to be 
successful for the recovery of lutein of about 90–98% purity (Li et  al. 2002). 
Chromatographic separation methods are the most widely used method of pigment 
purification. The separation is based on the differences in the equilibrium distribu-
tion of the pigments and the contaminants and between the mobile and the station-
ary phases. For laboratory purifications (small scale), paper chromatography and 
thin-layer chromatographies (TLC) are used. For example, chlorophylls and carot-
enoids can be separated by first evaporating the extract using nitrogen gas and sub-
sequently dissolving it in methanol/water/NH3 solvent in the ratio of 90:10:0.0012 
before separating it using a silica-based gel high-performance TLC (Tokarek 
et al. 2016).

Different chromatographic methods are commonly used for the large-scale puri-
fication of microalgae pigments. Adsorption chromatography involves the use of 
column packing materials that have great binding affinity to the targeted pigments 
which are selectively adsorbed to the column, while undesired contaminants are 
washed out using the mobile phase. The pigments are then eluted in pure form from 
the packing materials. In the case of ion-exchange chromatography, the column 
packing material is charged, and the relative adsorption of the pigment depends on 
the type and strength of their charge. This method is useful for the strong positively 
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or negatively charged pigments. In such cases, negatively charged column packing 
materials are used for positively charged pigments, while positively charged pack-
ing materials are used for negatively charged pigments. Although anthocyanins are 
positively charged, most microalgae pigments such as carotenes and chlorophylls 
typically do not have a net electrical charge. Thus, the application of ion-exchange 
chromatography for purification of microalgae pigments is restricted. However, 
protein-based pigments such as B-phycoerythrin and R-phycoerythrin could be 
purified by relative ease through ion-exchange chromatography (Román et  al. 
2002). Size exclusion chromatography is commonly used when the molecular size 
of the pigment is different from those of the contaminants. Components with small 
molecular sizes enter the pores of the packing materials and thus have long resi-
dence time, while components with large molecular sizes are excluded from the 
pores of the packing material by virtue of their physical size and are carried along 
with the mobile phase so that they are eluted first. Affinity chromatography is 
another method widely used when the pigments or the contaminants have a high 
affinity for some specific ligands. By using ligands for which the pigments have 
high affinity, the pigments are retained on the column packing material (ligand), 
while all remaining contaminants are eluted. The retained pigments are later selec-
tively eluted from the column using various buffered solutions containing the cho-
sen ligands. Preparative high-speed countercurrent chromatography (HSCCC) with 
biphasic solvent system is an upcoming method that utilizes a mixed solution of 
n-hexane-ethanol-water in the ratio of 10:9:1 v/v for the purification of crude extract 
of canthaxanthin to a purity level of about 98.7% (Li et al. 2006). The same HSCCC 
with two-phase solvent system comprising n-hexane-ethyl acetate-ethanol-water in 
the ratio of 8:2:7:3 v/v has also been used to purify zeaxanthin to a purity level of 
up to 96.2% (Chen et  al. 2005). Some protein pigments such as phycoerythrin 
require several subsequent purification steps even after the application of an initial 
chromatography method in order to obtain high-purity end products. For instance, 
the purification of crude extracts of phycoerythrin typically involves three distin-
guished chromatographic steps. Firstly, the crude extract of phycoerythrin is con-
centrated through ammonium sulfate precipitation. The concentrated pigment 
solution is then loaded onto a hydroxyapatite column and eluted with 100 mM phos-
phate buffer. The eluted fraction may have a purity ratio of about A565/A280 = 6.75. 
The collected fraction is subsequently loaded onto Q-sepharose column that purifies 
it to A565/A280 = 15.48 purity ratio. The third and final purification stage is done 
using a Sephacryl S-200 HR resin, and the resulting phycoerythrin has a purity ratio 
of A565/A280 = 17.3 (Pumas et al. 2012). Other chromatographic techniques such as 
ion-exchange column can also be used in the purification of phycoerythrin. 
B-phycoerythrin represents another protein-based pigment that requires several 
stages of purification. For example, after obtaining a crude extract through osmotic 
shock, ultrafiltration is employed as the initial purification step for B-phycoerythrin. 
An additional purification using SOURCE 15Q exchange column is done, and the 
resulting B-phycoerythrin purity ratio was A545/A280 of 5.1 (Tang et al. 2016). Open 
column chromatography (OCC) is another valuable form of chromatography that 
can be optimized for the fractionating of pigments for purification and identification 
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purpose. The obtained fractions are usually confirmed by HPLC and then subjected 
to nuclear magnetic resonance (NMR) for structural elucidation (HPLC-NMR). For 
instance, Sivathanu and Palaniswamy (2012) used OCC to separate crude carot-
enoid pigments extracted from Chlorococcum humicola before subjecting the frac-
tions to HPLC and NMR analysis for structural elucidation. Expanded bed 
adsorption (EBA) chromatography can also be used for phycoerythrin purification 
using dimethylaminoethyl cellulose (DEAE-c) as the resin. Bermejo et al. (2003) 
used EBA to purify crude phycoerythrin extracted from Porphyridium cruentum. 
The unbound contaminating proteins were washed with 50 mM acetic acid-sodium 
acetate buffer. The target protein (phycoerythrin) bound to the column was eluted 
with 250  mM acetic acid-sodium acetate buffer. Overall, chromatographic tech-
niques are indispensable tools in pigment purification.

5  Factors Affecting the Production of Pigments 
in Microalgae

The inherent composition and physicochemical properties of microalgae are directly 
subjected to the growth and environmental conditions of which the algae is grown 
(Benavente-Valdés et al. 2016). Currently, there are two viable options in improving 
the yield of pigments in microalgae cells which can either involve the (a) manipula-
tion of the growth/physical conditions of the microalgae cultures or (b) the altera-
tion of metabolic pathways responsible for the production of pigments (Lamers 
et al. 2010; Mulders et al. 2014; Beer et al. 2009; Benavente-Valdés et al. 2016). The 
first option which is often termed as “stress conditions” typically involves drastic 
changes to the natural growth conditions of microalgae cultures that can either 
include (a) the use of subsaturation light conditions which have been shown to 
increase the concentration of primary pigments or (b) the application of unfavorable 
growth conditions (stress) to cultures for the increase of secondary pigments such as 
temperature, salinity, irradiance, salinity, and nutrient availability (Rao et al. 2007; 
Ördög et al. 2012; Benavente-Valdés et al. 2016).

5.1  Cultivation Condition

The type of cultivation can significantly impact the characteristics and composition 
of the desired microalgae. In general, most microalgae are autotrophic organisms 
which require light as a source of energy to fix inorganic carbon. Nevertheless, there 
are some species (heterotrophs) that are capable of exploiting organic sources of 
carbon as an energy and nutrient source for cell growth and development (Benavente- 
Valdés et al. 2016). An increase in the concentration of organic carbon under hetero-
trophic growth conditions has been found to favor the biosynthesis of secondary 

3 Microalgal Pigments: A Source of Natural Food Colors



110

pigments in certain microalgae (Chen et al. 2009; Mojaat et al. 2008). In terms of 
direct comparison between the different cultivation conditions, photoautotrophic 
induction was found to be more efficient over heterotrophic induction methods for 
the production of astaxanthin in Haematococcus pluvialis (Kang et al. 2005).

5.2  Nutrient Limitation and Starvation

Nitrogen is a vital element for the survival of microalgae cells as it forms the major 
building blocks of protein and nucleic acids while also being essential for cellular 
division and growth (Benavente-Valdés et al. 2016). Algae cultures grown in the 
absence of nitrogen are typically under nitrogen starvation, while culture subjected 
to a low concentration of nitrogen are termed as nitrogen-limited (Bona et al. 2014). 
Changes in the concentration of nitrogen in the growth medium during the cultiva-
tion of microalgae can visibly affect a range of cellular metabolic activities. Cells 
grown under nitrogen limitation conditions are restricted in growth and generally 
respond by converting nitrogen-rich non-lipid cellular components into nitrogen for 
the formation of lipids (Benavente-Valdés et al. 2016). Under nitrogen-limiting con-
ditions, photosynthesis of marine microalgae is negatively affected due to a decrease 
in chlorophyll content, while non-photosynthetic pigments such as carotenoids are 
found to increase (Berges et al. 1996; Benavente-Valdés et al. 2016). Chlorophylls 
are nitrogen-rich molecules that are generally degraded and serve as a nitrogen 
source to fuel further growth and biomass formation of cells under nitrogen-depleted 
conditions (Li et al. 2008). Despite its adverse effect on chlorophyll, a significant 
increase in carotenoids is observed for cells grown under nitrogen-limiting condi-
tions (Fábregas et al. 1998; Benavente-Valdés et al. 2016). For example, nitrogen 
deficiency has been shown to be more efficient in increasing the astaxanthin content 
of Haematococcus pluvialis cultures than the increase brought forward by the 
changes in light irradiance (Fábregas et al. 1998).

Phosphorus represents another essential nutrient that can significantly impact the 
growth of microalgae through its key role in various metabolic processes such as 
respiration, cell division, and photosynthesis (Qu et al. 2008; John and Flynn 2000; 
Chen and Chen 2006). Phosphorus limitation has been observed to significantly 
limit the growth of microalgae while generally not affecting the content of primary 
pigments such as chlorophyll in algae cells (Kozłowska-Szerenos and Zieliński 
2000; Kozłowska-Szerenos et al. 2004). In addition, the enhanced supplementation 
of other nutrients such as iron has also been shown to improve the synthesis of 
astaxanthin and β-carotene in microalgae (Cai et al. 2009; Mojaat et al. 2008).

E. G. Nwoba et al.



111

5.3  Light Irradiance and Spectral Composition

Light (quantity and quality) is by far the main limiting factor affecting concentra-
tion of photosynthetic pigments in algae cells due to its direct impact on photosyn-
thesis (Benavente-Valdés et  al. 2016; Vadiveloo et  al. 2016). In general, light 
irradiance has been inversely correlated with the cellular chlorophyll content of 
most green algae (Begum et al. 2016; Danesi et al. 2004; Vadiveloo et al. 2015). 
Microalgae cells grown under suboptimal or photo-limiting light irradiance have 
been shown to significantly increase the cellular concentration of primary pigments 
(photosystems) such as chlorophyll a (Begum et  al. 2016; Chauhan and Pathak 
2010; Danesi et al. 2004; Dubinsky and Stambler 2009). Such a response (photoac-
climation) is typically brought forward by the algae cells as a mechanism to improve 
the efficiency of light absorption under these limiting conditions and has been typi-
cally observed in most microalgae (Nwoba et al. 2019a). Irradiance has been also 
shown to affect the accumulation of secondary pigments in algal cells; however, this 
response has only been typically observed in certain green microalgae (Chlorophytes) 
(Hejazi et al. 2004; Seyfabadi et al. 2011). In terms of photo-protective accessory 
pigments such as β-carotene and astaxanthin, high irradiance levels have been 
shown to significantly increase the concentration of these pigments (Fábregas et al. 
1998; Hejazi et al. 2004). Oxidative stress brought forward by high irradiance is 
responsible for the enhanced production of secondary pigments (astaxanthin and 
β-carotene) for the protection of cells against oxidative damage (Ip and Chen 2005). 
On the contrary, low irradiance has been found to favor the production of accessory 
pigment such as phycobiliproteins in cyanobacteria (Grossman et al. 1995). It is 
important to note that quantity of light available to algae cells can be visibly affected 
by other confounding factors such as culture density, mixing regime, and shading 
which can result in the variation of pigment content in algal cells.

In addition, the spectral composition (color/wavelength) of incident light can 
also bring forward a significant change in the concentration of chlorophyll in algae 
cells by potentially acting as a photomorphogenic signal (Vadiveloo et  al. 2017; 
Kagawa and Suetsugu 2007). Algal cultures subjected to wavelengths of light that 
are not efficiently absorbed by chlorophyll molecules (e.g., green and orange) have 
been shown to increase the cellular concentration of primary pigments (Vadiveloo 
et al. 2015; Vadiveloo et al. 2016). In terms of accessory pigments such as phyco-
biliproteins, either red or blue light has been reported to enhance its production in 
various cyanobacteria (Rodríguez et al. 1991). Other changes in light quality such 
as the effect of flashing light have also been found to significantly increase the pro-
duction (at least fourfold) of secondary pigments in algal cells when compared to 
cultures grown in continuous light (Fábregas et al. 2001; Kim et al. 2006). Long- 
term adaptation of algae cultures under the absence of light (dark) can also signifi-
cantly affect pigment composition (e.g., fucoxanthin, diatoxanthin, and 
diadinoxanthin) especially in diatoms (Veuger and van Oevelen 2011). The combi-
nation of ultraviolet radiation (UV-A) together with visible light (400–700 nm) has 
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been reported to enhance the accumulation of carotenoids in algae cells when com-
pared to cultures only subjected to visible light (Mogedas et al. 2009).

Overall, the quantity and quality of light are seen to affect the content of pig-
ments in algal cells; however, most of these studies have only been performed in 
laboratory scales and might represent an expensive option for application during the 
mass outdoor cultivation of microalgae due to the need of additional artificial light-
ing based on the climatic condition of a locality.

5.4  Salinity

Changes in salinity or “salt stress” can be responsible for a wide range of bioener-
getics and biochemical changes in microalgae through its effect on osmosis (excess 
concentration Na+ and Cl− ions) (Benavente-Valdés et al. 2016). In terms of pigment 
production, an increase in salinity above the tolerance threshold of microalgae cells 
is typically shown to increase the concentration of secondary pigments such as 
carotenoids while decreasing chlorophyll content (Ben-Amotz and Avron 1992; 
Wegmann 1986).

Freshwater microalgae such as Chlorella sp., Haematococcus sp., and 
Scenedesmus sp. have all been documented to significantly increase the content of 
their accessory pigments (e.g., astaxanthin and canthaxanthin) when grown under 
different saline conditions (Kobayashi et al. 1997; Li et al. 2009; Benavente-Valdés 
et  al. 2016). Nonetheless, it is important to note that the continuous increase in 
salinity has been shown to negatively impact the growth of these microalgae species 
due to the imbalance in ion homeostasis, changes in osmotic pressure, and also the 
accumulation of reactive oxygen which ultimately results in programmed cell death 
(Affenzeller et al. 2009). Changes in salinity have also been observed to alter the 
pigment composition of marine microalgae. For example, the halotolerant green 
microalgae Dunaliella salina is reported to grow best at the optimum salinity range 
between 18 and 22% of NaCl (Borowitzka et  al. 1984). However, the optimum 
salinity for the production of carotenoids has been highlighted to be above 27% 
NaCl, resulting in the accumulation of up to 14% of β-carotene over its biomass 
(Borowitzka et  al. 1984). Nonetheless, Ishika et  al. (2017) reported that halo- 
adaptation influenced fucoxanthin production in diatoms in which fucoxanthin con-
tent of diatoms has been found to be highest at their optimum salinities.

5.5  Temperature

Temperature is vital element responsible for the survival of all living organisms as 
it directly affects various metabolic pathways and the biochemical composition of 
cells (Fon Sing et  al. 2011). The optimum growth temperature and tolerance of 
microalgae or the production of pigments generally vary according to individual 
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species (Richmond 1986). For example, 25 °C, 35 °C, and 36 °C are reported to be 
the optimum temperature for the production of phycobiliproteins from Spirulina 
platensis, Anabaena sp., and Nostoc sp., respectively (Moreno et al. 1995). Overall, 
an increase in culture temperature has been shown to favor the accumulation of 
secondary carotenoids such as lutein and β-carotene (García-González et al. 2005). 
Nonetheless, any further increase in temperature above the tolerance threshold of a 
particular species can be detrimental as it can significantly reduce biomass produc-
tivity and result in the death of cells (Guedes et al. 2011).

5.6  pH

The pH of the inherent culture medium can also influence the pigment composition 
of microalgae. Microalgae are typically shown to produce maximum concentration 
of pigments at optimum pH which is species-specific, e.g., halophilic green micro-
algae Dunaliella salina produce β-carotene at pH 7.5 (García-González et al. 2005), 
green microalgae Scenedesmus almeriensis produce high amount of carotenoids at 
pH 8, whereas at pH 7 the production of carotenoids is highest in Chlorococcum 
citriforme and Neospongiococcus gelatinosum (Del Campo et al. 2000).

5.7  Two-Stage Cultivation

In most situations, an increase in the concentrations of pigments (primary and sec-
ondary) of microalgae cells is typically only achieved at the expense of growth and 
biomass formation. This outcome is highly unfavorable for the commercial produc-
tion of algal biomass in which high-density cultures are required to improve produc-
tion efficiency and its economics (Benavente-Valdés et al. 2016). As such, two-stage 
algae cultivation systems which involve the cultivation of the microalgae under two 
distinct different growth conditions (e.g., nutrients, temperature, salinity, and light) 
are preferred for the production of valuable pigments from microalgae.

Two-stage cultivation systems generally consist of high growth and biomass for-
mation first phase, followed by a subsequent pigment induction phase that occurs 
separately. Such systems have been employed for improving the production yield of 
high-value compounds in microalgae cells. For example, the commercial produc-
tion of astaxanthin from the green alga Haematococcus is typically carried out in 
two distinct stages which involves an initial phase consisting of the production of 
fast-growing and healthy green biomass under near-optimal growth conditions, fol-
lowed by a second reddening phase in which astaxanthin accumulation is induced 
under environmental and nutrient stress conditions (Lorenz and Cysewski 2000).

Other strategies that are currently employed in two-stage cultivation systems for 
enhancing the accumulation of high-value products in microalgae cells can either 

3 Microalgal Pigments: A Source of Natural Food Colors



114

include the combination and optimization of phototrophic, heterotrophic, or mixo-
trophic growth condition (Yen and Chang 2013; Ogbonna et al. 1997).

5.8  Metabolic Engineering

As highlighted earlier, the other prominent approach that can be exploited to 
improve the pigment content of microalgae is through the regulation of cellular 
metabolic pathways that can either be brought forward by (a) the up- or downregu-
lation of enzymes responsible for the biosynthesis of pigments or (b) the formation 
of a metabolic sink (Mulders et al. 2014). Up- and downregulation of enzymes that 
catalyze the biosynthesis of pigments can specifically allow for the increase of the 
desired end pigment through the manipulation of the respective pigment metabolic 
activity (Mulders et  al. 2014). In an ideal situation, this would only involve the 
overexpressing of enzymes that are directly responsible for the end production of 
the targeted pigment without affecting the concentration of other metabolites 
(Rosenberg et al. 2008). In addition, such approaches could also be exploited for the 
simultaneous increase of multiple pigment production such as chlorophylls and 
carotenoids (Estévez et al. 2001; Mulders et al. 2014). Nonetheless, in most situa-
tions, the end production of various metabolites is not generally governed by a sin-
gle enzyme but shared by multiple enzymes (Kacser 1995). Thus, it is most likely 
that the overexpression of multiple enzymes is required to bring forward an increase 
in the production of an individual or group of pigments (Mulders et  al. 2014). 
Downregulation of enzyme activity through the addition of enzyme inhibitors and 
gene knockout strategies can also contribute to the increased production of pig-
ments (Mulders et al. 2014). Much different to upregulation strategies, downregula-
tion involves the reduction of flux toward undesired side branches or end products. 
For example, an improved flux of the enzyme activity can be redirected to the for-
mation of the desired pigment by blocking side pathways that result in the formation 
of undesired metabolites or pigments (Mulders et al. 2014). The major challenge 
associated with the overproduction of pigments is the storage and transport of these 
pigments within the photosynthetic apparatus which is absent in most microalgae 
species (Mulders et al. 2014). The use of specific enzymes has been proposed to 
introduce extra storage space outside of the photosystem and efficient transport of 
the pigment molecules (Mulders et al. 2014). In general, drastic changes to growth 
conditions (e.g., high light and salinity) have been typically observed to only 
increase the production of secondary carotenoids (e.g., β-carotene and astaxanthin). 
For the overproduction of other pigments found in microalgae, the use of metabolic 
engineering procedures such as the modification of enzyme expression seems to be 
promising. Nonetheless, the understanding behind the working mechanisms is lim-
ited, resulting in the end procedure being unpredictable. Further research and addi-
tional toolboxes are still required to improve current metabolic engineering 
procedures in microalgae, especially for pigment production.
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5.9  Bioprospecting of New Strains

Currently, there are only a limited number of microalgae strains that have been com-
mercially exploited for the production of pigments. Thus, there is significant room 
for further improvement through the screening and identification of new strains that 
are not only robust with high growth characteristics but also able to produce high 
concentrations of the targeted end products (Richmond 2000). Such screening and 
bioprospecting procedures must be comprehensive and exploit the physiological 
characteristics or physical properties of algae strains that can minimize or circum-
vent some of the core problems that are currently associated with the production of 
pigments from microalgae (Barclay and Apt 2013).

6  Conclusion

The significant increase in the preference and demand for natural colorants over 
synthetic ones by consumers necessitates the development and exploitation of avail-
able natural resources. Microalgae are ideal biofactories that clearly show potential 
to meet the demand for the production of food colorants as they are able to accumu-
late a wide range of pigments at high concentration coupled with their inherent fast 
growth rates. Commercial-scale pigment production from microalgae is currently a 
reality, although limited to a few microalgal species. Haematococcus pluvialis for 
astaxanthin, Dunaliella salina for β-carotene, Chlorella vulgaris for chlorophyll, 
and Arthrospira platensis for c-phycocyanin represent viable large-scale produc-
tions. The diversity and richness of pigment distribution in microalgae enhance its 
prospects for the development of other nonconventional colorants. Nonetheless, 
there are still some bottlenecks such as economic constraints and low technology 
readiness level that must be overcome and addressed before realizing its true poten-
tial. As such, the exploitation of microalgae for the production of natural colorants 
is highly favorable as it can increase profitability, it provides additional health ben-
efits, and, most importantly, it can overcome sustainability challenges.
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Chapter 4
Algal Biotechnology: A Sustainable Route 
for Omega-3 Fatty Acid Production

B. S. Dhanya, Gandhi Sowmiya, J. Jeslin, Munusamy Chamundeeswari, 
and Madan L. Verma

Abstract The production of algal bioactive compounds, in particular, to omega-3 
fatty acids, has been gaining increased attention, especially in nutraceuticals and 
aquaculture industries. Recently, marine algae have been regarded as a good source 
for producing polyunsaturated fatty acids (PUFAs). Algal cells vary in cell size, 
shape, cell wall structure, and characteristics; thus, it necessitates exploring various 
extraction methods for efficient recovery of such bioactive compounds. Effective 
recovery of omega-3 fatty acids from the microbial cells is subjected to the types of 
extraction and combination of various methods (mechanical disruption plus chemi-
cals) employed in the process. Patent application related to microalgae ω-3’s rich 
product is also discussed. The present chapter critically discussed about the biologi-
cal techniques and their combinations used for the extraction of the ω-3 fatty acids.
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1  Introduction

Commercially and economically important bioproducts such as fatty acids, vita-
mins, and carotenoids can be synthesized using viable microalgae, a remarkable 
bio-organism with much gained attention worldwide (Verma et al. 2019a). The mul-
tiplicity effect of secondary metabolites produced by the microalgae such as antitu-
mor, antifungal, antiviral, antimalarial, anti-inflammatory, antioxidant, antibacterial, 
and the presence of additional nutrients proves it to be the reasonably efficient 
research and development product in biopharma companies (Verma and Chandel 
2019; Kumar et al. 2019; Verma et al. 2019b). Microalgae have the capacity to con-
vert atmospheric carbon dioxide into valuable biomolecules such as lipids and car-
bohydrates that acts as a precious source in pharma companies (Thakur et al. 2019). 
Commercial use of microalgae faces several limitations, and it is quite challenging 
for upgrading to various technological methods (Alam and Wang, 2019).

The diverse microalgae in the environment renders a viable source for the pro-
duction of economically highly valuable compounds, namely, fatty acids, antioxi-
dative agents, polymers, pigments, as well as enzymes. Omega-3 fatty acids and 
carotenoid pigments serve as a highly valuable source among the other metabolites 
extracted from the microalgae (Markou and Nerantzis 2013). The 20-carbon back-
bone of long-chain polyunsaturated fatty acid has a number of desaturated double 
bonds that can be grouped as ω-3 or omega-6 fatty acids based on the double bond 
position from the methyl group end. The ω-3 fatty acids such as docosahexaenoic 
acid and eicosapentaenoic acid are the crucial components that are required for 
children and newborn babies for the effective maintenance of immune system 
(Voigt et al. 2000; Calder 2003). The therapeutic effects of ω-3 in diet can be used 
to treat cardiovascular disorders, metabolic disorders, obesity, and eczema (Navarro 
et al. 2000; Das 2002; Nugent 2004). The ω-3 fatty acid is the instinctively available 
polyunsaturated fatty acid (PUFA) that includes α-linolenic acid (ALA), eicosapen-
taenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid 
(DHA) (Gupta et al. 2012). These fatty acids possess a great biomedical value in 
various disease treatments such as ventricular fibrillation, Alzheimer’s disorder, and 
also in certain cancer treatments. It acts as an antithrombolytic agent and anti- 
inflammatory agent and is found to reduce the triglyceride deposit in the human 
body. Since it is an essential fatty acid, it can only be obtained through diet (Wen 
and Chen 2003; Ren et al. 2010; Xie et al. 2015). Traditionally, marine organisms 
serve as the major source for the commercial production of omega-3 fatty acid. The 
declination in the resources induces the exploration of microalgae for the increased 
omega-3 fatty acid production. The product differs by its type in terms of bever-
ages, nutrient-enriched (fortified) food, neonate, as well as pet animal food 
(Credence Research 2016).

The market volume shares of ω-3 fatty acid and its necessity in 2025 are given in 
Fig.4.1. The future insight predicts the need for the large-scale production of ω-3 
fatty acid. However, the yield is less with the traditional method of production from 
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the oil extracted from fish and plants. The higher yield is obtained from the oil 
extracted from the microbes which is given in Fig. 4.2.

The present chapter discusses the production, extraction, and purification of 
omega-3 fatty acids with specific importance given to the newly emerged produc-
tion using metabolic engineering.

2  Omega-3 Fatty Acid Extraction from Microalgae

2.1  Omega-3 Fatty Acids

Omega-3 fatty acids are polyunsaturated fatty acids with double bonds between 
third and fourth carbon atom which is important for the growth of eukaryotes 
(Ward and Singh 2005). Docosahexaenoic acid (DHA, 22:6) and eicosapentaenoic 
acid (EPA, 20:5) are nutritionally important omega-3 fatty acids. Both types of 
omega-3 fatty acids are proved to have many health-related benefits, specifically in 
controlling heart-based ailments such as stroke, arrhythmia, and hypertension 
(Liang et al. 2012). In addition to this, omega-3 fatty acids offer remedy to other 
health-related ailments such as rheumatoid arthritis, depression, and asthma 
(Schacky and Harris 2007).

Docosahexaenoic acid, a structural lipid, commonly found in the retina and brain 
is an acknowledged defense molecule, having a pivotal participation in minimizing 
the inflammation and reducing the formation of reactive oxygen species. 
Eicosapentaenoic acid, a fatty acid with long chain, is involved in managing 

Fig. 4.1 Market share volume of ω-3 fatty acid in different industries and future perspective. 
(Adapted from Finco et al. 2016)
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 heart- related ailments (Winwood 2013). The structure of docosahexaenoic acid and 
eicosapentaenoic acid is shown in Fig. 4.3.

Microalgae have the capacity to produce docosahexaenoic and eicosapentaenoic 
acid, and it can survive in different culture conditions such as mixotrophic, autotro-
phic, or heterotrophic (Li et al. 2009). Microalgae that are heterotrophic in nature 
are an important source of docosahexaenoic acid (Van tol et al. 2009). About 26.7% 
DHA + EPA, 28% EPA, 45.1% DHA + EPA, 21.4% EPA, 27.7% DHA + EPA, 28% 
DHA + EPA, 23.4% EPA, 22.03% DHA + EPA, 39.9% EPA, 36% DHA + EPA, and 
41.5% DHA  +  EPA are produced by Nannochloropsis sp. (Hu and Gao 2003), 
Nannochloropsis salina (Van Wagenen et  al. 2012), Thraustochytrium sp. (Scott 
et al. 2011), Dunaliella salina (Bhosale et al. 2010), Pavlova lutheri (Carvalho and 
Malcata 2005), Isochrysis galbana (Yago et al. 2010), Nannochloropsis oceanica 
(Patil and Gogate 2015), Pinguiococcus pyrenoidosus (Sang et al. 2012), Chlorella 
minutissima (Yongmanitchai and Ward 1991), Pavlova viridis (Hu et al. 2008a, b), 
and Pavlova lutheri (Guiheneuf et al. 2009), respectively.

Fig. 4.2 Omega-3 fatty acid production and yield from different sources. (Adapted from 
Finco et al. 2016)
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2.2  Extraction

During upstream processing, from the incubated agar plate, with the help of loop, 
about 30 mL culture is inoculated and incubated in a shaker at 18 °C for 4 days at 
100  rpm. Further inoculation is done in a 95 ml culture for another consecutive 
4  days. Carbon and nitrogen sources are the requirements during fermentation 
(Burja et  al. 2006). The factors such as dissolved oxygen, pH, temperature, 
 salinity, and light influence the omega-3 fatty acid production during fed batch pro-
cess. Low temperatures favor the fatty acid production (Winwood 2013). In down-
stream processing, cell harvesting is executed using centrifugation process at 
4500 rpm. Other than centrifugation, flocculation or filtration can also be used for 
harvesting (Ward and Singh 2005). After harvesting, extraction steps are followed. 
While extracting omega-3 fatty acids, it is necessary to switch off the oxidation 
process that may lead to rancidity. Figure 4.4 depicts the flow chart of extraction and 
purification of omega-3 fatty acid. The common extraction methods for omega-3 
fatty acids are as follows:

• Mechanical pressing aided solvent extraction method.
• Supercritical fluid extraction.

Omega-3 fatty acids are found more in polar-based lipids—phospholipids and 
glycolipids, and so, nonpolar solvents are ineffective in the extraction process 
(Ryckebosch et al. 2012). Before extracting the oil, mechanical pressing is done. 
During pressing, the friction between the raw material and the expeller press 
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Fig. 4.3 Structure of (a) eicosapentaenoic acid and (b) docosahexaenoic acid
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 generates heat which may be more than 120 F. A caged barrel-modeled cavity is 
present where the seeds are pressed for oil. The expeller press consists of an inlet 
where the algae are passed and an outlet where the pressed product is released. For 
compressing the algae, constant pressure and frictional force are applied. The 
appearance of algae is green in color with long fibers, and it is hard for these fibers 
to move through the screw; and hence, water is passed through the caged barrel 
(wetting the biomass) for easy passing. Through the small openings, the oil seeps 

Fig. 4.4 Steps involved in omega-3 fatty acid production
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and all the pressed algal biomass remains as cake after pressing, and hence, it must 
be removed from the expeller. While pressing, heat is generated and it ranges from 
140 to 210 °F. At the final step, the oil is removed. For small-scale purposes, Bligh 
and Dyer method is used for extracting lipids (Bligh and Dyer 1959). In this method, 
methanol/chloroform solvent mixture is used for disrupting cell and extracting lip-
ids. However, for large-scale purpose, hexane is applied as a solvent.

Extracting ω-3 fatty acids from food contents is applicable using the semicon-
tinuous solvent extraction method that helps in attaining maximum isolation. 
Soxhlet extraction is the most commonly used semicontinuous method. Other than 
using organic liquids as solvent, supercritical carbon dioxide can be used for extrac-
tion since its usage is economically and environmentally feasible with seldom 
access to organic solvents. Supercritical fluid is a composite form of gas and liquid 
properties, and it exists above a critical temperature when heat is applied to the pres-
surized carbon dioxide. Supercritical fluid property of gas paves the way for its 
entry into the sample for proper extraction of large amount of omega-3 fatty acids. 
Supercritical carbon dioxide fluid can be mixed with the sample to be analyzed in a 
pressurized chamber with applied high amount of heat and results in extraction of 
omega-3 fatty acids.

For the extraction of microalgal compound and essential oils and decaffeination 
process, supercritical fluid extraction method is applied (Gil-Chavez et al. 2013). 
Supercritical fluid extraction put back the usage of solvent extraction, which 
involves the compounds to be separated at high temperature and pressure (Mercer 
and Armenta 2011). The density of supercritical fluid is the same as that of the fluids 
and the viscosity of supercritical fluid is similar to that of the gas. The major advan-
tage of the supercritical fluid when compared to the conventional solvent extraction 
method lies in the time duration taken for extraction. For supercritical fluid extrac-
tion, the time consumed is less due to increased pressure applied that pushes the 
supercritical liquid to enter into the algal cells, enhancing the mass transfer effect. 
The diffusion rate of supercritical fluid and gas is the same. Further, extraction is 
purely selective and targetable in supercritical fluid extraction than the conventional 
solvent extraction method. Supercritical carbon dioxide is advantageous since it is 
chemically inert, safe, low cost, and nontoxic with apt pressure and temperature 
(Daintree et al. 2008). Involvement of chemical is nil in supercritical fluid extrac-
tion. In addition to this, the need of co-solvent is seldom important during the sepa-
ration of extracted compounds from the solvent because of the gaseous nature of 
carbon dioxide. Carbon dioxide-rich flue gas acts as a low-cost source of carbon 
dioxide. Pressure and temperature control is necessary for execution of supercritical 
fluid extraction method. High cost of operation and increased infrastructure are 
required for supercritical fluid extraction method to work effectively.
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2.3  Purification

To enhance the shelf-life, quality, and quantity of PUFA, processes such as deodor-
ization, antioxidant addition, filtration, polishing, and bleaching must be done addi-
tionally. Purification steps include degumming, refining, bleaching, and deodorizing. 
The techniques used for purification include molecular/fractional distillation, 
molecular sieve technique, PUFA transformation/transesterification, urea complex-
ation/fractionation, high-pressure liquid chromatography, and lipase-assisted 
method (Winwood 2013).

In relation to the structure of a molecule, the polyunsaturated fatty acids are iso-
lated, and this is represented as fractionation process called urea complexation. 
Improvization of clarity, color, and odor is necessary before the final usage of the 
extracted omega-3 fatty acids. By subjecting it to chemical refining process, impuri-
ties such as phosphatides, trace metals, monoacylglycerol, free fatty acids, pig-
ments, sterols, diacylglycerols, and waxes are removed. Caustic soda is used to 
remove the free fatty acid by undergoing saponification process, where the free fatty 
acid is removed as soap. The generated soap is removed by aqueous washing; con-
sequently, physical separation of water and drying is done. Drying process removes 
the dissolved oxygen present (Winwood 2013).

Degumming, a process in which water is required to remove sterols and phos-
phatids, is performed after the neutralization process. Adding activated carbon or 
absorbent clay removes the pigments, trace metals, and other oxidation products. 
After removal, the added activated carbon is removed by normal filtration process. 
Especially, the unsaturated fatty acids can be removed from the total lipids by a 
method known as winterization or fractional (molecular) distillation, and the satu-
rated lipids can be precipitated by oil temperature. Subsequently, dewaxing step/
winterization process is performed to remove the wax, specifically triacylglycerols 
with saturated fatty acids. Dewaxing step provides clarity to the oil. The type of 
microalgal strain, the end product usage, and its physical nature such as cell wall 
properties and size determine the efficiency of extraction and harvesting techniques. 
Chilling is followed for the formation of wax crystals; further, centrifugation/filtra-
tion is done to remove the wax crystals. Deodorizing is done by passing the winter-
ized oil to deodorizer/steam cleaner. Additional impurities can be removed by 
producing high-pressure steam and then cooling finally (Winwood 2013).

3  ω-3 Production in Microalgae

The stress environmental condition leads to the accumulation of lipids and carbohy-
drates in microalgae, thereby enabling the organism to withstand the adverse condi-
tion. In general, the oil content in microalgae is about 10–50%, and the total lipid 
content lies between 30 and 70% of its dry weight. The energy stockpile of micro-
algae, i.e., the accumulated fatty acids, favors it to adapt the undesired condition or 
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to aid in the cell division process. The ω-3 is accumulated because of the excessive 
energy content and also by the necessary flow characteristics that are needed for the 
cellular functions (Tiez and Zeiger 2010; Cohen et al. 2000). Some of the higher 
ω-3-accumulating microalgae genera are Schizochytrium, Phaeodactylum, 
Thraustochytrium, and Nannochloropsis (Burja et al. 2006; Zhu et al. 2007) that are 
generally found to accumulate high percentage of docosahexaenoic acid and eicosa-
pentaenoic acid. This high accumulating DHA and EPA are successfully commer-
cialized by the production process in the optimal medium containing optimized 
carbon and nitrogen source as well as in the optimized external pH and temperature 
(Griffiths and Harrison 2009). For example, the high oil yielding Schizochytrium sp. 
growth in the optimized environmental condition accumulated higher DHA mole-
cules with higher cell density (Ward and Singh 2005).

3.1  ω-3 Induction in the Autotrophic Microalgae

The growth condition in which the microalgae have grown highly influences the 
lipid accumulation. The microalgal lipid content can be enhanced by the instanta-
neous changes in their growth condition. Starch and lipid accumulated by the micro-
algae are the stress survival molecules that act as the growth-limiting agents during 
higher growth induction. The growth-inducing environmental condition includes a 
light source for the photosynthesis process, temperature change, UV irradiation, 
and nutrient stress (Singh et al. 2002; de Castro and Garcia 2005). These environ-
mental conditions enhance the lipid accumulation up to two- to threefolds. For 
example, the microalga diatom Phaeodactylum tricornutum is induced to enhance 
its total lipid content to 81.2 mg/g with increased cell dry weight of about 168.5 mg/g 
by the changes in the growth-limiting factors. This lipid accumulation can also be 
enhanced by the addition of any trace elements or other nutrient supplements as 
well as by anaerobic sulfur depletion (Timmins et al. 2009).

The ω-3 induction can be induced by different environmental conditions likely 
salinity changes, UV irradiation, as well as lesser temperature. For instance, the 
EPA production by Pavlova lutheri is found to be enhanced to 30.3  M  % from 
20.3 M % by the changes in the growth temperature to 15 °C (Adarme-Vega et al. 
2012). The flow properties of fatty acids that would maintain the cellular fluidity at 
lower temperature aid in the enhanced induction of these polyunsaturated fatty 
acids. The PUFA induction can also be influenced by the changes in the salinity 
during microalgal growth. For example, the presence of 9 g/L NaCl in the growth 
medium of Crypthecodinium cohnii ATCC 30556 results in the increased DHA con-
tent of about 56.9%. Similarly in Phaeodactylum tricornutum, the EPA accumula-
tion is increased to 19.84% by UV irradiation (Liang et  al. 2006). The PUFAs 
consist of the number of double bonds that would act as the antioxidant agent by 
eliminating free radicals.
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4  Improved ω-3 Production by Metabolic Engineering

Metabolic engineering is the promising approach that helps in the induction of 
enhanced ω-3  in the microalgae apart from the environmental stress provided 
(Schuhmann et al. 2012). The biosynthesis of fatty acids in the microalgae has been 
less investigated, and the key enzymes involved in the fatty acid production are 
analyzed from the plant metabolism. The significant enzymes that influence the 
fatty acid induction is recognized from the C. reinhardtii (model organism), 
Thalassiosira pseudonana, Phaeodactylum tricornutum, and Ostreococcus tauri 
(Tonon et al. 2005; Xu et al. 2009; Wagner et al. 2010).

The de novo synthesis of fatty acids is found to occur in the chloroplast following 
acetyl-CoA carboxylation and condensation to give malonyl-CoA. The long-chain 
fatty acids are extended by the presence of the substrate called malonyl-ACP by the 
elongation process. Further, in the endoplasmic reticulum, these long-chain fatty 
acids are converted to triacylglycerol (TAG) by the influence of glycerol-3- phosphate 
by the presence of a metabolic intermediary, phosphatidic acid (Hu et al. 2008). 
Fatty acid biosynthesis has been shown in Fig. 4.5.

Several works are carried out to induce higher ω-3 in the plants and fungus by the 
regulation of Δ5, Δ6, and Δ12 desaturase enzymes. Research works have been initi-
ated for the higher ω-3 induction in microalgae by the metabolic manipulation of 
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significant enzymes. The higher expression of major enzymes elongases and desatu-
rases through cisgenic strategies helps in the higher accumulation of DHA and 
EPA. The involvement of stress-responsive promoters in place of any constitutive 
promoters would prevent the routine cellular growth and function interference.

Furthermore, overcoming the PUFA degradation can also result in the enhance-
ment of accumulation of ω-3 fatty acids. The desaturase enzymes are responsible 
for the formation of double bonds within the fatty acids before its degradation. 
Therefore, any changes in these enzymes would also hinder the higher fatty acid 
accumulation (Adarme-Vega et al. 2012).

5  Improved ω-3 Production from Microalgae

Microalgae, the potential organism for the enhanced production of high-value prod-
ucts, can be further modified for the increased production of bioproducts to meet the 
commercial need. One of the strategies is to induce a stress environment (such as 
low nitrogen and high saline condition) for the growth and development of microal-
gae, thereby critically altering or increasing the level of bioproduct such as the ω-3 
production. The omics technology paves way to the efficient development of 
increased production by regulating gene and stress environment by means of genetic 
engineering techniques. Due to the depletion in the marine fish stocks for the pro-
duction of ω-3 fatty acids, the cultivation of microalgae such as Schizochytrium sp. 
and Crypthecodinium cohnii commercially leads to the efficient production of DHA 
and certain marine microorganisms such as Phaeodactylum sp., Nannochloropsis 
sp., and Nitzschia spp. for the commercial formulation of EPA (Harwood and 
Guschina 2009). The large-scale industrial production of these fatty acids is highly 
technologically challenging and expensive to meet the global market.

The technological issues at the industrial production level of ω-3 fatty acids are 
meet by enhancing the acyl-CoA-dependent desaturase involvement in the pro-
duction process (Venegas-Caleron et al. 2010). There are several studies carried 
out to use acyl-CoA-dependent ∆6 desaturase and metabolically engineer this 
enzyme in higher plants for the improved production of long-chain PUFA 
(Sayanova et al. 2012). However, ∆6 desaturation forms the rate-limiting step in 
the fatty acid production.

The alternative approach in the enhanced production of these fatty acids turns 
towards the genetic engineering of microalgae for the sustainable production of 
ω-3. For the commercial production of ω-3 fatty acid, Phaeodactylum tricornutum, 
is formerly recognized as a primary source for the higher yield of EPA.  Genes 
encoding ∆5 and ∆6 desaturases have been successfully cloned for the enhanced 
EPA production. These microsomal enzymes are found to be contributing much in 
the fatty acid synthetic pathway for the sufficient production of ω-6 as well as ω-3 
fatty acids, while DHA is synthesized from the EPA elongation by the enzyme 
called ∆5 elongase to form docosapentaenoic acid, which is then converted to EPA 
by the enzyme ∆6 desaturases (Arao and Yamada, 1994; Domergue et al. 2002). 
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Table 4.1 describes the varying production of PUFA from different microalgal spe-
cies which can be further enhanced by genetic manipulation of the genes responsi-
ble for the efficient fatty acid production.

Generally, microalgae consist of a special arsenal that when genetically modified 
would result in the enhanced PUFA production. The overexpression of acyl-CoA 
D6 desaturase enzyme in P. tricornutum resulted in the slight increase in the DHA 
and EPA production. This confirms that this enzyme does not have any substantial 
effects in omega-3 fatty acid production, whereas the overexpression of this enzyme 
along with the C20 D5 elongase enzyme in the genetically modified P. tricornutum 
resulted in the increased DHA accumulation up to 8 times than the wild type, but 
subsequently reduced the EPA accumulation (Hamilton et al. 2014). The EPA accu-
mulation is increased by the expression of D5 desaturase gene (PtD5b) in the prior 
organism (Peng et al. 2014).

Table 4.1 PUFA production from different commercially available and genetically engineered 
microalgae

PUFA Microalgae
PUFA/L 
(%) References

DGLA (dihomo- 
g-linolenic acid)

Lobosphaera incisa 
(genetically engineered)

21 Abu-Ghosh et al. (2015)

AA (arachidonic 
acid)

Khawkinea quartana 
SAG 1204-9

34.3 Lang et al. (2011), Tababa et al. 
(2012)

Palmodictyon varium 
SAG 3.92

73.8

Parietochloris incisa 44
Rhabdomonas incurva 
SAG 1271–8

41.3

EPA 
(eicosapentaenoic 
acid)

Nannochloropsis oculata 
strains

19 Olofsson et al. (2014), 
Ryckebosch et al. (2014)

Nannochloropsis salina 23.6 Bellou and Aggelis (2012), 
Ryckebosch et al. (2014), 
Selvakumar and Umadevi (2014), 
Guiheneuf and Stengel (2015)

Porphyridium cruentum 3.6
Porphyridium purpureum 15.8
Tetraselmis gracilis 14

DHA 
(docosahexaenoic 
acid)

Aurantiochytrium 
limacinum

48.5 Li et al. (2015), Gong et al. 
(2015), Ling et al. (2015)

Aurantiochytrium sp. 35
Crypthecodinium cohnii 25
Phaeodactylum 
tricornutum (genetically 
engineered)

12 Makri et al. (2011), Liu et al. 
(2014), Patil and Gogate (2015), 
Ling et al. (2015)

Prorocentrum triestinum 
S2

20.4

Schizochytrium 
limacinum SR21

19.1

Schizochytrium sp. 39.6
Thraustochytriidae sp. 36.9
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6  Patent Application Related to Microalgae Omega-3’s Rich 
Product

The patents related to microalgae can be categorized into three as follows:

 (a) Patents based on microalgae strains such as Chlamydomonas, Botryococcus, 
and Spirulina and wild and genetically modified strains (engineered microor-
ganisms, nucleic acid sequence, and biosynthetic pathway).

 (b) Patents based on microalgae cultivation (photobioreactor, raceway, and heter-
otrophy) and extraction.

 (c) Patents based on microalgae products and its applications as biodiesel, phar-
maceutical composition, food feed and nutrition, cosmetic, and fatty acids.

The patent dataset segmentation is done based on the above categorized patterns, 
and it remains as the taxonomic first level. To construct a map, IPCs are used. The 
concepts are taken from the UK applications (from 1979), the PCT applications 
(from middle 2001), CN utility models, the US applications (15th March, 2001), FR 
applications, documents for WO (before 2000), the full official text in English of the 
EP applications (without euro-PCT from 1988), CN applications, documents for EP 
(before 1980s), and the issued US patents (1971–2000). The whole text consists of 
nominal phrases, and they are converted to standard rules and syntax. At last, each 
concept is arranged based on the field and the location where it happens. The con-
cepts are the outcome of patent-related semantic contents.

The concept map is constructed in four steps: clustering, dimension, reduction, 
and drawing. Vector model is drawn. The concept map consists of clusters which are 
theoretically patents. Each cluster is designated with varied colors. The main page 
is filled with clusters which are further differentiated into families containing the 
concepts. The family title is visible if the cursor is pointed toward it. Each family 
represents three concepts. Distance and proportionality are followed keenly for bet-
ter position of points. The constructed map is similar to topographic map. Main 
concepts are mentioned in a circular fashion and collocated into clusters, repre-
sented as shades of different intensity. The place (country and place) where the 
application is filed is known as office of first filing (OFF). After the initial applica-
tion, the office of second filling (OSF) analysis is done within the families where the 
patent is protected. First filing shows the place where the technology evolved, and 
the second filing is related to the indirect market analysis, market location, and 
product development location. Table 4.2 represents the patents related to the pro-
duction of omega-3 fatty acids from microalgae. The top-ten patent filing countries 
are shown in pie chart in Fig. 4.6.
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Table 4.2 Patents on omega-3 fatty acids from microalgae

SI. 
no. Patent title

Country 
of 
origin

Application 
claimed Year Microalgae used Patent no.

1 Production of 
omega-3 fatty 
acids from 
Pythium species

USA Production of 
eicosapentaenoic 
acid

2014 Pythium sp. Of 
alga

13/788,372

2 Transgenic 
microalgae with 
increased 
production of at 
least one omega-3 
long-chain 
polyunsaturated 
fatty acid

USA Enhancing the 
production of 
omega-3 fatty 
acids by using 
genetically 
modified 
microalgae

2018 Transgenic 
microalgae

0312888A1

3 Photoautotrophic 
growth of 
microalgae for 
omega-3 fatty acid 
production

USA Microalgae 
Cultivation method 
(photoautotrophic) 
to produce 
omega-3 fatty 
acids

2013 Chlorophyta, 
Thalassiosira sp., 
Chaetoceros sp., 
Prymnesiophyta

8,603,488B2

4 Production of 
omega-3 fatty 
acids from crude 
glycerol

USA Producing 
omega-3 fatty acid 
from microalgae 
using the substrate 
crude glycerol

2014 Schizochytrium 
sp., 
Phaeodactylum 
sp., 
Thraustochytrid 
sp., Ulkenia sp., 
Labyrinthulea sp.

015361

5 Production of 
omega-3 fatty 
acids in microflora 
of 
Thraustochytriales 
using modified 
media

EPO Process of 
fermenting 
Thraustochythales

2007 Ulkenia, 
Thraustochytrium, 
Schizochytrium

2084290A1

6 Eicosapentaenoic 
acid containing oil 
and methods for 
its production

USA Eicosapentaenoic 
acid production 
process

1996 Diatoms 5,567,732

7 Method of 
increasing 
omega-3 
polyunsaturated 
fatty acids 
production in 
microalgae

EPO Modification of 
microalgae for 
better production 
of EPA

2017 Recombinant 
microalgae

061347
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7  Future Direction

Industrially and commercially, microalgae are important sources of health-related 
compounds. High selectivity, more efficiency, less extraction time, and minimum 
solvent usage make the nonconventional extraction methods effective than the tra-
ditional extraction methods. The cellular structure of microalgae and efficiency of 
extraction are interrelated. Microwave-assisted extraction method and ultrasound- 
assisted extraction methods are good in terms of fast extraction, and pressurized 
liquid extraction is good in terms of using very minimal solvent for extraction. Each 
technique has specific temperatures, and some specific temperatures will affect the 
carotenoids and degrade it since those carotenoids are thermolabile in nature. To 
overcome the disadvantages of nonconventional techniques, optimization is a better 
option. Cost reduction, minimizing the use of multiple instruments, and increasing 
yield are required, and they can be met by optimization. Most of the trials related in 
minimizing the cost are done at pilot level. Viability of all the techniques should be 
studied for its commercial success. Research developments are required to use 
carotenoids in the field of pharmaceutical, feed/food supplement, nutraceutical, and 
cosmeceuticals.

Life cycle analysis is done on raceway pond production and tubular reactor pro-
duction. The analysis is related to the environmental rating of algae-based products. 
Among the two types of mass culturing, the raceway pond cultivation utilizes less 
energy and emits no greenhouse gas. Hence, the raceway method is environmentally 
sustainable. Using the energy and greenhouse gas balanced raceway method, EPA 
and DHA are extracted from Nannochloropsis and Isochrysis. Green labeling is 
done and nutrient starvation argument is effective as a marketing tool. Environmental 

Patent applications

USA China Japan Germany

Republic of Korea France UK Switzerland

Sweden Netherlands

Fig. 4.6 Top 10 countries on patent filing—2019
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appraisal is less for production in tubular photobioreactor since high amount of 
resource is utilized and it is expensive. Artificial lighting is required for biomass 
production. With the aid of genetic manipulation techniques, the production cost 
can be minimized by 50% with increased PUFA and carotenoid by 50–200%.

Upcoming technologies can be categorized into two: closed and open systems. 
However, closed type is preferred since there will be minimum risk of contamina-
tion in the algal culture. Yielding high amount of products and its sustainability are 
the challenges to be considered in the future.

8  Conclusion

Industrial applications of microalgae is widely recognized. Utilizing microalgae for 
manufacturing is quite valuable and practicable. The carbon dioxide and water are 
converted into biologically active components such as fatty acids and carotenoids in 
the presence of sunlight. Barriers exist in mass production of microalgae in terms of 
less efficiency of photosynthetic activity and productivity and the capacity of varied 
product lines. Sustainability is important for a production system.

Synthetic biology and systems biology are applied in finding solutions to many 
of the drawbacks pronounced. These novel approaches have the potential to develop 
photosynthetic cell factories efficiently. However, the availability of algal genome 
database and the advancement of recombinant DNA technology empower new spe-
cies of algae to be designed and engineered. Such engineered algal species act as an 
effective tool to produce value-added products. Additionally, omics technology also 
leads to designing data-driven strain development. Innovation is a prerequisite for 
well-advanced production of powerful therapeutic compounds.

Microalgae act as a transparent cellular factory for various biomolecules, and it 
is considered as a global initiative to achieve sustainable agriculture, sustainable 
industry, and ecological economics. For large-scale manufacturing, the time con-
sumed must be minimized with maximum production of bioactive compounds. 
Most of the algae available provided the status GRAS. This status runs in the utility 
of microalgae as a powerful cellular factory, thus generating large amount of useful 
compounds. Hence, microalgae rule industrially and commercially. Advancing to 
the gene-editing technologies such as CRISPR/Cas9, they are placed out of the 
GMO regulation cover, and no barriers exist in introducing such type of 
technologies.

If the end product composition is altered using genetic modification process, 
then the GRAS status is not valid. Microalgae gain high status commercially in the 
field of generating biofuels since they are of high demand than the biofuels derived 
from plants, thereby not utilizing fertile land. In a closed system of photobioreactor, 
genetically modified strains of microalgae can be grown, and this is an added advan-
tage of microalgae. Further, open land is utilized for cultivating algae, and so, it is 
important to be noted while transgenic plants are used. Advantages in using micro-
algae are high with generation of value-added compounds, having application in 
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various fields—nutritionally and pharmaceutically, making microalgae the most 
suitable entrant in developing cellular factories.

For last few decades, significance of biologically active compound extraction 
from microalgae has gained wide attention industrially and academically. The active 
compounds are located inside the microalgal cells, and its extraction is challenging. 
Also, some type of microalgae consists of thick cell walls, and its disruption needs 
hard treatment, and this hard treatment may affect the compounds to be extracted 
and also cause impurities in the extracted biomolecules. Mass cultivation at large- 
scale and compound extraction is quite challenging too. Innovative microalgal cul-
tivation techniques, high quality, and efficient strain selection are needed to achieve 
high compound recovery that paves the way for a futuristic algal development-based 
industry.
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Chapter 5
Microalgae in Human Health 
and Medicine

Sajid Basheer, Shuhao Huo, Feifei Zhu, Jingya Qian, Ling Xu, Fengjie Cui, 
and Bin Zou

Abstract Microalgae contain various components those that have shown a great 
potential to be used for human health and medicine. The therapeutic properties of 
microalgae exhibit vast range of applications like cardiovascular health, anticancer, 
anti-inflammatory, anticoagulant, antiviral, antibacterial, antifungal, and others in 
human medicinal products. Microalgal components are used to enhance immune 
system and to reduce blood cholesterol and are effective against hypercholesterol-
emia. Microalgae contain effective components that can remove harmful elements 
from the human body and have properties of antitumor, stomach ulcer, and wound 
healing. The extract of microalgae enhances blood hemoglobin concentration and 
decrease blood sugar level. Some microalgal species are extensively used to form 
analgesic, broncholytic, and antihypertensive medicines. Large quantities of bioac-
tive components obtained from microalgae have strong beneficial properties which 
reduce the production of inflammatory compounds, effective against muscle degra-
dation. Microalgal bioactive components play a potential role in disease-inhibiting 
and health-promoting medicines like capsules, tablets, powders, and gels. This arti-
cle also reviews the health risks regarding microalgae intake.

Keywords Microalgae · Medicine · Bioactive compounds · Human health

1  Introduction

In history, human has been dependent on microalgae to obtain nutrients. Documents 
proved that in China 2000 years ago Nostoc had been consumed by human and in 
other countries as well (Ciferri 1983). Microalgae use simple compounds present in 
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their environment to make complex compounds like carbohydrate, lipid, proteins, 
and other secondary metabolites of medicinal value (Hochman and Zilberman 2014). 
Some beneficial bioproducts are obtained from microalgae including antioxidant, 
natural dyes, polysaccharides, bioactive and functional pigments, eicosapentaenoic 
acid (EPA), and docosahexaenoic acid (DHA). Production of microalgae at com-
mercial level has begun 50 years ago. In the 1960s, Japan presented the first com-
mercial production of microalgae by producing Chlorella (Varfolomeev and 
Wasserman 2011). Microalgae contain several molecules, those that have shown 
potential important nutrients in human health. Micronutrients, polysaccharides, lip-
ids, and proteins are among those molecules (Alam and Wang 2019). Microalgae 
have suggested nutritional supplements to meet nutritional requirements for the 
world population because of the unique composition. Adequate and balanced nutri-
ents are required to be provided to the increasing human population worldwide for 
the better health and to avoid diseases; microalgae contain wide range of compo-
nents, and it exhibits health benefits for human and can be utilized in pharmaceutical 
industry (Bishop and Zubeck 2012).

Minerals in microalgae are more bioavailable due to the lack of oxalate, phos-
phorus, and calcium contents that are similar to milk. Iron is provided to vegetarians 
by cereals. Moreover, the microalgae contain more iron than cereals. The nonexis-
tence of oxalate and phytate made the absorption of phosphorus and calcium higher. 
For vegetarians, Spirulina is a better source of the minerals. All of these attributes 
made microalgae an important source of micro and macronutrients which are help-
ful to eliminate malnutrition to the mass of population that have not enough food to 
eat or to the people having physiological complications due to unusual food behav-
ior (Nazih and Bard 2018). One of the main causes of death in the world is cardio-
vascular diseases. Atherosclerosis causes heart failure, coronary heart disease, 
peripheral artery disease, and stroke. Diabetes, hyperlipidemia, and hypertension 
are the major reasons of atherosclerosis. Many results showed that the risk factors 
can be reduced by microalgae; additionally, special composition of fatty acids may 
also inhibit these health problems (He et al. 2004). Microalgae contain functional 
ingredients which can optimize human health and prevent humans from chronic 
disorder (Smit 2004). Microalgae contain long-chain polyunsaturated fatty acids 
with omega 3 and 6 that are beneficial for cardiac and neurological development 
which support the human body against heart disease, cancer, hypertension, and cho-
lesterol problem (Mata et al. 2010).

Microalgae similar to seaweed provide major elements (phosphorus, calcium, 
sodium, magnesium, sulfur, nitrogen) and other trace elements (zinc, manganese, 
iodine, copper, cobalt, selenium, and cobalt) along with the production of essential 
amino acids. Due to the source of nutritive components, it is demanded to be pro-
duced at larger scale to obtain huge quantities of those beneficial components 
(Kumari et al. 2010). Microalgae are the promising microorganisms that can pro-
vide valuable ingredients and bioactive nutrients important for human health which 
can be utilized in medicine production (Smit 2004). Nutrient deficiency is a world-
wide problem; by taking one table spoon of edible microalgae per day, it can elimi-
nate nutrient deficiency. The oral intake of microalgae regulates human body 
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functions including respiratory, hormonal, immune, and nervous system (Chew and 
Park 2004; Kau et al. 2011). Due to its anti-inflammatory activity, microalgae are 
effective in wound and burn healing. Microalgae are effective in human health and 
well-being by providing solution to many serious conditions such as cardiovascular 
system and cognitive decline (Lordan et al. 2011; Riediger et al. 2009).

Microalgae contain various components that have shown a great potential to be 
used for human health. These bioactive components have been utilized in medicine 
and pharmaceutical products along with other applications. It exhibits vast range of 
applications like nutritional ingredient, high-value food, cardiovascular health, anti-
oxidant, anticancer, anti-inflammatory, antimicrobial, anti-aging and skin protective 
and other medicinal properties. For instance, Spirulina is used to enhance immune 
system and to reduce cholesterol. Sulfated polysaccharides of Spirulina also have 
antiviral properties. There is a compound in Chlorella named β-1,3-glucan which 
lowers lipid in blood and stimulates immune system. In addition, it is effective in 
removing harmful elements from the human body, and it has properties of antitumor 
and stomach ulcer healing. Previously, it was reported that the extract of Chlorella 
enhances blood hemoglobin concentration and decreases blood sugar level. Oxidized 
carotenoids of Dunaliella salina have anticancer properties. Some microalgal spe-
cies are extensively used to form analgesic, broncholytic, and antihypertensive 
medicines. Large quantities of astaxanthin obtained from Haematococcus have 
strong antioxidant properties which reduce the production of inflammatory ele-
ments, are effective against muscle degradation, and protect from oxidative stress. 
Tablets made by dry Dunaliella comprise of β-carotene which is precursor of vita-
min A. Microalgal bioactive components play an important role in disease- inhibiting 
and health-promoting products. In this chapter, the importance of microalgae in 
human health and its utilization in pharmaceutical industry are summarized.

2  Commercial Production of Microalgae

Microalgal proteins are getting more interest in human health, although better nutri-
tion and characteristics of microalgae to obtain biomass at large scale by cultivating 
it in conventional open ponds continue to be a challenge (Draaisma et al. 2013). In 
the 1960s, Japan firstly started cultivating Chlorella species at industrial scale for 
human consumption, as algae was proposed to be the solution to world food require-
ments (Burlew 1953). In the 1980s, production of microalgae was started in Asia, 
Australia, Israel, India, and the USA (Enzing et al. 2014). Recent advancement in 
technology made it possible to get high-valued nutrients from microalgae by mak-
ing developments in culture systems and improvements on biotechnology of micro-
algae to obtain nutrients like fatty acids, polyhydroxyalkanoates, phycobilins, 
carotenoids, polysaccharides, and sterols (Borowitzka 2013).

Microalgal biomass is a plenteous protein source in quality and quantity; it 
is comparable with traditional protein sources like fish, egg, and soybean, mak-
ing microalgae a better source of natural protein (Batista et al. 2013; Graziani 

5 Microalgae in Human Health and Medicine



152

et al. 2013). For instance, Spirulina sp. depending on the strain contains 50–70% 
of protein (Plaza et al. 2009). Although the biological value, utilization, protein 
efficiency ratio, and digestibility of microalgal protein are not higher than egg, 
casein and gold standard (Becker 2007).

Microalgae are source of fiber, enzymes, protein, oil, carbohydrate, and minerals 
(calcium, magnesium, iron, potassium, iodine) in several countries; they are consid-
ered significant source of food and are being used as nutritional supplement and 
human health products (Apt and Behrens 1999). Vitamin content of microalgae is 
also remarkable. Land-grown vegetables lack in vitamin B12, but microalgae are 
valuable source of this vitamin along with vitamins C, B1, and B2 (Martínez- 
Hernández et al. 2018). Brown microalgae are specifically abundant in a component 
called algin; it is represented by the name alginic acid. Alginates are derivatives of 
algin which are utilized as stabilizers and thickeners in industries like cosmetic, 
pharmaceutical, and food. Harmful components and heavy metals are removed from 
the human body because of higher chelating and exchange attribute of the alginic 
acid and the salts of alginic acid. Sodium alginate which is a soluble form can react 
with lead, and other metals convert it into insoluble chelates which are removed in 
feces from the human body. This attribute makes microalgae an important diet com-
ponent especially for those people who are living in the contaminated environment 
(Zhao et al. 2018). Ordinary growth requirements and higher growth rate increase 
the growing interest of microalgae for many biotechnological implementations, and 
to obtain natural products, these properties all together make microalgae a suitable 
candidate. Precious pharmaceutical proteins like vaccines and antibodies can be 
obtained using microalgae; thus, this biotechnological application has attracted the 
industry and academia (Apt and Behrens 1999; Mayfield et  al. 2007). 
Phycobiliproteins are obtained by microalgae which are Rhodophyta Porphyridium 
and cyanobacterium. These molecules are used as natural dyes, which are the com-
mon implementations of these molecules, and research has proved their biological 
attributes and huge applications in pharmaceutical industry. Phycocyanin is utilized 
in food items as coloring agent in ice lollies, chewing gums, soft drinks, candies, 
wasabi, and dairy products. In cosmetic products, other types of the natural pig-
ments obtained from this chemical are also utilized (Carfagna et al. 2016). Due to 
the presence of micronutrients and macronutrients in microalgal biomass, it becomes 
suitable to be utilized as nutritional supplement and food since centuries. Huge 
protein content (50–60%) of microalgal dry biomass makes its use more interesting. 
Spirulina has attracted more due to its high-protein contents along with Arthrospira 
maxima, Dunaliella bardawil, Dunaliella salina, and Chlorella sp.; these species 
contain higher amounts of essential amino acids, which consist of nearly half part 
of protein (Belay et al. 1996). Modern research has shown that microalgal species 
such as Chlorella, Dunaliella, and Scenedesmus have potential to produce recombi-
nant proteins that can be utilized in the formation of immunotoxins and antibodies 
useful in growth hormones, anticancer, gut therapy, vaccines, and therapeutic 
enzymes (Rasala and Mayfield 2015). For instance, in a research (Azabji-Kenfack 
et al. 2011), HIV-effected patients were given food supplements containing Spirulina 
and soya beans to compare their effectiveness in malnutrition. Both groups got 
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weight remarkably after 12 weeks. Intervention period was 12 weeks; then it was 
observed that Spirulina group was more effective. CD4 count was increased, and 
viral load was also greatly reduced by Spirulina which was a better indicator of 
immune response. Plasma cholesterol was found to be decreased in rats when they 
were given Porphyridium sp., the red microalgae (Dvir et al. 2000). Moreover, cho-
lesterol absorption was found to be decreased due to its inhibiting effect. Spirulina 
maxima found to have suppressive effect on lead in lipid metabolism (Ponce- 
Canchihuamán et al. 2010). The significance of commercial products from microal-
gae in human health and medicine was shown in Table 5.1.

3  Significant Effects of Microalgae in Human Health

As Fig.  5.1 shows, the significant effects of microalgae in human health mainly 
include anti-inflammatory effect, antiviral activity, antioxidant activity, antimicro-
bial activity, anticancer activity, and gut health.

3.1  Anti-Inflammatory Effect

The literature proves the anti-inflammatory properties of the extracts obtained from 
microalgae. In the research of analgesic and anti-inflammatory properties of metha-
nol and aqueous Phaeodactylum tricornutum and Chlorella tigmatophora extracts, 
it was investigated that these kinds of functions have not seen in liposoluble frac-
tions (Guzman et al. 2001).

3.2  Antiviral Activity

Several studies have already existed regarding antiviral properties of a number of 
polysaccharides obtained from several microalgal species which they release in cell 
medium. This activity has been proved in vitro in many viruses. In a study, antiviral 
properties for many microalgae like cyanobacteria, dinoflagellates, and rhodo-
phytes have been discussed (Raposo et al. 2013). The antiviral activity of sulfated 
polysaccharides are among the most prominent ones, and at some stages, sulfate 
groups and calcium ion can form a molecular formation to have antiviral effect 
(Hayashi et  al. 1996). Microalgal polysaccharides can block penetration and 
absorption of virus in the cell body (Hernández-Corona et al. 2002).
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Table 5.1 Significance of commercial products in microalgae for human health and medicine

Microalgal species
Commercial 
compounds

Significance in human 
health and medicine Reference

Spirulina sp., Nostoc, 
porphyridium sp.

Polysaccharides, 
nonlipid fraction 
phycocyanin

Cardiovascular health Chai et al. (2015)

Arthrospira and 
Chlorella

Sulfated 
polysaccharides

Antimicrobial activity Buono et al. (2014), 
Witvrouw and De 
(1997)

D. salina, Chlorella 
sp., Haematococcus 
pluvialis, 
Nannochloropsis 
gaditana

Carotenoids (lutein, 
astaxanthin, 
fucoxanthin), 
Nannochloropsis 
gaditana, PUFAs 
(EPA, DHA)

Anticancer Chai et al. (2015), 
Liu et al. (2014), 
Peng et al. (2011)

Arthrospira platensis, 
Spirulina, Chlorella 
spp., Arthrospira 
maxima, D. salina

Docosahexaenoic acid 
(DHA) and 
eicosapentaenoic acid 
(EPA), protein, 
essential amino acids 
(cysteine and 
methionine), vitamins 
(lipophilic and 
hydrophilic)

Micronutrients and 
macronutrients

Santos-Sanchez 
et al. (2016)

Lyngbya majuscule, 
Pharmaceuticals, 
Porphyridium 
cruentum, Odontella 
aurita, 
Nannochloropsis sp., 
Dunaliella salina, 
Chlorella spp., 
Arthrospira (Spirulina)

Immune modulators, 
carotenoids 
(β-carotene and 
astaxanthin), fatty 
acids, EPA, 
polysaccharides, 
vitamin B12, protein, 
carbohydrate extract

Pharmaceuticals, healthy 
foods, nutritional 
supplements, 
antioxidant, immune 
system, atherosclerosis 
prevention, 
hypocholesterolemic

Cheong et al. 
(2010), de Jesús 
Paniagua-Michel 
et al. (2015), Pulz 
and Gross (2004)

Muriellopsis sp., 
Chlorella zofingiensis, 
astaxanthin, 
Nannochloropsis, 
Haematococcus 
pluvialis, Dunaliella 
bardawil

Carotenoids (lutein, 
zeaxanthin, 
β-carotene), protective 
antioxidants

Vision enhancement, 
liver health and obesity 
prevention, plasma 
cholesterol reduction, 
decrease liver 
inflammation

Ayelet et al. (2008), 
Garcíagonzález 
et al. (2005), Jin 
et al. (2010), 
Kleinegris et al. 
(2010), Kyle 
(2001), Lorenz and 
Cysewski (2000)

Dunaliella salina, 
Chlorella vulgaris, 
Arthrospira platensis, 
Lyngbya majuscule, 
Phaeodactylum 
tricornutum, 
Porphyridium 
cruentum

Beta-carotene, lutein, 
trace elements, 
minerals, phycocyanin, 
immune modulators, 
fucoxanthin, fatty 
acids, polysaccharides, 
PUFA (arachidonic 
acid)

Food supplements, 
Healthy food, Nutrition, 
Pharmaceuticals

Paniagua-Michel 
(2015)

(continued)
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3.3  Antioxidant Activity

Microalgae contain natural components and pigments (e.g., chlorophylls, phyco-
biliproteins, and carotenes). These components are very useful for human health 
since these cannot be produced by the human body (Sampath-Wiley et al. 2008). 
Some antioxidants are exclusively produced by microalgae, which have potential to 
reduce the risk of chronic disease development such as cardiovascular disease and 
cancer (Monego et  al. 2017). Antioxidants minimize the damage caused by free 
radical in the human body, and these natural antioxidants can be obtained from 
microalgae (Chacón-Lee and González-Mariño 2010; Olivares et al. 2016).

Table 5.1 (continued)

Microalgal species
Commercial 
compounds

Significance in human 
health and medicine Reference

Euglena gracilis, 
Euglena gracilis, 
Prototheca 
moriformis, a 
Chlorella spp.

Vitamins (biotin, 
α-tocopherol, ascorbic 
acid)

Nutrition Li et al. (2008)

Prorocentrum lima, 
Gambierdiscus toxicus

Okadaic acid Therapeutics 
(antifungic), growth 
factors, secretion 
enhancement

Nagai et al. (1992), 
Pshenichkin and 
Wise (1995)

Significance of Microalgae 
in human health

Anti-
inflammator

Anticancer 

Gut health 

Anti-microbial 

Anti-viral 

Anti-stress

Anti-oxidant

Skin health 

Immune -
enhancer 

Nut-suppl.

Fig. 5.1 The significant effects of microalgae in human health
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3.4  Antimicrobial Activity

Antimicrobial properties have been found in extracts of huge number of microal-
gae; Arthrospira and Chlorella are most focused species in this property (Buono 
et al. 2014). Many microalgal species contain high amounts of sulfated polysac-
charides that are found to have virus replication inhibitory property such as arena-
virus, togavirus, flavivirus, herpesvirus, rhabdovirus, and orthopoxvirus families 
(Witvrouw and De 1997). It was found that microalgal extracts (alginate, laminarin, 
and fucoidan) and polysaccharides obtained from microalgae have the ability to 
resist viral diseases (Holdt et al. 2011).

3.5  Anticancer Activity

Worldwide, cancer is the second major reason of mortality (WHO 2016). Several 
studies related to molecular and cellular research found the antimalignant potential 
of microalgal-derived bioactive components (Kumar et al. 2013; Talero et al. 2015). 
Fucoxanthin, a carotenoid in microalgae, suppresses the genes which cause cancer 
and prevents the growth of malignant cells (Takahashi et  al. 2015). In cancer 
research, there is more focus on preventive measures as well as proper treatment of 
the disease. Microalgal bioactive compounds such as polysaccharides, carotenoids, 
proteins, peptides, and lipids have been known due to their chemopreventive effects 
and beneficial properties against cancer (Talero et al. 2015).

3.6  Gut Health

Microalgae are effective in gut health because of prebiotic attribute and due to the 
presence of higher fiber and carbohydrate contents. The gut health plays a vital role 
in human health and provides protection against diseases due to containing micro-
flora in human gut. The gut microflora gained much attraction due to scientific 
advancement and also because of its significance in human health (Rastall 
et al. 2010).

4  Important Microalgal Species

There are four groups of microalgae, chlorophytes (green), cyanobacteria (blue 
green), rhodophytes (red), and chromophytes (other kind of algae). There are hun-
dreds of species in every group, and every species contains thousands of strains 
(Hochman and Zilberman 2014). Just a few microalgae have been investigated for 
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its potential beneficial utilization. Chrysophyceae (golden algae), Chlorophyceae, 
Cyanophyceae, Bacillariophyceae (diatoms) are the most used microalgae for ben-
eficial purpose (Pulz and Gross 2004). Now commercial production of microalgae 
at industrial scale has been grown much, and the major cultivated species are 
Skeletonema, Schizochytrium, Nitzschia, Tetraselmis, Dunaliella, Spirulina, and 
Chlorella (Lee 1997).

Since the last two decades, four major microalgal species have been focused 
biotechnologically: (1) Spirulina (Arthrospira), (2) Dunaliella, (3) Chlorella vul-
garis, and (4) Haematococcus pluvialis (Table 5.2). Some of their characteristics, 
composition, and production process obtained from these species, canthaxanthin 
and zeaxanthin, are being used for medicinal purpose and to color chicken skin; 
they can be utilized as food coloring matter such as production of orange juice. 
Phycoerythrin and phycobiliproteins are utilized in cosmetics and food products, 
while phycocyanin is utilized as coloring agent in candy, ice cream, dietary food, 
beverage, medicine, and cosmetic production. Because of their higher fluorescence, 
photostability, and effectiveness in molecular absorption, these microalgae are 
highly utilized in immunological and clinical research laboratories (Anbuchezhian 
et  al. 2015; Pulz and Gross 2004; Varfolomeev and Wasserman 2011). Extracts 
obtained from Spirulina, Dunaliella, Chlorella, and Haematococcus are utilized in 
the production of body lotions and face creams as well as in the production of hair 
masks, hair shampoos, and sun protection creams. Production of skin collagen is 
enhanced by Chlorella vulgaris extract. It is used to make skin surface wrinkle free 
and fiber synthesis. Spirulina extract slows skin aging due to its higher protein lev-
els. Phycobiliprotein obtained from Spirulina is utilized as coloring agent, cosmet-
ics, antioxidant, anti-inflammatory, and photodynamic to treat several tumors, 
cancers, production of fluorescent marker, and leukemia (de Jesús Paniagua-Michel 
et  al. 2015; Patil et  al. 2008). Many other species of microalgae are still being 
researched to be used as nutrition supplement. In the 1970s, large-scale production 
of Scenedesmus (green algae) was obtained, and wide research has been done to 
obtain single-cell protein. But the production process is not cost effective (Becker 
and Venkataraman 1980).

Table 5.2 Microalgal 
commercial products 
for human health and 
medicinal usage 
(Ansorena et al. 2013; 
Pulz and Gross 2004; 
Spolaore et al. 2006)

Microalgae Products

Dunaliella salina Powders
Chlorella Powders, tablets, nectar
Aphanizomenon flos-aquae Powders, crystals, capsules
Astaxanthin Powder, liquids, gels, capsules
Spirulina (Arthrospira) Powders, tablets, extracts
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4.1  Spirulina

Immune system development and reduction in cholesterol can be achieved by 
using health beneficial properties of Spirulina (Belay et  al. 1993). Spirulina 
contains higher amounts of pigments such as zeaxanthin, myxoxanthophyll, and 
phycocyanin, polyunsaturated fatty acid, minerals, essential amino acids, vita-
mins, and proteins. On dry weight basis, Spirulina has 4–9% of lipids, 8–16% of 
carbohydrates, and 46–71% of proteins (Zhu et al. 2014). Essential amino acids 
of Spirulina, that is, leucine, valine, and isoleucine, make it valuable. Higher 
amounts of provitamin A, K, and B12 and β-carotene also found in it. The poly-
unsaturated fatty acids of Spirulina are ω − 3, ω − 6, linolenic, and γ-linolenic 
acid. The amount of DHA is about 91% of all the fatty acids that Spirulina con-
tains (Yukino et al. 2005). More than ten carotenoids are found in its antioxidant 
mixture. The amount of minerals present in Spirulina varies according to kind 
of water in which it has been grown. The content of magnesium, iron, and cal-
cium available in Spirulina makes it highly nutritious (Belay et al. 1993; Hudek 
et al. 2014; Pulz and Gross 2004; Wu et al. 2005). It has been found that powder 
form of Spirulina contains (2.330  ×  103  IU/kg) provitamin A, vitamin E 
(100 mg/100 g), β-carotene (140 mg/100 g), thiamin (3.5 mg/100 g), riboflavin 
(4.0  mg/100  g), niacin (14.0  mg/100  g), biotin (0.005  mg/100  g), inositol 
(64 mg/100 g), biotin (0.005 mg/100 g), vitamin B12 (0.32 mg/100 g), and vita-
min K (2.2 mg/100 g) (Belay 1994; Wu et al. 2005). Spirulina is also known for 
its possible use to reduce malnutrition and hunger, as reported by FAO under the 
UN resolution (Habib 2008). Spirulina was tested with undernourished patient 
in clinical studies. In the 8-week study, 550 children below the age of 5 years 
which were undernourished were taken and given traditional meal with Spirulina 
(n = 170), only traditional meal (n = 40), Misola with Spirulina (n = 170), and 
only Misola (a mixture of millet, peanut, soya) (n  =  170), with meals with 
Spirulina exhibited better results and found better in nutritional rehabilitation 
(Simpore et al. 2006). Mineral contents obtained from microalgae have potential 
to be utilized in human nutrition supplementation. Spirulina is considered to 
reserve calcium, phosphorus, and iron (Salmeán et al. 2015). Moreover, antioxi-
dant activity of Spirulina is also a studied property which has preventive attri-
bute from atherosclerosis. The effect was found against atherosclerotic mice 
(Ku et al. 2015).

In a clinical study about microalgae, hypolipidemic action was found on human. 
S. maxima was applied in oral administration in Mexican runners (Torres-Durán 
et al. 2012). Five gram Spirulina was taken by 41 runners; the treatment was applied 
for 15 days. A proper meal higher in fat before and after the Spirulina treatment 
used to be taken. After every 1.5 h, the fatty meal postprandial lipemia used to be 
measured before and after the Spirulina administration plasma triacylglycerol 
(TAG) was determined. It was found to be lowered after treatment from 71.47 to 
57.06  mg/dL.  Due to prevention of proliferation and adhesion of tumor cells, 
Arthrospira calcium spirulan prevents pulmonary metastasis (Saiki et al. 2004). The 
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biomass of Spirulina used in extract form or processed with food products such as 
biscuit, pasta, or other food products assists to maintain healthy bacteria inside the 
intestine. Spirulina is found to enhance growth of lactobacilli species (Pulz and 
Gross 2004).

4.2  Chlorella

Species of Chlorella are spherical in shape, having a diameter of 2–10 μm, green, 
single cell, and photoautotrophic without flagella. Chlorella has chlorophyll a and 
b; hence, chloroplast, the green pigment, is able to carry photosynthesis. It increases 
in number quickly by getting minerals, water, CO2, and sunlight. In circular open 
pounds, large circular tank, and photobioreactors, Chlorella has been grown com-
mercially (Borowitzka 1999). After harvesting Chlorella by autoflocculation or cen-
trifugation, the solid powder biomass is drum or spray dried to be further processed 
in tablet formation. In the composition by dry weight of Chlorella, it has protein 
11–58%, lipid 2–46%, and carbohydrate 12–28% (Zhu et  al. 2014). Chlorella 
reserves many kinds of vitamins like β-carotene (180  mg/100  g), provitamin A 
(55,500  IU/kg), thiamin (1.5  mg/100  g), riboflavin (4.8  mg/100  g), niacin 
(23.8 mg/100 g), vitamin B6 (1.7 mg/100 g), vitamin B12 (125.9 mg/100 g), inosi-
tol (165.0 mg/100 g), biotin (191.6 mg/100 g), pantothenic acid (1.3 mg/100 g), and 
folic acid (26.9 mg/100 g) (Belay 1994; Hudek et al. 2014).

The compound β-1,3-glucan is also reserved by Chlorella. It is valuable com-
pound that lowers blood lipids and enhances immune system by capturing free radi-
cal. It is found to be effective in wound healing and removing harmful compounds 
from the body, and it is helpful against tumor and stomach ulcer. It is also effective 
in hypercholesterolemia. Extracts from Chlorella enhance hemoglobin concentra-
tion and lower blood sugar, and it is a hepatoprotective agent (de Jesús Paniagua- 
Michel et  al. 2015; Varfolomeev and Wasserman 2011). Chlorella species are 
considered “healthy food” and play vital role in disease prevention like Alzheimer’s 
disease (Caporgno and Mathys 2018). Due to the presence of vitamin B12, folate, 
and iron content, Chlorella was found to be effective against anemia for pregnant 
women (Nakano et al. 2010).

4.3  Dunaliella

The Dunaliella are single cell, extremophile green, flagellated, rich in nutrient, and 
edible microalgae. It is found in freshwater and marine habitats. D. salina has 
higher amount of antioxidant activity. Due to higher reserves of β-carotene as much 
as 14% of dry biomass weight, it is considered the ideal source for carotenoid 
β-fractions as compared to other β-carotene sources (Mobin and Alam 2017). 
Dunaliella retains protein 49–57%, lipids 6–8%, carbohydrate 4–32% by its dry 
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weight composition (Zhu et  al. 2014). There are several difficulties regarding 
D. salina harvesting: (1) in culture, cell density remains low; (2) cells are highly 
fragile because they do not contain cell wall, making it susceptible in harvesting; 
and (3) cells have the same densities as culture. After the harvest of Dunaliella, 
β-carotene can be extracted using solvent by hot oil and the biomass dried by drum 
or spray dried methods (Ruegg 1984). Dunaliella biomass contains the carotenoids; 
the oxidized form of D. salina is found to be effective against cancer. Antihypertensive, 
analgesic, and broncholytic drugs are being manufactured by these microalgae 
(Mobin and Alam 2017). β-Carotene is the precursor of vitamin A that is found in 
dried Dunaliella tablets (Anbuchezhian et al. 2015).

4.4  Haematococcus pluvialis

Haematococcus pluvialis is a biflagellate, freshwater, unicellular Chlorophyta 
microalga which is found all over the world. In stressful conditions, astaxanthin, the 
strong antioxidant, can be accumulated in huge quantities which are up to 2–3% of 
dry weight in the species. H. pluvialis is the major organism utilized commercially 
to obtain astaxanthin (de Jesús Paniagua-Michel et al. 2015). H. pluvialis is found 
to be ideal source of astaxanthin; it retains the valuable carotenoid pigment which 
consists of 5% of dry weight (Fig. 5.2) (Wayama et al. 2013). The arsenal pigment 
of H. pluvialis has strong biological attributes such as prevention from cancer and 
ulcer, immunomodulation, and antioxidant (de Jesús Paniagua-Michel et al. 2015). 
Astaxanthin has been a proven dietary supplement that can produce antibodies, 
which are associated with anti-inflammatory and antitumor which restrict liver, 
bladder, mammary, colon, and oral cancer. It decreases chance of Alzheimer’s and 
Parkinson diseases and enhances cardiovascular health (Mata et al. 2010).

5  Bioactive Components and Their Benefits in Human 
Health

There are a number of bioactive components found in microalgae; some of those 
bioactive components of microalgae are being discussed here, having significant 
value in human health and medicine. Microalgae have the ability to be utilized in 
certain applications depending on products being manufactured either in non-
food or food due to the capacity to use seawater, wastewater, residual nutrients, 
sunlight, and nonarable land which is the favored cultivation globally (Draaisma 
et al. 2013). Various bioactive metabolites that have the ability to be utilized in 
physiological problems such as oxidative stress, cancer, microbial infection, and 
hyperlipidemia can be obtained from microalga (da Silva Vaz et al. 2016; Plaza 
et  al. 2008). Microalgae exist in complicated natural environments, and it can 
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adapt hard cultural environment such as nutrients, temperature, and variable salin-
ity. As a result, they can make a number of effective and biologically active sec-
ondary metabolites with unique biological properties which are hardly seen in 
other living organisms (Anbuchezhian et al. 2015). Microalgae are being utilized 
in a number of industrial applications like nutritional components as nutraceuti-
cals, pharmaceutical products, high-valued and healthy human food, food addi-
tives, cosmeceuticals, and antioxidants (Hudek et  al. 2014; Liang et  al. 2004; 
Mobin and Alam 2017; Mobin et al. 2001; Varfolomeev and Wasserman 2011). 
Anti-inflammatory, antioxidant, and anticancer properties have been shown by 
Spirulina Porphyridium, and Arthrospira platensis of red algae and phycobilipro-
teins obtained from cyanobacteria (Romay et  al. 2003; Zheng et  al. 2011). 
Microalgae produce many kinds of peptides that are considered anticancer agents. 
Dolastatins, a group of peptides, have been found in several cyanobacteria like 
Symloca and Lyngbya sp. (Fennell et al. 2003). Microalgal peptides with antitu-
mor attributes in  vitro are continuously increasing in number. Among those 
microalgae, there is polypeptide obtained from Chlorella vulgaris, Chlorella 
pyrenoidosa, and S. platensis (Wang and Zhang 2013).

Fig. 5.2 Micrographs of Haematococcus pluvialis ((a) General ultrastructure. (b) Astaxanthin oil 
droplets. (c) Degradation of thylakoids. (d) Thylakoid degradation (high magnification)) (Peng 
et al. 2011)
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5.1  Carotenoids

Bioactive compounds such as phycocyanin and β-carotene can also be extracted by 
microalgae. Astaxanthin, the powerful antioxidants, can be obtained in huge 
amounts from a H. pluvialis (Ambati et al. 2014; Liang et al. 2004). Carotenoids 
extracted from microalgae are much better in quality than the synthetic ones because 
of natural source (Lordan et al. 2011; Skjånes et al. 2013). The natural isomers of 
microalgal carotenoids exist in natural relationship. The β-carotene isomers obtained 
naturally have better quality to synthetically obtain trans isomers (Wang et al. 2015). 
Microalgae retain huge amounts of carotenoids, but the composition of exacts dif-
fers with the growth conditions and species. These molecules perform physiological 
benefits other than providing vitamin A (Nazih and Bard 2018).

5.2  Antioxidants

Haematococcus produces astaxanthin; exhibits the antioxidant attributes by protect-
ing against oxidative stress, macular degradation, protein degradation; and sup-
presses the production of inflammatory compounds. In human, vitamin A formed by 
the conversion of β-carotene in the presence of that immune system performs its 
function effectively (Dufossé et al. 2005). There are 400 known carotenoids; among 
those, a few are commercially utilized such as β-carotene, lutein, lycopene, astaxan-
thin, bixin, and zeaxanthin. These are utilized as additives and natural food colorant. 
There are many carotenoid application in cosmetic production. The therapeutic and 
nutritional utility of a few carotenoids is that they are able to be converted to vitamin 
A. Moreover, carotenoids possess natural anti-inflammatory, antitumor, and chemo-
preventive activities (Fiedor and Burda 2014). Microalgae are the reservoir of the 
hydrophilic vitamins B1, B2, B3, B5, B6, B8 (biotin), B9, B12, and C along with 
lipophilic A and E vitamins. It attracted the vegetarian due to the presence of vita-
min B12 because it is hard to meet daily required intake of the vitamin without 
consumption of meat (Nazih and Bard 2018). Antioxidant properties of microalgae 
have a number of health benefits such as protection against photooxidation, UV 
radiation, aging, immune response, liver functions, and eye and prostate health 
(Sheikhzadeh et al. 2012).

5.3  Amino Acids

All 20 protein amino acids are synthesized by microalgae, and it is an important 
traditional reservoir of all the essential amino acids that should be necessary in 
human nutrition (Spolaore et al. 2006). In the current era of world food security 
issues, there should be a sustainable source of bioactive peptides in the protein 
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 fraction of basic human food. There is great need of time to find a sustainable 
source of protein and to develop the technology to separate those and use in various 
applications. The marine microalgae are considered a sustainable and wonderful 
source of protein in order to obtain bioactive peptides (Udenigwe 2014). The func-
tional peptides in microalgal substances gain attraction due to its revealed biologi-
cal properties in provision of health benefits in certain conditions like oxidative 
stress, hypertension, immune disorder, diabetes, cancer, and inflammation 
(Nascimento 2015). Methionine and cysteine fraction in microalgae is less as com-
pared to their presence in milk as casein or albumin, but these contents are still 
higher in amounts than in many known vegetable sources. Spirulina digestibility 
coefficient is comparatively higher (Devi and Venkataraman 1983).

5.4  Polysaccharides

Microalgal polysaccharides that retain sulfate esters are considered useful for indus-
trial applications regarding their benefits toward human health (Markou et al. 2014). 
Sulfated polysaccharides found in microalgae called fucoidan contain high amounts 
of fucose and exhibit many useful activities for human health such as antiviral, anti- 
inflammatory, antiangiogenic, anticoagulant, antiadhesive, and immunomodulatory 
(Damonte et al. 2004). Half of the dry biomass of microalgae consists of polysac-
charides; microalgae are found to be a good reservoir of polysaccharides. The con-
tents of polysaccharides depend on species that can be found in cyanobacteria as 
glycogen and as hybrid glycogen or starch in some species (Plaza et  al. 2009). 
Peptides and protein produced by microalgae are considered effective anticancer 
agents (Samarakoon and Jeon 2012). It was found that polysaccharides obtained 
from porphyridium cruentum exhibited higher antitumor properties. Sulfated poly-
mer powerfully suppresses the tumor proliferation in  vivo and in  vitro of Graffi 
myeloid (Gardeva et al. 2009).

5.5  Fatty Acids

It incorporates a number of bioactive compounds which include polyunsaturated 
fatty acids that are comparable to traditional vegetable oil in the manufacture of 
human health products (Draaisma et al. 2013). Polyunsaturated fatty acids, soluble 
fibers, and sterol obtained from microalgae exhibited effectiveness in reduction of 
CVD (Plaza et al. 2008). It was found that α-linolenic and linolenic acids present 
in microalgae are in significant amounts, and more are present in soybean, sun-
flower, and rapeseed. Moreover, in several cases, the concentration of palmitic acid 
obtained from microalgae is found to be higher than other oils. The most attractive 
attribute of microalgal oil which makes it used as functional ingredient is the pres-
ence of docosahexaenoic acid (DHA, omega-3) and eicosapentaenoic acid (EPA, 
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omega-3) long-chained polyunsaturated fatty acids that are being utilized function-
ally (Martins et al. 2013). Studies explain that intake of DHA and EPA provides 
health benefits by suppressing inflammation and reducing CVDs and helps in ner-
vous system development in children and enhances brain functions (Endo and 
Arita 2016). Currently, marine fish, for example, cod, mullet, salmon, and mack-
erel, are the main provider of DHA and EPA. Fish oil is not considered better for 
usage as food ingredient due to its smell as it is undesirable for vegetarian. 
Moreover, due to the presence of contaminants like mercury in fish stocks gave the 
urge to look for other sources. Fungi, bacteria, and several plants can be possible 
alternative solutions to obtain commercial production of DHA and EPA.  Fungi 
grow slowly and require organic carbon for its growth; the terrestrial plants need 
genetic modification to get long PUFAs. Microalgae are main producer of DHA 
and EPA under certain conditions such as mixotrophy, autotrophy, and heterotro-
phy (Ryckebosch et al. 2012). Lipids consist of 5–10% on dry mass basis and have 
importance in human health due to the presence of DHA and EPA in higher 
amounts (Santos-Sanchez et al. 2016). These polyunsaturated fatty acids are well 
known to suppress in CVD and inflammation (He et al. 2004).

5.6  Medicinal/Pharmaceutical Products

For the first time Chlorella vulgaris was found to produce useful compounds, and it 
was considered possible for utilization of microalgae in medicinal use (Pratt 1940). 
There are many microalgae that are utilized to produce antibiotics (bromophenols, 
alcohols, tannins, polysaccharide, fatty acids, and terpenoids). A number of neuro-
toxic and hepatotoxic compounds are produced by microalgae which can be utilized 
in pharmaceutical industry (Metting 1996). Toxins obtained by several blue green 
algae such as Prymnesium parvum and Ochromonas sp. have potential to be utilized 
in pharmaceutical production (Katircioglu et al. 2005).

Microalgal health products are available in the form of powder, capsule, and 
tablets; algal extracts are utilized to form other health products such as Chlorella 
drink containing growth factor, Dunaliella extract in capsule form, and Spirulina 
extract in (antioxidant) capsule form (Pulz and Gross 2004). Brands of Spirulina are 
commercially available and utilized to enhance health and effective against hyper-
tension, high blood pressure, diabetes, and weight loss (Iwata et al. 1990). Dolastatin 
1–16 are considered the prominent anticancer drug among others, and dolastatin 10 
is recognized to suppress the assembly of microtubule; these medicines can also be 
obtained for utilization of microalgae (Costa et al. 2012).
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5.7  High-Value Food Products

Microalgal species such as Spirulina, Dunaliella, and Chlorella are being utilized 
in food manufacturing. Microalgal biomass is being utilized in the formation of 
many health products such as capsules and tablets. Microalgae are utilized in the 
food products to increase their nutrition and health properties by utilizing as food 
additive in food items such as bread, noodles, biscuits, bean curd, ice cream, can-
dies, and many other common food stuff (Finney et al. 1984; Liang et al. 2004; 
Villar et  al. 1992). The D. salina protein is utilized in baking industry (Finney 
et al. 1984). Due to rich in nutrients, microalgal products are gaining more popu-
larity in human health as healthy food and dominating the stores and market 
(Becker 2013). The nutrients obtained from microalgae have higher potential to be 
used in food products, but still their applications to develop human health and 
medicinal products are limited. Microalgal food products are categorized into two 
categories (Enzing et al. 2014). In the first category, microalgal products are avail-
able for customers to purchase and used as carbohydrates and protein sources to be 
further utilized in commodities; dried microalgae, in most of the cases the Spirulina 
and Chlorella, are used to obtain nutrients with higher nutrition values such as 
vitamins B12, D2, and C.  The global distribution of microalgal companies for 
food and feed products is shown in Fig. 5.3. The products in the second category 
are more special microalgal- extracted components such as antioxidants, pigments, 
fatty acids (DHA and EPA), and proteins that are incorporated to enhance nutri-
tional and health aspects of edible stuff (Vigani et al. 2015). Microalgal extracts 
are utilized in food products as stabilizer and thickeners such as agar (Bixler and 
Porse 2011). Figure 5.3 shows the quantity distribution of commercial microalgal 
products in the world, and Table 5.3 summarizes the research regarding microalgal 
effects on health and medicinal aspects.

6  Health Risks Regarding Microalgae Intake

Microcystin is the most studied and commonly found toxins whose 70 forms have 
already been discussed. Hepatocytes readily take cyclic heptapeptide; in this way, 
it makes structural damage restraining category 1 and 2A proteinous phosphatase 
which is compulsory in cell structural proteins. Human liver cancer also has link-
age with microcystin. Microcystis aeruginosa strains are the main producers of 
microcystin; cyanobacteria Oscillatoria agardhii and Nostoc and Anabaena flos-
aquae also contain this compound. Aphanizomenon, Anabaena, Trichodesmium, 
and Oscillatoria produce neurotoxins saxitoxins and anatoxins which are consid-
ered poisonous for humans. Cyanobacteria toxins effect the human health by skin 
contact inhalation and ingestion (Mulvenna et al. 2012). Microalgae contain huge 
amounts of nucleic acids (RNA and DNA); its components such as guanins, 
purines, and adenines are reduced by uric acid biochemical degradation. Uric acid 
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in high levels resulted in health problems like kidney stones and gout (Bux and 
Chisti 2016). Extensive intake of microalgae at higher concentrations could be 
injurious for human health (Spolaore et al. 2006).

7  Conclusion

Microalgae have been discovered to possess bioactive components such as carot-
enoids, polysaccharides, fatty acids, sterols, vitamins, and minerals that have huge 
potential in human health and their use as medicinal purposes, being excellent 
source of bioactive molecules. Microalgae can be utilized in the prevention of dis-
eases by enhancing human immune system. Microalgae contain bioactive com-
pounds which can be utilized in food stuff ultimately consumed by human and have 
impact on human health and could be considered a nutritional remedy. The medici-
nal properties of microalgal compounds such as antioxidant, anticancer, anti- 
inflammation, anti-aging, and antimicrobial have been utilized in medicinal 
purposes, and their application has been increasing in food and pharmaceutical 
industry. The production of microalgae is needed to enhance at large scale in order 
to meet its increasing demand due to potential use in vast products related to human 
health and medicine.
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Table 5.3 Clinical studies regarding microalgal effects on health and medicinal aspects

Microalgae Patients

Number 
of 
patients

Treatment 
duration 
(weeks)

Dose (g/
day) Healthy aspect Reference

Dunaliella 
and 
β-carotene

Volunteer 
healthy 
men

60 12 0.56 g/day 
Dunaliella
40 mg/day 
β-carotene

Antioxidant 
protection and 
serum 
carotenoids 
increased
Increase in 
retinol level in 
serum

Benamotz 
and Levy 
(1996)

Astaxanthin Volunteer 
healthy 
men

20 1.5 6 mg/day Blood 
circulation 
enhanced

Hiromi 
et al. 
(2008)

Arthrospira Diabetic 
patients

– 12 8 g/day Lower plasma 
lipids and blood 
pressure

Hee et al. 
(2008)
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Chapter 6
Astaxanthin Production from Microalgae

Thomas Butler and Yonatan Golan

Abstract Astaxanthin is commercially sold as a pigment for animal feed and as an 
antioxidant for the nutraceutical sector. Astaxanthin is predominantly manufactured 
synthetically from petrochemicals but is also obtained from the chlorophyte 
Haematococcus pluvialis (Haematococcus lacustris). The petrochemical-derived 
synthetic alternative has conventionally been used, attributable to its lower cost 
($1300–1800 kg−1). However, it is inferior as an antioxidant, prohibited for direct 
human consumption, and may cause toxicity in the final product. Conventionally, 
astaxanthin from H. lacustris is produced in a two-stage production process, incor-
porating a green and red stage for maximising growth and astaxanthin production, 
respectively, but a one-stage process has been proposed. The H. lacustris-derived 
astaxanthin industry has been a commercial success, but several constraints have 
arisen including contamination issues, relatively low biomass and astaxanthin pro-
ductivities, high downstream processing costs, and photobleaching issues in the red 
stage. These constraints need to be addressed for the production of astaxanthin from 
H. lacustris for the aquaculture sector. Alternatively, through the exploitation of an 
alternative life cycle stage, red motile macrozooids can be formed lacking the thick 
walls of aplanospores. It is envisaged that the red motile macrozooids could be har-
vested and fed as a whole-cell product directly to the aquaculture sector rich in 
astaxanthin and polyunsaturated fatty acids, bypassing the cell disruption and 
extraction steps to deliver bioavailable astaxanthin as a biobased feed.
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1  Introduction

1.1  Carotenoids and Their Chemistry

Carotenoids are a family of greater than 600 naturally occurring pigments synthe-
sised by higher plants, algae, fungi, and bacteria (Yaakob et al. 2014). Around 40 
carotenoids are typically present in the human diet (BCC Research 2015). The 
chemical structure of carotenoids is derived from the carotenoid lycopene (C40H56). 
Carotenoids are mainly hydrocarbons which have two terminal rings joined by a 
conjugated double-bond chain or polyene system (Yuan et  al. 2011). Two major 
groups of carotenoids have been characterised on the basis of their chemical struc-
ture: the carotenes (composed of carbon and hydrogen) and the xanthophylls (oxy-
genated derivatives). Astaxanthin, a xanthophyll, was found to be closely related to 
the other carotenoids, β-carotene, zeaxanthin, and lutein, and has many of the physi-
ological and metabolic functions associated with carotenoids (Guerin et al. 2003). 
However, the presence of the hydroxyl and keto endings on each ionone ring reflect 
the unique properties, such as the ability to be esterified, a more polar configuration, 
and a higher antioxidant activity (inhibiting oxidation of other molecules) (Guerin 
et al. 2003). Each double bond from the polyene chain has been found to exist in 
two different configurations as geometric isomers cis or trans. Cis isomers are 
known to be thermodynamically less stable than trans isomers (Higuera-Ciapara 
et al. 2006) and in nature, most carotenoids predominate in the trans form (Stahl 
and Sies 2003).

Rodríguez-Sáiz et al. (2010) determined that astaxanthin contains two chiral cen-
tres and is present in three configurational isomers of the trans form (all-E isomer) 
(3R,3′R), (3R,3′S), and (3S,3′S). The (3S,3′S) form is the most abundant astaxan-
thin isomer in nature (Mont et al. 2010) and has been observed to be of the highest 
biotechnological value (Al-Bulishi 2015). Synthetic astaxanthin is generally com-
posed of the three enantiomers (3R,3′R), (3R,3′S), and (3S,3′S) with a ratio of 1:2:1 
and is unesterified, whereas astaxanthin from H. pluvialis is of the (3S,3′S stereoiso-
mer), and 70% is in the monoester form, 10–15% in the diester form and 4–5% in the 
free form (Higuera-Ciapara et al. 2006; Ranga Rao et al. 2010; Young et al. 2017), 
which is also the main form in wild salmon (47.1–90%) (Young et al. 2017). The 
(3S,3′S) stereoisomer has been reported to impart a higher pigmentation in rainbow 
trout (Oncorhynchus mykiss) than other astaxanthin isomers and has been stated as 
the preferred additive for aquaculture (Choubert and Heinrich 1993). The 3S,3′S 
isomer has also been reported to have contributed to human health benefits, whereas 
the other forms have not been proven to have had positive biological effects (Capelli 
et al. 2013a; Guerin et al. 2003). Depending on their origin, astaxanthin can be found 
in association with other compounds such as proteins and biological lipids. In the 
case of Haematococcus pluvialis, up to 95% of astaxanthin molecules can be esteri-
fied with fatty acids (FAs) (commonly oleic, palmitic, and linoleic acid) (Lorenz and 
Cysewski 2000), with oleic acid as the major FA which is conjugated to astaxanthin 
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molecules (Holtin et al. 2009). The synthetic form is found in the free, unesterified 
form as is astaxanthin derived from the yeast Xanthophyllomyces dendrorhous 
(Capelli et al. 2013a).

1.2  The Astaxanthin Market

The global carotenoid market reached US $1.5 billion in 2017 and is scheduled to 
reach US $2 billion by 2019 due to rising consumer awareness regarding the health 
benefits offered by the wide variety of carotenoids (BCC Research 2018). Panis and 
Rosales (2016) stated that in 2014 global astaxanthin production was 280 metric 
tons with a valuation of US $447, and the forecast for 2020 is US $1.5 billion (Panis 
and Rosales 2016; Allewaert et al. 2017; Molino et al. 2018). From industry reports, 
H. pluvialis-derived astaxanthin represents 5–8  tons (Pers. Com. Brevel Ltd.). 
Currently, 95% of the astaxanthin available in the market is generated synthetically 
from petrochemicals, <1% is produced from H. pluvialis, and the remainder is pro-
duced from the bacterium  Paracoccus carotinifaciens, and the yeast 
Xanthophyllomyces dendrorhous (Koller et al. 2014; Panis and Rosales 2016; Shah 
et al. 2016). In 2009, 91% of commercial astaxanthin was used for animal feed pig-
ments and 9.1% was used for nutraceuticals, with supply dominated by the synthetic 
form (Oilalgae 2015). It has been determined that the highest market share in 2016 
(40%) was for the animal feed market (Market Watch 2019).

The market for astaxanthin has significantly grown from when it was first 
approved by the US Food and Drug Administration (FDA) in 1987 for its use as a 
feed additive in aquaculture and, over a decade later, when natural astaxanthin was 
subsequently approved to be used as a nutraceutical (Guerin et al. 2003). H. pluvialis- 
derived astaxanthin as a colour additive has been approved for salmonid feeds and 
additionally as a dietary supplement for human consumption in several European 
countries, the USA, and Japan (Yuan et al. 2011). To date, there is no European 
Food Safety Authority (EFSA) approval for the therapeutic application of 
H. pluvialis- derived astaxanthin. In line with EU 2015/2283, astaxanthin has been 
registered as a novel food and can be used to fortify foods equivalent to a maximum 
intake of 8 mg/day, but this is currently under review (https://www.efsa.europa.eu/
s i t e s / d e f a u l t / f i l e s / c o n s u l t a t i o n / c a l l s f o r d a t a / C a l l f o r d a t a -
safetyassessmentofAstaxanthin.pdf). H. pluvialis-derived astaxanthin extracted 
using supercritical CO2 has been granted Novel Food status by the UK Foods 
Standard Agency (FSA), and the US FDA has granted astaxanthin from H. pluvialis 
GRAS certified (Generally Recognised as Safe) (Shah et al. 2016). EU regulation 
2015/1415 has limited synthetic astaxanthin to <100 ppm/kg of fish feed, whereas 
natural astaxanthin is widely accepted as safe (FDA GRAS Notice. No. GRN 
000294).  In the salmon farming industry, 10–15% of the total feed cost is attribut-
able to astaxanthin (Mann et al. 2000; Nguyen 2013).
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The major synthetic producers for astaxanthin are BASF, Royal DSM, and 
Zhejiang NHU Co. Ltd with a selling price of $2000 (Koller et al. 2014), but current 
costs can be as low as $1300 kg−1 for pure astaxanthin for the aquaculture industry 
($130 kg−1 for 10% astaxanthin) (Pers. Com. Brevel Ltd.). Natural astaxanthin can 
range from $2500–7150 kg−1 (Kim et al. 2016; Koller et al. 2014), but from indus-
trial reports, the price of nutraceutical grade pure astaxanthin from H. pluvialis is 
$6000 kg−1 (Pers. Com. Brevel Ltd.). Currently, the estimated cost of production for 
synthetic astaxanthin is around $1000 kg−1 compared to H. pluvialis-derived astax-
anthin costing around $3000–$3600 kg−1 (Li et al. 2011). Concerns have been raised 
for synthetic astaxanthin use in human consumption due to it being derived from 
petrochemicals, making astaxanthin from natural sources a preferred choice (Li 
et al. 2011). Furthermore, there is concern that synthetically synthesised astaxanthin 
could be linked to cancer (Newsome 1986), but this has not been substantiated to 
date. Nevertheless, synthetic astaxanthin has not undergone safety testing for direct 
human use and has not been recorded to provide health benefits to humans; thus, it 
has not been registered with regulatory authorities for direct human use in any coun-
try (Capelli et al. 2013a), with the exception of DSM’s AstaSana™. The level of 
synthetic food additives which are legally allowed into the market has steadily 
decreased due to suspected roles as promoters of carcinogenesis with additional 
claims of liver and renal toxicities (Guedes et al. 2011) creating stricter regulations 
for the human supplement market. Due to the high cost of production for H. pluvialis- 
derived astaxanthin and a requirement for low-cost astaxanthin in the animal feed 
sector, many H. pluvialis astaxanthin producers have targeted the higher value 
nutraceutical and pharmaceutical markets due to the numerous reported health ben-
efits for natural astaxanthin (Guerin et  al. 2003). However, H. pluvialis-derived 
astaxanthin has been found to be effective for animal feed through improved pig-
mentation of the flesh and skin, enhanced antioxidant potential, improved fish egg 
quality, increased growth, and survival of sea bream, rainbow trout, yellow croaker, 
and salmonid fry compared with the synthetic type (Li et al. 2014; Sheikhzadeh 
et al. 2012). 

In the future, astaxanthin has the potential as a functional food, for example as a 
partial substitution of flour in cookies (Hossain et al. 2017). To be utilised in food 
matrices, further innovations in maintaining stability, preservation, encapsulation, 
and storage are required to avoid degradation and chemical changes (Martínez- 
delgado et al. 2017). The nutraceutical market today is dominated by astaxanthin 
from H. pluvialis, but one ‘nature identical’ synthetic product has entered the mar-
ket, AstaSana™, manufactured by DSM. The Natural Algae Astaxanthin Association 
(NAXA) promotes H. pluvialis-derived astaxanthin (AlgaTechnologies Ltd., 
Cyanotech Corporation, Beijing Gingko Group (BGG) and Atacama Bio Natural), 
and they have been aiming to educate the public about the health benefits of natural 
astaxanthin and the major differences between the natural and synthetic form. A 
selection of the products are showcased in Fig. 6.1.

High demand by consumers has led to many new companies (at least 22 compa-
nies from 13 countries) entering the market in recent years (Fig. 6.2), and producers 
in China such as BGG are projected to become leaders in the market (Capelli 2018). 
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Additionally, research is being undertaken on other sources of astaxanthin from 
natural sources such as Chromochloris zofingiensis (Chen et  al. 2017), with the 
intention to compete with synthetic, yeast, bacterial and H. pluvialis-derived 
astaxanthin.

1.3  Astaxanthin Health Benefits

Astaxanthin has been reported to be one of the most potent compounds in terms of 
its antioxidant activity, 65 times more powerful than vitamin C; 10 times stronger 
than β-carotene, canthaxanthin, zeaxanthin, and lutein; and 100 times more effec-
tive than alpha-tocopherol (Capelli et  al. 2013a; Miki 1991). The free radical 
quenching ability is attributable to the conjugated structure of astaxanthin which 
allows the molecule to intercalate within the phospholipid bilayers of the biological 
membranes and the terminal hydroxylated ring structures which remain exposed to 
the outer and inner surfaces of the membrane (Riccioni et al. 2012). The demand for 
natural astaxanthin as a nutraceutical has exponentially increased due to a growing 
clinical evidence base including early-stage human trials with many reported health 
benefits, most notably a high antioxidant potential (Guerin et al. 2003). Dr Joseph 
Mercola, one of the world’s most followed physicians, had declared that astaxanthin 
was ‘the #1 supplement you’ve never heard of that you should be taking’. Natural 
astaxanthin, with a molecular structure containing polar hydrophilic ends, can move 
throughout the entire body (Yuan et al. 2011) and cross the blood-brain barrier to 
bring antioxidant protection to the brain and eyes (Fig. 6.3), crossing the phospho-
lipid bilayer, a unique characteristic, which only a few other carotenoids possess, 

Fig. 6.1 Examples of products from (a) Cyanotech Corporation and (b) Atacama Bio Natural. 
Astaxanthin capsules are typically sold with 4–12  mg of astaxanthin as a 10% oleoresin with 
astaxanthin extracted from the dried powder and formulated in edible oils. (a) BioAstin® Hawaiian 
Astaxanthin®. (Courtesy of Nutrex Hawaii). (b) NatAxtin™ ME: microencapsulated oleoresin 
powder and NatAxtin™ oil: astaxanthin-rich 10% oleoresin from supercritical CO2. (Courtesy of 
Atacama Bio Natural Products S.A., Chile). Astaxanthin from H. pluvialis cultivated in the 
Atacama Desert
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including lutein and zeaxanthin (Minatelli 2008). In rats, astaxanthin has been 
found to accumulate in the hippocampus and cerebral cortex (Manabe et al. 2018).

It has been clearly revealed that the source of astaxanthin can have a positive 
impact on health with extensive preclinical (in vitro and animal models) and clin-
ical studies (Yuan et al. 2011). Natural H. pluvialis-derived astaxanthin has been 
showcased to be over 50 times more effective than synthetic astaxanthin in sin-
glet oxygen quenching and 20 times more effective in free radical elimination 
(Capelli et al. 2013a). It has been found that the bioaccessibility of H. pluvialis-
derived astaxanthin in supplements was higher than in aquaculture-derived 
salmon where synthetic astaxanthin is used for pigmentation 
(Chitchumroonchokchai and Failla 2017). Research by Nishida et  al. (2007) 
revealed that astaxanthin has a singlet oxygen quenching capability 800 times 
greater than ubiquinone (antioxidant present in most cells in the body). These 
initial results have led to further studies, which have concluded antilipid peroxi-
dation activities in  vitro (Leite et  al. 2010), anticancer properties in  vitro and 
in vivo with rodent models (Tanaka et al. 2012), immune system boosting activity 
(Bolin et  al. 2010), eye health maintenance (Guerin et  al. 2003; Piermarocchi 
et al. 2012), alleviation of arthritic symptoms (Capelli et al. 2013b), and protec-
tion against cognitive decline (Katagiri et al. 2012; Satoh et al. 2009). In mice 
models, H. pluvialis astaxanthin has been shown to inhibit the growth of 

Abluminal membrane

Luminal membrane

Endothelial cell

Tight junction

Astrocyte

Blood

Pericyte

Neuron

Fig. 6.3 Astaxanthin has the capacity to cross the blood-brain barrier to provide antioxidant pro-
tection to the brain and eyes. The blood-brain barrier is a semipermeable membrane which sepa-
rates the blood from the cerebrospinal fluid forming a barrier to the passage of cells and large 
molecules but allowing the diffusion of hydrophobic and small polar molecules. Tight junctions 
create the barrier, and lipophilic substances can pass through the membrane
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Helicobacter pylori (common cause of peptic ulcers) and reduces bacterial load 
in the infected cells, but further research is needed to determine if this is the case 
in human patients (Kang and Kim 2017).

Most studies of H. pluvialis-derived astaxanthin have been in vitro and in ani-
mal models, and the efficacy has been well proven (Guerin et al. 2003; Visioli and 
Artaria 2017; Yuan et al. 2011). In addition, the health benefits of astaxanthin in 
human patients have been extensively reported: improvements in muscle endur-
ance through reduced lactic acid and increased respiratory and sympathetic ner-
vous system activities (Capelli et  al. 2013b), antioxidant potential in bilateral 
cataract patients (Hashimoto et al. 2014), improved immune response and a reduc-
tion in inflammation and oxidative stress (Park et  al. 2010), cognitive improve-
ments with increased response time and accuracy of completing tasks (Katagiri 
et  al. 2012; Satoh et  al. 2009), cosmetic benefits through improvements in skin 
elasticity and a reduction in wrinkles (Tominaga et al. 2012), and improvements in 
semen quality with an associated increase in pregnancy rates (Elgarem et al. 2002; 
Comhaire et al. 2005). However, with regard to anticancer, cardiovascular health 
claims for the alleviation of oxidative stress in humans, and benefits in ocular 
health that have been reported in vitro and in vivo, no conclusive statements can be 
deduced, and further study is warranted.

The health benefits and published evidence suggest H. pluvialis astaxanthin is 
safe and orally bioavailable (Fassett and Coombes 2012), whilst having no provi-
tamin A activity (which can lead to hypervitaminosis A) (Olaizola and Huntley 
2003), and consequently, more clinical trials should be conducted (Fassett and 
Coombes 2012). The recommended dosage is 4–8 mg/day for normal health main-
tenance, and for athletes, 12 mg has been observed to be more effective (Capelli 
2018). The FDA has approved H. pluvialis-derived astaxanthin for direct human 
consumption (up to 12 mg/day), and if taken for less than 30 days, 24 mg can be 
taken (Visioli and Artaria 2017). As the number of clinical studies and promotion 
of natural astaxanthin have increased, market demand has increased leading to a 
situation where demand is greater than the current ability to supply.

1.4  Sources of Astaxanthin

As outlined above, commercially, the main sources of astaxanthin are synthetically 
derived from natural astaxanthin X. dendrorhous and H. pluvialis. H. pluvialis is the 
best known natural producer of astaxanthin (Table 6.1). To date, only one higher 
plant species has produced astaxanthin (Adonis annua) with only 1% dry weight 
(DW) being observed in the petals (Renstrøm and Liaaen-Jensen 1981). However, 
despite the potential, the plant has relatively small flowers preventing suitable com-
mercial production (Cunningham and Gantt 2011). H. pluvialis-derived astaxanthin 
is readily accepted for the human food market and of all living organisms has been 
reported to have the highest concentration of astaxanthin, with reports regularly 
revealing around 4% (Aflalo et al. 2007) and up to 7.7% at laboratory scale (Kang 
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et al. 2005). The purity of astaxanthin as total carotenoids in H. pluvialis is much 
higher than other microalgae and can be up to 95% of the total carotenoids (Harker 
et al. 1996), with most reports revealing an average of 85% (Capelli et al. 2013a; 
Dore and Cysewski 2003). Comparatively, C. zofingiensis has been reported to con-
tain approximately 50% astaxanthin of the total carotenoids, the other main carot-
enoids being canthaxanthin and adonixanthin (Liu et al. 2014b). Interestingly, in a 
direct comparison on the basis of astaxanthin esterification, C. zofingiensis was 
observed to contain a higher percentage of astaxanthin diesters (76.3% of the total 
astaxanthin), but with a significant reduction in astaxanthin monoesters (18% of 
total astaxanthin) compared with H. pluvialis (35.5% of total astaxanthin as diesters 
and 60.9% as monoesters) (Yuan et al. 2011). For other microalgae to become com-
mercially competitive, the extracts would need to be purified, adding cost to the 
process. The commercial sector producing H. pluvialis-derived astaxanthin is well 
established, and there have been no adverse effects associated with the administra-
tion of H. pluvialis-derived astaxanthin reported to date (Fassett and Coombes 
2012; Satoh et al. 2009; Spiller and Dewell 2003).

Table 6.1 Microbial sources of astaxanthin: Natural vs. genetically modified (GM)

Species Class
Astaxanthin 
content (% DW) Reference

Haematococcus pluvialis 
NIES-144

Chlorophyceae 7.72 Kang et al. 
(2005)

Chromochloris zofingiensis 
ATCC30412

Chlorophyceae 0.71 Chen and Wang 
(2013)

Coelastrum sp. HA-1 Chlorophyceae 0.63 Liu et al. (2013)
Scenedesmus vacuolatus SAG 
211/15

Chlorophyceae 0.27 Orosa et al. 
(2001)

Monoraphidium sp. GK12 Chlorophyceae 0.25 Fujii et al. 
(2006)

Scotiellopsis oocystiformis SAG 
277/1

Chlorophyceae 1.09 Orosa et al. 
(2001)

Neochloris wimmeri CCAP 213/4 Chlorophyceae 1.92 Orosa et al. 
(2001)

Protosiphon botryoides SAG 
731/1a

Chlorophyceae 1.43 Orosa et al. 
(2001)

Chlorococcum sp. Chlorophyceae 0.57 Ma and Chen 
(2001)

Brevundimonas sp. N-5 Alphaproteobacteria 0.04 Asker (2017)
Agrobacterium aurantiacum Alphaproteobacteria 0.01 Yokoyama et al. 

(1994)
Paracoccus carotinifaciens Alphaproteobacteria 2.30 Ha et al. (2018)
Paracoccus kocurii Alphaproteobacteria 1.10 Ha et al. (2018)
Xanthophyllomyces dendrorhous 
VKPM Y2476

Tremellomycetes 0.41 de la Fuente 
et al. (2010)

Xanthophyllomyces dendrorhous 
ATCC96594 (GM)

Tremellomycetes 0.97 Gassel et al. 
(2013)
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1.5  Large-Scale Production of Astaxanthin

The commercial scale-up of H. pluvialis has been and currently is difficult, with 
cultures requiring strict environmental conditions in the green stage (Olaizola and 
Huntley 2003). The first large-scale study investigating astaxanthin production from 
Haematococcus in a commercial facility (500,000  L bioreactor, 4500  m2) in 
California was in 1987 by Microbio Resources Inc. for the production of a powder 
(1% DW astaxanthin), marketed under the name Algaxan Red (Bubrick 1991). This 
dry algal powder was utilised for the aquaculture sector with a production cost of 
<US $20 kg−1 for the astaxanthin biomass product and able to compete with the 
synthetic form on price US $2000 kg−1 (Bubrick 1991). To date, there are several 
astaxanthin companies who have been unsuccessful including Fuji Chemicals with 
their BioDome™ system (Hawaii, USA), Aragreen (UK), and Maui Tropical Algae 
Farms (Hawaii, USA). Large-scale cultivation often results in low biomass densities 
susceptible to contamination issues, with high cell die-off (photobleaching) when 
transferred to the red stage under high light, and overall, it is a costly production 
process requiring extraction of the mechanically and chemically resistant, thick- 
walled aplanospores. Furthermore, there are issues with biofouling from cells form-
ing in ‘dead areas’ with poor circulation which can lead to reduced light penetration 
and can cause considerable downtime, thus increasing the annual cost in large-scale 
cultivation. Companies such as Varicon Aqua Solutions Ltd. (PhycoFlow™) (http://
www.variconaqua.com) along with individuals (Van De Ven and Van de Ven 2009) 
have patented technologies with automated self-cleaning systems, and these tech-
nologies offer the ability to reduce biofouling and downtime. The production capac-
ity of H. pluvialis outdoors is further constrained by an intrinsically slow growth 
rate, low cell density, ease of contamination by other microorganisms, and suscep-
tibility to adverse weather conditions (Ip et  al. 2004). Most companies follow a 
production process similar to the schematic shown in Fig. 6.4.

Most companies have utilised H. pluvialis strains from culture collections which 
have been investigated in the literature such as CCAP 34/12, NIES-144, and SCCAP 
k-0084 (BCC Research 2015) that have been maintained in an artificial environment 
for a long period of time since their initial isolation from the natural environment. A 
few companies have used H. pluvialis strains, isolated directly from the natural 
environment that are unavailable in culture collections, including Cyanotech utilis-
ing H2B (Cifuentes et al. 2003) and MC Biotech utilising a local Brunei isolate. At 
a commercial level, astaxanthin is commonly produced using a two-stage culture 
system involving a green stage, for maximal biomass production, and a red stage, 
for maximising the product astaxanthin (Aflalo et al. 2007; Olaizola 2003; Olaizola 
and Huntley 2003), but a three-stage culture system (green, starvation, and red 
stage) is implemented by Algalif, Iceland. In the outdoor two-stage production pro-
cess, astaxanthin productivities can reach 8–10 mg/L/day over a 10 day cycle (4 day 
green stage and 6 day red stage) with astaxanthin accounting for up to 4% DW 
under high light and nitrate-depleted conditions in the red stage (Aflalo et al. 2007). 
Alternatively, a continuous, one-stage production process has been demonstrated at 
pilot scale which produces astaxanthin from a mixed culture of motile macrozooids 
and palmelloids, resulting in almost twice the astaxanthin productivity (20.8  mg/L/
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day), formed under nitrate-deficient conditions (Del Río et al. 2008), but this pro-
cess is yet to be adopted on a commercial scale.

Currently, the manufacture of astaxanthin is mainly conducted outdoors 
(Fig. 6.2), primarily due to the high light intensities and temperatures required for 
astaxanthin induction in the red stage which would be uneconomical indoors, but 
surprisingly most of the production occurs outside the tropics. In indoor cultivation, 
the red stage can account for 59% of the electricity costs, mainly due to the high 
light costs (Li et al. 2011). Only two companies employ a completely indoor pro-
duction process to the author’s knowledge, Fuji Chemicals and Algalif. Fuji 
Chemicals abandoned H. pluvialis culture outdoors in its BioDome™ system in 

Fig. 6.4 Current process used on a commercial scale in the two-stage production process
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Hawaii due to contamination issues and subsequently continued with indoor mixo-
trophic culture in Sweden and Washington (Algae Industry Magazine 2015). 
Commercial production of H. pluvialis-derived astaxanthin in temperate zones is 
constrained due to unsuitable weather conditions for astaxanthin production out-
doors, and consequently, only indoor culture is feasible. Aragreen in Gloucestershire 
was investigating astaxanthin production from H. pluvialis, but the company filed 
for bankruptcy in 2017 (Aragreen 2015).

Industrially, there are a wide range of cultivation methods, and most are aiming 
to utilise a more sustainable production process. In the case of Cyanotech, in the 
green stage H. pluvialis is cultivated indoors under strictly regulated culture condi-
tions and then transferred outdoors for astaxanthin induction in the red stage in open 
ponds. AlgaTechnologies in Israel conducts their whole process outdoors in photo-
bioreactors (PBRs) to exploit natural sunlight and utilises photovoltaic cells (Algae 
Industry Magazine 2015). Comparatively, Algalif utilises geothermal energy for an 
entire production process indoors using light-emitting diodes (LEDs). Most compa-
nies are focussing on phototrophic cultivation, but mixotrophic cultivation is being 
explored, for example, at Fuji Chemicals. Lorenz and Cysewski (2000) reported 
that astaxanthin induction can take 3–5 days, and during this stage, the encystment 
process results in the formation of aplanospores (cysts).

After cultivation and astaxanthin induction, the aplanospores are harvested by 
gravitational settlement and further concentrated by ultracentrifugation. The bio-
mass is then dried, conventionally by spray drying as this is more economical than 
freeze drying and drum drying (Dore and Cysewski 2003; Shah et al. 2016). The 
dried thick-walled aplanospores are subjected to an extraction process to disrupt the 
cell walls and make the astaxanthin bioavailable. The walls of aplanospores resist 
digestion by animals (in feed applications) and by humans (nutraceutical applica-
tions), and therefore, the aplanospores must be disrupted for astaxanthin to become 
bioavailable (Olaizola and Huntley 2003). Sommer et al. (1991) observed that intact 
astaxanthin-rich aplanospores of H. pluvialis on ingestion do not result in pigmenta-
tion in salmonids. Care has to be taken in the extraction process to limit oxygen 
exposure and high temperatures which can damage the astaxanthin and result in 
losses in the process (Bustos-Garza et al. 2013). Extraction of astaxanthin on a com-
mercial scale is most commonly by supercritical fluid extraction (SFE) with CO2 
(ScCO2) (Shah et al. 2016). After extraction, the dried product is usually mixed with 
a preservative and shipped to feed manufacturers where it is incorporated into for-
mulated feed (Olaizola and Huntley 2003). Alternatively, the astaxanthin is encap-
sulated and formulated for nutraceuticals which is discussed in Sect. 3.4.

2  Biology of H. pluvialis/H. lacustris

H. pluvialis Flotow belongs to the Chlorophyceae, order Volvocales, and family 
Haematococcaceae, and in the past, this species has been referred to as 
Haematococcus lacustris or Sphaerella lacustris (Shah et  al. 2016). Currently, 
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H. pluvialis and H. lacustris are synonymous and the correct terminology is 
H. lacustris; therefore, this taxonomy will be followed hereafter (Buchheim et al. 
2013; Mazumdar et al. 2018; Nakada and Ota 2016).

It has been determined that Haematococcus is non-monophyletic with two dis-
tinct Haematococcus lineages by using nuclear-encoded small (18S) and large 
(26S) subunit rRNA combined with internal transcribed spacer 2 (ITS2) genes 
(Buchheim et al. 2013). It has been determined that H. pluvialis (H. lacustris) is the 
only member of the Haematococcus genus (albeit with at least five distinct lineages 
A–E from bootstrap data), with motile macrozooids with ‘delicate’ cytoplasmic 
strands and the formation of aplanospores with copious amounts of astaxanthin. 
Buchheim et  al. (2013) stated the other Haematococcus species (H. buetschlii, 
H. capensis, H. zimbabwiensis, and H. droebakensis) should be designated to the 
second lineage, the Balticola genus (cytoplasmic strands thickened at the base) as 
previously proposed by Droop (1956). Allewaert et al. (2015) reported three spe-
cies of Haematococcus from European isolates (H. pluvialis, H. rubens, and 
H. rubicundus) with H. pluvialis having the lowest maximum growth rate. 
Mazumdar et al. (2018) have reported four Haematococcus lineages with five valid 
species: H. lacustris, H. rubicundus, H. rubens, H. carocellus, and H. alpinus. The 
H. alpinus species was recently isolated from an alpine zone in New Zealand and 
identified as a new species with no known relatives (Mazumdar et al. 2018).

H. lacustris is regarded as the ‘birdbath’ alga which is distinct from other species 
of Haematococcus due to its ability to produce a vegetative resting stage (cyst/hae-
matocyst/aplanospore) and is known to accumulate high amounts of the carotenoid 
astaxanthin (Buchheim et al. 2013; Droop 1955). H. lacustris differs morphologi-
cally from other species of Haematococcus, having uniformly thin cytoplasmic 
strands compared to strands which are thickened at the base (Buchheim et al. 2013) 
and possessing three or more pyrenoids compared to only two in other species of the 
Haematococcus genera (Allewaert et al. 2015). H. lacustris is primarily a freshwa-
ter species, commonly found in ephemeral rain pools, natural and manmade ponds, 
and birdbaths (Burchardt et  al. 2006). H. lacustris is circumglobal and has been 
found on every continent with the exception of Antarctica (Guiry 2010). The ability 
of H. lacustris to encyst allows this species to survive in extreme conditions: high 
light, temperature, and salinity (Proctor 1957a).

2.1  Life Cycle

The first reports in the literature on the life cycle of H. lacustris were written in the 
middle of the nineteenth century (Flotow 1844) (Peebles 1909; Elliot 1934), and 
there was a further surge of interest in the late 1950s (Droop 1956; Proctor 1957a, b). 
H. lacustris has a complex life cycle, typically encompassing four life cycle stages: 
with the green stage containing vegetative cells, green motile macrozooids (flagel-
lates), and non-motile palmelloids (zoospores), the red stage containing non- motile 
aplanospores (haematocysts), and a gamete stage with microzooids (Elliot 1934; 
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Triki et al. 1997; Han et al. 2012). Triki et al. (1997) observed that microzooids were 
formed from aplanospores maintained in nitrate-starved conditions for over a month 
when transferred to a medium high in nutrients. Under favourable conditions, green 
motile macrozooids predominate (Triki et al. 1997), but when conditions become 
unfavourable, e.g. low nutrients, high light, and salinity stress, aplanospore forma-
tion occurs in conjunction with astaxanthin accumulation (Harker et al. 1996).

Wayama et al. (2013) reported that the life cycle of H. lacustris was more com-
plex than originally perceived, describing the life cycle in more detail. It was 
reported that when H. lacustris aplanospores were resuspended in fresh medium, 
they germinated and released up to 32 green motile macrozooids by cytokinesis. 
After 3–5 days, these were noted to form green coccoid cells (palmelloids), and as 
aging progressed, the cells were transformed into intermediate cells (palmelloids) 
and aplanospores (Wayama et al. 2013). Even though a considerable body of work 
has been undertaken, the life cycle of H. lacustris is still not fully understood along 
with the morphotypes involved (Figs. 6.5 and 6.6). To date, little is known on what 
conditions contribute to palmelloid formation other than culture ageing and strain 
disposition (Allewaert et al. 2017). In addition, red motile macrozooids have also 
been observed in some strains, but it has not been fully elucidated why they are 
formed rather than aplanospores (Fig. 6.5) (Brinda et al. 2004; Butler et al. 2017; 
Del Río et al. 2005; Grünewald et al. 1997; Hagen et al. 2000; Tocquin et al. 2012).

Reproduction in H. lacustris is still a contentious issue as it is unknown whether 
H. lacustris undergoes sexual reproduction, and more direct evidence is still war-
ranted (Chunhui et al. 2017). During division, sporocysts are formed which can 
contain 16 or 8 cells in the green and red stage, respectively (Figs. 6.7 and 6.8). 
H. lacustris is reported to be capable of sexual reproduction, but it is considered 
unusual (Triki et al. 1997). Triki et al. (1997) did not observe sexual reproduction 
in green motile macrozooids and reported that this was due to H. lacustris being 
heterothallic within culture collections, with populations derived from a single 
mating type (Droop 1956). Zheng et al. (2017) stated there is no convincing evi-
dence that H. lacustris undergoes sexual reproduction, and it is unknown if 
Figs.  6.7d and 6.8b show the onset of sexual reproduction or whether the cells 
separate without fusing. For syngamy to occur, two comparable mating types have 
to be present (Triki et al. 1997). In the presence of a single clone, or numerous 
incompatible clones of H. lacustris, syngamy would not be possible (Triki et al. 
1997). Determining if sexual reproduction occurs in H. lacustris would be of bio-
technological interest because then mating trials could be conducted for selective 
breeding.

During the life cycle of H. lacustris, ultrastructural changes occur within the 
cell. These have been well documented by Wayama et al. (2013) and reviewed by 
Shah et al. (2016). The green motile macrozooids are surrounded by an extracel-
lular matrix (Wayama et al. 2013). During the onset of encystment, H. lacustris 
cell walls thicken up to 2 μm, and the cells develop conspicuous pyrenoids with 
many starch grains located around the pyrenoids (Wayama et al. 2013). Circular 
oil droplets with various sizes containing astaxanthin are located around the 
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nucleus (Wayama et al. 2013). As astaxanthin accumulates, the chloroplast reduces 
in volume, and the chloroplasts degenerate and are localised in the interspace 
between oil droplets, but the photosynthetic activity of the cell is maintained 
(Wayama et al. 2013). It is still unknown what happens to the ultrastructure of the 
red motile macrozooids and if it is the same as in aplanospores.

Fig. 6.5 Life cycle of H. lacustris: (a) green motile macrozooid, (b) early-stage palmelloids, (c) 
late-stage palmelloids, (d) aplanospore, (e) green motile microzooid, and (f) red motile macrozo-
oid. The black lines indicate known interactions between life cycle stages, and the red lines indi-
cate proposed interactions
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2.2  Biochemical Components: Proteins, Lipid, Carbohydrates, 
Pigments

Morphogenesis from the green motile macrozooid to the aplanospore cell stage 
results in profound changes within the cell, including changes in cell wall struc-
ture which can be detected by electron microscopy and cytochemistry (Wayama 
et al. 2013). The green motile macrozooids exhibit an extracellular matrix (mainly 

Fig. 6.6 Morphological characteristics of life cycle stages. (Data for annotations obtained from 
García-Malea et al. 2006, Damiani et al. 2006, Wayama et al. 2013, and Chekanov et al. 2014)
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Fig. 6.7 Asexual reproduction in green motile macrozooids: (a) 16 daughter cells, (b) four daugh-
ter cells, (c) released green motile macrozooids after the breakdown the of extracellular matrix, 
and (d) pairing head to head in green motile macrozooids

Fig. 6.8 (a) Asexual reproduction with eight daughter cells formed and (b) pairing head to head 
in red motile macrozooids
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 consisting of glycoproteins and lacking cellulose or acetolysis-resistant material) 
around the cell (Hagen et  al. 2002). In ageing green motile macrozooids, a 
 two- layered primary cell wall forms (containing β-1,4-glycosidic linkages), which 
is subsequently followed by a loss of motility and the development of palmelloid 
cells (Hagen et al. 2002). After completion of the primary cell wall, the formation 
of a trilaminar sheath is observed containing cellulose in the palmelloids (Damiani 
et al. 2006). During encystment, the H. lacustris cell develops a secondary cell 
wall containing algaenan, a sporopollenin-like material, which is highly resistant 
to chemical and mechanical breakage (Han et al. 2013a). Montsant et al. (2001) 
identified that the cell wall of aplanospores was two- to threefold thicker than 
green motile macrozooids using transmission electron microscopy (TEM). The 
composition of the aplanospores cell walls is 70% carbohydrate (89.4% mannose), 
6% protein, 3% cellulose, and 3% acetolysis-resistant material (Hagen et al. 2002). 
The biochemical composition of H. lacustris varies depending on the life cycle 
stage and the environmental conditions.

H. lacustris in the green stage typically has a biochemical composition of 
13.8–48.0% protein (higher protein related to a higher nitrogen content) (Gacheva 
et al. 2015; Sipaúba-Tavares et al. 2015), 39.0–64.2% carbohydrate, and 8.3–16.2% 
lipid (as a function of DW) (Lorenz 1999; Gacheva et al. 2015). The primary FAs in 
the green stage were linolenic (18:3 (n − 3)) and palmitic acid (16:0) (26.4% and 
18.9% of the total FAs, respectively) (T. Butler, unpublished data). With regard to the 
pigment fraction, the green vegetative cells can contain chlorophylls a and b, and the 
carotenoids lutein (70%), neoxanthin (12%), violaxanthin (10%), β-carotene (8%) 
with zeaxanthin are also reported (Harker and Tsavalos 1996; Harker et al. 1996).

In varying stages of the red phase, H. lacustris had a proximate composition (on 
a dry basis): 14–26% crude protein, 2.6–26.3% lipid, 6.30–48.8% carbohydrate, 
2.0–4.0% ash, and an approximate gross energy of 24.1  kJ/g (Boussiba and 
Vonshak 1991; Choubert and Heinrich 1993; Sarada et al. 2006; Kim et al. 2015; 
Molino et al. 2018). It was reported that the lipid was composed of 88.3% FAs with 
48.20% as polyunsaturated fatty acids (PUFAs) (the main fatty acids were linoleic 
acid (18:2 (n − 6)), palmitic, and oleic acid (18:1) encompassing 74.25%) (Kim 
et al. 2015; Molino et al. 2018). The amino acid profile is comprised of glutamic 
acid, aspartic acid, leucine, and alanine with a total amino acid content of 10% DW 
and 46% of the amino acids in H. lacustris defined as essential (Kim et al. 2015). 
The monosaccharides were mostly glucose and mannose (46% and 40.9% of the 
composition, respectively) (Kim et al. 2015). In a commercial product, Cyanotech 
previously reported that spray-dried aplanospore biomass had an astaxanthin con-
tent of >1.5% with the biomass containing 20–30% protein, 30–40% carbohydrate, 
5–15% ash (dry weight (DW)), and 4–9% moisture, with a particle size of 5–25 μm 
(Dore and Cysewski 2003).

Generally, it has been observed in the red stage that the carbohydrate content 
increases dramatically with up to 74% as starch observed (Boussiba and Vonshak 
1991). When aplanospores are formed, cytoplasmic lipid droplets (FAs as mono- or 
diesters) can account for 40% DW and can contain 4% astaxanthin (Aflalo et al. 
2007; Saha et al. 2013a). The neutral lipid fraction predominates in the green and 
red stages, and in the transition to the red stage, the neutral lipid fraction as triacyl-
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glycerides (TAGs) increases along with the glycolipid content (Damiani et  al. 
2010). In the red phase, the aplanospores are rich in palmitic (C16:0), linoleic 
(18:2), and linolenic (18:3), whereas in the red motile macrozooid stage, oleic acid 
(18:1) was also found to be abundant (Butler et al. 2017). The biochemical compo-
sition largely depends on several factors including cultivation conditions, e.g. light, 
temperature, nutrients, carbon dioxide, and the genetics of the cell. Nutrient starva-
tion is well known to increase lipid content, and the FAs formed are suitable for 
biodiesel (Damiani et al. 2010; Saha et al. 2013a). In the red stage, the pigment 
composition undergoes a dramatic shift with astaxanthin comprising 80–99% of the 
total carotenoids (Dragos et  al. 2010). The ratio of carotenoids to chlorophyll is 
around 0.2 in the green stage but increases to 2–9 in the red stage (Shah et al. 2016). 
In the aplanospores and red motile macrozooids, astaxanthin is not in the free form 
but is often esterified with mono- or diesters of palmitic (16:0), linoleic (18:2), or 
oleic acid (18:2) (Shah et al. 2016; Butler et al. 2017). In aplanospores, approxi-
mately 70% of the astaxanthin is monoesters, 25% diesters, and only 5% free astax-
anthin (Johnson and Schroeder 1995; Solovchenko and Chekanov 2014), but in red 
motile macrozooids, 77% of the astaxanthin occurs as a monoester, 18% as diesters, 
and 1.4% as free astaxanthin (Butler et al. 2017).

2.3  Bioprospecting for Commercially Relevant Strains

H. lacustris is a ubiquitous freshwater green alga with members of this species 
found circumglobally, and to date, >150 strains have been isolated, with the major-
ity from the northern hemisphere (Fig. 6.9). Of these unique strains, the location of 
isolation of at least 44% remains unknown (Alam and Wang 2019).

In the past, morphological traits have been used to determine the species and 
strains of H. lacustris. It has been identified that some culture collection strains 
predominantly grow as green motile macrozooids and others as predominantly 
green palmelloids (Han et al. 2012). However, morphology alone proves difficult to 
observe differences between strains, and genetics play an increasingly important 
role for differentiation, and therefore, a rapid DNA barcoding method is required for 
cataloguing new strains. Barcoding is important for identifying and cataloguing 
strains with desirable characteristics, including high growth rate and astaxanthin 
production and the capability to survive extremophilic conditions (an advantage in 
large-scale culture to avoid culture crashes from contaminants). Conventionally, 
microalgal cells are lysed using heating and cetyl trimethylammonium bromide 
(CTAB) (Doyle and Doyle 1990) to release DNA that is then amplified through the 
polymerase chain reaction (PCR), run on a gel, purified, and sequenced (Mostafa 
et al. 2011). As a pretreatment for DNA extraction, bead beating has been incorpo-
rated as it is notoriously difficult to extract high-yielding DNA (Peled et al. 2011). 
Recently, a simple colony PCR process has been established for H. lacustris with a 
simple heating step in a PCR machine for 10 min with PCR buffer, followed by 
subsequent PCR amplification (with improved band intensity with increasing cycle 
number) (Liu et al. 2014a).

6 Astaxanthin Production from Microalgae



194

F
ig

. 6
.9

 
G

eo
gr

ap
hi

ca
l m

ap
pi

ng
 o

f 
15

3 
H

. p
lu

vi
al

is
/H

. l
ac

us
tr

is
 s

tr
ai

ns
 o

bt
ai

ne
d 

fr
om

 1
8 

cu
ltu

re
 c

ol
le

ct
io

ns
 a

nd
 th

e 
pu

bl
is

he
d 

lit
er

at
ur

e.
 F

ro
m

 th
e 

18
 c

ul
tu

re
 

co
lle

ct
io

ns
 6

5 
un

iq
ue

 s
tr

ai
ns

 w
er

e 
ob

ta
in

ed
. I

t w
as

 o
bs

er
ve

d 
th

at
 f

or
 m

os
t o

f 
th

e 
st

ra
in

s 
th

e 
lo

ca
tio

n 
of

 is
ol

at
io

n 
w

as
 u

nk
no

w
n 

(4
4.

4%
)

T. Butler and Y. Golan



195

To date, no universal barcode has been established for eukaryotic microorgan-
isms, but the hypervariable V4 region of the 18S rDNA was proposed as a prebar-
code (Łukomska-Kowalczyk et al. 2016). Mostafa et al. (2011) used inter simple 
sequence repeat (ISSR) and random-amplified polymorphic DNA (RAPD) molecu-
lar markers to observe the genetic diversity between ten strains of H. lacustris, four 
sourced from Iran and the other six from CCAP which successfully produced a 
dendrogram showing the correct strains based on their geographical origin. 
Allewaert et al. (2015) used ITS2 and then complete ITS rDNA and rbcL molecular 
phylogenies (with ITS being more powerful for species/strain separations) to deter-
mine the relationship between European H. lacustris isolates (seven strains) and 
those in common culture collections. It was determined that six lineages could be 
resolved from the ITS rDNA phylogenetic data corresponding to three out of five of 
the ITS2 rDNA lineages (A, C, and E) reported by Buchheim et  al. (2013). 
Denaturing gradient gel electrophoresis (DGGE) was also identified as a method for 
rapid identification of European temperate strains and has been highlighted as a 
method that could be used in the future (Allewaert et al. 2015).

Bioprospecting for new strains has been fairly commonplace for H. lacustris as 
the large, red aplanospore cells are easy to see, and isolates have been obtained 
globally from Temperate Zones over Europe (Allewaert et al. 2015) to Torrid Zones 
such as India (Prabhakaran et al. 2014) to Frigid Zones such as Svalbard (Klochkova 
et al. 2013). Many strains of H. lacustris in culture collections including the Culture 
Collection of Algae and Protozoa (CCAP) have been found in ephemeral pools 
(CCAP 2015). Other strains of H. lacustris have been found in extreme environ-
ments outside of their conventional niche. An isolate has been found at high alti-
tude in India (Prabhakaran et  al. 2014). Recently, a cold-tolerant strain of 
H. lacustris was isolated from the high Arctic in Blomstrand Halvøya, Svalbard, 
which has been found to exhibit growth between 4 and 15  °C and can produce 
astaxanthin at 4–10 °C (Kim et al. 2011; Klochkova et al. 2013). H. lacustris has 
even been recorded in samples from a nuclear-fuel storage pond in Sellafield, UK 
(Groben 2007). A thermophilic strain with the ability to grow at temperatures up to 
41.5 °C has also been isolated (Gacheva et al. 2015). In one study that screened 30 
natural isolates and compared them with culture collection strains, it was identified 
that the culture collection strains had a lower astaxanthin productivity which might 
have been attributed to a loss in photoprotective capacity during longer-term culti-
vation (Allewaert et al. 2017). Bioprospecting offers significant potential for iden-
tifying new strains of H. lacustris with desirable characteristics for biotechnological 
exploitation. Elucidating the diversity in H. lacustris species is essential for bio-
technological applications as potential fast-growing and astaxanthin-hyperaccu-
mulating strains can be identified, in conjunction with determining strains suitable 
to local climatic conditions.

An Arctic strain of biotechnological significance is BM1, found on coastal rocks 
off the coast of a Russian island, with the ability to tolerate salinities up to 25% 
(Chekanov et al. 2014). Typically, a salinity of 8% causes the cessation of growth in 
H. lacustris (Boussiba and Vonshak 1991). This strain could be cultivated in brack-
ish water which would reduce the cost of production, would minimise the 
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 environmental burden, and would be suitable for areas with a limited supply of 
freshwater. In addition, astaxanthin accumulation was detected after only 10 days of 
cultivation (Chekanov et al. 2014). After 6 days of resuspension in distilled water, 
27 °C, 480 μmol photons/m2/s, and continuous light, the astaxanthin content reached 
5–5.5% DW (99% of the total carotenoids).

Much of the scientific literature has been based on specific strains of H. lacus-
tris from culture collections, including CCAP 34/7 (Harker and Tsavalos 1996; 
Mendes- Pinto et al. 2001; Mostafa et al. 2011; Rioboo et al. 2011), CCAP 34/8 
(García- Malea et al. 2005, 2006, 2009), SCCAP k-0084 (Montsant et al. 2001; 
Peled et al. 2012; Wayama et al. 2013), and the highest number of publications 
on NIES-144 (Kobayashi et  al. 1991, 1993, 1997a, b; Kang et  al. 2005; Yoo 
et  al. 2012; Wan et  al. 2014a). There are few reports on other strains held in 
culture collections including CCAP strains 34/1D, 34/13, and 34/14. Published 
papers for these strains have mainly been restricted to the study of evolutionary 
relationships (Mostafa et  al. 2011). Revisiting these strains could provide a 
quick method for identifying strains with suitable properties for commercial 
production of astaxanthin which could alleviate some of the issues currently 
found within the industry such as identifying red motile macrozooids with the 
highest reported astaxanthin content to date (2.74% DW) (Butler et al. 2017). To 
date, it has been observed that the highest astaxanthin content has been observed 
in NIES-144 and the highest astaxanthin productivity in CCAP 34/8.

To date, only two publications have comprehensively compared H. lacustris 
strains. From 25 strains from various culture collections, it was identified that 
CCAC 0125 was the optimal strain with a total biomass and astaxanthin yield of 
91.2 g/m2 and 1.4 g/m2, respectively, with an associated astaxanthin content of 1.5% 
DW (Kiperstok et al. 2017). All 25 strains were capable of immobilised growth in a 
biofilm attaining biomass and astaxanthin yields of between 73 and 112  g/m2, 
0.74 g/m2 and 2.1 g/m2, respectively. Allewaert et al. (2017) undertook a screen of 
30 strains which included recently isolated strains and those maintained in culture 
collections. It was concluded that these recently isolated strains generally had a 
higher astaxanthin productivity and there was a 15-fold difference, with BE02_09 
having the highest astaxanthin productivity (4.59 mg/L/day). In future strain selec-
tions it would be beneficial to conduct a high-throughput screening method to iden-
tify astaxanthin-hyperproducing mutants. Fourier-transform infrared spectroscopy has 
been suggested rather than conventional high-performance liquid chromatography 
(HPLC) (Liu and Huang 2016).

2.4  PBR Development and Cultivation Mode

To date, H. lacustris has been cultivated in open ponds, plastic bags, fermentors, 
and PBRs (flat plate, horizontal/tubular, bubble columns, and airlift) and attached 
to a membrane system (Table  6.2). The highest astaxanthin productivity 
(20.8 mg/L/day) was obtained in an indoor system using a one-stage process (Del 
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Río et al. 2008). The production process can range from 10 to 90 days, with bio-
mass productivities in the green and red stages ranging from 0.04 to 1.58 g/L/day 
and 0.02–1.90 g/L/day, respectively, with astaxanthin productivities from 0.12 to 
20.9 mg/L/day, and with an astaxanthin content of 0.20–7.72% DW (Table 6.3). 
It has previously been reported that tubular airlift systems are preferable over 
bubble column PBRs for the outdoor production of biomass and astaxanthin pro-
ductivity due to an optimal average lighting irradiance of 130 μmol photons/m2/s 
with nitrate decreasing to <5 mM for astaxanthin induction over the 16-day period 
(Table 6.3) (García-Malea López et al. 2006). In a direct comparison between a 
bubble column and an airlift PBR, the airlift PBR resulted in a 18% higher bio-
mass concentration (4.8 g/L DW, 7 × 106 cells/mL) and a 16% higher astaxanthin 
yield (480 mg/L), attributable to the regular light/dark cycles and laminar flow in 
the downcomer of the airlift PBR (Ranjbar et al. 2008). In terms of the optimal 
light path, it has been observed that a 6 cm light path in the green stage, followed 
by a 3 cm light path in the red stage resulted in the highest astaxanthin productiv-
ity (20.1 mg/L/day) (Wang et al. 2019). In terms of the optimal bioreactor size, it 
has been determined that the smaller flat plate bioreactor system (17 L) resulted 
in a 97% higher cell density than in a 200 L system (Issarapayup et  al. 2011) 
showcasing the difficulties of scaling up. Maximising hydrodynamic mixing 
through an optimised sparger and PBR shape is also critical (metal, 0.2  vvm, 
1.3 cm diameter sparger, 60° V-shaped bottom) with a resultant 1.7-fold increase 
in astaxanthin productivity without the adherence of cells (Yoo et  al. 2012). 
However, with 60+ years of PBR research (317 studies of algal reactors), it has 
been identified that there is little difference between the system used and the bio-
mass productivity overall, but it was suggested that intermediate volume bioreac-
tors with higher surface area-to-volume ratios could provide higher yields whilst 
simultaneously reducing the environmental footprint with lower energy consump-
tion (Granata 2017).

Recently, there has been a large transition in the materials utilised for PBRs; 
traditionally, plastic tubes have been utilised due to their apparent low cost. Recently, 
many microalgal companies have partnered with Schott AG (e.g. A4F, Varicon Aqua 
Solutions Ltd., Ecoduna, and Heliae) and are replacing plastic PBRs with Schott 
glass due to higher resistance to UV radiation and chemicals, reductions in biofilm 
formation, and cost savings over a longer-term period (Schott 2019). It has been 
identified that over a 12-month period using a total tube length of 12 km, a 10% 

Table 6.3 N/P ratio of common media used for H. lacustris culture

Medium BBM
3N- 
BBM + V OHM FM:FB NIES-C

BG- 
11

Basal 
medium NSIII

Standard 
inorganic 
medium

Nitrate 
(mM)

2.94 8.82 4.05 2.70 1.9 17.65 0.1 9.99 10.17

Phosphate 
(mM)

1.72 1.72 0.21 4.60 0.16 0.23 0.087 1.76 0.37

N/P ratio 1.7 5.1 19.29 0.59 11.88 184.2 1.15 5.68 27.49

T. Butler and Y. Golan
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higher biomass and astaxanthin productivity was attained using a wall thickness of 
1.8 mm compared with 2.5 mm in Israel, attributable to higher sunlight penetration 
and more stable temperatures (Schott 2019).

Novel modes of cultivation have included attached cultivation on a membrane 
and utilising perfusion culture. In attached cultivation, the cells are cultivated in the 
water column and then seeded on a membrane to increase the light surface area, and 
this reduces the harvesting costs as the cells are already dewatered, resulting in up 
to a 90% reduction in water consumption (Zhang et al. 2014). Other benefits include 
overall energy savings from the lack of mixing/pumping and a reduction in contami-
nation, particularly single-celled protozoa (Wan et al. 2014a). Furthermore, when 
attached cultivation is employed in the red stage, the astaxanthin induction is faster 
than in column PBRs (Wan et al. 2014a). Utilising a two-stage system with attached 
cultivation for the red stage, biomass and astaxanthin productivities of 3.7 g/m2/day 
and 65.8 mg/m2/day, respectively, were obtained utilising strain NIES-144 (12 day) 
(2.8- and 2.4-fold higher than conventional suspended bioreactor cultivation, 
respectively) (Wan et al. 2014a). The optimal temperatures for maximising biomass 
and astaxanthin production were conflicting, with the highest astaxanthin content 
(1.5% DW) at 15 °C but the maximum biomass and astaxanthin productivities at 
25 °C (Wan et al. 2014a). Zhang et al. (2014) reported a slightly modified version of 
attached cultivation utilising strain SAG 34-1b with a different medium (BG-11 vs. 
NIES-N) with nitrate deprivation (1.8 mM) rather than depletion, resulting in an 
astaxanthin productivity of 164.5 mg/m2/day. Through a strain screening process 
(25 strains) and utilising the optimal strain (CCAC 0125) for a twin-layer two-stage 
immobilisation system, a high biomass (19.4 g/m2/day at 1015 μmol photons/m2/s) 
and astaxanthin productivity (0.39  g/m2/day at 1015  μmol  photons/m2/s) was 
obtained with 1% CO2 supplementation, 14/10 photoperiod, and 28.5 °C (Kiperstok 
et al. 2017). Utilising a one-stage process resulted in similar biomass and astaxan-
thin productivities but in half the time (8 days) (Kiperstok et al. 2017).

Alternatively, perfusion culture in a fermentor has been demonstrated where the 
medium (NIES-C with 11.98 mM acetate, 2.58 mM nitrate, and 0.147 mM phos-
phate) is continuously replaced, removing inhibitory metabolites formed during 
cultivation and replenishing nutrients (Park et al. 2014). This process resulted in a 
biomass and astaxanthin yield of 12.3 g/L (0.18 g/L/day) and 602 mg/L, respec-
tively, through stepwise increased light irradiance (150–450 μmol  photons/m2/s) 
(Park et al. 2014). However, this method required 54% more energy than a fed-batch 
stepwise photoautotrophic process and 24.5 additional days (Kang et al. 2010).

To date, most systems have focussed on phototrophic production using a two- 
stage strategy as the conditions for maximising growth and astaxanthin productivity 
are mutually exclusive (Table 6.2). The aim of the green stage is to maximise bio-
mass productivity and the second red stage is to induce astaxanthin formation. 
Utilising this method, a biomass yield of almost 20  g/L could be attained after 
21  days in the green stage using stepwise increases in irradiance 
(25–100–500 μmol photons/m2/s) with an astaxanthin productivity of 11.5 mg/L/
day (Aflalo et  al. 2007). Wang et  al. (2019) have obtained a biomass yield of 
20.1 g/L (1.34 g/L/day) in the green stage and 27.3 g/L DW (0.91 g/L/day) after the 
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red stage, the highest biomass yield to date in a H. lacustris photoautotrophic sys-
tem. A single-stage astaxanthin production system has been devised (utilising an 
impinging irradiance of 1000 μmol photons/m2/s, a specific average irradiance of 
93.4  μmol  photons/m2/s, dilution rate of 0.9  μ/day, and 2.2  mM nitrate) which 
resulted in a biomass productivity after the red stage of 1.9 g/L/day and an astaxan-
thin productivity of 20.8 mg/L/day, the highest to date (Del Río et al. 2008). The 
technical feasibility of this process outdoors in summer (50 L tubular PBR) has 
been showcased with a biomass and astaxanthin productivity of 0.7 g/L/day and 
8  mg/L/day, respectively, and further increases were believed to be attainable 
through increasing the availability of light (>53.45 μmol photons/m2/s) to the cells 
(García-Malea et al. 2009). Furthermore, it has been proposed that night-time losses 
of biomass and astaxanthin could be reduced through identifying the optimised 
control temperature (Wan et al. 2014a). It was observed that 2.9 and 5-fold increases 
in biomass and astaxanthin productivities could be obtained with NIES-144 when 
the night temperature was maintained below 28  °C, but this will differ for each 
strain and the specific cultivation conditions (Wan et al. 2014a). However, it must 
be noted that several drawbacks of this system have been highlighted including the 
lower astaxanthin content compared to the two-stage process (0.9–1.1% vs. 3.8% 
DW), the requirement for artificial illumination at night which is economically 
unattractive, vulnerability to grazers, and difficulties in harvesting the heteroge-
neous cells (compared to gravitational settlement for the aplanospores) (Aflalo 
et al. 2007).

H. lacustris is capable of mixotrophic growth with sodium acetate and ribose 
appearing to be the most suitable substrates (Kobayashi et  al. 1991; Pang and 
Chen 2017). It is well known that acetate is a suitable organic carbon source for 
maximum growth (4–12 mM) and for enhancing astaxanthin accumulation in the 
red stage (Cifuentes et al. 2003; Göksan et al. 2010; Gong and Chen 1997; Kang 
et  al. 2007). Higher biomass and astaxanthin productivities (0.35  g/L/day and 
4.54  mg/L/day, respectively) have been obtained when utilising NSII medium 
supplemented with 50 mM sodium acetate throughout the whole process, but with 
the addition of 100 mM potassium acetate in the red stage, a higher astaxanthin 
productivity could be attained (10.21 mg/L/day) with a 2.5–4.3% astaxanthin con-
tent, albeit with a reduced biomass productivity (0.24 g/L/day) (Pan-utai 2017). 
Using a fed-batch mode with sodium acetate results in a biomass yield of 1.77 g/L 
after 9 days (93.9% higher than a batch culture), and it was determined that the 
culture should be fed at night (Sun et al. 2015). Utilising ribose (9.66 mM) as a C5 
carbon substrate has been suggested to prolong the green stage, increase the spe-
cific growth rate and biomass yields, and reduce the risk of contamination (Pang 
and Chen 2017). It has been stated that organic carbon feeding should be done at 
night under 16 °C, to minimise the loss of enzymatic activity (Sun et al. 2015).

H. lacustris has also been reported to be capable of heterotrophic growth using 
sodium acetate as a carbon source in the green stage, but the organism has slow 
metabolic growth (0.20–0.22 μ/day), and contamination issues have been encoun-
tered (Droop 1955; Hata et al. 2001). Comparatively, photoautotrophic production 
in the green stage results in a growth rate of 0.56 μ/day (García-Malea et al. 2005) 
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and even up to 1.30 μ/day (Boussiba and Vonshak 1991). Heterotrophic growth 
(10–30 mM sodium acetate) offers the potential for producing high biomass yields 
in the green stage with Hata et al. (2001) obtaining a biomass yield of 7 g/L DW 
and Wan et al. (2015) attaining a biomass yield of 26 g/L DW with the highest 
biomass productivity (1.58 g/L/day) to date in the green stage (Table 6.2). Hata 
et al. (2001) revealed that after the third repeated fed batch, culture contamination 
became an issue (Hata et al. 2001), but Wan et al. (2015) did not report contamina-
tion issues. To date, there have been no confirmed reports of astaxanthin production 
in a commercial heterotrophic process; however, Kobayashi et  al. (1997a, b) 
reported carotenoid formation in heterotrophic cultures of H. lacustris in the labo-
ratory, but this was not confirmed to be astaxanthin, and to date, this remains 
unknown. A sequential heterotrophic-photoautotrophic production process has 
been suggested where astaxanthin formation was induced using nitrate deprivation, 
and subsequently, 5% CO2 was supplied to the culture resulting in the highest cel-
lular astaxanthin content to date of 7.72% DW (6.25 mg/L/day) (Kang et al. 2005). 
Commercially, some companies have been experimenting with heterotrophic culti-
vation of H. lacustris, but astaxanthin production in the red stage is currently insuf-
ficient for commercialisation. Utilising the alga’s heterotrophic ability to produce 
high biomass yields in the green stage, followed by optimal induction in the red 
stage through photoautotrophic induction, could be a suitable method for attaining 
high astaxanthin productivities.

2.5  Astaxanthin Induction

Astaxanthin is accumulated outside the plastid in cytoplasmic lipid vesicles 
(Grunewald et al. 2001). Astaxanthin has been reported to have several functions 
within H. lacustris aplanospores, acting as a ‘sunshade’ protecting the photosyn-
thetic apparatus, protection from photooxidative stress, and minimising oxidation of 
storage lipids (Han et al. 2012). To date, it is not fully known how astaxanthin acts 
to protect H. lacustris, and further studies need to be conducted to fully elucidate its 
role in the protection of H. lacustris cells in unfavourable conditions.

Astaxanthin synthesis was originally proposed to be induced by the cessation 
of cell division and only occur in the resting stage (Boussiba and Vonshak 1991; 
Kobayashi et al. 1997a, b). However, synthesis of astaxanthin has been demon-
strated to be independent of cell division and can occur in vegetative cells (motile 
macrozooids and palmelloids) (Brinda et  al. 2004; Butler et  al. 2017; Del Río 
et al. 2005, 2008; Hagen et al. 2001). A range of factors have been investigated to 
explore astaxanthin synthesis by H. lacustris, including high light, high tempera-
ture, and nutrient deprivation/depletion (e.g. nitrate and phosphate). High light 
was suggested to have been one of the most effective factors in the stimulation of 
astaxanthin synthesis (Choi and Park 2002). High-temperature treatments have 
been reported to have resulted in greater levels of astaxanthin, but temperatures 
>30  °C have been found to reduce the biomass yield (Tjahjono et  al. 1994). 
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Salinity stress by the addition of NaCl (0.1–0.5%) has also been used to increase 
astaxanthin levels, but  concentrations of 0.6–0.8% NaCl can cause severe cell 
mortality (Cifuentes et al. 2003; Harker et al. 1996; Sarada et al. 2002).

It has been proposed and is well known that nitrate limitation is the critical factor 
inducing astaxanthin accumulation with high light and dilution rate as factors respon-
sible for enhancing the astaxanthin content, but which alone are not inducers of the 
pigment itself (nitrate > dilution rate > light) (García-Malea et al. 2009). Christian 
et al. (2018) further validated the effect of light and identified that high light intensity 
alone had little effect on inducing astaxanthin production. It has been identified that 
nitrate limitation (<5–8 mM) results in the formation of astaxanthin with 2.2 mM 
nitrate being optimal for astaxanthin productivities (Ranjbar et  al. 2008; Del Río 
et al. 2008). In the two-stage process under nitrate deprivation (4 mM), the astaxan-
thin content is 2.7% DW, but with nitrate depletion, the content is increased to 3.8% 
DW (Wang et al. 2013). In the case of urea as a nitrogen source, 3 mM resulted in the 
highest astaxanthin content (2.4% DW) (Wang et al. 2019). Other reports have stated 
that a nitrate concentration of 0.6 mM is the concentration necessary to induce astax-
anthin accumulation, whilst avoiding culture washout (García-Malea et al. 2009). 
The specific concentration of nitrate required for induction is likely dependent on the 
PBR, cultivation conditions, and the strain employed.

2.6  Astaxanthin Biosynthesis

Astaxanthin is produced in the chloroplast, accumulates around the nucleus to 
protect the ultrastructures from reactive oxygen species (ROS), is esterified in 
the endoplasmic reticulum, and spreads into cytoplasmic lipids, with recent 
models revealing that astaxanthin and lipid biosynthesis are not synchronous, 
with lipid droplets accumulating faster than astaxanthin (Collins et  al. 2011; 
Saha et  al. 2013b; Solovchenko et  al. 2013; Cheng et  al. 2017a). It has been 
found that photorespiration can accelerate astaxanthin accumulation which is 
speculated to be through increasing glycerate-3-phosphate (PGA), a precursor to 
glyceraldehyde 3- phosphate (G3P) (Fig. 6.10) during the Calvin cycle (Zhang 
et  al. 2016). It has been identified that isopentenyl pyrophosphate (IPP) is an 
essential intermediate of carotenoid synthesis and this molecule can originate 
from the mevalonate pathway (MVA) or non- mevalonate pathway (MEP) in the 
chloroplast (Lemoine and Schoefs 2010). In the MEP pathway, 1-deoxy-d-xylu-
lose-5-phosphate is formed in the first stage. IPP then undergoes isomerisation 
to dimethylallyl diphosphate (DMAPP); however, it remains unknown which 
enzyme is responsible for this conversion (Shah et  al. 2016). The isoprenoid 
chain is then elongated, initiated with DMAPP with a subsequent linear addition 
of three molecules of IPP, and is catalysed by geranylgeranyl pyrophosphate 
synthase (GGPS); then finally, geranylgeranyl pyrophosphate (GGPP) is formed, 
a C20 compound (Shah et al. 2016).
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For the carotenoid synthesis, phytoene synthase (PSY) is the catalyst and ini-
tiates a head-to-tail condensation of two GGPP molecules to form the C40 com-
pound, phytoene which acts as a precursor to astaxanthin (Cunningham and 
Gantt 2011). It is well known that PSY is upregulated in the transition from green 
to red stage cultures (Gwak et  al. 2014). It has recently been proposed that a 
mutation in the PSY of H. pluvialis had an essential role in the evolution of 
hypercarotenogenesis (Pick et al. 2019). Lycopene is formed through four desat-
uration steps (increasing the number of conjugated carbon-carbon double bonds) 
involving two phytoene desaturases (PDS) and a ζ-carotene desaturase (ZDS) as 
the catalysts (Li et  al. 2010; Nawrocki et  al. 2015). Plastid terminal oxidases 
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Fig. 6.10 Astaxanthin biosynthesis in H. lacustris. (Modified from Shah et al. 2016). The enzyme 
abbreviations are defined as follows: HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; 
IPI, isopentenyl pyrophosphate isomerase; PSY, phytoene synthase; GGPS, geranylgeranyl pyro-
phosphate synthase; PDS, phytoene desaturase; ZDS, ζ-carotene desaturase; LCYE, lycopene 
ε-cyclase; LCYB, lycopene β-cyclase; CrtR-b, β-carotene 3,3′-hydroxylase; BKT, β-carotene 
ketolase
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(PTOX1 and PTOX2) are cofactors involved in carotenoid desaturation, and 
PTOX1 is coregulated with astaxanthin synthesis, but the function is still unde-
fined (Wang et al. 2009). Following the desaturation stages, the two termini of 
lycopene undertake cyclisation through competing pathways regulating meta-
bolic flux; primary carotenoid formation is catalysed by lycopene ε-cyclase 
(LCYE), and secondary carotenoids are synthesised by lycopene β-cyclase 
(LCYB) resulting in β-carotene formation (Gwak et al. 2014; Lao et al. 2017). It 
has been found that β-carotene is exported out of the chloroplast and is enzymati-
cally converted to astaxanthin in the cytoplasm (Fig. 6.10) (Pick et al. 2019). The 
cyclisation of lycopene is an important regulatory branch in astaxanthin biosyn-
thesis. Upregulation of LCYB at the transcriptional, proteomic, and metabolomic 
levels could result in elevated concentrations of astaxanthin. It has also been 
identified that the two final oxidation steps catalysed by β-carotene ketolase 
(BKT) and β-carotene hydroxylase (CrtR-b) are rate-limiting steps of astaxanthin 
synthesis (Shah et al. 2016).

Recent transcriptomic profiling on the effect of LEDs on the astaxanthin biosyn-
thetic pathway has been conducted, and it has been revealed that blue LED irradia-
tion results in an increased expression of the enzymes BKT and the carotenoid 
hydroxylase (CHY) compared to white light as the baseline, but comparatively, red 
LED irradiation results in downregulation (Lee et al. 2018). Upregulation of PSY, 
LCY, carotenoid ketolase (Crt-o), and CrtR-b was also observed when blue light 
was used for astaxanthin induction (Ma et al. 2018). The astaxanthin synthesis path-
way is complex, and multiple regulatory mechanisms at the transcriptional, transla-
tional, and posttranslational level are involved with five key enzymes critical in the 
process: isopentenyl pyrophosphate isomerase (IPI), PSY, PDS, Crt-o, and CrtR-b 
(Li et al. 2010). It is essential for the pathway of astaxanthin to be understood before 
genetic engineering can be undertaken (Fig. 6.10).

2.7  Genetic Engineering

Genetic engineering of microalgae has been reported in over 30 species, but the 
toolbox available for H. lacustris is limited. To date, the chloroplast genome 
(1.35 Mb) has been sequenced by the Synthetic Genomics group for H. lacustris 
UTEX 2505 (close relative of UTEX 16, a descendent of NIES-2264), and it has 
been identified as the largest assembled chloroplast of any plant or alga to date, but 
more coverage is required for the nuclear genome to be sequenced (Bauman et al. 
2018; Buchheim et al. 2013; Smith 2018). It was reported that the sequencing of the 
chloroplast genome leaves many unanswered questions; >90% of the DNA was 
non-coding, it has a non-standard genetic code, it only encodes 12 tRNAs (less than 
half of a typical plastome), and it is one of the few sequenced plastids that is not 
biased in adenine and thymine (Smith 2018).

Currently, most genetic improvements in H. lacustris have been limited to clas-
sic random mutagenesis due to the lack of an available nuclear genome and a 
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poorly annotated chloroplast genome. To date, UV mutagenesis (Sun et al. 2008; 
Tripathi et  al. 2001) and chemical mutagenesis using N-methyl-N-nitro-N-
nitrosoguanidine (MNNG) (Hu et al. 2008) and ethyl methanesulphonate (EMS) 
(Sun et al. 2008; Tripathi et al. 2001) have been trialled for elevating astaxanthin 
content with the aim of inducing 85–95% mortality. Chemical mutagenesis has 
been more successful because of the ability of H. lacustris to tolerate light damage, 
and using MNNG has resulted in improvements of volumetric astaxanthin up to 
threefold (Hu et al. 2008). For screening these mutants, herbicides have typically 
been used such as nicotine and norflurazon (Shah et al. 2016). With astaxanthin 
mutants, the colonies are potentially easier to pick because of their brighter red 
colouration. A Chilean H. lacustris mutant (mutated with EMS) was cultivated in 
a commercial-sized open pond of 125,000 L, and the astaxanthin content was 30% 
greater than the wild-type strain on a DW basis and 72% greater on a per culture 
volume basis (Gómez et al. 2013). Irradiating FACHB-872 with 4000 Gy 60Co-γ 
and then cultivation under high light with 15% CO2 resulted in a 1.7-fold increase 
in astaxanthin compared with a wild-type strain, and importantly, 56% of the genes 
were significantly upregulated in the mutant cells including pyruvate kinase pro-
viding a feedstock for astaxanthin and phytoene synthase, lycopene beta-cyclase, 
and ZDS for β-carotene conversion to astaxanthin (Cheng et al. 2016, 2017a, b).

An emphasis has been on targeting rate-limiting steps in astaxanthin biosynthe-
sis with the key enzymes being localized in the chloroplast, and it has been observed 
that PDS is a key target (Grünewald et al. 2001). A focus has been on nuclear trans-
formations with conventional mutagenesis such as overexpression of a PDS with a 
point mutation for norflurazon resistance with transgenic lines possessing a 36% 
higher astaxanthin content after 2 days of high light induction (Steinbrenner and 
Sandmann 2006). Recently, the carotenoid biosynthesis pathway has been geneti-
cally modified through a plasmid transformation in the chloroplast with the endog-
enous PDS nuclear gene to overproduce astaxanthin (67% increase in astaxanthin 
content in transformed strains compared to the wild type) with induction under high 
light and nitrogen depletion without an adverse effect on growth or biomass produc-
tivity (Galarza et al. 2018).

Insertional mutagenesis has been investigated for producing high-yielding astaxan-
thin strains using Agrobacterium-mediated transformation (Kathiresan et  al. 2009), 
biolistics (particle bombardment) (Steinbrenner and Sandmann 2006), and electro-
poration (Sharon-Gojman et al. 2015), but until recently they have lacked efficacy. 
Now stable transformation of the chloroplast and nuclear genome is possible with the 
introduction of two transgenes without the requirement of an additional antibiotic 
resistance gene (Gutiérrez et al. 2012; Sharon-Gojman et al. 2015). The PDS variant is 
used as a selection marker that confers resistance to the herbicide norflurazon with a 
single point mutation (L504A) (Shah et  al. 2016). Enhancement of astaxanthin in 
H. lacustris could be achieved by upregulating the PSY and CrtR-b genes which are 
often defined as being rate limited for astaxanthin production and have previously been 
upregulated by high light (Han et al. 2013b; Li et al. 2008, 2010). To bring a disruptive 
change in astaxanthin yields from H. lacustris, advanced genetic engineering methods 
with a greater emphasis on targeted mutations are required, utilising homologous 

6 Astaxanthin Production from Microalgae



212

recombination and clustering regularly interspaced short palindromic repeat (CRISPR) 
technology, which is an important new platform for generating RNA-guided nucleases 
(RGNs), such as Cas9 which is an RNA-guided DNA nuclease employed to introduce 
targeted mutations into eukaryotic genomes (Brodie et al. 2017). This may become a 
reality once the H. lacustris nuclear genome has been sequenced with detailed annota-
tions and more transformation tools are available. Future emphasis should be on devel-
oping a toolbox for genetically engineering H. lacustris targeting the astaxanthin 
biosynthetic pathway, potentially through upregulation of the rate-limiting enzymes 
BKT and CrtR-b (Shah et al. 2016).

Recently, a high-throughput method has been devised for screening and selecting 
hyperproducing mutants under UV mutagenesis (40 mJ/cm2 with 32 min of UV 
exposure time) using 50 μm sodium azide to accelerate astaxanthin induction (Eui 
et al. 2018). Using a soybean oil-based extraction method combined with spectro-
photometric analysis (OD 470 nm) enabled the detection of 31 strains (88.5% of the 
cells) with higher astaxanthin production than the wild type (NIES-144) with the 
M13 strain exhibiting an astaxanthin yield 1.59 times higher than the wild type 
(174.7 mg/L) (Eui et al. 2018). Utilising this high-throughput method can help iden-
tify transformants, and this information can be supported through transcriptomics, 
proteomics, and metabolomics to further target bottlenecks in the production of 
astaxanthin. If a genetically engineered strain is to be utilised for commercial pro-
duction, caution is warranted because there are regulatory hurdles to overcome such 
as Directive 2001/18/EC in the European Union (EU) where the approval procedure 
can take 4–6 years and cost 7–15 million Euros (Hartung et al. 2014).

3  Commercial Constraints of Astaxanthin Production 
from H. lacustris

Commercial astaxanthin production has been successful, and a number of compa-
nies are successfully operating. However, the market is saturating and the price of 
astaxanthin is overinflated. As supply has increased, the price of astaxanthin has 
fallen. To date, the focal point of astaxanthin has been as a nutraceutical and func-
tional food. However, the bulk of astaxanthin is used for aquaculture which is domi-
nated by the synthetic form and by X. dendrorhous. In order to compete with these 
sources, the cost of production needs to decrease, and there is a requirement for 
challenges to be overcome in the production process, including improvements in 
biomass and astaxanthin productivity, mitigating contamination, and the require-
ment for green chemistry and engineering. There needs to be more collaboration 
between academia and industry to advance knowledge. More investigations are 
required to look into the commercial feasibility of astaxanthin from H. lacustris. 
Shah et  al. (2016) identified that there are three key areas to target for further 
improvements: cultivation efficiency and cost, good cultivation practice with the 
control of predators, and extraction and purification of astaxanthin. In this section, 
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the authors believe improving biomass/astaxanthin productivity, minimising cell 
die-off through photobleaching in the red stage, costly downstream processing 
methods, contamination, and the total cost of the process are critical problems to 
address.

3.1  Improved Biomass Productivity

Currently, the growth rate of H. lacustris is slow, and during cultivation as it is a 
flagellated form, it is vulnerable to shearing, attributable to hydrodynamic stress in 
the PBRs. There are difficulties in maintaining green motile macrozooids in the 
green stage without transitions to the palmelloid form which results in slower grow-
ing cells.

The optimal cultivation conditions have been determined from a range of 
studies. The optimal temperature for growth is strain dependent but is typically 
between 20 and 28 °C (Allewaert et al. 2015; Giannelli et al. 2015). Temperatures 
greater than 30 °C induce encystment and the formation of aplanospores within 
2  days, resulting in the cessation of growth (Allewaert et  al. 2015; Tjahjono 
et al. 1994). The optimal pH for H. lacustris has been reported in the range of 
7.00–7.85 (Hata et al. 2001; Sarada et al. 2002). Typically, the optimal irradi-
ance for H. lacustris is 70–177 μmol photons/m2/s with a saturation index of 
250 μmol photons/m2/s (Zhang et al. 2014; Giannelli et al. 2015), but this has 
not been conclusive, and often lower irradiances have been investigated (Park 
et al. 2014). It is likely that other factors play a role in a multifactorial process. 
The impact of photoperiod has been preliminarily investigated with continuous 
illumination appearing to be optimal for higher- density cultures, but only a 
12:12 and 24:0 photoperiod was compared (Domínguez-Bocanegra et al. 2007). 
The optimal light seems to be warm-white light, but this needs further investiga-
tion (Saha et al. 2013a). As an inorganic carbon source, CO2 is commonly uti-
lised to increase biomass productivity and ranges from 1% to 5% in the green 
stage (Kaewpintong et al. 2007). It has been determined that CO2 supplied at 5% 
is beneficial for growth (3.3 g/L DW) but increases to 10% and results in a dete-
rioration in growth, photosynthesis, and the assimilation of carbon, determined 
by PSII yield, NPQ activity, chlorophyll a content, and biomass yield (Chekanov 
et al. 2017). It has been observed that a γ-ray-irradiated mutant cultivated under 
CO2 at 6% in conjunction with high light (108 μmol photons/m2/s) had the high-
est biomass productivity (0.16 g/L/day) with a maximum growth rate of 0.6 μ/
day (Cheng et al. 2016). Higher concentrations of CO2 at 10% or 20% resulted 
in a decrease in growth (Chekanov et al. 2017). A further emphasis needs to be 
on carbon uptake and assimilation by the cells rather than the CO2 input alone 
which has seldom been explored.

Biomass accumulation has been a major bottleneck in the two-stage process of 
astaxanthin production, and further optimisation of the growth media is required. It 
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is clear that a wide range of media and their derivatives have been utilised for opti-
mal H. lacustris cultivation (Table 6.3). Commonly, BBM or 3N-BBM has been 
used for H. lacustris culture (Oncel et al. 2011; Qinglin et al. 2007; Suh et al. 2006; 
Tocquin et al. 2012), along with BG-11 (Aflalo et al. 2007; Kiperstok et al. 2017; 
Torzillo et al. 2003; Zhang et al. 2009). It has been identified that BBM is more 
effective than 3N-BBM and BG-11 for attaining higher cell densities (Nahidian 
et  al. 2018). Fábregas et  al. (2000, 2001) utilised an optimised Haematococcus 
medium (OHM) with a final cell density of 3.77 × 105 cells/mL (3 times higher than 
BBM) with higher yields (1.62  g/L DW) attained by utilising high light 
(235 μmol  photons/m2/s). Through media optimisation, BBM with threefold the 
phosphate concentration (5.16 mM) and an N/P ratio of 1.71:1 resulted in an 86% 
increase in the growth rate, and supplementation with 0.185 mM boron or 0.046 mM 
iron appeared beneficial for growth (Nahidian et al. 2018). However, a conflicting 
study by Fábregas et al. (2000) identified that boron was a nonessential nutrient for 
the growth of H. lacustris along with iodine, zinc, and vanadium. The addition of 
vitamin B12 has also been reported to increase algal growth by up to 55% in com-
parison to media without (Kaewpintong et al. 2007).

Utilising commercially viable media has also been investigated. A commercial 
plant fertiliser (£0.24 ton−1) with an N-P-K 20:20:20 resulted in 0.9 g/L DW after 
12 days (Dalay et al. 2007). A common hydroponics fertiliser, FM:FB, was screened, 
and the optimised formulation resulted in a cell density of >1  ×  106  cells/mL 
(Tocquin et al. 2012). Tocquin et al. (2012) attributed the increased growth to its low 
N/P ratio of 0.6:1 (1.00 mM nitrate and 1.63 mM phosphate), much lower than other 
media that have been tested (Table 6.3). Reformulating the medium could further 
increase biomass productivities, and only certain studies have investigated this in 
detail (Fábregas et al. 2000; Tocquin et al. 2012; Tripathi et al. 1999; Wang et al. 
2019). An emphasis should be on the macronutrients with the concentrations of 
carbon, nitrate, and phosphate and the C/N/P ratio.

With regard to the nitrogen source, sodium nitrate has been determined to be 
optimal (Sarada et al. 2002). Feng et al. (2017) deduced that according to the ele-
vated activity of nitrate reductase in the H. lacustris metabolism, the concentrations 
of sodium nitrate, monopotassium phosphate, and sodium acetate could be deter-
mined (3.53 mM, 0.33 mM, and 13.16 mM, respectively) with nitrate being the 
main influencing factor. However, by utilising a newly isolated strain (JNU35), it 
was determined that BBM with sodium nitrate replaced by urea (18 mM) was opti-
mal for biomass productivity, attributable to providing a nitrogen and carbon source 
(Wang et al. 2019). Furthermore, an interesting observation was noted where the 
strain was observed to have increased growth when resuspended in the red stage in 
nitrate-depleted BBM medium, attributed to the synthesis of storable nitrogen com-
pounds in the green stage (Wang et al. 2019). This was also noted by Butler et al. 
(2017) with cells initially cultivated in BG-11, followed by resuspension in nitrate- 
depleted 3N-BBM + V.
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3.2  Improved Astaxanthin Content

Astaxanthin induction factors have been well characterised, and nitrate deprivation 
has been determined as critical with high light enhancing the rate of astaxanthin 
accumulation (Christian et al. 2018; Del Río et al. 2008; García-Malea et al. 2009). 
To date, the highest astaxanthin content (7.72% DW) has been attained using a 
sequential heterotrophic-photoautotrophic production process where astaxanthin 
induction was initiated under nitrate deprivation and 5% CO2 (Kang et al. 2005), but 
the highest astaxanthin productivity has been attained with the one-stage process, 
albeit with a low content of astaxanthin (1.1% DW) (Del Río et al. 2008). Utilising 
the one-stage process, the astaxanthin content (0.8–1.1% DW) is lower than the 
two-stage process (4% DW) with a lower astaxanthin proportion of the total carot-
enoid fraction (65% compared with 95%) (Aflalo et al. 2007). If a two-stage process 
is adopted, the initial biomass density in the red stage plays a critical role in increas-
ing astaxanthin content with 0.8 g/L DW being optimal (Wang et al. 2013). With an 
initial density of 0.1 g/L, severe photoinhibition was observed, and using 2.7 g/L 
DW resulted in light limitation for astaxanthin production in outdoor cultivation 
(Wang et al. 2013).

Regarding other parameters, it has been identified that the optimal temperature 
for astaxanthin production is 27 °C (Evens et al. 2008). Increased temperatures have 
been hypothesised to result in the synthesis of astaxanthin through oxygen radical 
formation (Tjahjono et al. 1994). Abiotic stresses generally cause the generation of 
reactive oxygen species (ROS) within the cell and induce astaxanthin as a defence 
strategy (Eui et al. 2018). The addition of 0.45 mM Fe2+ in the form of ferrous sul-
phate can significantly increase the biosynthesis of carotenoids attributable to the 
formation of hydroxyl radicals (Kobayashi et  al. 1993). Adding 0.45  mM Fe2+, 
2.25 mM sodium acetate, and high temperature (30 °C) results in a further increase 
in carotenoids (Kobayashi et al. 1993; Tjahjono et al. 1994). This has also been vali-
dated using transcriptome analysis where high light and sodium acetate addition 
(25 mM) resulted in expression of essential genes related to carotenoid biosynthesis 
and FA elongation, but this was not observed for Fe2+ (20 μM) which showed a 
decrease in gene expression related to photosynthesis-antenna proteins (He 
et al. 2018).

For astaxanthin induction in the red stage, it has been reported that H. lacustris 
cannot be cultivated heterotrophically in the dark and the production of astaxan-
thin should adopt a photosynthetic mode (Guedes et al. 2011). Using high light 
(950 μmol photons/m2/s) in an indoor enclosed system for the red stage is costly 
and not economically feasible for indoor production (Olaizola 2000; Guedes et al. 
2011). It has been determined that 300 μmol  photons/m2/s as an incident light 
intensity is the optimal for astaxanthin production with light saturation reached at 
500 μmol photons/m2/s, and 600 μmol photons/m2/s resulted in a lower astaxan-
thin content with increased cell death (Evens et al. 2008; Giannelli et al. 2015; Li 
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et al. 2010). It has been suggested that inducing astaxanthin in the red stage in a 
flat plate bioreactor (3  cm light path) would elevate the astaxanthin content to 
5.6% after 15 days compared with 3.7% DW in a glass column (6 cm light path) 
(Wang et  al. 2019). Alternatively utilising different wavelengths of light could 
reduce the light intensity required for astaxanthin induction. Blue light 
(380–470 nm) is well known to induce the transition to encystment and can be 
utilised as part of a two-stage strategy (red light for the green stage and blue light 
at a high light intensity for astaxanthin induction) with an astaxanthin content up 
to 5.5% DW within 12.5 days (Katsuda et al. 2004; Lababpour et al. 2004). Sun 
et al. (2015) determined that blue and white light (3:1) at 95 μmol photons/m2/s 
increased the astaxanthin yield by 11.8% compared with blue light alone 
(91.8 mg/L) and reduced the encystment time.

Plant hormones have been investigated for elevating yields including jasmonic 
acid, abscistic acid, and methyl jasmonate and have been reviewed elsewhere (Shah 
et al. 2016). In addition, growth regulators such as salicylic acid, gibberellic acid, 
and 2,4-epibrassinolide were found promising for increasing astaxanthin content as 
reviewed by Shah et  al. (2016). With these compounds, astaxanthin genes were 
upregulated (tenfold increase). The highest improvement of astaxanthin was with 
50 mg/L salicylic acid under low light conditions (25 μmol photons/m2/s) elevating 
the astaxanthin content sevenfold, but this yield was comparatively low compared 
to other reports. It was observed that higher levels of the hormones/growth regula-
tors adversely affected growth and astaxanthin accumulation (Gao et al. 2012). In 
addition, micronutrients such as selenium have been observed to result in an increase 
in astaxanthin but have resulted in declines in the biomass yield (Zheng et al. 2017).

Utilising γ-ray-irradiated mutants cultivated under CO2 at 6% in conjunction 
with high light (108 μmol photons/m2/s) resulted in 2.4-fold higher astaxanthin con-
tent than with the wild-type strain (Cheng et al. 2016). The same mutant could be 
cultivated with 15% CO2 resulting in 5.8 times higher astaxanthin accumulation 
than under aeration with astaxanthin induction occurring after 24 h (Li et al. 2017). 
Christian et al. (2018) observed that H. lacustris cells cultivated under 15% CO2 and 
high light (300 μmol photons/m2/s) turned orange within 1 day, and by day 2, astax-
anthin was accumulated with a final astaxanthin content of 3.62% DW after 4 days, 
but a reduction in cell density was observed, presumably attributable to 
photobleaching.

To date, the most successful parameters for inducing astaxanthin in the red stage 
have been nitrate deprivation/depletion combined with high light and an increase in 
the C/N ratio. Further improvements have been proposed using PBR developmental 
work, blue light, elevated temperatures, plant hormones, and micronutrients and 
through genetic engineering. It is likely that these effects when utilised in combina-
tion will have a synergistic effect on the astaxanthin content. A particularly interest-
ing aspect would be on developing a process with high astaxanthin accumulation in 
the red stage whilst the cells are still continuing to divide as revealed by Wang 
et al. (2019).
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3.3  Minimising Cell Die-Off Through Photobleaching 
in the Red Stage

In the green stage, controlled culture conditions are provided with low light 
intensity for maximising growth as discussed above. Upon attainment of a suit-
able biomass concentration, the culture is subjected to unfavourable conditions, 
usually involving high light in the red stage to induce astaxanthin biosynthesis 
(Olaizola 2000). During the initial transition to the red stage, mass cell die-off 
(photobleaching) has been noted ranging from 20% to 80% depending on the 
strain, PBR, and induction conditions (Wang et  al. 2013). After 24  h of high 
light, cells have been noted to lose their flagella, and after 48 h the cell density 
has been observed to decrease by 41% (Gu et al. 2014). The surviving cells have 
been observed to undergo profound biochemical and cellular changes, with 
transformations in the life cycle from the vegetative to the aplanospore stage 
(Wang et al. 2014). It has been observed that H. lacustris cells exposed to higher 
irradiance accumulated more astaxanthin, but exhibited higher cell mortality (Li 
et al. 2010). The exact cause of cell death when cells have been transferred from 
the green to the red stage remains unknown (Wang et al. 2014), but there is a 
necessity to reduce die-off between the green and the red stage to minimise 
losses in biomass productivity.

It has been suggested that optimising the initial cell concentration for the red 
stage (Wang et al. 2013) and applying palmelloid cells rather than green motile 
macrozooids to the red stage for the induction of astaxanthin may present a prom-
ising strategy for greater biomass and astaxanthin production (Wang et al. 2014). 
Another strategy is to use stepwise irradiance allowing the cells to acclimate (Park 
et al. 2014). Of the vegetative cells, the green motile macrozooid stage has been 
determined to have a higher susceptibility to photooxidative stress than palmel-
loids when transferred to the red stage (Han et al. 2012; Harker et al. 1996; Sarada 
et al. 2002). In most H. lacustris strains, there is an overall tendency to rapidly 
transform to palmelloid stages, and these morphotypes are often preferred over 
green motile macrozooids because they are believed to be more resistant to imposed 
stressors (Allewaert et al. 2017; Wang et al. 2013). Choi et al. (2011) determined 
that transferring these palmelloids (senescent cells) to the red stage resulted in a 
higher capacity to accumulate astaxanthin. However, there is no evidence that 
strains with more palmelloids will have a higher associated astaxanthin productiv-
ity (Allewaert et al. 2017).

3.4  Downstream Processing

Downstream processing encompasses harvesting, cell disruption, drying, extrac-
tion, encapsulation, and formulation of the compound. Depending on the applica-
tion, downstream processing can account for 20–40% of the costs of the production 
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process (’t Lam et  al. 2018). H. lacustris aplanospores are large (>50 μm) and, 
therefore, can be harvested by gravitational settlement (6–8  h in a pond, then 
12–24  h for tank sedimentation) resulting in a concentration factor of 5.33, and 
subsequently, centrifugation (disk-stack) is undertaken resulting in a total sus-
pended solid content of 15% (Li et al. 2011; Olaizola and Huntley 2003; Panis and 
Rosales 2016). However, as the harvesting process progresses, the biochemical 
components including the astaxanthin can change affecting the product, especially 
in tropical locations with high light and heat; therefore, this stage requires further 
development work and optimisation.

For the cell disruption and extraction stage, this can either be conducted using a 
wet or dry method. To obtain dry biomass, freeze drying, spray drying, and drum 
drying have been employed (Kamath and Sarada 2007), but spray drying has been 
concluded to be the most appropriate in the case of H. lacustris-derived astaxanthin 
taking into account cost and recovery rate (95–100%), resulting in a 5% moisture 
content (Panis and Rosales 2016; Pérez-López et al. 2014). Care has to be taken 
during cell disruption and extraction not to damage the carotenoids which are vul-
nerable to thermal degradation and oxidation. Carotenoids such as astaxanthin are 
unstable due to their structural configuration (3-hydroxy, 4-keto end-group) 
(Mendes-Pinto et al. 2001). It has to be noted that drying biomass in conjunction 
with mechanical disruption results in enhanced extraction efficiency, but the energy 
burden increases along with the financial cost (Panis and Rosales 2016).

The aim of cell disruption and extraction is to release the astaxanthin from the 
thick trilaminar sheath and algaenan cell walls. Methods investigated for cell dis-
ruption and extraction of dried haematocysts are generally categorised as mechani-
cal and nonmechanical (Fig. 6.11) (Mendes-Pinto et al. 2001; Kim et al. 2016; Shah 
et al. 2016; Molino et al. 2018; Liu et al. 2018; Kapoore et al. 2018). Bead milling 
has been suggested as the most effective and energy-efficient method for the extrac-
tion of astaxanthin, and dried biomass is used as the feedstock with a dried algal 
cake between 100 and 200 g/L being optimal (Greenwell et al. 2010). Alternative 
methods manipulating the life cycle of H. lacustris have been investigated by utilis-
ing cell germination (12–18 h), combined with ionic liquid treatment (Praveenkumar 
et al. 2015). Adding nitrate to the medium of formed aplanospores resulted in zooids 
being released without rigid cell walls, resulting in 19.2 pg astaxanthin/cell after 
1  min ionic liquid extraction with 1-ethyl-3-methyllimidazolium ethylsulfate at 
room temperature (Praveenkumar et al. 2015). This method had several associated 
advantages including less-toxic solvent use, a lower energy input, and the avoidance 
of thermal stress, but future challenges to address are improving the germination 
rate and how to recover the expensive ionic liquids.

Today, there is a desire for natural and environmentally friendly methods of 
extraction to be developed because traditional solvent extraction requires large 
quantities of organic solvents and is labour intensive, and the labile pigments can be 
exposed to excessive light, heat, and oxygen (Denery et al. 2004). There is a require-
ment for a nontoxic method which is inexpensive in utilising a green chemistry 
approach. A successful alternative has been SFE, and several companies such as 
Phasex Corporation are now operating specifically in the SFE field for the extrac-
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tion of microalgae for the production of high-value nutraceuticals (Phasex 
Corporation 2015). SFE is the use of a substance such as CO2 or water at a tempera-
ture and pressure above their critical point between the typical liquid and gas phase. 
Compared to most solvents, CO2 has been found to be relatively cheap, nontoxic, 
chemically inert, and stable (Guedes et al. 2011). It has been found that ScCO2 is 
industrially scalable and has been proven for coffee decaffeination, the extraction of 
hops, and for astaxanthin extraction from H. lacustris (Kwan et al. 2018).

Supercritical fluids have their own physicochemical properties similar to both 
gases and liquids such as high compressibility, high diffusibility, low viscosity, and 
a low surface tension allowing the fluid to easily diffuse through the natural extract-
ant matrix, achieving higher-quality extractions compared to conventional liquid 
solvents (Pan et al. 2012). CO2 is commonly used as the SFE solvent (Nobre et al. 
2006), but CO2 is not a good solvent for extraction with nonpolar molecules such as 
astaxanthin, and to improve the solvating power requires a cosolvent such as ethanol 
or olive oil to improve the polarity of CO2 (Cheng et al. 2018; Wang et al. 2012). 
The challenge to overcome with ScCO2 is to ensure high and consistent recovery 

Fig. 6.11 Downstream processing for the production of astaxanthin from H. lacustris: (a) 
Aplanospore cells with desired astaxanthin product within the cell, (b) harvesting and drying, (c) 
cell disruption and extraction, and (d) encapsulation and formulation
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rates of astaxanthin, but in some cases only 50% post cell disruption has been 
observed (Cheng et al. 2018; Nobre et al. 2006). Furthermore, ScCO2 has a high 
investment cost (Kadam et al. 2013) and is a labour-intensive step of the production 
process requiring several hours for the extraction of astaxanthin from the biomass 
(Michalak and Chojnacka 2014). A way of mitigating this cost could be utilising a 
biorefinery approach with ScCO2 for the extraction of astaxanthin and TAG simul-
taneously based on density sequential extraction (Kwan et al. 2018). Di Sanzo et al. 
(2018) extracted multiple products of interest with ScCO2 with ball milling as a 
pretreatment with the maximum recovery of astaxanthin and lutein (98.6% and 
52.3%, respectively) at 50 °C, 500 bar, and the maximum recovery of FA (93.2%) 
at 65 °C, 550 bar. Interestingly, at lower recovery rates, the purity of these com-
pounds was higher (Di Sanzo et al. 2018).

To reduce the cost of the production process, wet processing methods have 
recently been explored. If a wet processing method is used, the extracted astaxanthin- 
containing biomass must be processed within a few hours to avoid spoilage (Shah 
et  al. 2016). A new method of wet cell disruption has been developed involving 
hydrothermal disruption (200  °C, 10  min, 6  MPa) which has resulted in near- 
complete astaxanthin extraction from the biomass and is a more environmentally 
friendly method as water evaporation is avoided, reducing the energy input (Cheng 
et al. 2017b). However, it should be noted that although total astaxanthin content 
was similar to other treatments, this method did result in a loss of astaxanthin dies-
ters, and changes to the stereoisochemistry were not investigated which warrants 
further investigation. Utilising a wet extraction method with hydrothermal disrup-
tion in combination with ScCO2 extraction (8 MPa, 55 °C, with ethanol as a cosol-
vent, CO2:ethanol (4:1), flow rate 100 μL/min and 25 μL/min) resulted in a 98% 
recovery rate of astaxanthin in a total of 30 s (Cheng et al. 2018). The high cost of 
cell disruption and extraction in conjunction with the process being time consuming 
has led to studies on cell wall-deficient mutants, MT 537 and MT 2978, which were 
obtained by chemical mutagenesis with reduced thickness of secondary cell walls to 
overcome the need for extraction, potentially reducing the costing of a cell wall 
disruption process (Wang et  al. 2005), but further experimentation has not been 
undertaken, and more work is warranted before taking this research to pilot scale.

Although harvesting and extraction of astaxanthin from H. lacustris are well 
studied, the encapsulation and formulation of astaxanthin have received limited 
attention. The methods for encapsulation have been reviewed in detail by Khalid 
and Barrow (2018). Typical methods for encapsulation include high-pressure 
homogenisation, emulsification, phase inversion, nanoparticles, and microencapsu-
lation (Fig. 6.11). Difficulties have been observed with maintaining the stability and 
functionality of astaxanthin during the final product formulation stage. There is a 
requirement for low energy methods for encapsulation, but scalability is the limiting 
factor in the success of emulsification technologies (Khalid and Barrow 2018). The 
stability of the encapsulated astaxanthin can be affected by the matrix composition, 
emulsifier type, and the stabilisers used, but the ingredients need to ensure function-
ality of the product and have the ability to satisfy regulatory requirements (Khalid 
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and Barrow 2018). Further work in this area will result in a greater product range of 
astaxanthin products including beverages and creams (Fig. 6.11).

3.5  Contamination Threats

H. lacustris cultures obtained from the environment are often heavily contami-
nated by other organisms, including protozoa, other algae, fungi, and bacteria 
(Kim et al. 2011; González et al. 2009). Extensive successive isolation steps are 
required for obtaining an axenic culture which requires great expertise. To date, 
micropipetting, differential centrifugation, dilution, phototaxis, purification using 
UV light, and antibiotic treatment have been investigated (Andersen 2005; 
Allewaert et al. 2015). Cho et al. (2013) developed a comprehensive protocol for 
yielding axenic strains from environmental samples by using ultrasonication, cell 
sorting, and micropicking using agar, without the need for antibiotics or time-
consuming micropipetting. Ultrasonication was found to reduce bacterial and fun-
gal loading by detaching them from flocs of microalgae (Cho et al. 2013). Cho 
et al. (2013) reported that fluorescent- activated cell sorting (FACS) resulted in the 
removal of 99.5% of the bacteria, but it was difficult to completely remove the 
attached bacteria from all of the life stages of H. lacustris, especially palmelloids 
and aplanospores. FACS requires expensive equipment, is costly to maintain, and 
requires trained personnel; therefore, it is not suitable for small biotechnology 
companies.

H. lacustris is extremely susceptible to contamination in both the green and red 
stages, and predators can eliminate 90% of the Haematococcus biomass in <72 h 
(Bubrick 1991). It has been concluded that large-scale single-phase open-pond 
systems have proved unsatisfactory for the production of H. lacustris due to diffi-
culties with contamination and control (Bubrick 1991; Margalith 1999). 
Contamination in microalgal cultures has become arguably the greatest threat to 
the industry (Day 2013; Han et al. 2013a, b). Proctor (1957c) found that of the 
microalgae investigated, H. lacustris was the most sensitive and Chlamydomonas 
reinhardtii was found to readily outcompete it within 3–5 days after inoculation, 
presenting a major threat of outcompeting H. lacustris when cultivated in open 
ponds in large-scale culture. Vampyrellids (common freshwater amoeba) may also 
present a threat to the H. lacustris industry, known to perforate algal cell walls to 
extract the cell contents (Carney and Lane 2014), increasing biomass loss and 
leakage of astaxanthin. The antibacterial/antiparasitic agent metronidazole has 
been investigated, and 3 μg/mL was determined to be effective for eliminating 
protozoa in H. lacustris cultures (Torres-Carvajal et al. 2017). To date, there have 
been limited publications on the issues of contamination in the large-scale produc-
tion of H. lacustris (Poonkum et al. 2015; Torzillo et al. 2003). It has been argued 
that Cyanotech’s red stage process of astaxanthin induction in open ponds for 
5–6 days is too short for a contaminant to impact the system and the culture condi-
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tions are unsuitable for the growth of any possible contaminant (Olaizola and 
Huntley 2003). In industry, cases of contamination remain unreported, with the 
exception of Fuji Chemicals BioDome™ system in Hawaii (Algae Industry 
Magazine 2015). This may be due to insufficient monitoring of stocks, and com-
mercial sensitivity definitely has a role. It has been identified in a commercial 
sample from AlgaeLabs Ltd. that the main microalgal contaminant was the 
Chlorophyte Coelastrella sp. on the basis of ITS ½ fragment sequencing 
(Dawidziuk et al. 2017).

Since 2008, there have been several publications on a new chytrid contaminant 
of H. lacustris cultures (Gutman et al. 2009; Hoffman et al. 2008), described as the 
most serious hurdle responsible for reductions in astaxanthin productivities and 
frequent culture collapse (Han et al. 2013a, b). The source of the H. lacustris chy-
trid remains unknown, but it has been identified as Paraphysoderma sedebokerensis 
and is closely related to the plant pathogen Physoderma (Gutman et  al. 2009). 
Glucose in the medium was found to increase susceptibility to infection (Gutman 
et al. 2009; Hoffman et al. 2008), revealing a potential disadvantage of mixotrophic 
production. An interesting characteristic of the chytrid is the high level of resistance 
against desiccation, with the chytrid remaining viable even after being placed in an 
evacuated desiccator for 3 weeks which may allow it to spread to H. lacustris cul-
tures in the air (Hoffman et al. 2008). Hoffman et al. (2008) reported that when the 
chytrid was placed in cultures of various strains of H. lacustris (20 strains tested), 
it infected them all in the palmelloid and aplanospore stages, including NIES-144, 
SAG 34/1b, SAG 192.80, CCAP 34/19, and SCCAP k-0084.

To date, only H. lacustris SCCAP k-0084 has been investigated in depth for its 
susceptibility to infection by P. sedebokerensis (Gutman et al. 2011, 2009; Hoffman 
et al. 2008). Green H. lacustris cultures infected by the chytrid will turn dark brown 
and will clump (Hoffman et al. 2008). Hoffman et al. (2008) observed that the chy-
trid infected palmelloids and aplanospores, but motile macrozooids remained unaf-
fected. Agitation of cultures resulted in infection rates of up to 100% after 3 days in 
the green stage (Hoffman et  al. 2008). Gutman et  al. (2009) revealed that after 
4 days of incubation, all H. lacustris cells in the aplanospores stage had P. sede-
bokerensis attached. H. lacustris cells were thought to be more susceptible to infec-
tion when the cultures were nitrogen starved (Gutman et  al. 2009) and to be a 
representative of an unfavourable environment for H. lacustris when aplanospore 
formation occurs. Gutman et al. (2009) revealed that of the 13 Chlorophytes stud-
ied, the chytrid appeared to be Haematococcus specific with infection occurring 
both in the green and red stages. Information on the pathogen’s life cycle is scarce, 
and little data exists on its nutritional requirements and mode of infection 
(Strittmatter et  al. 2016). It is hypothesised that P. sedebokerensis transitions 
between a vegetative and resting phase depending on favourable or unfavourable 
growth conditions (Strittmatter et al. 2016). Future research on dissemination of the 
amoeboid and flagellated propagules of P. sedebokerensis warrants investigation as 
these have been identified as the most vulnerable to adverse environmental condi-
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tions, but the life cycle is complex and has not been fully elucidated (Strittmatter 
et al. 2016). Further emphasis should be on an early prevention or elimination strat-
egy to avoid significant culture collapses of this important commercial alga. 
Currently, the pathogen’s nutritional requirements are being determined through 
integrated metabolomics and transcriptomics, and H. lacustris cultures are being 
screened for random clones resistant to infection and with high astaxanthin produc-
tivities (A4F 2015).

To date, there is a lack of effective solutions to prevent or treat microbial con-
tamination of mass cultures on a commercial scale, and most methods are reliant on 
microscopy and staining for early detection. Other methods have included flow 
cytometry, but this is a high capital investment for small microalgal biotechnology 
companies and cannot be used to identify microalgal contamination (Carney and 
Lane 2014). More recently, a high-resolution melting (HRM) analysis has been 
developed to detect fungal and microalgal contaminants and can identify contami-
nants with low levels of DNA in 5  h (2.5  ng/mL for fungi and 1.25  ng/mL for 
microalgae) (Dawidziuk et al. 2017). Natural, algal-mediated chemicals exist such 
as abscisic acid, and chemical agents have been observed to be effective against 
chytrids such as copper sulphate and Triton-N (Carney and Lane 2014). To date, 
five patents have been filed in relation to P. sedebokerensis, but the methods either 
rely on an early detection method using qPCR or epifluorescence microscopy which 
is not easily accessible in the field or easily available to small biotechnology com-
panies, or through the use of fungicides, but the efficacy is unknown 
(WO2013127280A1, CN106755393A, AU2013353154B2, CN103857785A, 
CN202519240U). Developing methods of control which could lead to the eradica-
tion of this ‘pest’ are critical. In addition, crop protection strategies against other 
grazers and predators are also required which remain environmentally inert.

3.6  The Question of Economics

Producing astaxanthin from H. lacustris is more costly than other species of algae 
such as Spirulina due to the necessity for PBRs in the green stage, high electricity 
consumption, and the requirement for extraction of astaxanthin from the thick- 
walled cells, adding to the overall production cost (Issarapayup et  al. 2011; Li 
et al. 2011). As outlined above in terms of overall economics, H. lacustris-derived 
astaxanthin is more costly to produce than the synthetic form, with production 
costs for H. lacustris-derived astaxanthin at large companies such as Cyanotech, 
Alga Technologies, and Mera Pharmaceuticals estimated at up to $3600 kg−1 (Li 
et al. 2011).

Several studies have produced detailed techno-economic assessments for the 
economical production of astaxanthin in different locations: Europe, the Middle 
East, and the Far East. When H. lacustris was cultivated in a flat plate airlift PBR, 
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it was determined that the reactor size and the cost of production were directly 
correlated, but a biomass reduction was simultaneously observed (Issarapayup 
et al. 2011). Issarapayup et al. (2011) identified that one of the major costs of cul-
tivation of H. lacustris was the high electricity costs (40% of total operating costs); 
however, it was determined that artificial illumination results in a 107% higher 
productivity. Using a life cycle assessment (LCA) in Ireland, it was determined 
that electricity dominated the environmental burdens (Pérez-López et al. 2014). In 
Ireland,  astaxanthin can only be produced outdoors for 5 months of the year with 
indoor production essential for the remainder of the calendar year (Pérez-López 
et al. 2014). Lower light intensities and changes in bioreactor design could aid in 
reducing the cost of the production process and limit the environmental burden. 
Reusing the medium was not an effective option for reducing costs because the 
productivity of the system decreased by 30% (Issarapayup et al. 2011), but utilis-
ing wastewater could offer a cost-effective alternative.

A process design and an economic assessment were conducted for astaxanthin 
production in Lebanon, and it was determined that at a market price higher than US 
$1500 kg−1, a production process could be economically feasible, and if the astax-
anthin market price was US $6000 kg−1, a payback period of 1 year and a return on 
capital employed (ROCE) of 113% were possible (Zgheib et al. 2018). This was 
based on an annual production of 2592 kg of astaxanthin taking into account the 
harvesting costs (gravity sedimentation and disk-stack centrifuge), cell disruption 
(bead miller), drying (spray dryer), extraction (supercritical CO2), and the fact that 
the residual biomass would be fed into an anaerobic digester and used for biogas 
and as a biofertiliser (Zgheib et al. 2018). The cost of the upstream processing was 
not taken into account and, therefore, represents an extreme underestimate.

Based on a modelling approach simulating large-scale production of astaxan-
thin, it has been proposed that the cost of producing astaxanthin in Livadeia, Greece, 
and Amsterdam, Netherlands, could be €1536 kg−1 astaxanthin (426 kg/year for a 
2  ha site) and €6403  kg−1 (143  kg/year for a 2  ha site), respectively (Panis and 
Rosales 2016). For the upstream process, horizontal tubular PBRs (5 cm diameter) 
were chosen for the green stage (pH 7.5) and open raceway ponds for the red stage 
(pH 8.0) with an assumption that each system occupied 1 ha. For the CO2 supply, 
flue and flaring gases were selected (2.2 mg/L CO2—5–10% CO2). For the down-
stream process, harvesting encompassed gravitational settlement followed by sub-
sequent disk-stack centrifugation. The biomass was then spray dried resulting in a 
moisture content of 5%, and subsequent supercritical fluid extraction was applied 
(60 °C, 30 MPa with ethanol as a cosolvent (9.4%)) resulting in a 10–20% astaxan-
thin oleoresin. It was elucidated from the model that June–August were the most 
productive months in terms of astaxanthin production. It was determined that tem-
perature was the most sensitive parameter for astaxanthin productivity. It was found 
that using the residual biomass as a biofertiliser ($30–60 kg−1) could be a more 
economical process. Water consumption was found to be high, and water recycling 
in the red stage has been suggested, resulting in an improvement in the economics 
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and footprint (Panis and Rosales 2016). Tubular PBR cooling was observed to be 
the most energy-intensive process (Panis and Rosales 2016). It was observed that 
cultivation in the PBRs was the highest cost of the process with tubular PBR cool-
ing being the major costing. Even with these cost savings, it was concluded that 
H. lacustris- derived astaxanthin in Greece and the Netherlands could not compete 
with synthetic production of astaxanthin (€880 kg−1) for the feed market (Panis and 
Rosales 2016). It was further concluded that cultivation in equatorial regions such 
as Hawaii and Israel was more favourable (Panis and Rosales 2016).

For H. lacustris-derived astaxanthin to be cost competitive with the synthetic 
form, significant developments in the streamlining of the upstream (culturing) and 
downstream processing (dewatering, cell disruption, and extraction) will be 
required. Currently, the easiest way to reduce overall cost is to transfer production 
to a low-cost site, which is why a large number of companies are operating in China 
such as BGG. Li et al. (2011) published a report on the potential production cost of 
H. lacustris-derived astaxanthin outdoor operation in Kunming, China, using airlift 
tubular bioreactors and a raceway pond. It was assumed 33 tons of biomass per year 
(2.5% astaxanthin DW) could be produced equating to 914 kg of astaxanthin, and 
assuming a 10-year depreciation on fixed capital cost, the direct production cost for 
biomass and astaxanthin was estimated at $18 kg−1 and £718 kg−1, respectively.

In addition to the production process being economical, it also needs to be envi-
ronmentally sustainable reducing the carbon footprint. A key way to do this is 
through energy reduction, utilising renewable energy sources, and through reduc-
tions in water consumption. To date, only one LCA has been published on 
H. lacustris- derived astaxanthin, and electricity represented the major contributor to 
the environmental burden, particularly in the green stage for cultivation (Pérez- 
López et al. 2014). Companies such as AlgaTechnologies have implemented solar 
power as the primary source of energy (specified at 250 W, 15% conversion effi-
ciency, 1.65  m2) (AlgaTechnologies 2015; Panis and Rosales 2016). In terms of 
water consumption, industrial cultivation of H. lacustris for astaxanthin requires 
1000–1500 tons of freshwater for the production of 1 ton of H. lacustris biomass, 
but attached cultivation in the red stage has already been showcased to be effective 
for astaxanthin induction, and the water consumption is 30% of that in an open pond 
(Wan et al. 2014a).

Utilising a biorefinery approach using a ‘high-value product first’ principle 
where astaxanthin, phytosterols, and PUFAs are all produced (Bilbao et al. 2016), 
with the residual biomass being used as a protein source or a biofertiliser, could 
offer a future sustainable production process. Utilising waste streams such as car-
bon dioxide from flue gases and carbonates from the soft drink industry could offer 
cost reductions as well as environmentally sustainable solutions. It has been identi-
fied that if flue gases are used, a buffering system is required to the conventional and 
expensive HEPES, and Choi et al. (2017) determined that utilising a bicarbonate 
and phosphate buffer could be suitable using 10 mM KOH and 0.1 mM phosphate 
enabling a pH of 7 to be maintained.
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4  Exploiting an Alternative H. lacustris Life Cycle Stage 
and the Future Direction for the Astaxanthin Industry

To target the global aquaculture market, around 130–1000  tons of astaxanthin is 
required annually to feed the salmonids with a diet containing 50 mg astaxanthin/kg 
(Zhang et al. 2009; Solovchenko and Chekanov 2014). Cerón et al. (2007) stated 
that the evaluation of the quality of the H. lacustris biomass should take into account 
both astaxanthin content and the FA profile. It has been identified that aquaculture- 
derived salmon contains ten times less astaxanthin than wild salmon and the bioac-
cessibility of astaxanthin in wild salmon is greater (Chitchumroonchokchai and 
Failla 2017). It has been found that during in vitro digestion of salmon flesh, >80% 
of the astaxanthin is recovered in the human body (Chitchumroonchokchai and 
Failla 2017).

Sommer et al. (1991) had clearly revealed that H. lacustris intact cells failed to 
achieve satisfactory pigmentation in salmonids and had to be disrupted which was 
further validated by Mendes-Pinto et al. (2001). Cell disruption in a scalable pres-
sure treatment system (5000 psi for bioavailable astaxanthin) was deemed effective 
for lysing H. lacustris cells, and ethoxyquin was added to minimise oxidation 
(Young et al. 2017). It was shown that the lysed cells should be spray dried, incor-
porated into the feed, and frozen at −20 °C before being fed to salmonids for com-
mercially acceptable pigmentation (Young et al. 2017). However, it is well known 
that the cell disruption and extraction costs are high. To successfully incorporate 
H. lacustris-derived astaxanthin into aquaculture feeds, a series of developments 
need to be made. One idea is to increase the biomass and astaxanthin productivities 
in the two-stage system through PBR development, optimised cultivation, and 
induction parameters in conjunction with operating in a low-cost locality for an 
economically favourable process. In addition, a biorefinery process could be imple-
mented where the PUFAs are sold in an aquaculture feed in conjunction with a 
defatted microalga for partial fishmeal protein replacement (12.5% has been show-
cased in shrimp feeding trials) (Shah et al. 2018).

Another alternative is exploiting the accumulation of astaxanthin in red 
motile macrozooids. Synthesis of astaxanthin is not induced by the cessation of 
cell division and is independent of aplanospore formation (Butler et al. 2017; 
Hagen et al. 2000). Red motile macrozooids have been formed that contain up 
to 2.74% DW astaxanthin (78.4% of total carotenoids) and are rich in PUFAs; 
thus, it is envisioned that they could be directly fed to aquaculture species’ 
(Butler et al. 2017). This is a process that is being explored at Brevel Ltd., Israel 
(Fig.  6.12). Currently, the biomass yield is low, and therefore, this could be 
incorporated into the one-stage process as devised by Del Río et  al. (2008). 
Adding value to the H. lacustris biomass through the development of an oral 
vaccine such as against furunculosis in salmonids and immune-boosting supple-
ments to reduce the mortality rates (which can be as high as 27%) (Overton 
et al. 2018) could increase the supply of H. lacustris to the aquaculture sector. 
Selenium is an example of an immune-boosting supplement and is incorporated 
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into selenoproteins that have antioxidant and anti-inflammatory effects, and 
selenium is also highly protective against mercury which has been found to bio-
accumulate in fish (Ralston et al. 2014; Rayman 2012). Micronutrients such as 
selenium could be added directly to the medium to incorporate into the cell, and 
decreases in biomass have not been observed at 3 mg/L (17.3 μM), and total 
selenium could accumulate up to 646  μg/g with 380  μg/g organic selenium 
(Zheng et al. 2017). Many developments have occurred in increasing the bio-
mass/astaxanthin productivities and cost reductions from H. lacustris-derived 
astaxanthin, and the future bodes well for the replacement of synthetic astaxan-
thin by this biobased source.
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Chapter 7
Microalgae Nutraceuticals: The Role 
of Lutein in Human Health

M. Vila Spinola and E. Díaz-Santos

Abstract Lutein is a carotenoid compound belonging to the xanthophyll family 
whose more attractive bioactivity is its antioxidant capacity. This carotenoid is 
mainly distributed in vegetables and fruits and is present within the macula lutea as 
a pigment responsible of the yellow hue. Lutein has been widely found in the pig-
mentation of animal tissues as well as considered as an important nutraceutical and 
used for the coloration of foods, drugs, and cosmetics. Recently, lutein has been 
found to be effective in the prevention of age-related macular degeneration, cata-
racts, cardiovascular diseases, and certain types of cancer, having attracted thus 
great attention in relation to human health. At this time, the main source for an 
industrial-scale production of lutein is marigold oleoresin although, each time more, 
continuous reports concerning lutein-producing microalgae pose the question if 
those microorganisms could become a feasible alternative. In fact, several microal-
gae strains, such as Scenedesmus almeriensis, Chlorella zofingiensis, or Muriellopsis 
sp., have higher lutein content than most marigold cultivars and have been shown to 
yield productivities hundreds of times higher than marigold crops on a per square 
meter basis, suggesting that, in the current state of the art, microalgae could com-
pete with marigold or other lutein producers. The potential of the lutein as nutraceu-
tical and its role in metabolic functions related to human health as well as its 
production from microalgae are reviewed in this chapter.
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1  Microalgae

Microalgae are photosynthetic unicellular organisms, which can be found in most 
ecosystems, due to their great ability to adapt to different environments. They are 
microorganisms with important ecological interest because they are the basis of the 
trophic chain of marine ecosystems and responsible for fixing almost 80% of atmo-
spheric CO2. For more than a decade, they have aroused an enormous interest in 
biotechnology due to the high variety of compounds they are able to synthesize and 
the interest that these compounds present from the biotechnological point of view 
(Alam and Wang 2019). Not only for using in aquaculture but also for the elabora-
tion of functional feeds, in the pharmacological industry, in the food industry, and 
increasingly in medicine, as nutraceuticals, they serve as a source of energy to pro-
duce hydrogen or biodiesel. This biotechnological interest presented by microalgae 
is due to its ability to synthesize carotenoids, which are potent antioxidants, in addi-
tion to PUFAs and other compounds of interest.

Carotenoids are isoprenoid molecules with conjugated double bonds. They can 
be synthesized only by plants, microalgae, and some bacteria. Up to date, more than 
700 have been described. The most important include β-carotene, α-carotene, lyco-
pene, lutein, zeaxanthin, β-cryptoxanthin, α-cryptoxanthin, γ-carotene, neuro-
sporene, ζ-carotene, phytofluene, and phytoene.

They have certain beneficial pharmaceutical effects on human health due to its 
strong antioxidant properties. Carotenoids could be rapidly oxidized by a series of 
oxidants, which greatly reduces the availability of free radicals to react with other 
cellular components, such as unsaturated lipids, protein, and DNA (Woodall 
et al. 1997).

In this chapter, we will talk about lutein, a carotenoid that at the present time is 
of huge interest for its beneficial properties for health, of its production, and of the 
future prospects of its use.

2  Lutein and Its Importance in Human Health

Lutein is a lipophilic tetraterpene belonging to the family of carotenoids known as 
xanthophylls. Differently than carotenes, the other group of carotenoids, the xantho-
phylls possess different oxygenated groups in the chemistry structure (OH-) 
(Fig. 7.1). In the particular case of lutein and its stereoisomer zeaxanthin, the oxy-
gen is presented as hydroxyl groups conferring primarily to these carotenoids a high 
chemical reactivity with oxygen species (ROS) and consequently the properties of 
removal singlet oxygen particles (Koushan et al. 2013; Perrone et al. 2016; Buscemi 
et al. 2018). Furthermore, lutein has the capacity of filtering the light absorption 
spectrum absorbing majority blue light (higher oxidative damage induction than 
orange light) and preventing the photoreceptor damage produced by it (Koushan 
et al. 2013). In addition, as is described for the other carotenoids, the presence of 
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conjugated double bonds along the carbon chain of this kind of molecules deter-
mines the photochemical and reactive properties, giving to carotenoids, carotenes, 
and xanthophylls their main biological function: the antioxidant activity.

Lutein can be found in certain foods of the human diet such as orange-red fruits, 
eggs, veggies, and especially in leafy dark greens (Sommerburg et al. 1998). In the 
human body, lutein (with zeaxanthin) is mainly distributed in the eye structures, 
especially abundant in the macula lutea, and to a lesser extent found in the skin, 
cervix, brain, or breasts (Granado et al. 2003; Perrone et al. 2016). Since it is known 
that lutein cannot be synthesized by humans and due to its high antioxidant proper-
ties and therefore its potential effect on human health (Sun et al. 2015), many efforts 
have focused on the market to obtain an alternative source of lutein food supple-
ments. Traditionally, marigold, due to its high lutein content, has been considered 
the conventional source of this marketed carotenoid which is harvested periodically 
and meticulously from the petals of these plants (Jian-Hao et al. 2015). Therefore, 
over the last few years, microalgae have become a group of very attractive microor-
ganisms for the obtainment of nutraceutical lutein, since certain species of them 
such as Muriellopsis sp., Scenedesmus almeriensis, Chlorella protothecoides, or 
Chlorella zofingiensis among others (Fernández-Sevilla et  al. 2010) have been 

Fig. 7.1 Chemical and molecular structure of the different xanthophylls. (a) Lutein, (b) 
Zeaxanthin, (c) Violaxanthin, (d) Astaxanthin and (e) Canthaxanthin
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reported as naturally producers of high lutein content, being able to become a viable 
alternative to marigold (Jian-Hao et al. 2015).

Effects of lutein as a nutraceutical have been well studied mainly in the problems 
related to the vision and structure of the eye (age-related macular degeneration, 
cataracts, or retinopathies) because of the high content of this carotenoid in this part 
of the human body. In another hand, although it is evident that there is controversy 
in this regard, some studies go beyond these eye diseases and have focused on the 
investigation of antioxidant and anti-inflammatory potential of lutein in the preven-
tion of other chronic diseases as cardiopathies, cancer risk, diabetes, or cognitive 
disorders (Granado et al. 2003; Buscemi et al. 2018) (Fig. 7.2).

2.1  Eye-Related Diseases

2.1.1  Age-Related Macular Degeneration (AMD)

The AMD is a progressive and degenerative eye disease affecting the macula lutea, 
a yellow ocular region located in the posterior central part of the retina, with approx-
imately 5 mm diameter, formed mainly by lutein and zeaxanthin, and involved in 
visual acuity and vision of details (Pennington and DeAngelis 2016). Recent genetic 
studies suggest that the expression of the gene HTRA1 in the chromosome 10q26 is 
associated with the risk of AMD (Liao et al. 2017). The development of this disease 
is caused by a continuous exposure of photoreceptors to the oxidative stress of light 
radiation, over the years. AMD is the principle cause of blindness in old-aged peo-
ple, and it is considered a multifactor risk disease depending of light exposition 
duration, diet, age, genetic, or daily lifestyle (Koushan et  al. 2013). Lutein and 

Fig. 7.2 Scheme. Lutein in human health
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 zeaxanthin, considered the major pigments in the main structures of the eye, play 
important roles in the development of AMD due to their capacity to absorb UV 
light, thus becoming photoprotective pigments against the damage caused by the 
reactive oxygen species (Sathasivam and Ki 2018).

The first clinical case-control study that was carried out in AMD indicating a 
positive influence of lutein in the decrease of the risk of suffering AMD is reported 
in the 1990s (Seddon et al. 1994). To date, numerous epidemiological studies have 
been carried out in which it is gathered that a supplementation of lutein in the human 
diet reports beneficial effects for the prevention and development of age-related 
macular degeneration and even indicating the possible influence in the partial recu-
peration of the amount of the carotenoids existing in the macula lutea (Koushan 
et al. 2013; Buscemi et al. 2018).

2.1.2  Cataracts

Cataracts are the opacity or the clouding of the lens that form part of the eye caused 
by the precipitation of proteins on the lens by ROS damage and preventing a clear 
vision (Maci and Santos 2015). Most cataracts are age related (ARC) and consid-
ered the main cause of blindness worldwide, along with AMD. The fact that oxida-
tive damage is the most important factor in the development of cataracts makes 
lutein and zeaxanthin, xanthophyll concentrated and involved in eye structures, 
good candidates for fighting ARC (Manayi et al. 2016).

Several clinical studies indicate the relation between an intake of lutein and other 
carotenoids and the risk of cataracts or other age-related eye diseases. Many of them 
suggest that a supplementation of diet with lutein has a possible beneficial effect in 
the prevention and slow development of cataracts although a few studies describe 
that in the same subtypes of ARC the results are inconsistent or failed. Thus, a major 
precise understanding of cataract mechanisms and an increment number of clinical 
studies in which ARC patients are involved becomes necessary (Trumbo and 
Ellwood 2006; Buscemi et al. 2018).

2.1.3  Retinopathies and Other Eye-Related Diseases

Although, to a much lesser extent, the implication of lutein and its possible benefi-
cial effects as antioxidants has been studied for other diseases related to the eye, 
diabetic retinopathy and retinopathy of prematurity, retinal detachment, retinitis 
pigmentosa, or uvea diseases are also being focused. In all these cases, there are few 
clinical studies with human patients, and many of them are in preliminary experi-
mental phases in model animals (Koushan et al. 2013; Buscemi et al. 2018).
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2.2  Cardiovascular Health

Since the anti-inflammatory properties of carotenoids and especially of lutein are 
known, several medical and epidemiologic research focused on the importance of 
lutein in diet to prevent primary and secondary cardiovascular diseases (CVD) 
(Maria et al. 2015). Lutein possesses the ability of decreasing the transcription and 
expression of the genes involved in the synthesis of the inflammatory response fac-
tors such as interleukins, cytokines, prostaglandins, or macrophage proteins that 
sum up to the protection against ROS stress suggesting the potential beneficial 
effect of lutein in cardiovascular health. Many studies are focused on the investiga-
tion of these aspects, and it is concluded that a higher concentration of lutein and 
other carotenoids is directly associated to the prevention of hypertension and, what 
is more, the resolution of chronic inflammation of CVD, the protection against ath-
erosclerosis, and the benefit in cardiovascular complications (Maria et  al. 2015; 
Chung et al. 2017). In addition, in other studies it is demonstrated that lutein could 
be involved with the reduction of LDL cholesterol and triglycerides and in the 
length of the telomers which could have effect in cardiovascular strokes (Buscemi 
et al. 2018).

2.3  Cancer Risk

Although the implications of lutein and different carotenoids, as nutraceuticals, in 
the prevention of cancer must be taken with great caution, in recent years there are 
already studies in which the role of antioxidant and anti-inflammatory molecules, 
that is, supplement in human diet, is beginning to be suggested. Considering that 
cancer is a multifactorial disease in which uncontrolled cell growth and a dysfunc-
tional anti-inflammatory response are involved and can be localized in all different 
organs, the investigations in this aspect and the results are differently found. Among 
them, the most important can be found in colon, pancreas, non-Hodgkin lymphoma, 
or esophageal cancer (Buscemi et al. 2018). In addition, in 2018 Xiaoming Gong 
et  al. reported a novel mechanism by which lutein could inhibit selectively the 
growth of breast cells, thus opening the way to increase the clinical research con-
cerning this kind of diseases.

2.4  Other Human Diseases

Recent studies have been focused on other human diseases in which lutein could 
be involved. Among the most important is the accumulation of lutein in the brain 
conferring an improvement of the cognitive function in older people (Perrone 
et al. 2016). Few evidences involve lutein in lung or bone health as well as indicate 
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the possible beneficial effects over diseases in pregnancy. Furthermore, some stud-
ies show the protection function of lutein in skin against the damage induced by 
solar UV radiations (Grether-Beck et al. 2017; Zielińska et al. 2017).

3  Production of Lutein

The elevated number of different lutein esters found in Tagetes is related to the 
structure of these xanthophylls. Lutein displays an asymmetric structure with ter-
minal β- and ε-rings hydroxylated, respectively, at 3- and 3′-position that can lead 
to the formation of monoesters and diesters. Either lutein monoacylation or diac-
ylation by two different fatty acids (FA) yields distinct regioisomers (Breithaupt 
et al. 2002a, b). To illustrate, considering the acylation of the (all-E)-form of this 
xanthophyll only with saturated FA containing chain length between 10 and 18 
carbons, theoretically, 35 different (all-E)-lutein esters can be possibly formed. In 
addition, lutein can be often found as 9, 9′, 13, and 13′(Z)-isomers and further acyl-
ated with different saturated or unsaturated FA in diverse combinations, leading to 
a quite high number of different structures with similar characteristics. Mono- and 
dihydroxylated xanthophylls other than lutein can also be found esterified with FA 
in the most diverse combinations, further enhancing the variability of carotenoid 
structures (Rodrigues et al. 2019).

Lutein’s structure is an extended conjugated double-bond system. These polyene 
chains exist in either a cis or trans conformation (predominant), giving rise to a large 
number of possible mono-cis and poly-cis isomers. Under light, oxygen heat, or pH 
stress, the geometric isomerization can convert all-trans carotenoids into a cis con-
figuration. Since xanthophylls that accumulate in the lens and macular region of the 
retina are primarily all-trans lutein, the bioavailability of all-trans lutein may be 
higher than that of cis-lutein in the human body (Chitchumroonchokchai et al. 2004).

3.1  Lutein from Microalgae

Biotechnological production of lutein by microalgae exhibits several advantages 
including high lutein contents, fast growth rates, and high biomass and can be har-
vested throughout the year (i.e., season-independent harvest) (Chen et  al. 2017; 
Fernández-Sevilla et al. 2010).

All carotenoids are formed from a C5 building block, common precursor of all 
isoprenoids, and the isopentenyl pyrophosphate (IPP), via the plastidial 2-C-methyl- 
d-erythriol 4-phosphate (MEP) pathway (Schwender et al. 2001). Differently from 
higher plants, where both the cytosolic mevalonate (MVA) and the plastidial MEP, 
also known as non-MVA, pathways supply IPP to chlorophyte microalgae, the cyto-
solic MVA pathway appears to be absent (Capa-Robles et al. 2009).
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The first committing step of carotenoid biosynthesis is the condensation of two 
molecules of geranylgeranyl pyrophosphate (GGPP) to yield the first uncolored 
carotenoid, phytoene, catalysed by phytoene synthase (PSY). PSY is one of the 
most important regulatory enzymes in the pathway (Fig. 7.3). From this step on, 
phytoene is subjected to four sequential desaturations catalysed by phytoene (PDS) 
and ζ-carotene (ZDS) desaturases, resulting in the formation of prolycopene, which 
is isomerized by a specific isomerase (CRTISO) to all-trans lycopene, the first col-
ored carotenoid (Varela et al. 2015).

At the level of lycopene, the pathway splits into two branches. In one branch, 
lycopene is cyclized at both ends by lycopene cyclase β (LCYB), yielding β-carotene 
with two β-ionone end groups. These can be further hydroxylated by a non-heme 
diiron hydroxylase, β-carotene hydroxylase (BCH), to yield zeaxanthin. In the other 
branch, the concerted action of LCYB and ε-cyclases (LCYE) results in the forma-
tion of α-carotene. Hydroxylation of α-carotene catalysed by two heme-containing 
cytochrome P450 monoxygenases, a carotene β-hydroxylase (CYP97A5) and a 
carotene ε-hydroxylase (CYP97C3), leads to the formation of lutein (Varela 
et al. 2015).

Fig. 7.3 Lutein biosynthesis in microalgae
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3.2  Marigold Versus Microalgae

Over the years, lutein for human consumption has been obtained primarily from 
marigold petals in an arduous procedure. Although well established and developed, 
it requires a thorough extraction and production process, mainly carried out by 
hand, which means that in this sense, the research and use of other microorganisms 
rich in lutein has increased, including microalgae, such as an alternative via the 
production of lutein for food supplements. Lutein content of marigold flowers (e.g., 
T. erecta, T. patula, and C. officinalis) is estimated based on fresh flowers (80% 
moisture content) or granules or powder (10% moisture content), while that of 
microalgae is mostly based on dry products (Lin et al. 2015).

No direct comparisons of lutein content in marigold flowers and in microalgae 
have been made. For instance, the lutein content of T. erecta was in the range of 
0.216–0.976 g/kg based on the weight of fresh flowers, which equals 0.02–0.1 wt% 
(Bosma et al. 2003; Liang et al. 2007), or 0.829–27.946 g/kg (0.08–2.8 wt%) for 
dried powders (Francisco and Octavio 1996). The lutein content of T. patula ranged 
at 0.597–12.31 g/kg based on the weight of dried powders (Natchigal et al. 2012). 
Additionally, based on dried powder weight, lutein content of C. officinalis ranged 
at 0.04–0.301 g/kg (Pintea et al. 2003; Natchigal et al. 2012). A reasonable estimate 
for lutein contents in microalgae biomass is 20 g/kg, mostly in lutein ester form. Del 
Campo et al. (2000) reported the lutein contents (converting to g/kg biomass) for 
various microalgal species as follows: Chlorella fusca (4.2–4.7), Chlorococcum 
citroforme (7.4), Coelastrum proboscideum (3.4–5.0), Muriella aurantiaca (2.6), 
Muriella decolor (0.5), Neospondiococcum gelatinosum (4.4), Tetracysis aplanos-
porum (5.9), Tetracystis intermedia (3.5), Tetracystis tetrasporum (4.4), and 
Chlorella zofingiensis (2.4–2.8). Other species with high lutein contents were 
reported by Shi et  al. (2002) (Chlorella protothecoides), Ho et  al. (2014) 
(Scenedesmus sp.), and Xie et al. (2013) (Desmodesmus sp.). A reasonable estimate 
for lutein contents in microalgae biomass is 5 g/kg, mostly in free lutein form. The 
main interest of microalgae as potential producers of carotenoids, mostly in certain 
species, lutein, lies in the greater ease of extracting the said pigment directly from 
the processing of microalgal biomass, the possible obtaining of other high-added 
value byproducts at the same time in the lutein extraction procedure, and its high 
lutein content, reaching up to 1.2% of its total dry weight (Lin et al. 2015). Moreover, 
other advantages of microalgae as lutein producers are remarkable (Fernandez- 
Sevilla et al. 2010; Yen et al. 2013):

 1. Microalgae are a cheap and effective bioresource that can be used to produce 
value-added compounds, including chemicals, vitamins, carotenoids, and 
polysaccharides.

 2. Microalgae growth rate is 5–10 times that that of higher plants.
 3. Microalgae, which can be cultivated in seawater or brackish water and on nonar-

able land, do not compete for resources with conventional agriculture.
 4. Microalgal biomasses can be harvested all year.
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However, obtaining lutein from microalgae still has some notable limitations that 
could be studied, in order to achieve a fully profitable microalgal commercialization 
of this carotenoid. Among these, the most important ones would be the harvesting 
of microalgae biomass and the subsequent industrial steps of extraction and purifi-
cation, especially at the energy level, requiring a redesign of the entire procedure to 
achieve a highly energetic efficient, environmentally friendly, and sustainable circu-
lar economy (Lin et al. 2015).

3.3  Improving Lutein Production from Microalgae

To make the production of lutein from microalgae profitable, it is necessary to 
increase the production of lutein in microalgae. Currently, there are many studies on 
the use of microalgae for the production of lutein, which optimizes not only the 
production but also the extraction and purification of the compound. In this chapter, 
we will deal with the production of lutein in microalgae by modifying the culture 
medium and conditions (Table 7.1) and also the genetic manipulation of microalgae 
to improve the synthesis of lutein.

3.3.1  Improving Lutein Production by Modifying Culture Conditions

It is well described that the conditions of stress or nutritional deficiency, as well as 
other types of stress (pH, light, temperature, etc.), cause in the microalgae an 
increase of the synthesis of carotenoids and therefore, an increase in the production 
of lutein, in order to avoid oxidative stress. This fact has served as the basis for 
many studies, in which the different forms and conditions of cultivation are studied 
to increase the productivity of microalgae.

Photoautotrophic Cultivation

The current productivity of microalgal biomass in photoautotrophic cultivation 
ranges from 0.055 to 0.061 g/L/day at the laboratory scale and is much lower at the 
industrial scale and, therefore, cannot meet the demands of the global lutein market 
(Rodolfi et al. 2009). Although heterotrophic fermentation can dramatically enhance 
the algal biomass productivity and provide large amounts of protein or oil resources 
(Gao et al. 2008), the low content of pigments greatly limits the economics of lutein 
extraction and results in a severe bottleneck for its commercial production in micro-
algae (Xiao et al. 2018).

The heterotrophic-photoautotrophic transition culture mode was investigated in 
Auxenochlorella protothecoides, for lutein accumulation, changing from organic 
carbon to increase biomass in dark fermentation to irradiation under nitrogen-rich 
conditions. This strategy increased the lutein content 10 times along with  chloroplast 
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Table 7.1 Productivity and production of lutein from different microalgae

Microalga Culture conditions
Productivity/
production Reference

Auxenochlorella 
protothecoides

Heterotrophic-photoautotrophic 
transition culture

12.36 mg/L/day Yibo Xiao 
et al. (2018)

Chlorella 
sorokiniana mutant

Semicontinuous cultivation 6.24 mg/L/day Chen et al. 
(2019)

Chlorella 
sorokiniana mutant

Outdoor cultivation conditions 
(temperature of 35 °C/25 °C for a 
12 h/12 h light/dark cycle)

3.34 mg/L/day Chen et al. 
(2019)

Chlorella 
protothecoides

Add 0.01 mmol/L H2O2 and 
0.5 mmol/L NaClO to the culture 
medium

31.4 mg/L/day Wei et al. 
(2008)

Chlorella 
protothecoides

Add to the culture medium: 
0.1 mmol/L H2O2 and 0.01 mmol/L 
NaClO plus 0.5 mmol/L Fe2

29.8 mg/L/day Wei et al. 
(2008)

Chlamydomonas 
strain JSC4

Temperature of 20–25 °C and ratio of 
3:1 (white light-blue light)

3.25 mg/L/day Zhao et al. 
(2019)

Chlamydomonas 
strain JSC4

High light irradiation of 625 μmol/
m2/s

5.08 mg/L/day Zhao et al. 
(2019)

Chlamydomonas 
JSC4

Salinity gradient 1.92 mg/L/day Zhao et al. 
(2019)

Chlamydomonas 
strain JSC4

Light intensity to 750 μmol/m2/s 1821.5 mg/L/day Ma et al. 
(2019)

Scenedesmus 
obliquus FSP-3

Using a TL5 fluorescent lamp at a 
light intensity of 300 μmol/m2/s

4.08 mg/L/day Ho et al. 
(2014)

Coccomyxa 
onubensis

Continuous illumination with PAR 
(photosynthetically active 
radiations) + UVA (ultraviolet A, 
8.7 W/m2)

7.07 mg/g DW Bermejo 
et al. (2018)

Coccomyxa 
onubensis

The addition of 100 mM NaCl 7.80 mg/g DW Bermejo 
et al. (2018)

Desmodesmus sp. 
F51

Light intensity and initial nitrate 
concentration were 600 μmol/m2/s and 
2.2 mM, respectively

3.56 ± 0.10 mg/L/
day

Xie et al. 
(2013)

Desmodesmus sp. 
F51

Bicarbonate-C/ammonium-N ratio and 
ammonium-N concentration were 1:1 
and 150 mg/L, respectively

5.22 mg/L/day Xie et al. 
(2017)

Mutant MR-16 of 
C. sorokiniana

By random mutagenesis using MNNG 7.00 mg/g DW Cordero 
et al. (2011)
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regeneration and little biomass loss in 48  h. The highest lutein productivity and 
production in the heterotrophic-photoautotrophic transition culture reached 
12.36 mg/L/day and 34.13 mg/L, respectively, within 7 days (Xiao et al. 2018).

Semicontinuous Cultivation

Chen et al. (2019) have shown that using semicontinuous cultivation, in a Chlorella 
sorokiniana mutant, with a medium replacement ratio of 75% resulted in a higher 
lutein productivity and lutein concentration of 6.24  mg/L/day and 50.6  mg/L, 
respectively, which were markedly higher than those obtained from batch and fed- 
batch cultivation. Also, they show that cultivation of these microalgae under simu-
lated outdoor cultivation conditions (i.e., temperature of 35 °C/25 °C for a 12 h/12 h 
light/dark cycle) could achieve the highest lutein productivity and lutein concentra-
tion of 3.34 mg/L/day and 30.8 mg/L, respectively.

Oxidative Stress

The addition of 0.1 mmol/L H2O2 and 0.01 mmol/L NaClO plus 0.5 mmol/L Fe2+ to 
the culture enhanced the lutein content from 1.75 to 1.90 mg/g and 1.95 mg/g, respec-
tively, in Chlorella protothecoides. The lutein content further increased to 1.98 mg/g 
when 0.01 mmol/L H2O2 and 0.5 mmol/L NaClO were added. The maximum yield 
of lutein (28.5, 29.8 and 31.4 mg/L) and a high biomass concentration (15.0, 15.3 and 
15.9 g/L) were also achieved through the above treatments (Wei et al. 2008).

Light and Temperature

Environmental conditions, including light quality, temperature, and light wave-
length mixing ratio, were individually altered to enhance the cell growth rate and 
lutein production in Chlamydomonas strain JSC4. Zhao et al. (2019) showed that 
optimal cell growth was obtained under white light and a temperature of 35  °C, 
while the optimal lutein content was obtained under blue light and a lower tempera-
ture of 20–25 °C. The best lutein production occurred when using a mixing ratio of 
3:1 (white light-blue light). Among them, the two-stage strategy proved to be effec-
tive markedly improving lutein content from 2.52 to 4.24 mg/g and resulting in the 
highest lutein productivity of 3.25 mg/L/day. In addition, the light intensity was 
manipulated, in the same microalga, to enhance cell growth and lutein production. 
High lutein productivity (5.08 mg/L/day) was achieved under high light irradiation 
of 625 μmol/m2/s. Further increase in light intensity to 750 μmol/m2/s enhanced the 
biomass productivity to 1821.5 mg/L/day, but led to a decrease in lutein content 
(R. Ma et al. 2019).

In the microalga Scenedesmus obliquus FSP-3, the results demonstrate that using 
white LED resulted in better lutein production efficiency when compared to the 
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other three monochromatic LEDs (red, blue, and green). The optimal lutein produc-
tivity of 4.08 mg/L/day was obtained when using a TL5 fluorescent lamp at a light 
intensity of 300 μmol/m2/s, and this performance is better than that reported in most 
related studies. Moreover, the time-course profile of lutein accumulation in the 
microalga shows that the maximal lutein content and productivity were obtained at 
the onset of nitrogen depletion (Ho et al. 2014).

Under continuous illumination with PAR (photosynthetically active radia-
tions)  +  UVA (ultraviolet A, 8.7  W/m2), the microalga Coccomyxa onubensis 
showed a growth rate of 0.40 day−1 and produced 226.3 mg/L/day biomass, contain-
ing lipids (487.26 mg/g DW) and lutein (7.07 mg/g DW) (Bermejo et al. 2018).

Culture Medium

The medium types, nitrate N, and sea salt concentration are individually investi-
gated to promote the cell growth rate and lutein production of marine microalga 
Chlamydomonas JSC4 (Y. Xie et al. 2019). It has clearly demonstrated that salinity 
is a significant inducer of lutein accumulation by strain JSC4 and that lutein produc-
tion can be successfully optimized using the salinity-gradient strategy, which is 
beneficial for the outdoor large-scale lutein production in the future. An innovative 
salinity-gradient strategy is operated to dramatically enhance biomass productivity 
(560 mg/L/day) and lutein content (3.42 mg/g), resulting in the optimal lutein pro-
ductivity (1.92 mg/L/day).

In the eukaryotic microalga Coccomyxa onubensis, the addition of 100  mM 
NaCl improved the growth rate (from 0.30 to 0.54  day−1), biomass productivity 
(from 122.50 to 243.75  mg/L/day), and lipid accumulation (from 300.39 to 
416.16 mg/g DW) and lutein production from 5.30 to 6.70 mg/g DW. However, 
when 200–500 mM salt was added, its growth was inhibited, but there was a signifi-
cant induction of lutein (up to 7.80 mg/g DW) (Bermejo et al. 2018). In the cases of 
mixotrophic cultures grown on urea, C. onubensis accumulated up to 3.55 mg/g of 
lutein, showing that mixotrophic cultivation on urea efficiently enhances growth 
and productivity (Casal et al. 2011).

In the microalga Desmodesmus sp. F51, the medium composition, nitrate con-
centration, and light intensity were manipulated to improve the phototrophic growth 
and lutein production. It was found that a nitrogen-sufficient condition was required 
for lutein accumulation, while a high light intensity enhanced cell growth but caused 
a decrease in the lutein content. The best cell growth and lutein production occurred 
when the light intensity and initial nitrate concentration were 600 μmol/m2/s and 
8.8 mM, respectively. The highest lutein productivity (3.56 ± 0.10 mg/L/day) and 
content (5.05 ± 0.20 mg/g) were obtained when pulse feeding of 2.2 mM nitrate was 
employed (Xie et al. 2013).

Also, the type and concentration of inorganic carbon and nitrogen sources were 
manipulated in Desmodesmus sp. F51 to improve cell growth and lutein  productivity. 
Using nitrate as nitrogen source, the better cell growth and lutein accumulation 
were obtained under 2.5% CO2 supply when compared to the addition of NaHCO3 
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or Na2CO3. The highest biomass productivity (939 mg/L/day) and lutein productiv-
ity (5.22 mg/L/day) were obtained when the bicarbonate-C/ammonium-N ratio and 
ammonium-N concentration were 1:1 and 150 mg/L, respectively. The lutein pro-
ductivity of 5.22 mg/L/day is the highest value ever reported in the literature using 
batch phototrophic cultivation (Xie et al. 2017).

3.3.2  Improving Lutein Production by Genetic Manipulation

Genetic engineering can open up the possibility of enhancing the productivity of 
commercial carotenoids. If it is certain that there are few microalgae that today have 
been genetically manipulated in a stable manner (Díaz-Santos 2019), many research-
ers work in this way, which Chlorella sorokiniana has been selected for lutein pro-
duction, since it showed both a high content in this carotenoid and a high growth 
rate. Cordero et al. (2011) have obtained high lutein-yielding mutant of C. sorokini-
ana by random mutagenesis, using N-methyl-N′-nitro-nitrosoguanidine (MNNG) 
as a mutagen, and selecting mutants by their resistance to the inhibitors of the caro-
tenogenic pathway, nicotine and norflurazon. The mutant MR-16 exhibited a two-
fold higher volumetric lutein content than that of the wild type, attaining values of 
42.0 mg/L, and mutants DMR-5 and DMR-8 attained a lutein cellular content of 
7.0 mg/g DW (Cordero et al. 2011). Another Chlorella zofingiensis mutant (CZ-bkt1) 
was found to consist of a dysfunctional carotenoid ketolase, leading to the accumu-
lation of zeaxanthin rather than to its downstream ketocarotenoid astaxanthin. 
CZ-bkt1 accumulated zeaxanthin up to 7.00 ± 0.82 mg/g when induced by high 
light irradiation and nitrogen deficiency and up to 36.79 ± 2.23 mg/L by additional 
feeding with glucose. Furthermore, in addition to zeaxanthin, CZ-bkt1 also accu-
mulated high amounts of β-carotene (7.18 ± 0.72 mg/g or 34.64 ± 1.39 mg/L) and 
lutein (13.81 ± 1.23 mg/g or 33.97 ± 2.61 mg/L) (Huang et al. 2018).

The overexpression of CzPSY in Chlamydomonas reinhardtii, by nuclear trans-
formation, has led to an increase in the corresponding CzPSY transcript level as 
well as in the content of the carotenoids violaxanthin and lutein which were 2.0- and 
2.2-fold higher than in untransformed cells. Phytoene synthase gene from the green 
microalga Chlorella zofingiensis (CzPSY), involved in the first step of the carot-
enoid biosynthetic pathway, has been performed (Cordero et al. 2011).

4  Lutein Extraction and Purification from Microalgae 
Biomass

Although lutein is currently separated and purified from marigold flowers by a sapon-
ification–extraction–recrystallization method (F. Khachik 1999), no industrial pro-
cesses have been proposed considering microalgae biomass as raw material. Some 
work has been done with microalgae on the optimization of separate operations as 
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disruption of algal cells (W.  Farrow and Tabenkin 1966; M.  Ruane 1977; 
A. M. Nonomura 1987; Mendes-Pinto et al. 2001), extraction of carotenoids with 
organic solvents (T. Roukas and Mantzouridou 2001; M. A. Hejazi et al. 2002; H. Li 
et al. 2002; G. An and Cho 2003; P. K. Park et al. 2007), and/or saponification of 
vegetable biomass (M. Kimura et al. 1990; R. Fernandez et al. 2000; F. Granado et al. 
2001; E. Larsen and Christensen 2005). On the other hand, the few studies dealing 
with the overall process of lutein recovery from microalgae biomass are developed at 
a very small scale because they are oriented to analytical purposes (D. R. Kull and 
Pfander 1997; H. Li et al. 2002). These methods require much time and high volumes 
of solvents and disregard the importance of cell disruption in the yield of the process. 
The development of a new single-step method that skips drying and combines extrac-
tion, saponification, and purification approach may save both time and solvent. 
Previously, in 2016, Wang et al. developed a procedure for a combined method of 
lutein extraction from marigold flowers, but similar studies for more microalgal 
lutein extraction and purification are rare. It is of great interest to reduce the operating 
units and to investigate the kinetics of this process, in order to minimize the time and 
cost of free lutein recovery from microalgae. In the study shown by Gong and co-
workers in 2017, it has been described that (1) the development and process analysis 
of a single-step extraction, saponification, and purification method was conducted for 
extraction of lutein from wet microalgae biomass; (2) the extraction kinetics of 
microalgal lutein extraction were first monitored under different conditions for a bet-
ter understanding and optimization of the process; (3) the experimental data was fit-
ted using mathematical modelling; and (4) the diffusion coefficients were determined 
and analyzed for different conditions to determine the extraction rate. Moreover, dif-
ferent methods have been described depending on the microalga. In 2008, Cerón and 
co-workers developed a complete process for the recovery of lutein from the lutein-
rich new strain S. almeriensis. The method takes into account the existence of a hard 
cell wall in this strain, and thus, a cell disruption step is included. In addition, an 
alkaline treatment is done to complete cell disruption and help remove ionizable 
lipids. The last stage is a multistep solvent extraction procedure, which is then opti-
mized to minimize the number of extractions and therefore the amount of solvent 
used. The optimized method allows the obtainment of a final lutein-rich extract that 
could be used for commercial purposes. Li HB and co-workers have optimized a 
simple and efficient method for the isolation and purification of lutein from the 
microalga Chlorella vulgaris. Crude lutein was obtained by extraction with dichloro-
methane from the microalga after saponification. Partition values of lutein in the 
two-phase system of ethanol–water– dichloromethane at different ratios were mea-
sured by HPLC so as to assist the determination of an appropriate condition for wash-
ing water-soluble impurities in the crude lutein. Partition values of lutein in another 
two-phase system of ethanol–water–hexane at different ratios were also measured by 
HPLC for determining the condition for removing fat-soluble impurities. The water-
soluble impurities in the crude lutein were removed by washing with 30% aqueous 
ethanol, and the fat-soluble impurities were removed by extraction with hexane. The 
final purity of lutein obtained was 90–98%, and the yield was 85–91%.
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5  Lutein Market

Commercial lutein production is concerned with all-trans lutein content, not total 
lutein content. Plant materials contain all-trans isomer of lutein; nevertheless, cis 
isomers of lutein are generated, apart from other agents, also by the actions of light 
and temperature. Lutein esters must be deesterified before they are absorbed by the 
body since the in vivo hydrolysis of lutein esters into lutein occurs with an efficacy 
of less than 5% (Breithaupt et  al. 2002a, b; Granado et  al. 2002). Although the 
claims on benefits of lutein products differentiate between free lutein and lutein 
esters, evidence proving these claims is lacking. Medical research that used lutein 
esters instead of free lutein improved patients with macular disease (Landrum et al. 
1997; Koh et al. 2004). Other data (Subagio et al. 2001) showed that esterification 
had no effect on the antioxidant activity of lutein, because lutein esters have higher 
bioavailability. Finding about certain antioxidant reactions is forthcoming; however, 
they may not completely identify which is better: free lutein or lutein esters (Lin 
et al. 2015).

Currently, the commercialization of lutein is carried out mainly in the form of 
capsules (pure lutein) or as a mixture with other carotenoids in suspension being 
part of corn and sunflower oils. Some of these commercialized products are 
FloraGLO® from Kemin Foods or Xangold® from Cognis (Fig. 7.4).

The growing demand of health supplements that contain lutein has been largely 
driven by the lutein market, over the past few years. Lutein is ranked as the second 
most high-value commercial carotenoids after β-carotene with a global market 
value (März, 2015). The market for lutein, in terms of value, is estimated to be USD 
263.8 million in 2017 and is projected to reach USD 357.7 million by 2022, at a 
CAGR of 6.3% from 2017 (A. McWilliams 2018). The Asia Pacific region is pro-

Fig. 7.4 Different lutein commercial products
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jected to be the fastest-growing market for lutein over the next 5  years. In this 
region, countries such as India, one of the fastest-growing markets for lutein in the 
Asia Pacific region China, and Japan hold a major share of more than 60% of the 
Asia Pacific lutein market.

6  Future Prospect and Concluding Remarks

Since the potential of lutein as antioxidant and anti-inflammatory agent is known, 
research about these properties and the production and market of lutein have been 
increased exponentially during the last decade. The most studies are focused on the 
influence of lutein consumption in human eye-related diseases wherein the optimal 
beneficial of this carotenoid in the prevention and improvement of these king of 
health problems has been demonstrated. However, the studies in relation to other 
diseases are today scanty and with clinic results not clear or controversial, although 
the antioxidant role of the lutein from the diet is confirmed. In this aspect, microal-
gae are a potential good candidate to produce lutein to large scale even being mari-
gold the most used today. In relation to this point, an improvement of the lutein 
production costs from microalgae via a circular economy using wastewater as the 
culture medium or coupling the use of CO2 from main pollutant industries and the 
use of genetic engineering and synthetic biology could be a great way to be consid-
ered for the future of lutein as nutraceutical from microalgae.
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Chapter 8
Algae and Ageing

Sakshi Guleri and Archana Tiwari

Abstract Algae are photosynthetic organisms inhabiting diverse habitats and per-
forming an array of pioneer ecological roles. They are extensively researched for a 
wide range of applications ranging from wastewater remediation, biofuels, thera-
peutics and cosmeceuticals to plant growth stimulators. The abundance of bioactive 
compounds from algae imparts unique biochemical and physiological potentials, 
making them unique organisms with unmatched potentials. Algae serve as an emi-
nent source of cosmeceuticals with anti-ageing benefits as they are rich in carotene 
and vitamin E concentration that aids in the prevention of cancer and premature skin 
ageing along with the immune system stimulation. The reactive oxygen species 
(ROS) are aroused by virtue of oxidative stress that causes the rapid degradation of 
skin collagen contributing towards the skin wrinkles, a prominent sign of ageing. 
Marine algae have pronounced effect in combating the skin wrinkles by virtue of 
their phenolic content. In addition, the algal extracts can also act as natural tyrosi-
nase inhibitor agents leading to skin whitening and fairer look. The marine algae are 
investigated for their impact on the skin pigmentation with much emphasis on tyros-
inase inhibitors. The marine algal extracts contain phlorotannins, which possess 
great efficacy as anti-inflammatory and hyaluronidase inhibitors. The cosmetic 
products using algae Spirulina platensis extracts are marketed in parts of Europe 
and South America. The prominent causes of ageing can be well addressed by algal 
products as they are rich sources of antioxidative enzymes which can effectively 
encounter the negative effects of ROS. More algal strains with potential secondary 
metabolites need to be explored for wide application of algae as anti-ageing agents 
and can be envisaged as novel sources of cosmeceuticals.
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1  Algae and Its Unique Potential

Algae are explicit class of photosynthetic organisms with enormous potentials and 
wide uses. The metabolic potential algae are conferred by the magnificent photo-
synthetic machinery with myriad of photosynthetic pigments. Their success story is 
validated with their ubiquitous nature, and advent of new technological interfaces 
has stimulated the attention in algal bioactive compounds and their tremendous 
applications. The plethora of products derived from algae is quite significant, and 
their applications are quite vivid and multifaceted in nature ranging from the biofu-
els like hydrogen, ethanol, butanol, syngas, hydrogen, nutraceuticals, antioxidative 
enzymes, cosmeceuticals, food and feed. The antioxidative system of algae com-
prises of supreme enzymes like catalase, superoxide dismutase, peroxidases and 
many more, which are equipped with the strategy to flourish in extreme circum-
stances and have evolved many substances for their survival concomitant with their 
protection. Algae hold immense potentials as source of different products with cos-
meceutical value which can open new avenues in dealing with ageing. This chapter 
elaborates the application of algae in prevention of ageing.

1.1  Bioactive Compounds from Algae

Cosmeceuticals contain dynamic ingredients, for example, vitamins, phytochem-
icals, chemicals, antioxidants and basic essential oils that are consolidated into 
the products like creams, moisturizers and treatments. There is a wide diversity in 
the bioactive compound found in marine algae which envisage their further utili-
zation in cosmeceuticals, more pertinently healthy products for the skin (Kim 
et al. 2008a, b). Various bioactive compounds are illustrated in Fig. 8.1.

1.1.1  Terpenoids

Terpenoids (isoprenoids) are the biggest and majorly abundant across the broad 
category of secondary metabolites, in advanced classes of plants inclusive of algae 
in marine waters, bugs and few microbes. Novel marine terpenoids exhibit extraor-
dinary guarantee as a hotspot for antioxidant compounds in cosmetic product prepa-
rations (Paduch et al. 2007; Kang et al. 2004), because of their great penetration 
enhancing capacities, low fundamental poisonous quality. A steroidal terpenoid 
extracted from Phaeophyta is called fucosterol (Jung et al. 2006; Tang et al. 2002). 
Fucosterol is generally procured as an essential substance from the extract fractions 
of algae (Jung et al. 2006). This compound shows increased antioxidative activities 
by expanding the concentrations of antioxidative enzyme, which regulates the 
hydrogen peroxide, and examples of these enzymes are superoxide dismutase, cata-
lase, etc. Fucosterol helps the components by counteracting the oxidation of cell 
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membrane because of its imperative function in searching and collecting hydrogen 
peroxide and re-establishing enzymatic action. Essentially, an expansion of such 
enzymes shows that this terpenoid likewise aids in the rebuilding of indispensable 
endogenic antioxidative agents, for example, glutathione (Lee et  al. 2003; Pillai 
et al. 2005).

1.1.2  Carotenoids

Carotenoids are a diversified category of naturally existing tetra terpenoid parti-
cles that are incorporated by plants, microscopic organisms and algae. It has been 
discovered that they protect the cell from oxidative stress (Stahl and Sies 2003). A 
few carotenoids work as immediate quenchers of reactive oxygen species (Edge 
et al. 1997). Allenic and acetylenic carotenoids, for example, fucoxanthin and neo-
xanthin, separately (Bjornland and Aguilarmartinez 1976), are found in red algae, 
and somewhere around 30 unique carotenoids are distinguished in this class 
(Schubert et al. 2006). The carotenoids are allotted on the basis of their structures 
and biosynthetic pathways; they follow the algal classification (Mimuro and 
Akimoto 2003).

Bioactive 
Compounds 
from Algae

Phenols

Polysacc
harides

Fatty
Acids

TerpenoidsPhytols

Sterols

Toxins

Fig. 8.1 Types of bioactive compounds
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1.1.3  Phenolic Compounds

Marine algae consist of highly potent antioxidative enzymes which are useful in 
therapeutics. Algae from marine waterbodies constitute a substantial source of dif-
ferent phenolic antioxidative substances (Koivikko et al. 2007). These compounds 
display a wide scope of physiological properties, for example, hostile to allergenic, 
against atherogenic, calming, hostile to microbial, against thrombotic, cardioprotec-
tive, vasodilatory, and cancer prevention or antibiotic agent impacts (Balasundram 
et al. 2006). The association of phenolic compounds that are called phlorotannins is 
observed in some brown algae, for example, Sargassaceae (Pavia and Brock 2000; 
Jormalainen and Honkanen 2004). Also their dry weight is up to 20% and is the 
concentrates of cell layers and tissues (Koivikko et al. 2005). These are purged from 
a few brown algae having around eight interconnected rings. Their antioxidative 
action, which is the result of polyphenols, is exceedingly identified with the phenol 
rings present that traps electron to search free radicals (Balasundram et al. 2006).

1.1.4  Polysaccharides

Fucoidans

A wide range of algal fusions are continuously utilized in cosmeceutical product 
formation for a long time as they control consistency, biological active, emollient 
and skin modifying properties (Kim et al. 2005). For example fucoidans, also called 
as ‘fucan’, are a kind of profoundly extended polysaccharide which has a signifi-
cant percentage of l-fucose, for the most part sulfated and acetylated (Holtkamp 
et al. 2009), and are found in different types of brown algae (Phaeophyta, Hizikia 
fusiforme).

Alginates

Alginates are polysaccharides which are the constituents of the cell structure of 
the brown algae (Phaeophyceae), namely, Laminaria species (Laminaria digitata) 
and also Durvillaea antarctica, and are inhabitants of coasts worldwide (Fujimura 
et  al. 2002; Refilda et  al. 2009). It is a carboxylic polymer that consists up to 
40% w/w of brown algae. The mechanical strength and flexibility are provided by 
these alginates and help them to adjust to water movements in which they grow. 
Alginates also help algae to preserve hydration (Rinaudo 2008). For decades, 
food industry uses alginate as a stabilizer, emulsifier as well as a gelling compo-
nent. Alginate is likewise utilized as a shear-thinning agent in paper industry. In 
medical field it is used as a dental impression material and wound dressing (Augst 
et al. 2006). Alginate has been utilized for ligament recovery and for development 
of hairlike veins in cell culture and tissue designing (Rinaudo 2008).
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1.1.5  Polyunsaturated Fatty Acids (PUFA)

Ocean algae are sources of polyunsaturated fats (Wood 1988), particularly in the 
lipophilic extracts (Li et al. 2002a). For instance, PUFAs represent huge portion of 
the total lipids in marine algae, for example, Tetraselmis suecica, Porphyridium 
cruentum and Isochrysis galbana, containing 20.9%, 17.1% and 17%, respectively. 
Because marine algae are an enormous and inexhaustible asset, consisting of count-
less unsaturated fats, it gives promising renewable resources of crude PUFAs for 
beauty care products (Khotimchenko et al. 2002). Red, brown and green algae have 
recognizing unsaturated fatty acid profiles which don’t rely upon the land area of 
the algae. In any case, conditions of algae habitat influence quantitative attributes of 
the unsaturated fats. Each category of marine microalgae consists of a trademark 
characteristic fatty acid pattern. It is recommended that exceptional acids, some 
typical acids and the proportion of acids present are helpful chemotaxonomic mark-
ers (Zhukova and Aizdaicher 1995; Sahu et al. 2013; Temina et al. 2007).

1.1.6  Mycosporine-Like Amino Acids

The MAA or mycosporine-like amino acids (mycosporine-glycine) are a cluster of 
more than 20 compounds that absorb UV and are available in a different scope of 
oceanic organisms, and their application as sunscreens diminishes UV damage. 
The primary function is protection against the vigorous radiation generated by the 
ultraviolet light. In any case, MAAs additionally assume a role as protection 
against harmful effects brought by sunlight through its antioxidant function which 
converts the dangerous free radicals into less dangerous substance (Dunlap and 
Yamamoto 1995). Aside from that, they can be good cell protecting options from 
various stresses (Oren and Gunde-Cimerman 2007).

1.1.7  Toxins

A harmful algal bloom (HAB) is a consequence of eutrophication that has negative 
effects on different living beings due to its toxins that can poison different animals 
or humans. Substantial scale marine mortality occasions are frequently connected 
with HABs. Instances of basic harmful impacts of HABs consist of the production 
of neurotoxins that can poison and cause death of fish, tortoises, seabirds marine 
mammals and humans. It causes significant harm to different organisms, for exam-
ple, intruding the fish epithelial gill tissues that results to unconsciousness and 
removal of oxygen from the waterbodies (hypoxia or anoxia) which disables the cell 
from respiration and causes accumulation of harmful bacteria (Tiwari 2010).

8 Algae and Ageing



272

Cyanotoxins

Cyanotoxins are toxins produced by cyanobacteria. Blooming cyanobacteria can 
release cyanotoxins that can toxify and even assassinate animals and people. 
Cyanotoxins can likewise aggregate in different animals, for example, fish and 
shellfish, and cause poisonings, for example, shellfish poisoning. The first published 
report that blue green algae or cyanobacteria could have deadly influences showed 
up in Nature in 1878. The toxins include:

Hepatotoxins (Gr., hepato = liver)

Hepatotoxin is a toxic chemical substance produced within the cell and released in 
the surrounding water after cell death. This toxic chemical substance damages the 
liver, e.g. microcystin, produced by cyanobacteria (Microcystis aeruginosa) 
(Tiwari 2014).

Neurotoxins

A neurotoxin is a chemical which inhibits the functions of neurons. In some cases, 
neurotoxins simply damage the neurons so that they cannot function properly. 
Others attack the signalling capability of neurons, through the release of various 
chemicals, e.g. a neurotoxin, that is, saxitoxin (STX), is produced naturally by cer-
tain marine species of cyanobacteria (Anabaena sp.). It prevents normal cellular 
function by acting on nerve cells which have voltage-gated sodium channels, lead-
ing to the cause of paralysis (Pandey and Tiwari 2014).

Cytotoxins (Gr., cyto = cell)

A cytotoxin is a chemical compound which has adverse poisonous effect on cells 
and targets only on a cell or organ of specific type instead of whole body. They can 
destroy a cell by several ways: one is necrosis in which there is loss of cell integrity 
from their membrane and get collapsed, while another is apoptosis in which the cell 
death occurs prematurely (Tiwari 2012).

Endotoxins

Endotoxins are the chemicals produced within the Gram-negative bacteria and 
released after the destruction of its cell wall, causing many health-related problems 
like illness, nausea, vomiting, diarrhoea, white-blood cell count fluctuations and 
hypertension or high blood pressure. Now the term ‘endotoxins’ is used synony-
mously to lipopolysaccharide. Most of the researchers reported the incidents of 
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 toxicity by microalgal toxic compounds and their occurrence in freshwater environ-
ments, and they are becoming more frequent and extended (Tiwari 2010).

2  The Antioxidative System and Ageing

An antioxidant is a particle or molecule which has potential to moderate or avert the 
oxidation of different atoms. An exchange of electrons in oxidation results into free 
radicals which are fatal for the cell. Antioxidants oxidize themselves in order to 
expel these compounds, for example, ascorbic acid or thiols. Additionally, these 
substances have numerous medicine and industrial uses, for example, additives in 
food and cosmetic products, counteracting the decay of elasticity and fuel. At first 
these are considered as the compounds that help in the oxygen consumption.

Antioxidants can be classified into three general types:

 (a) Lipid solvent and bilayer-related tocopherols,
 (b) Water solvent reductants, for example, ascorbic acid and glutathione
 (c) Enzymes, for example, superoxide dismutase, catalase, peroxidase, ascorbate 

peroxidase and glutathione reductase

During ordinary metabolic functions, free radicals which are highly reactive 
compounds or we can say the generation of reactive oxygen species lead to cellular 
damage as illustrated in Fig. 8.2. Notwithstanding, free radicals may likewise be 
presented from nature. These compounds are unstable since they have an odd num-
ber of electrons. To compensate for their lack of electrons, these free radicals will 
respond with specific synthetic substances in the body, and in this manner, they 
interfere with the cell’s capacity to function properly. However, similarly as the 
body normally creates free radicals, it has a way to protect against its harmful 
impacts. There is an available framework known as antioxidant system which con-
tains antioxidative enzymes or catalysts. Antioxidant compounds are chemical 

Fig. 8.2 Body cell without antioxidants
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 substances found in plants that follow up on free radicals. Antioxidant enzymes 
work in a few different ways. For one, they may lessen the energy of the free radical 
or surrender a portion of their electrons for its utilization and, hence, become stable. 
Antioxidants may likewise prevent the free radical from shaping in any case and 
may intrude an oxidizing bind response to limit the harm brought about by free radi-
cals. In total, the principal capacity of cell antioxidants is killing or neutralizing 
radicals.

A few antioxidant enzymes act together to keep up redox homeostasis which 
appeared in the presence of five, two and three isoforms of SOD, ascorbate peroxi-
dase and catalase proteins separately in the crude extracts of naturally collected 
mats of desiccation-tolerant cyanobacterium Lyngbya arboricola on native PAGE 
(Tripathi and Srivastava 2001). The presence of two and four bands of catalase and 
SOD as distinguished by native PAGE has additionally been accounted for in 
Tolypothrix (Rajendran et  al. 2007), for example, single isoform can be seen in 
Nostoc sp. while staining for catalase activity with the virtue of PAGE, whereas 
Aulosira sp. shows three isoforms of catalase. Haem-containing catalysts are divided 
in three families, (1) monofunctional catalases (Zamocky et al. 2008a), (2) the haem 
peroxidase family present in plants or protists (Welinder 1992; Passardi et al. 2007) 
and (3) the peroxidase-cyclooxygenase (Zamocky et al. 2008b). Additionally, there 
are small groups of haem-containing peroxidases which can be found in Archaea: 
non-haem peroxide present in bacteria and parasites (Zubieta et al. 2007) or bacte-
rial di-haem peroxidases (Echalier et  al. 2006) which are manganese catalases 
(Zamocky et  al. 2008a), vanadium peroxidases and universal thiol peroxidases 
which catalyse peroxide reduction by reactant cysteine residues and thiol- containing 
proteins as reductants (Rouhier and Jacquot 2005).

Another fascinating potential of cyanobacteria is adapting to UVR through UV 
engrossing/screening compounds, for example, mycosporine-like amino acids 
(MAAs) and scytonemin. These compounds are characteristic photoprotectants.

2.1  Role of AOS

Another use of antioxidants is as food additive so that food can be prevented from 
spoilage. Oxygen and sunlight exposure leads to food oxidation; hence, food can be 
preserved by keeping it in dark and sealing it in proper containers or even wax coat-
ing to prevent food deterioration (as with cucumbers). These preservatives include 
natural antioxidants like ascorbic acid (AA, E300) and tocopherols (E306), as well 
as synthetic antioxidants like propyl gallate (PG, E310). Industries are utilizing the 
antioxidants by frequently adding them into products. They are commonly used in 
fuels and lubricants as stabilizers to inhibit oxidation and polymerization. They are 
used in gasoline so that polymerization won’t lead to the generation of engine- 
fouling residues. The brain is sensitive to oxidative damage, because of its high 
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metabolic rate and increased levels of polyunsaturated lipids, the target of lipid 
peroxidation. Thus, antioxidants are generally utilized like drugs to treat different 
types of brain damage. Here, superoxide dismutase mimetics, sodium thiopental 
and propofol are utilized to treat reperfusion damage and awful brain damage; anti-
oxidants are likewise being researched as conceivable medications for neurodegen-
erative illnesses and diseases, like Alzheimer’s and Parkinson’s malady.

2.2  Reactive Oxygen Species (ROS)

During the normal cell functioning linked with the processes like reduction and 
oxidation, reactive oxygen species are generated specially at the time of photosyn-
thesis that is in chloroplast. Under unstressed conditions, generation and termina-
tion of ROS in these life forms are in equilibrium. Diverse ecological factors of 
stress such as contamination, temperature, excessive light forces and nutritional 
constraint can generate ROS. Oxidative pressure is intently related to these tempera-
mental however reactive radicals (Borowitzka 1995). At the point when oxygen 
interacts with metabolic systems, it very well may be transformed into progres-
sively reactive and lethal type of superoxide particle, hydrogen peroxide, hydroxyl 
radical and singlet oxygen. Arrangement of singlet oxygen (O2) along these lines 
stimulates the generation of other reactive oxygen species like hydrogen peroxide 
(H2O2), superoxide anion (O2−) hydroxyl (OH−) and perhydroxyl radicals (O2H).

2.2.1  Role of Reactive Oxygen Species (ROS)

Reactive oxygen species produced due to UV-B radiation easily destroys proteins, 
DNA and other biological molecules (Douglas 1994). Activated oxygen and agents 
that produce oxygen-free radicals, for example, ionizing radiation, are in charge of 
inducing various injuries in DNA because of which deletions, transformations or 
mutations and other deadly genetic impacts are caused. Characterization of such 
DNA injury shows that sugar and the base moieties are powerless to oxidation lead-
ing to degradation of base, breakage of single strand and protein cross-linking 
(Echalier et al. 2006). Oxidative assault of proteins results in amino acid alterations 
which are site specific, peptide chain discontinuity, accumulation of reaction prod-
ucts which are cross-linked, changed electrical charge and expanded proteolysis 
susceptibility. ROS formed in the natural framework during the ordinary course of 
metabolism are potentially destructive since they attack membranes, proteins and 
DNA molecules. Also the ROS are the leading cause of skin ageing which is dem-
onstrated in Fig. 8.3. ROS formation is additionally increased in the presence of the 
measures of iron or other transition metal ions and metal chelators (Chen et al. 2010).
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2.2.2  Protection Against Damages Caused by ROS

The algae can tolerate increased levels of oxygen by means of endogenous mecha-
nisms that scavenge and eliminate the poisonous products effectively before any 
damage occurs in the cell by the help of antioxidant cascade, where the superoxide 
dismutase (SOD) acts before the catalase and peroxidizes as shown in Fig. 8.4.

ROS ACTIVATED
BY

ENVIRONMENTAL
FACTORS

COLLAGEN
DEGRADAYION /
INLAMMATION

PREMATURE SKIN
AGEING

ENDOGENEOUS
ANTIOXIDANT
DEPLETION

MAPK
ACTIVATION/

TARGET GENES :
SOD/CAT

Fig. 8.3 The mechanism of skin ageing and ROS

Fig. 8.4 Enzymatic antioxidants working in a cascade fashion
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2.3  Antioxidative Enzymes

2.3.1  Catalase

They stand out amongst the most potent catalyst known. The response it catalyses is 
significant to life. It is a typical protein found in about every single living life form 
that is oxygen exposed. Catalase (EC 1.11.1.6) catalyses change of hydrogen perox-
ide, a potential and conceivably unsafe oxidizing agent, to water and molecular 
oxygen. The ideal pH for human catalase is approximately 7. One molecule of cata-
lase can decay right around a hundred thousand particles of hydrogen peroxide each 
second. In 1818, it is found that H2O2 (hydrogen peroxide), breakdown was possi-
ble. In 1900, it was the first named as catalase and discovered its presence in numer-
ous plants and creatures. In 1937 beef liver catalase was crystallized and the atomic 
weight was found in 1938. In 1969, bovine catalase’s amino acid sequence was 
worked upon. At that point in 1981, the 3D structure of the protein was opened up. 
Catalase is a tetramer of four polypeptide chains, each more than 500 amino acids 
long. It contains four porphyrin haeme (iron) bunches which enable the compound 
to respond with the hydrogen peroxide (Regelsberger et al. 2002). This is a model 
of catalase, appearing globular structure, somewhat like a tangled mass of string.

Active sites are available as splits or hollows on the surface of the catalyst 
brought about through the manner in which the protein takes the tertiary structure 
by folding itself. Molecules having the perfect shape and size can be easily fitted 
into such active sites. Basically separation of catalases can be done in proteins con-
taining monofunctional haeme and those with a manganese-containing response 
focus at the active site. The manganese catalases structure moderately small groups 
(Allgood and Perry 1986). In cyanobacteria, so far KatG was recognized in the uni-
cellular species Synechococcus PCC 7942, Synechococcus PCC 6301 (Anacystis 
nidulans) and Synechocystis PCC 6803. Biochemical as well as genetic examina-
tions showed presence of only a single isoform of an ordinary multifunctional 
catalase- peroxidase (KatG) as a cytosolic hydrogen peroxide scavenging haemo-
protein (Obinger et al. 1997). In the genomes of Anabaena PCC 7120, Nostoc punc-
tiforme, Synechococcus WH8102, Prochlorococcus marinus MED4 and 
Prochlorococcus MIT 9313, no KatG quality has been found.

Antioxidant enzymes, which also include catalase, make the primary line of pro-
tection against free radicals; in this way their guidelines rely fundamentally upon 
the oxidant status of the cell. Be that as it may, there are different components asso-
ciated with their regulation, which also includes the enzyme modulating action of 
different hormones, for example, growth hormone, prolactin and melatonin. 
Melatonin is amino acid tryptophan’s derivative which acts as a neurohormone in 
mammals, but at the same time is incorporated by many different species, including 
plants, green growth and microorganisms. Melatonin appears to extraordinarily 
secure both lipid membranes and nuclear DNA from oxidative harm. Melatonin can 
straightforwardly neutralize ROS, including hydrogen peroxide. It can likewise 
prompt different antioxidant enzymes, including catalase, either by expanding their 
action or by promoting gene expression for these catalysts. Abatement in melatonin 
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levels observed with age relates to an expansion in neurogenerative clutters, for 
example, Parkinson’s malady, Alzheimer’s ailment, Huntington’s illness and stroke, 
all of which may include oxidative pressure. Generally, the formation of ROS incre-
ments with maturing and is related with DNA harm to the tissues. On the other 
hand, development hormone, potentially prolactin, can diminish catalase and other 
antioxidants in different tissues in mice, proposing that this hormone acts as a 
silencer of key antioxidant components.

Oxygen has an extraordinary task to carry out in our cells as it offers vitality to 
our cells; however oxygen is a reactive molecule which causes major issues if its 
level increased and is not controlled deliberately. And its consequence is that it leads 
to the generation of reactive oxygen species transported across various sites with the 
help of carriers, for example, riboflavin and niacin derived carriers; when oxygen 
exchange the electrons, it will lead to the generation of free radicals like superoxide 
radicals and hydrogen peroxide, which can degrade the proteins by attacking at their 
ions, free iron particles in the cell occasionally convert hydrogen peroxide into 
hydroxyl radicals. All these events become the cause of transformation of 
DNA. There is still a controversy regarding this hypothesis that oxidative damage 
contributes to aging (Tiwari 2014).

2.3.2  Superoxide Dismutase (SOD)

Superoxide dismutase (SOD, E.C. 1.15.1.1) plays a significant function in the pro-
tection of cell from oxidative damages in aerobes. Like all other aerobes, the algae 
utilize SODs to separate superoxide anions produced by reactive oxygen species 
(Herbert et al. 1992).

Within a cell, SOD constitutes the first line of defence against ROS and is respon-
sible for removal of superoxide radicals. SOD enzymes are metalloproteins and are 
related to a class of oxidoreductase enzyme (Li et al. 2002b).

2.3.3  Types of Superoxide Dismutase

Conclusively, phospholipid bilayers are impermeable to charged O2− particles. 
Subsequently, it is critical that SOD is available for the expulsion of superoxide 
radicals in the compartments where they are formed. Algae have three kinds of SOD 
with various prosthetic metal groups:

Fe-SODs

The site of Fe-SODs is chloroplast. Fe-SOD has two different groups. First group 
consists of homodimer (Thomas et al. 1999). The second Fe-SOD group, present in 
advanced plants, is a four-subunit tetramer (Shirkey et  al. 2000). It is the most 
ancient group of SOD group. Hydrogen peroxide is responsible for the inactivation 
of Fe-SOD and KCN inhibition is resisted by it.
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Mn-SODs

Mitochondria and peroxisome are the location of Mn-SOD. They carry only single 
metal atom for each subunit. They are homodimeric or homotetrameric protein with 
only Mn (III) particle per subunit. Mn-SOD more often than not has an atomic mass 
of 40–46 kDa; however higher subatomic mass Mn-SODs have been recognized in 
a few types of microscopic organisms with subatomic masses of 110–140  kDa. 
Potassium cyanide (KCN) cannot hinder the compound and H2O2 cannot inac-
tivate it.

Cu-SODs

Cu/Zn SODs have different electrical properties than others. Cu/Zn SOD is found 
all through the algae or plants. They comprise two types of Cu/Zn SOD. The first 
one constitutes homodimeric and second involves the homotetrameric (Bradford 
1976). Cu/Zn SODs are dissolvable enzyme, with atomic mass of 32 kDa, and com-
prises two indistinguishable subunits.

2.3.4  SOD Genes

Synechocystis sp., a cyanobacterial strain, consists of SODB gene only (Beauchamp 
and Fridovich 1971), while most of the algae consist of two types of SOD genes: 
SODA which encodes Mn-SOD and SODB that encodes Fe-SOD. The nitrogen- 
fixing heterocystous cyanobacterium Anabaena sp. strain PCC 7120 has two SOD 
encoding qualities: a SODB and a SODA. The number of SODA qualities encoding 
Mn-SOD differs amongst cyanobacteria. Anabaena sp. strain PCC 7120, as the 
majority of the cyanobacteria, consists of membrane systems: plasma layers and 
thylakoid layers. To think about the area of SODA in Anabaena sp. strain PCC 
7120, plasma films and thylakoid layers can be isolated by utilizing a two-stage 
framework (Sambrook and Russell 2001; Chen and Pan 1996). Apparently, in the 
majority of the cyanobacteria, there are two types of SOD present which are benefi-
cial for the adaptation in fluctuation of metal concentration in their environments. In 
Spirulina the phycocyanobilin has been shown to have antioxidizing activity and 
therefore may act as an effective antioxidant in humans. It has therapeutic value as 
it was shown to have immunomodulating activity and anticancer activity. 
C-Phycocyanins (a blue pigment protein) found in cyanobacterium Spirulina pla-
tensis has been reported to be a potent peroxy radical scavenger in vitro and in vivo. 
Phycoerythrin isolated from Nostoc species was used as a protein marker for elec-
trophoretic techniques. C-Phycoerythrin (red pigment) was shown to protect rats 
from CCl4-induced toxicity and from diabetic complications. It also provides pro-
tection against permanganate-mediated DNA damage, HgCl2− caused oxidative 
stress and cellular damage in the kidney. The colouring agent in food consists of 
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phycobiliproteins (chewing gums, dairy products, gellies, etc.) and cosmetics 
including lipstick and eyeliners in Japan, Thailand and China.

The presence of SOD appears to help in shielding numerous kinds of cells from 
the free extreme harm that is essential in maturing, senescence and tissue damage. 
SOD additionally protects cells from DNA harm, lipid peroxidation, damage from 
ionizing radiations, denaturation of protein and numerous different types of dynamic 
cell debasement. SOD is utilized in restorative products to diminish extreme harm 
to skin, for instance, to lessen fibrosis following radiation for malignancy (Obinger 
et al. 1998).

2.4  Tyrosinase Inhibitors and Algae

Marine algae, ordinarily utilized as foodstuffs in East Asian nations, are likewise 
potential sources of bioactive metabolites, for example, terpenoids, polyphenols and 
halogenated compounds (Mikami et al. 2016). Free radicals are persistently pro-
duced in human body and cause to fall apart lipids, proteins, compounds, DNA and 
RNA. They may prompt numerous infections, for example, atherosclerosis, cardio-
vascular diseases and carcinogenesis (Li et al. 2012). Although manufactured anti-
oxidants are generally used to anticipate these issues, their utilizations are necessary 
for such toxic and cancer-causing impact (Javan et al. 2013). Characteristic antioxi-
dants with no side reactions are needed for free radical scavenging action and secu-
rity against oxidative stress (Reyes et al. 2013). The activity of tyrosinase inhibitors 
is one of the parameters on skin lightening agents. The process of tyrosinase inhibi-
tors is to diminish skin pigmentation by inhibiting the catalysis of the pigmentation 
related with melanin generation in the pathway of melanogenesis. Skin protecting 
agents are related with antioxidative movement that can ensure the skin against 
oxidative compounds due to UVR (Park et al. 2012). Skin exposed to UVR both 
intensely and ceaselessly can cause different cell and natural changes, for example, 
DNA harm, loss of homeostasis and cell work, irregular pigmentation because of 
changes in melanin pigment, immune suppression and aggravation that can cause 
skin issues, for instance, photoageing and non-obtrusive skin tumours, either non- 
melanoma or melanoma. Red algae of the family Rhodomelaceae are enhanced with 
bromophenols which leads to radical formation (Li et al. 2012), protein hindrance 
(Kurihara et al. 1999), nourishing obstacle, mitigation, cell security, antimicrobial, 
anticancer, hostile to diabetic (Kim et al. 2008a, b) and antiviral action (Park et al. 
2012). Tyrosinase (Wang et al. 2005) is valuable for the synthesis of melanin and a 
key compound for melanin biosynthesis and natural product sautéing (Chang 2009). 
Nonetheless, it is directed to hyperpigmentation (Tan et al. 2016). More radical or 
reactive oxygen species (ROS) may cause secretion of α-melanocyte-stimulating 
hormone (α-MSH) and that leads to pigmentation, for example, age spot, spots, skin 
maturing, melasma, etc. (Lan et al. 2013). Numerous regular tyrosinase inhibitors 
have been identified as polyphenols and lipids.

S. Guleri and A. Tiwari



281

3  Cosmeceuticals from Algae

The products that follow up on the epidermis (shallow layer of the skin), without 
changing the physiological states of the skin, are beauty care products or we call 
them cosmetics. In fact they do not require logical investigations as a proof of their 
viability and are before long promoted, for instance, lotions. Cosmeceuticals com-
prise naturally dynamic fixings, for example, phytochemicals, fundamental oils, 
nutrients, antioxidants and so on (Cannell 2006). The result of cosmeceuticals can 
be in any way similar to medication, cosmetic or both.

Beautifiers or cosmeceuticals are intended to improve, elevate attractiveness, and 
cleanse the skin, though they are not endorsed by FDA and available to be pur-
chased. There is wide scope of items like from fat cutter lotions to aromas, hair care 
products, detanning packs and shower gels (Pereira 2018). These days everybody is 
showing interest for everything that can enhance their lifestyle, with exceptional 
belief that a large number of answers of the issues are found in nature itself, so the 
interest for products obtained using natural sources has expanded in which algae 
have incredible consideration. For example, consumption of green algae as food, in 
Europe, mostly of Laminaria (brown algae) and Chondrus (red algae), is around 
70,000 tons/year (Mafinowska 2011).

Around 221 algal species are commercially utilized in food and pharma- and 
cosmeceutical industries (Table 8.1), and around ten species have been cultivated 
strongly, for example, brown algae (Saccharina japonica), red algae (Gracilaria 
sp.) and green algae (Monostroma nitidum). Microalgae (Spirulina/Arthrospira 
spp.) are additionally developed, and the significant makers are Australia, India, 
Israel, Japan, Malaysia and Myanmar. Today, the worldwide worth of algal industry 

Table 8.1 Some cosmetic algal products available in the market

Company Product name Reference

Aquarev industries Red algae-based products www.aquarev.in
Algatech Green algae supplies 

astaxanthin
https://www.algatech.com/

Nykaa Body serum http://www.nykaa.com/
L’Oreal Paris Face mask https://www.lorealparis.co.in/
La Prairie Ice crystal dry oil http://www.laprairieswitzerland.com/
Shiseido Stemlan-173 

(WO2018074606A1)
https://www.shiseidogroup.com

AlgEternal 
Technologies

PhtcoDerm https://www.patent-art.com/
algae-cosmetics-18

Algenist Alguronic acid (patented)
Repêchage 
Professional

Seaweed wax

Greenaltech ALGAKTIV® LightSKN™
Innisfree Amorepacific
Revlon Professional Eksperience™
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is more than USD 6 billion per year, out of which 85% contains nourishment items 
for human utilization. The algal extracts like carrageenan and alginates are essential 
in the cosmeceuticals, and together make up to 40% of the hydrocolloidal market of 
the world.

Recent Patent Application

 (a) The patent US9717932B2 by BASF, entitled “Marine extracts and biofermenta-
tions for use in cosmetics” reveals about the marine algae like Sarcodiotheca 
gaudichaudii and its biofermentation use as a skin care active ingredient for 
anti-ageing cosmetic applications. It is also used with the red algae extracts 
(Chondrus crispus).

 (b) The two recent patents (KR1972071B1, KR1901859B1), by Amorepacific 
Corp., have opened up about incorporation of marine algae extracts. For instance 
green algae, red algae, brown algae and other algal extracts in cosmeceuticals 
for improving skin quality, inhibiting skin ageing and enhancing skin elasticity, 
as well as for masking skin wrinkles and protecting skin from UV rays.

 (c) An independent inventor OH, Chung Heon, has developed fucoidan-based 
mask (KR1841099B1). It is extracted from brown algae, followed by ferment-
ing, drying and pulverizing (https://openaccesspub.org/japb/article/530).

3.1  Sources of Cosmeceuticals

Algae are those microbes which are very peculiar and found almost everywhere on 
this planet. They provide the foundation for aquatic life chains and produce 70% of 
the air we use to inhale, and in addition they are the major source of antioxidants. 
Due to these antioxidative properties, they have been utilized in the field of pharma-
ceuticals, agriculture, medicine and cosmeceuticals. The natural antioxidants pres-
ent in algae consist of bioactive compounds which have the potential to fight against 
the different diseases and ageing. Despite of formation of ROS and free radicals by 
the ultraviolet rays through sunlight, there is the absence of oxidative stress in the 
cellular components of algae which shows that there is defence system present or 
we can say that antioxidant protection system is present in their cells.

Algae have chemical diversity and also have very unique properties; algae has 
been implemented for many studies and has broad range of applications in the cos-
meceuticals (Table  8.2). It consists of different biochemical or bioactive com-
pounds like pigments, proteins, lipids, vitamins, phenolic compounds, 
polysaccharides and others (Paul and Pohnert 2011), including macro- and micro-
elements (Majmudar 2012). Algae produce both primary metabolites and second-
ary metabolites. The primary metabolites are responsible for the adequate growth 
or reproduction conditions so that they can perform various functions properly, and 
secondary metabolites are the substances or compounds which play their role under 
various adverse conditions such as stress generated by UV radiations, alkalinity, 
variations in temperature or pH or environmental toxins (Thalgo La 2008).
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The secondary metabolites produced are pigments, sterols and other bioactive 
agents. Algae are generally classified as:

 (a) Rhodophyta phylum includes red algae and consists of pigments like chloro-
phyll a, phycobilins and carotenoids.

 (b) Ochrophyta phylum consists brown algae comprised of chlorophylls a and c 
and carotenoids (fucoxanthin).

 (c) Chlorophyta phylum includes green algae with pigments that include chloro-
phylls a and b and carotenoids.

Due to variety of components, there are numerous applications of algae as it is 
utilized for cosmetics, pharmaceuticals and as food supplement too. They are 
sources of many bioactive compounds of incredible quality, since they comprise 
basic amino acids, omega-3 family and other fatty acids and nutrients.

3.2  Algae as Source of Cosmeceuticals

The benefits of algae, especially its use in skin treatment or cosmeceuticals, are of 
high significance due to their ability to fight against acne and reactive oxygen spe-
cies as they are antioxidants. They are used as anti-ageing and anti-inflammatory 
agent (Berthon et al. 2017) and inhibit melanogenesis as well. It has UV photopro-
tective and anti-melanoma effects (C. Corinaldesi et al. 2017). Lots of investigation 
have been done to show the pathological effects of algal bioactive compounds in 
proper downregulation of MMPs and tyrosinase inhibitor activity.

Table 8.2 Algal species and their bioactive compounds in cosmetics

Algae species Bioactive compound Cosmetic property References

Cladophora 
glomerata

Chlorophylls (a, b, c, 
d)

Antibacterial, antioxidant Lanfer-Marquez 
et al. (2005)

Caulerpa sp. Extracts: steroids, 
flavonoids, phenols
hydroquinone and 
saponin

Tyrosinase inhibitor Demais et al. (2007)

D. tertiolecta Phenolic compound Anti-ageing Norzagaray- 
Valenzuela et al. 
(2017)

H. lacustris Astaxanthin Anti-ageing Huangfu et al. 
(2013)

U. lactuca Carotenoids 
(fucoxanthin, lutein)

Anti-inflammatory, 
antioxidant, tyrosinase 
inhibitors, anti-ageing

Christaki et al. 
(2013)

Cladosiphon 
okamuranus

Extract Moisturizer Wang et al. (2013a, 
b)

E. cava Phlorotannins: dieckol Hair growth Kang et al. (2012)
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The compounds obtained from algae have various beneficial effects on health 
and care of skin (Table 8.3). Brown algae-derived phlorotannins and various poly-
saccharides have many applications in cosmeceuticals (Choi et al. 2018). There are 
many other applications of algae. The use of algae for various purposes like biotech-
nological applications or in cosmetics is possibly because of its simple harvesting 
and fast growth rate.

Some of the applications of algae in cosmetics in details are as follows.

3.2.1  Algae as Anti-Tanning and Moisturizing Agent

Melanin is the pigment present in the skin which absorbs the UV radiations when 
there is direct exposure with skin (Gong et  al. 2007). It is a complex polymer, 
which gives colour to the human skin, and also it is the protection for human skin 
cells. Therefore the increased and constant exposure to sunlight increases the level 
of melanin pigment which results in tanning (Park 2006). Tyrosinase is synthesized 
by the radiations from sunlight which catalyses the reaction and leads to the forma-
tion of melanosomes which then get matured and become melanin. Further the 
differentiation takes place and keratinocytes are formed to raise the deterioration of 
skin (Silab 2018). Here we conclude that excess production of melanin causes 
hyperpigmentation, so tyrosinase inhibitors are implemented in pigmentation (Dae 
et al. 2007). Pigments like fucoxanthin from brown alga like Macrocystis inhibit 
melanogenesis. Melanin is delivered by the cells called melanocytes situated in the 
basal epidermal layer (Solano et al. 2006). The roles of tyrosinase inhibitors are 
significant in the process of depigmenting and brightening (Liang et al. 2012).

Table 8.3 Algal species and their applications in cosmetics

Algal species Type Pigment Metabolites Application

Ulva lactuca Green algae Chlorophyll (a, 
b), β-carotene

Oleic and linolenic 
acid

Antioxidant, 
anti-inflammatory, 
anti-wrinkle, 
moisturizing agent 
(2017).

Postelsia 
palmaeformis

Brown algae Chlorophyll c, 
fucoxanthin

– Skin softening, 
anti-wrinkle, 
anti-inflammatory 
(2017)

Porphyra 
umbilicalis

Red algae Phycoerythrin Linolenic acid Skin conditioner 
(2017)

Spirulina Cyanobacteria Phycocyanin Linolenic acid, 
phycocyanobilin,
phycoerythrobilin

Anti-ageing, collagen 
synthesis, anti- 
inflammatory, 
antioxidant (2013)

Dunaliella 
salina

Green algae Chlorophylls (a, 
b), β-carotene

Palmitic and 
linolenic acid, 
β-cryptoxanthin

Antioxidants, 
smoothing agent 
(2017)
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The side effects like pigmented contact dermatitis (García-Gavín et al. 2010) due 
to kojic acid and a conceivable genotoxic impact brought about by arbutin can be 
caused by chemical tyrosinase inhibitor. To make the epidermis of the skin softer, 
one needs to apply moisturizer over it, which is made up of such mixture of chemi-
cals. Unmoisturized skin is prone to various skin problems like acne or even eczema. 
Therefore the moisturizer helps the skin to retain its moisture and prevent it from 
bruising, wrinkling and drying. There are certain acids like hyaluronic acid and 
various polysaccharides like agar, alginate, carrageenan and fucoidans from algae 
that help retain moisture in the skin along with water. The polysaccharides from 
certain algal species absorb water or moisture and provide soothing effect, for 
example, S. japonica and Codium tomentosum, which helps in the proper water 
movement and distribution. This keeps the skin hydrated and moisturized even in 
adverse climatic conditions like hot and dry environments (Wang et al. 2013a, b).

3.2.2  Algae as Anti-Ageing Agent

The deprivation in the elasticity of the skin and the occurrence of lines, wrinkles or 
crest including the discolouration or the loss of glow from the skin are the indication 
of ageing. With growing age, there is the skin ageing. The factor which is respon-
sible for this condition of the skin not only includes the growing age but also the 
harsh environmental factors. The harsh environmental conditions lead to the dry-
ness, thinning, sagging, enlarged pores, etc., of the skin, hence causing premature 
wrinkles and skin deterioration. These factors are continuous vulnerability of heavy 
metals, nutrient scarcity and moisture deficiency in epidermal layer of the skin. And 
the most common reason for skin ageing is the reactive oxygen species. Various 
researchers have concluded about the algal products and their anti-ageing proper-
ties. For instance, vitamin E and carotene nourish the skin to rejuvenate and get 
immune to skin maturation and also eliminate the chances of getting sarcoma or 
cancer of the skin. Algal species like Colpomenia, Halymenia, Padina, Polysiphonia, 
etc., are used as anti-ageing agents. Mycosporine like amino acid provides ultravio-
let ray protection which usually causes damage to the skin and leads to skin pre-
maturation (Christaki et al. 2013).

The debasement of flexible fibre and putrefaction of collagen are caused by elas-
tases and MMP (matrix metalloproteinase). At the point when there is exposure to 
radiation, the skin starts losing elasticity and lines or, we can say, wrinkles start 
appearing. In this way, collection of MMPs is unsafe for the skin. Marine organ-
isms, particularly macroalgae, produce a variety of defensive compounds against 
photoageing (Pallela et al. 2010). Macroalgae having such bioactive compounds can 
assimilate both types of UV radiations, that is, UV-A and UV-B, and some may 
inhibit ROS and the progression of matrix metalloproteinase. The most productive 
naturally occurring UV-A-engrossing compound is the mycosporine-like amino 
acids (MAAs). One of the characteristics of MAAs is that they are water soluble and 
present in various living forms, similar to algae, and numerous marine creatures like 
corals. For instance, the MMAs, porphyra-334, can be obtained from the red algae 
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Porphyra umbilicalis. Its retention coefficient at 334 nm is 42,300, demonstrating 
that its channel ability is like those engineered UV-A sunscreens (Ryu et al. 2014), 
for example, butyl methoxydibenzoylmethane (Daniel et al. 2004).

3.2.3  Algae as Wound Healer and Antibacterial for the Skin

The scar formation can be inhibited by the alginic acid (Borowitzka 2013). Not only 
this, it also acts as a physical barrier in order to invade the fibroblasts and hence help 
in wound healing. There are many applications of alginates especially in the field of 
tissue engineering and clinical trials. Soluble algae extract-based dressings are help-
ful in wound healing. The ethanolic extract of Kappaphycus alvarezii (a red alga) 
promotes wound healing and hair growth (Lanfer-Marquez et al. 2005).

Algae act against acne vulgaris, which causes skin inflammation. Acne vulgaris 
is a typical skin malady or state influencing numerous youths and youthful grown- 
ups. It is described by clogged pores or we can say whiteheads, pimples, oily skin 
and conceivable scarring. Skin breakout can persevere for a considerable length of 
time and result in changeless scars and deformation and effectively affects physio-
logical advancement (Leyden 1995). The pathogenesis of skin breakout is intricate 
and multifactorial. For the most part, it is seen as an incendiary ailment with differ-
ent responsible factors, for example, keratin treatment of hair follicles, sebum emis-
sion and microorganisms that cause skin inflammation (Farrar and Ingham 2004). 
Staphylococcus epidermidis, Pseudomonas aeruginosa and S. aureus are normally 
engaged with acne development (Yamaguchi et al. 2009). Specifically, anaerobic 
microorganism (the gram-positive), P. acnes, is frequently perceived in acne. Acne 
vulgaris, because of the development of microbes, is treated with anti-toxin treat-
ments, for example, clindamycin and erythromycin. However, broad use of anti- 
infection compounds has prompted bacterial obstruction. Additionally, 
antimicrobials may cause skin hypersensitivities and skin aggravation. Thus, the 
bioactive compounds extracted from marine algae could be the best option. 
Macroalgal extracts have been found to have antibacterial and antifungal properties 
(Pérez et al. 2016). Likewise, extracts from some macroalgae show antimicrobial 
impacts and can regulate the development components of the skin and collagen too, 
which could improve the skin inflammation and accelerate skin nourishment.

3.2.4  Algae as Hair Growth Promoter

Hair fall or hair loss is the major problem of many millions of people and there are 
many reasons behind this, which includes ageing. Many studies have been con-
ducted to prevent hair loss and promote hair growth, for instance, dieckol isolated 
from E. cava which is further used for hair problems (Kang et al. 2012).
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3.3  Advantages of Algal Products

A few compounds extracted from algae are utilized in cosmetic industry as thicken-
ing specialists, water-restricting agents and cancer prevention agents in facial and 
healthy skin products. Natural carotenoids are favoured than synthetic carotenoids 
and have great applications in the nourishment and feed industries, just as in beauty 
care products and pharmaceuticals. It is notable that microalgae contain significant 
compounds including proteins, β-carotene, lutein, sugar, phenolic and flavonoids 
that are helpful for different modern applications. Carotenoids from microalgae are 
a basic class of cancer prevention agents which play important role in extinguishing 
responsive oxygen species produced amid photosynthesis. The algal products have 
many advantages which are illustrated in Fig. 8.5, and this is all because of their 
unique, novel and potential bioactive compounds as described earlier.

4  Future Prospects

The microalgae are promising tools inferable from expanded interest for bioactive 
compounds like carotenoids, phenolic, flavonoids, proteins and starches. Segregation 
and identification of novel metabolites from microalgae will help the improvement 
of new therapeutics, cosmeceuticals, nutraceuticals and food industries. The 
dynamic products are finding a degree scope of utilizations in the beauty care prod-
ucts, pharmaceuticals, sustenance and feed enterprises. Carotenoids, phenolic and 

Fig. 8.5 Health benefits from algae
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flavonoid are solid cancer prevention agents, fit for responding with searching oxy-
gen species as a result of their hydroxyl gatherings. Algal species are presently 
effectively being used capably in the various restorative items as a solid natural 
fixing and furthermore to increase the value of these items. The main component of 
the algal products is the colours obtained from their pigments. The various bioactive 
compounds metabolites, for example, polysaccharides, or proteins, and so on con-
stitutes differing capacities and benefits. These metabolites improve the skin quality 
by acting an agent against skin maturing, cancer, mitigation and wrinkle. These 
microorganisms are additionally utilized in different applications based on biotech-
nology, for example, bioenergy, biofertilizers, supplements and so forth. This audit 
primarily centres on the developing uses of green growth in the restorative business.

Yet there is very less fact known about the algal compounds and a need to explore 
more to obtain the cosmeceutical benefits; however recent studies demonstrate that 
many algae-derived products can lead to the development in cosmeceuticals in the 
coming time. With the increasing curiosity and demand for the improvement and 
generation of progressively compelling cosmeceuticals that fight the presence of 
maturing, the properties of a significant number of the marine algae merit further 
examination.
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Chapter 9
Extracts and Bioactives from Microalgae 
(Sensu Stricto): Opportunities 
and Challenges for a New Generation 
of Cosmetics

Lorenzo Zanella and Md. Asraful Alam

Abstract The cosmetic industry, which increasingly aims to develop products that 
affect body appearance, prevent aging and promote skin and hair well-being, has 
changed over the last decades. The increased sensibility of consumers to the ethics 
of green economy drew the attention of this industry to microalgae as novel source 
of active ingredients. Microalgae, which are often improperly considered as inclu-
sive of prokaryotic microorganisms, i.e. cyanobacteria, are eukaryotic microorgan-
isms capable of synthesising biologically active molecules that affect human 
metabolism.

Many classes of beneficial compounds, including carotenoids, polyphenols, vita-
mins and polysaccharides, can be obtained from microalgae cultivated with sustain-
able and environment-friendly techniques. Microalgal extracts are already 
commercialised in products that claim several biological activities, such as hair 
growth stimulation, prevention of solar radiation damages, modulation of skin pig-
mentation, skin tightening and anti-aging. However, their mechanisms of action and 
metabolic effects are not fully understood, and the related beneficial effects are 
probably underestimated. This contribution aims to review the state-of-the-art cos-
metic applications of microalgae with a critical discussion of the experimental 
methods adopted and potential perspectives.

Keywords Microalgae · Natural extracts · Cosmetics · Skin · Pigmentation · 
Dermis · Keratinocytes · Melanogenesis · Sebogenesis · Hair follicle · Biological 
activity · Oxidative stress · Transdermal delivery

L. Zanella (*) 
Venice, Italy
e-mail: lorenzo.zanella@libero.it 

M. A. Alam 
School of Chemical Engineering, Zhengzhou University, Zhengzhou, China
e-mail: alam@zzu.edu.cn

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0169-2_9&domain=pdf
mailto:lorenzo.zanella@libero.it
mailto:alam@zzu.edu.cn


296

Abbreviations

ACTH adrenocorticotropic hormone
Akt Protein kinase B
AP-1 Activator protein 1
ARE Antioxidant response elements
ATX Astaxanthin
BAD Bcl-2-associated death promoter
Bax Bcl-2-associated X
Bcl-2 B-cell lymphoma 2
βC β-Carotene
Casp Caspase
CE Cornified envelope
COX-2 Cyclooxygenase-2
CRH corticotropin-releasing hormone
CT Carotenoid
CTX Canthaxanthin
cyt-c Cytochrome-c
DGDG Digalactosyl diacylglycerol
DP Dermal papilla
DW Dry weight
ECM Extracellular matrix
EPA Eicosapentaenoic acid
SEP Sulphated exopolysaccharide
ERK Extracellular signal-regulated kinase
FB Fibroblast
FoxOs Forkhead box, class O family member proteins
FT Ferritin
FXT Fucoxanthin
GABA γ-Aminobutyric acid
GAG Glycosaminoglycan
GCL Glutamate-cysteine ligase
GM-CSF Granulocyte-macrophage colony-stimulating factor
GSR Glutathione-disulphide reductase
h Human
HA Hyaluronic acid
4HNE 4-Hydroxy-2-nonenal
HO-1 Haeme oxygenase (heat shock protein fam.)
hSE 3D human skin equivalents
hFTS Human full-thickness skin
HF Hair follicle
IL Interleukin
iNOS Inducible nitric oxide synthase
IR Infrared rays
JNK c-Jun N-terminal kinase
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KC Keratinocyte
Keap1 Kelch-like ECH-associated protein 1
l-DOPA 3,4-Dihydroxy-l-phenylalanine
LF Lipofuscin 
MA Microalga
MAs Microalgae
MAA Mycosporine-like amino acid
MAPK Mitogen-activated protein kinase
Mcl-1 Induced myeloid leukemia cell differentiation protein
MGDG Monogalactosyl diacylglycerol
MITS Microphthalmia-associated transcription factor
MMP Matrix metalloproteinase
MW Molecular weight
NEP Neprilysin or neutral endopeptidase
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NMF Natural moisturising factors
Nrf2 NF-E2 p45-related factor 2
NQO-1 NAD(P)H dehydrogenase (quinone) 1
NT Neurotrophin
PKCδ  Protein kinase C-δ type
PMA Phorbol myristate acetate
PUFA Polyunsaturated fatty acid
ROS Reactive oxygen species
RNS Reactive nitrogen species
5α-R1 5α-reductase type-1
SAGE Semisynthetic glycosaminoglycan ether
SC Stratum corneum
SEP Sulphated exopolysaccharide
SOD Superoxide dismutase
SPR Small proline-rich protein
STAT3 Signal transducer and activator of transcription 3
TGF-β Transforming growth factor-β
T-Iso Tahitian Isochrysis
TNFα Tumour necrosis factor-α
UCA Urocanic acid
UV Ultra violet (UVR: rays; UVA: type A; UVB: type B; UVC: type C)

1  Introduction

In the biological world, all organisms are endowed with enzymes necessary for 
essential metabolic cell processes, but some have also developed enzymes that pro-
duce special secondary metabolites, especially amongst prokaryotes, plants  and 
fungi. These metabolites, which include antioxidants or some toxins against preda-
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tors, generally protect against potential damages from the external environment. 
Amongst autotrophic organisms, they comprise vitamins, special macromolecules 
(e.g. long-chain unsaturated fatty acids) and some accessory pigments for photosyn-
thesis, e.g. carotenoids (CTs), which are able to work as free radical scavengers in 
humans (Zhang et al. 2014). Some of these compounds are irreplaceable dietary 
vitamins and micronutrients for animals and humans. The cosmetic industry is 
increasingly getting aware that the microorganism biochemistry offers numerous 
compounds to preserve youth and beauty. Amongst the richest sources of active 
ingredients, microalgae (MAs) have become the object of special attention due to 
their extraordinary capability to synthesise and store bioactives that are still rela-
tively unknown (Plaza et al. 2009). In this regard, some clarifications are appropri-
ate, because with the term MAs (sensu lato), very heterogeneous microorganisms 
are generally indicated (see Andersen 2013 for a concise systematic overview). For 
instance, prokaryotes belonging to the vast group of cyanobacteria (also called blue- 
green algae) are generally included. Cyanobacteria have biological traits that are 
typical of bacteria, including prokaryotic polysaccharides in their cell walls and 
special pigments with high biological activity (phycocyanins). The MAs sensu 
stricto, however, have a nucleus; therefore, they belong to the domain Eukaryota 
and have a biochemical composition of their own, which can sometimes include 
molecules in common with macroalgae or even higher plants depending on the case. 
This contribution will refer to MAs sensu stricto  (Fig. 9.1 shows an eukaryotic 
microalga of cosmetic interest).

1.1  The Exploitation of Microalgae in Cosmetics: A Recent 
Story

The exploitation of MAs for industrial processes has become significant due to 
marine aquaculture, from which most of the knowledge that has inspired recent 
studies was derived. The need to cultivate MAs in monoculture was born at the 

Fig. 9.1 Chlorococcum minutum (Source: courtesy of Cutech Srl)
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beginning of the last century for nutrition of microinvertebrates (Allen and Nelson 
1910) and assumed commercial applications when microalgal cultures were used 
for the rearing of bivalve molluscs intended for human consumption (Bruce et al. 
1940; Rhyter and Goldman 1975).

Many steps forward, such as the selection of monospecific strains for the nutri-
tion of bivalves and phytophagous larval phases of prawns, were made in the fol-
lowing decades (De Pauw et al. 1984). However, in these pioneering experiences, 
MAs were intended for animal species that physiologically feed on MAs. The use 
of MAs as live food was an obvious choice, whereas the biological value of their 
biochemical composition for other applications was established only later. In the 
1970s, the first attempts to reproduce and breed valuable marine fish had little suc-
cess due to the low survival of early larval stages, which fed on zooplankton (roti-
fers), and the high rate of malformation suffered by fingerlings that reached weaning. 
These difficulties were overcome only when some researchers realised that the high 
nutritional requirements of many marine fish larvae could be satisfied by adminis-
tering ‘enriched’ rotifers, i.e. fed with some MAs. The high content of polyunsatu-
rated fatty acids (PUFAs) and other essential nutrients in MAs was recognised as 
the key factor. Japanese aquaculture gave a significant contribution (Watanabe et al. 
1983) to the achievement of the first successes. Since the 1970s, fish farmers have 
selected many microalgal strains endowed with some fundamental properties, such 
as the presence of secondary metabolites with high biological value, absence of 
toxicity and adaptability to intensive culture conditions, which are useful for exploi-
tation in cosmetics. Indeed, these three elements made phytoplankton cultivation an 
ideal source of natural ingredients for the cosmetic industry.

Another pivotal element of innovation was introduced by the development of 
intensive phytoplankton cultures in photobioreactors, which allow very intensive 
production without using pesticides, are eco-sustainable and can be upscaled to 
industrial production with fully traceable and certifiable processes. However, 
although the use of modern photobioreactors has reduced production costs (Molina 
Grima et al. 2003; Tredici et al. 2016), the final price of MA biomasses remains 
relatively high (Barsanti and Gualtiero 2018).

The cosmetic industry is amongst the sectors that can exploit the biochemical 
characteristics of MAs, because value-added products can be developed using a 
relatively small quantity of biomass.

1.2  A New Concept of Cosmetic Treatment Based 
on Bioactives

Cosmetics are traditionally classified into skin care, makeup, body and hair care, 
oral cosmetics and fragrances (Mitsui 1997). Before the 1980s, they were princi-
pally used to beautify or cover minor, visible imperfections or, at the most, improve 
the structure of the skin and its annexes. The main biological activities were due to 
physicochemical properties of some ingredients, e.g. emollients and moisturisers. 
The use of beneficial natural ingredients has always been present in cosmetics, but 
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this aspect has become predominant only recently along with environmental sensi-
bility. A new range of cosmetic products, which are designed as a vehicle of natural 
principles endowed with biological activity, have been developed (Kumar 2005; 
Paye et  al. 2009). The concept of cosmeceutics, a neologism obtained from the 
fusion of the word ‘cosmetics’ and ‘pharmaceutical’ introduced by dermatologist 
Albert Kligman (Tsai and Hantash 2008), was born. Cosmeceutics is defined as ‘… 
topical formulations which were neither pure cosmetics, like lipstick or rouge, nor 
pure drugs, like corticosteroids. They lay between these poles, constituting a broad- 
spectrum intermediate group’ (Kligman 2005).

The search for active ingredients suitable for the cosmetic sector received great 
impetus, and natural extracts are the main sources of inspiration due to their wealth 
of molecules that are already known as ingredients of traditional herbal medicines. 
The cosmetic exploitation of MAs is part of this sociocultural and industrial trend 
due to their richness of active compounds with a strong commercial appeal.

2  Bioactives from Microalgae and Their Applications 
in Cosmetics

2.1  Microalgae as Novel Sources of Active Compounds

Traditional medicine and, to a lesser extent, cosmetics have exploited the biological 
properties of plants since time immemorial to obtain natural extracts containing 
molecules that are active on human wellness. In terrestrial plants, many metabolites 
are often concentrated or stored in different organs (e.g. roots, leaves, flowers and 
fruits), depending on their specific functions, so that only that part is used for the 
preparation of cosmetic ingredients. Meanwhile, MAs are single-celled organisms 
with a whole library of enzymes and metabolites concentrated in the same cell. 
Sometimes cells are organised in colonial forms, such as in many Bacillariophyceae; 
however, metabolic self-sufficiency is generally maintained in each cell. Therefore, 
the microalgal biomass is homogeneous and entirely used for the extraction of 
active ingredients, whose composition depends on cell characteristics, solvent used 
and extraction procedure (Chojnacka and Kim 2015).

Some strains were identified as sources of specific compounds that were accu-
mulated in large amounts, especially if cultivated under appropriate environmental 
conditions. Indeed, the prevailing approach in the exploitation of MAs was to use 
them as biofactories for the production of compounds known for their beneficial 
properties (Barclay et  al. 1994; Jin et  al. 2003; Spolaore et  al. 2006; Catalina 
Adarme-Vega et  al. 2012; Priyadarshani and Rath 2012; Guarnieri and Pienkos 
2015; Guedes et al. 2011; Koller et al. 2014; Wobbe and Remacle 2015; Singh et al. 
2017; Islam et al. 2017). Representative examples are the extraction of astaxanthin 
(ATX) from cysts of Haematococcus pluvialis (Guerin et  al. 2003), CTs from 
Dunaliella salina (Jin and Melis 2003; Pisal and Lele 2005; Del Campo et al. 2007) 
and omega-3 fatty acids from Phaeodactylum tricornutum (Reis et  al. 1996), 
Porphyridium cruentum (Asgharpour et al. 2015), Crypthecodinium cohnii (Mendes 
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et  al. 2009) and Nannochloropsis spp. (Forján Lozano et  al. 2007; Chini Zittelli 
et al. 1999).

Unfortunately, this approach is affected by competition with traditional sources 
of the same molecules, such as fish oil and chemical industries. However, an inter-
esting alternative way to exploit the richness of MAs is to develop multifunctional 
extracts, which allow to achieve beneficial effects by acting simultaneously on vari-
ous metabolic processes of the treated tissue. This topic will be discussed in more 
detail below, but it is worth noting here that the extraction of specific bioactives 
from the biomass involves relevant purification costs, whereas the multifunctional 
approach takes advantage of a simplified extraction process. Extracts with a broad 
spectrum of action require more research effort to characterise their effects on the 
tissues or organs, but their industrial production is less expensive and their composi-
tion cannot be synthetically reproduced by commercial competitors.

2.2  Effects on the Skin and Its Accessory Structures

Historically, the most investigated application is probably in the prevention of aging 
and reduction of wrinkles. Aging causes the overall loss of structural organisation of 
the skin, with particularly evident consequences in the dermis, whose biomechani-
cal properties are attributable to the fibrous and amorphous connective tissue (extra-
cellular matrix, ECM), which is composed of proteins, proteoglycans and 
glycosaminoglycans (GAGs). Many cosmetic products therefore claim the ability of 
stimulating the synthesis of the dermis ECM and protecting it from degradation 
processes. 

To delay aging, however, modern cosmetic science has also developed a wide 
range of active products aimed at improving other aspects of skin metabolism, e.g. 
state of hydration, smoothness of the stratum corneum (SC), modulation of sebum 
production and melanogenesis. Many extend to the treatment of problems that are 
borderline with pathological disorders, such as melasma, acne, seborrheic dermati-
tis, various forms of dermatitis or psoriasis and solar erythema. To date, prepara-
tions obtained from MAs showed various activities on the skin and its annexes, 
confirming that they are a valuable source of active compounds of high cosmetic 
interest. However, an appropriate exploitation of them requires a deep comprehen-
sion of skin biology and molecular signals that regulate its metabolism.

2.2.1  Skin Anatomy

The skin is the largest organ of the body (1.5–2 m2) and has an average thickness of 
1–2 mm, but with variation from 0.5 mm of eyelids to over 6 mm between the shoul-
der blades (Saladin 2007) (Fig. 9.2).

The skin is composed of epidermis and dermis, whereas the underlying adipose 
panniculus (called hypodermis or subcutis) is generally considered distinct even 
though it is closely connected to the skin both anatomically, because some fat cells 
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can be dispersed in the deep dermis, and functionally through a consistent exchange 
of cytokines. The epidermis is the superficial layer and is divided from the underly-
ing dermis by the basal lamina, which is a dense planar-reticular structure mainly 
consisting of glycoproteins (e.g. fibronectin and laminin) and collagen (COL) type 
IV (COL-IV). Epidermis is a densely cellularised epithelial tissue composed of 
keratinocytes (KCs), which account for about 95% (McGrath et al. 2010) and pro-
liferate starting from the primary basal layer, called stratum basale. Amongst KCs 
of the stratum basale occur the melanocytes, which are specialised pigmentary cells 
of neuroectodermal origin that synthesise melanin in special subcellular organelles 
called melanosomes. Melanocytes can assume a dendritic shape and develop tem-
porary cell projections, known as pseudopodia, which carry melanosomes away 

Fig. 9.2 A cross section of the skin and its underlying structures (image contributed by Wikimedia 
Commons, USGOV (Public Domain), from: Anatomy, Skin (Integument), Epidermis (Yousef and 
Sharma 2019), book distributed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/))
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from the centre of the cell. KCs can engulf the tips of the melanocyte pseudopodia 
through phagocytosis, receiving a certain quantity of melanin (Nordlund et  al. 
1989). This process modulates the skin pigmentation and is stimulated by exposure 
to solar radiation (skin tanning).

Following these important cell interactions in the basal layer, the KCs move 
towards the epidermal surface undergoing a process of differentiation that leads to 
the formation of the SC.

Keratinocyte Differentiation

KCs proliferate from the basal layer and undergo differentiation, thereby forming 
the following layers (Fig. 9.3): stratum basale or stratum germinativum, stratum 
spinosum, stratum granulosum and stratum corneum. In palmoplantar skin is 
observed an additional electrolucent stratum, called stratum lucidum, interposed 
between the granulosum and corneum (McGrath et al. 2010). The differentiation 
process is called cornification and is regulated by the concentration of Ca2+, which 
increases from the stratum basale to the SC (Eckhart et al. 2013). KC differentiation 

Fig. 9.3 Layers of the Epidermis. The epidermis of thick skin has five layers: stratum basale, 
stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum (Access for free at 
https://openstax.org/books/anatomy-and-physiology/pages/1-introduction)  (license conditions at 
https://creativecommons.org/licenses/by/4.0/) 
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occurs with synthesis of cytoskeletal scleroproteins, organised in the cornified enve-
lope (CE) and lipids, which are confined in lamellar bodies (for review see Candi 
et al. 2005 and Eckhart et al. 2013). The main CE proteins are loricrin (the most 
abundant), involucrin, filaggrin (which aggregates keratin filaments into tight bun-
dles), elafin (a serine proteinase inhibitor) and small proline-rich repeat proteins 
(SPRs) that have antioxidant properties (Steinert and Marekov 1995; Rinnerthaler 
et al. 2015). These proteins constitute about 7–10% of the mass of the epidermis 
(Candi et al. 2005) and are synthesised at different phases of KC differentiation to 
be cross-linked by transglutaminases, especially transglutaminase-1 and transgluta-
minase- 3, which are Ca2+-dependent enzymes that catalyse ε-(ϒ-glutamyl)lysine 
cross-linking reactions (Terazawa et al. 2015).

In the stratum granulosum, KC develops lamellar bodies, which are derived from 
the Golgi apparatus and filled with phospholipids, glucosylceramides,  sphingomyelin 
and cholesterol (Feingold 2007; Rinnerthaler et al. 2015). In the final phase of dif-
ferentiation, KCs collapse into dead cells called corneocytes that are connected by 
keratin bridges, whereas the lamellar bodies are secreted in the extracellular space, 
where some enzymes complete the process of maturation of the corneal matrix. Part 
of filaggrin is degraded by caspase-14 (Casp-14) into amino acids, some of which 
act as natural moisturising factors (NMF). Filaggrin is also a major source of histi-
dine, which is further metabolised into the potent UVB scavenger urocanic acid 
(UCA) in the cornifying layers (Eckhart et al. 2013).

The mature SC is a complex model of structure called ‘brick and mortar barrier’, 
wherein the lipid matrix is the mortar and the corneocytes are the bricks (Nemes and 
Steinert 1999). Interestingly, the pyknotic cytoplasm of the corneocyte is occupied 
by NMFs, i.e. amino acids and their derivatives and salts, which contribute to the 
hydration and elasticity of SC. The epidermis is superficially lubricated by sebum, 
which contributes to the proteolipid barrier, interacts with the microbiome and regu-
lates the SC’s exfoliation process.

The Dermis

Under the basal lamina lies the dermis, which is composed of proteins and polysac-
charides of the ECM, in which fibroblasts (FBs) and cells of the immune system are 
dispersed. Amongst the proteins, COL contributes 70–80% to the dry weight and 
confers tensile properties, followed by elastin (2–4% of the dermis per volume), 
which provides resilience and softness (Waller and Maibach 2006). The most abun-
dant GAG is hyaluronic acid (HA), followed by several derivatives of chondroitin 
sulphate. Although GAGs represent only 0.1–0.3% of the dry weight of skin, they 
can bind up to 1000 times their own volume in water (Bernstein et al. 1996), thereby 
regulating the state of hydration and plumpness of the organ. The intrinsic and pho-
toinduced aging processes determine the alterations of all these structural mole-
cules, thereby compromising the mechanical properties of the skin and significantly 
reducing its ability to maintain water in the bound state (Waller and Maibach 2006). 
FBs are responsible for the synthesis of ECM, but together with immune cells, they 
also participate in its degradation, releasing matrix metalloproteases (MMPs) and 
other proteases and hyaluronidases (Pittayapruek et al. 2016).
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Skin Appendages

The main skin appendages are the sebaceous glands (SGs), sweat glands, hair fol-
licles (HFs) and nails. These organs are strongly integrated with the surrounding 
skin environment but have their own metabolism. SGs are holocrine glands com-
prising sebocytes that change into lipid-producing cells from the undifferentiated 
basal layer, which finally die to secrete the oily and waxy substance called sebum 
(Mitsui 1997). Sebum consists of squalene, esters of glycerol (glycerides) and wax, 
free fatty acids and free and esterified cholesterol (Picardo et al. 2009; Wertz 2009). 
It is excreted through SG ducts to the skin surface, almost always by way of the HF 
infundibulum, or HF canal, because HFs and SGs are anatomically associated in the 
so-called pilosebaceous unit.

HFs of scalp and body have an enormous impact on the appearance and related 
psychological, social and cultural implications. For this reason, the hair care mar-
ket has huge commercial value. HF is a complex organ characterised by continual 
and cyclical transition amongst growth stage (anagen), in which the development of 
the hair is observed; a subsequent regression stage (catagen), in which the apoptosis 
of a considerable part of HF cells takes place; and a stage of quiescence at the end 
(telogen), following which the HF returns to the anagen stage with the formation of 
a new hair shaft. This life cycle is repeated over time with different rhythms depend-
ing on the region of the body (for more information on hair biology, see Paus and 
Peker 2003) and is controlled by the dermal papilla (DP), an inner  region of the 
basal bulb comprising specialised FBs. The DP is in close contact with the matrix, 
a population of special KCs with high proliferative activity that occupies the upper 
part of the basal bulb and from which the hair develops.

During the telogen phase, the DP enters a resting phase, the basal bulb degener-
ates and the hair shaft remains in the scalp until it is pushed out by the growth of a 
new anagen hair (exogen). The telogen ends when DP releases signals that activate 
follicle regeneration, a process that starts from stem cells stored in a specialised fol-
licular region called bulge region.

2.2.2  Effects of Microalgae Extracts on Epidermis

The effects of MA extracts on KC differentiation have been often studied using 
some protein markers indicative of CE development, but the findings obtained can 
be considered representative of the whole differentiation process, including the for-
mation of the lamellar bodies. KC differentiation is of relevant cosmetic interest 
because its anomalies affect the proteolipid barrier with consequences on softness 
and smoothness of the epidermis.

Tests performed on human skin cultivated ex vivo showed that some extracts of 
Tetraselmis suecica can stimulate the synthesis of involucrin and filaggrin in KCs 
(Pertile et al. 2010). Involucrin modulation was obtained on the same experimental 
model by treatment with extracts of Monodus subterraneus and Chlorococcum sp., 
but with different results depending on the solvent used for the preparation of the 
extracts (Zanella et  al. 2012). An aqueous extract of Chlorella vulgaris 
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(Dermochlorella, Codif) stimulated CE proteins, SPRs and elafin (Morvan and 
Vallee 2007). Thus far, little is known about the effects of MAs on the lipid compo-
sition of SC.

The cosmetic industry is also very interested in preventing or repairing the dam-
ages induced by ultraviolet radiation (UV), which causes photoaging. Nizard et al. 
(2004) showed in vivo that extracts of P. tricornutum stimulate the protective activ-
ity of 20S proteasome in KCs, preventing the increase of oxidised proteins and 
improving the protection of cell from UVB damages. Other molecules of interest 
for the same application are mycosporine-like amino acids (MAAs), which are sec-
ondary metabolites characterised by a cyclohexenone or cyclohexenimine chromo-
phore conjugated with one or two amino acids (Cardozo et  al. 2007). These 
compounds do not regulate epidermis metabolism but protect from UV due to their 
screening action in absorptions from 309 to 360  nm (Hartmann et  al. 2015). In 
Table 9.1, some potential microalgal sources of MAAs are listed, but researchers 
need to beware, because this list also includes some toxic species not suitable for 
cosmetics (e.g. Alexandrium tamarense).

2.2.3  Activity of Microalgae Extracts on Dermis

The dermis is an object of special attention in the cosmetic field because its struc-
ture plays a primary role in determining the tensile properties and plumpness of the 
skin. Alterations connected to aging determine flaccidity and the formation of wrin-
kles. Intrinsic aging occurs physiologically, but it is accelerated by oxidative stress 
induced by solar radiation (photoaging) and by other stressful factors related to 
lifestyle and environment.

Chung et al. (2001) showed by in vivo analysis that intrinsic aging leads to a 
reduction of COL synthesis by FBs, whereas chronic photoaging leads to an 
increase, which does not compensate for the increased degradation due to the secre-
tion of collagenases (MMP1 and MMP2) by the same cells. In both processes, the 
dermis COL undergoes qualitative and quantitative decrease with aging (Waller and 
Maibach 2006). This has decidedly oriented cosmetics towards the search for natu-
ral preparations suitable for promoting the production of COL, especially the type I 
(85–90% of this protein) and type III (10–15%) (Cheng et al. 2011). Amongst the 
preparations obtained from MAs, an aqueous extract of Nannochloropsis oculata 
exerted strong protection from oxidative stress and stimulated the production of 
COL in FB cultures (Stolz and Obermayer 2005). A similar preparation obtained 
from D. salina also stimulated COL production and cell proliferation (Stolz and 
Obermayer 2005). The already mentioned extract of C. vulgaris marketed under the 
name Dermochlorella was tested on cultures of primary FBs and KCs, as well as in 
clinical trials, and produced the following anti-aging and anti-inflammatory effects 
(Morvan and Vallee 2007):

 – Stimulation of the synthesis of COL-I, COL-III, elastin, collagenase inhibitors 
and plasminogen activator inhibitor-2 
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 – Inhibition of the expression of collagenase activators: tissue plasminogen activa-
tor and urokinase plasminogen activator

 – Increased synthesis of the antioxidant enzyme thioredoxin-2

The extracts of Chlorococcum sp., Chaetoceros sp. and M. subterraneus stimu-
lated COL-I production in primary FB cultures (Zanella et al. 2012). The extracts of 
Porphyridium purpureum, Rhodosorus marinus, Chlorella pyrenoidosa and 
D. salina showed high inhibitory effect on hyaluronidase, the enzyme that degrades 
the polysaccharide fraction of ECM (Fujitani et al. 2001).

Table 9.1 Mycosporine-like amino acids with UV shielding properties identified as compounds 
of microalgal species. Nomenclature according to www.algaebase.org (re-elaborated from 
Llewellyn and Airs 2010, Priyadarshani and Rath 2012, Flaim et al. 2014 and Suh et al. 2014)

Compound Microalgae source

Sporopollenin Characium terrestre, Coelastrum microporum, Enallax coelastroides, 
Scenedesmus sp., Scotiella chlorelloidea, Scotiellopsis rubescens, 
Spongiochloris spongiosa, Dunaliella salina, Chlorella fusca

Mycosporine 
glycine

Chlamydomonas hedleyi, Alexandrium tamarense, Karlodinium 
venificum, Gymnodinium galatheanum, Prorocentrum lima, P. micans, 
P. cordatum, Scrippsiella trochoidea and Oxyrrhis marina

Shinorine Chlamydomonas hedleyi, Peridinium aciculiferum, Chlorarachnion 
reptans, Alexandrium tamarense, Karlodinium venificum, Gymnodinium 
galatheanum, Kryptoperidinium foliaceum, Prorocentrum lima, P. micans, 
P. cordatum, Scrippsiella trochoidea and Oxyrrhis marina

Porphyra-334 Chlamydomonas hedleyi, Peridinium aciculiferum, Thalassiosira 
weissflogii, Alexandrium tamarense, Karlodinium venificum, 
Gymnodinium galatheanum, Prorocentrum micans, P. cordatum and 
Scrippsiella trochoidea

Palythene Peridinium aciculiferum, Alexandrium tamarense, Karlodinium venificum, 
Prorocentrum lima, P. micans, P. cordatum and Scrippsiella trochoidea

Palythine Peridinium aciculiferum, Alexandrium tamarense, Karlodinium venificum, 
Gymnodinium galatheanum, Prorocentrum lima, P. cordatum and 
Scrippsiella trochoidea

Palythic acid Karlodinium venificum, Gymnodinium galatheanum, Kryptoperidinium 
foliaceum, Prorocentrum lima, P. micans, P. cordatum and Scrippsiella 
trochoidea

Asterina-330 Peridinium aciculiferum and Heterosigma akashiwo

Undetermined 
mycosporine-like 
amino acids

Ankistrodesmus spiralis, Chlorella minutissima, Chlorella sorokiniana, 
Dunaliella tertiolecta, Pelagococcus subviridis, Porphyridium purpureum, 
Rhodomonas maculata, R. salina, Cryptomonas reticulata, Cryptomonas 
baltica, Scotiella chlorelloidea, Isochrysis sp., I. galbana, Pavlova 
gyrans, Emiliania huxleyi, Corethron criophilum, Thalassiosira tumida, 
T. weissflogii, Porosira pseudodenticulata, Stellarima microtrias, 
Alexandrium catenella, Euglena gracilis, Nannochloropsis oculata and 
Nephroselmis rotunda
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2.2.4  Effects of Microalgae Extracts on Skin Pigmentation

MAs offer opportunities in the development of novel cosmetics for skin pigmenta-
tion. Products that inhibit melanogenesis (skin lighteners) and stimulate it (skin 
darkeners or tanners) are both appreciated. Skin lighteners are used to obtain a 
lighter complexion or to treat unwanted hyperpigmentation (e.g. lentigo solaris and 
melasma), whereas skin darkeners promote a tan without exposure to solar radiation 
or prepare the skin for sun exposure, thereby preventing erythema or burns.

Many microalgal compounds exert an activity on tyrosinase, the key enzyme that 
controls melanin synthesis (Nordlund et  al. 1989). Tyrosinase catalyses melanin 
synthesis by hydroxylation of l-tyrosine to 3,4-dihydroxy-l-phenylalanine 
(l-DOPA) and by oxidation of l-DOPA to dopaquinone followed by further conver-
sion to melanin (Godin and Touitou 2007). Some microalgal compounds, particu-
larly fatty acids and CTs, have been shown to exert an activity on tyrosinase. 
Interestingly, although saturated fatty acids often stimulate melanogenesis by 
 delaying the degradation of tyrosinase, PUFAs have a predominantly inhibitory 
effect (Table 9.2) by downregulating the activity of the enzyme and by accelerating 
its degradation (Ando et al. 1998; Chiang et al. 2011). Since MAs are major produc-
ers of PUFAs, most preparations obtained from their extracts are expected to act as 
skin lighteners. In fact, extracts of Nannochloropsis gaditana showed an inhibition 
of tyrosinase (Letsiou et al. 2017), and extracts of T. suecica (Pertile et al. 2010), 
Chaetoceros calcitrans f. pumilus, M. subterraneus, Chlorococcum minutum, 
Thalassiosira pseudonana (Zanella et al. 2012) and Nannochloropsis sp. (Zanella 
and Pertile 2016) acted as skin lighteners in ex vivo skin cultures. Kurfurst et al. 
(2010) showed that T. pseudonana reduces melanin synthesis and inhibits its deliv-
ery to KC by downregulating the expression of Myosin-X protein, a protein involved 
in this process. Finally, a hydro-alcoholic extract of Chlamydomonas reinhardtii 
inhibited melanogenesis in melanoma cell cultures and in 3D human skin equivalent 
(hSE) (Lee et al. 2018). 

However, it is wrong to assume that the high concentration of PUFAs is a guar-
antee of skin whitening activity, because microalgal extracts are complex mixtures 
of bioactives, whose final effects depend on the overall balance of their combined 
effects. For example, the ethyl acetate extract of Tahitian Isochrysis (T-Iso), a cos-

Table 9.2 Activity of some fatty acids on tyrosinase

Compound Activity Reference

Palmitic acid (C16:0) stimulating Ando et al. (1998, 1999)
Stearic acid (C18:0) stimulating Ando et al. (1998)
Oleic acid (C18:1n − 9) Inhibiting Ando et al. (1998)
Linoleic acid (C18:2n − 6) Inhibiting Ando et al. (1998, 1999)
α-Linolenic acid (C18:3n − 3) Inhibiting Ando et al. (1998)
Arachidonic acid (C20:4) Inhibiting Mishima et al. (1993) 
Eicosapentaenoic acid (C20:5n − 3) Inhibiting Mishima et al. (1993) 
Docosahexaenoic acid (C22:6n − 3) Inhibiting Balcos et al. (2014)
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metic preparation marketed with the name BIO1659 (Symrise AG), can stimulate 
melanogenesis in the skin and hair (Herrmann et al. 2012a, 2013), even though this 
Haptophyta is an excellent producer of PUFAs (Mishra and Mishra 2018).

Amongst the microalgal compounds that show activity on skin melanogenesis 
are CTs. Fucoxanthin (FXT) has been reported to decrease tyrosinase activity in 
UVB-irradiated guinea pigs, melanogenesis in UVB-irradiated mice and the mRNA 
levels of proteins linked to melanogenesis in skin cells (Sathasivam and Ki 2018). 
Also, orally administered lutein and zeaxanthin promoted skin lightening in a clini-
cal trial involving 46 healthy subjects (Juturu et al. 2016). Zeaxanthin purified from 
N. oculata showed anti-tyrosinase action (Shen et al. 2011), thereby confirming that 
contributes to the skin whitening properties of this MA. Finally, ATX can inhibit 
skin pigmentation by interfering with the signaling of the stem cell factor released 
by KCs, which regulates different aspects of the melanocyte activity, including pro-
liferation, differentiation and melanogenesis (Pillaiyar et al. 2017) 

2.2.5  Preliminary Evidence of Microalgae Activities on Signals Released 
by the Peripheral Nervous System

A further aspect that should be considered for skin homeostasis and wellness is the 
effect of neurogenic inflammation, which is a challenging issue of great cosmetic 
interest due to its implications on irritation and itching. In vivo, skin responds to 
stress-induced brain nervous stimuli producing numerous local signals. KCs and 
melanocytes secrete corticotropin-releasing hormone (CRH), adrenocorticotropic 
hormone (ACTH) and catecholamines. Dermal FBs secrete ACTH, cortisol and pro-
lactin. Skin nerve endings secrete adrenaline, noradrenaline and substance P. SGs 
secrete CRH and prolactin (Zmijewski and Slominski 2011; Alexopoulos and 
Chrousos 2016). In addition, cutaneous nerve endings and almost all skin cells share 
the ability to produce and respond to special cytokines called neurotrophins (NTs) 
in a paracrine and autocrine way. These affect many metabolic processes of the skin 
(e.g. FB migration, melanocyte response to UV stress and epidermal differentiation) 
and stimulate the development of nerve endings (Borroni et al. 2009; Truzzi et al. 
2011). The NT signalling network is important in some inflammatory processes, 
such as atopic dermatitis and psoriasis, in which nervous stress plays a role. NTs can 
induce proliferation of cutaneous nerve endings with important consequences on 
symptoms, such as itching and pain (Grewe et  al. 2000; Pavlovic et  al. 2008). 
Studies on the activity of microalgal extracts on skin disorders due to NTs are lim-
ited, but some important evidences concerning compounds from MAs suggest that 
they might be very effective. Horváth et al. (2015) verified that βC and lutein are 
effective in the treatment of neurogenic inflammation induced on mouse ear by 
stimulation with mustard oil. These two CTs (but not lycopene) negatively modu-
lated the expression of transient receptor mustard oil potential ankyrin 1 in peptide-
rgic nerve terminals. Sharma et al. (2018) showed that ATX inhibited neuropathic 
pain in rats subjected to thermal and mechanical trauma. This is consistent with the 
efficacy of ATX in the inhibition of N-methyl-d-aspartate receptors, which are also 
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implicated in the mechanism of action of pain from neurogenic inflammation 
(Kinkelin et al. 2000).

Scandolera et  al. (2018) recently tested a Rhodosorus marinus extract 
(Rhodophyta) on in vitro cultures of human (h) KC, astrocytes and hSE, thereby 
demonstrating its effectiveness in reducing the secretion of interleukin-1α (IL-1α) 
and nerve growth factor following an inflammatory stimulus with phorbol myristate 
acetate (PMA). The same preparation inhibited PMA-induced overexpression of 
transient receptor mustard oil potential vanilloid 1, another receptor implicated in 
the inflammation induced by mustard oil. These activities were attributed to the 
γ-aminobutyric acid (GABA) and GABA-alanine derivatives contained in the 
tested MA.

2.2.6  Activity of Microalgae on Skin Appendages

The cosmetic industry is strongly interested in achieving novel natural principles 
suitable to modulate sebogenesis, because sebum overproduction affects the appear-
ance of the skin and hair, making them shiny and oily. Sebum is important in skin 
wellness, because the hydrolipidic film derived from secretions of the sebaceous 
and sweat glands contributes in regulating water loss and in protecting the skin 
against mechanical damage and UV. Its composition is relevant for both UV-induced 
photo-oxidation processes and the effects on the skin inflammasome (Oyewole and 
Birch-Machin 2015), since the presence of oleic acid and other unsaturated fatty 
acids can irritate sensitive subjects (DeAngelis et al. 2005; Schwartz et al. 2012). In 
addition, it is the main source of tocopherol for the skin (Mackenna et al. 1950; 
Thiele et al. 1999) and one of the main sources of CTs (Darvin et al. 2011a).

Excessive sebum production can also lead to skin disorders, such as seborrheic 
dermatitis, acne and dandruff. Although these disorders have multifactorial causes 
that often involve the skin microbiome, excessive sebum is an important condition 
for their onset (DeAngelis et  al. 2005; Schwartz et  al. 2012). Few studies have 
addressed the exploitation of MAs for the treatment of skin appendages, but early 
findings are promising. A hydrophilic extract of Galdieria sulphuraria reduced the 
expression of 5α-reductase type-1 (5α-R1), an enzyme involved in testosterone 
metabolism, in immortalised hFBs and hKCs (Bimonte et al. 2016). The reduction 
of 5α-R1 was considered responsible for the downregulation of sebogenesis, which 
has been documented also in vivo. In fact, SG activity is largely affected by male 
hormones (Mitsui 1997, p. 18).

Extracts of C. calcitrans f. pumilus, T. pseudonana, M. subterraneus, C. minu-
tum and Nannochloropsis sp. decreased sebum production in human SGs cultivated 
ex vivo and were found comparable with or superior to treatments with reference 
compounds, e.g. capsaicin (Zanella and Pertile 2016; Zanella et  al. 2016). MA 
extracts can regulate sebum quantitative production, but to date, no information is 
available on their effects on sebum composition, despite both have relevant effects 
on the skin microbiome (DeAngelis et al. 2005; Byrd et al. 2018). For instance, two 
yeasts considered amongst those responsible for dandruff, Malassezia globosa and 
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M. restricta, grow only in areas of the scalp where sebum is overabundant (Schwartz 
et al. 2012). Concerning sebum composition, Propionibacterium acnes, a bacterium 
predominant in sebaceous follicles, metabolises some lipids to short-chain fatty 
acids that act as antimicrobials (Christensen and Brüggemann 2013). Since MAs 
regulate the quantitative production of sebum by SGs, it is likely that they may also 
influence its composition, but it has not been possible to find studies in this regard.

HF is another appendage of great interest in the cosmetic industry, but surpris-
ingly, the disclosure of active ingredients from MAs still has few well-documented 
case studies. Amongst these,  the methanolic extract of T-Iso marketed with the 
name BIO1631 (Symrise AG), showed anti-hair loss effects due to prolonged HF 
anagen phase and a reduced ratio between apoptotic and proliferating KCs of the 
matrix (Herrmann et al. 2012b, 2013). Similar results were obtained in ex vivo HF 
cultures with ethanol extracts of Chaetoceros sp., Chlorococcum sp. and M. subter-
raneus (Zanella et al. 2012), whereas some extracts of T. suecica had been shown to 
reduce hair growth (Pertile et al. 2010). A number of patent applications have been 
filed for MA embodiments aimed at treating hair, protecting against environmental 
agents (e.g. UV and pollution) and increasing mechanical resistance (Table 9.3).

2.3  Role of Oxidative Stress in Skin Photoaging 
and Inflammation

Aging processes are closely linked to oxidative stress produced by highly reactive 
compounds, which are free radicals or, more correctly, reactive oxygen species 
(ROS) and reactive nitrogen species (RNS). These highly reactive compounds 
include a heterogeneous group of molecules, some electrically charged and others 
neutral, characterised by the presence of atoms with an unpaired electron in the 
outermost atomic orbital (Halliwell 2006). This condition makes them extremely 
unstable, since they attempt to lose or add an electron to restore the equilibrium of 
the orbital, reacting and modifying different molecules, such as glucides, proteins, 
lipids and DNA, with which they come into contact in the cellular environment. 
Some ROS are produced physiologically through cell metabolism in cytosol organ-
elles, such as mitochondria, endoplasmic reticulum and peroxisomes (Rinnerthaler 
et al. 2015). For example, hydrogen peroxide is normally produced by some reac-
tions of the mitochondrial respiratory chain or by lymphocytes in immune defence 
processes. For this reason, cells also have enzymes that can neutralise ROS, thereby 
protecting themselves from damage.

Unfavourable external factors, such as exposure to UV, aggressive agents of 
chemical or biological origin, inflammatory agents and atmospheric pollution, can 
increase ROS production up to a level that that overcomes cell defence and causes 
cell damage. These events are strongly connected with skin aging. Therefore, ROS 
toxicology has become a core issue for the cosmetic industry. Although many oxi-
dised molecules can be repaired or catabolised and replaced, some instances of 
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Table 9.3 Some granted and pending patents concerning hair treatments with preparations or 
extracts obtained from MAs

MA species Claim Applicant Reference

Porphyridium, 
Rhodosorus, 
Chlorella, Dunaliella, 
Closterium, 
Phaeocystis, 
Pleurochrysis, 
Primnesium, Euglena

5alpha-reductase 
inhibitor and 
hair-growing agent 
containing the 
same

Microalgae 
Corp

JP2002068943 (A) Fujitani 
et al. (2002)

Chaetoceros gracilis Scalp hair loss 
prevention and 
improvement

Park SH KR20140062249 (A) Park et al. 
(2014)

Chlorella Grey hair 
prevention agent

Shiseido Co 
Ltd

JP2002212039 (A) Suzuki et al. 
(2002)

Chlorella vulgaris Hair papilla cell 
growth agent and 
vascular 
endothelial growth 
factor production 
promoter

Naris 
Cosmetics Co. 
Ltd

JP2006282597 (A) Megata 
(2006)

Tetraselmis tetrathele Improves scalp and 
prevents hair loss

Park SH KR20150100302 (A) Park et al. 
(2015)

Prototheca 
moriformis, Chlorella 
protothecoides

Increases hair 
shine, combability, 
strength, 
prevents UV and 
pollution damages, 
moisture loss or 
spit ends

Solazyme Inc. US20150352034 
(A1)

Schiff-Deb 
and Sharma 
(2015)

Chlorella Hair growth and 
care

Nakano 
Seiyaku KK, 
Chlorella Ind

JPS63135315 (A) Katsuyama 
and Obata 
(1988)

Porphyridium 
cruentum

Enhances 
beta- catenin 
activity and cell 
differentiation in 
dermal papilla cells

Radiant Co 
Ltd. (KR), 
Seoul 
Cosmetics 
Ltd. (KR)

KR101856480 (B1) Kee et al. 
(2018)

Haematococcus 
pluvialis

Source of ATX for 
HF protection from 
oxidative stress 
and anti-hair loss

Cognis 
Deutschland 
GmbH & Co. 
KG.

WO03105791 (A1) Eisfeld and 
Mehling 
(2003)

 Isochrysis Improves 
combability, 
strength, volume 
and stress 
resistance and 
reduces frizz and 
breakage

Symrise AG WO2019037843 
(A1)

Nakano 
et al. (2019)
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damage are permanent and accumulate over time, thereby leading to many of the 
effects we observe in aged tissues. There are several environmental factors that pro-
duce chronic oxidative stress (e.g. air pollution and aggressive detergents), but solar 
radiation is the most relevant and studied. UVR associated with solar radiation com-
prises UVC (100–280 nm), UVB (280–315 nm) and UVA (315–400 nm). UVC is 
blocked by the atmospheric ozone layer, whereas UVB (<5% of the UVR), which 
does not penetrate far beyond the epidermis, produces DNA damage, burns and 
erythema  (Svobodova et al. 2006). Oxidative damage at the epidermis, which as 
mentioned is densely cellularised, is mainly caused by UVB  (Van Laethem 
et al. 2005).

Most of UVR is composed of UVA, which has lower energy content than UVB 
and requires doses of 600–800 times greater to produce erythema, but they are able 
to penetrate deeply into the dermis (Gilchrest 1996). ROS toxicology is extremely 
complex, and possible consequences in the cell environment strongly depend on 
several conditions, which include overall energy dose of the radiant spectrum, indi-
vidual characteristics of the skin (e.g. pigmentation and epidermis thickness), diet 
and lifestyle of the subject.

Importantly, at low doses, solar irradiation stimulates autogenous defences 
against ROS by activating the transcription factors of forkhead box, class O family 
member proteins (FoxOs), which promote the transcription of antioxidant 
enzyme genes, e.g. superoxide dismutase-2 (SOD2), peroxiredoxins 3 and 5 and 
catalase (CAT) (Klotz et al. 2015).

2.3.1  Skin Inflammation by Oxidative Stress

Figure 9.4 summarises and simplifies some biochemical pathways through which 
ROS can induce oxidative damage. UVB activity is expressed at the level of epider-
mis KCs, whereas it affects the dermis only marginally. The absorption of energy 
can denature DNA by the formation of pyrimidine dimers, leading to apoptosis by 
p53 activation (Van Laethem et al. 2005). This signal activates the cytosolic protein 
Bcl-2-associated-X-protein (Bax), which is stimulated by ROS also through the 
activation of mitogen-activated protein kinases (MAPKs), particularly via the 
p38MAPK. In the activated form, Bax moves to the outer mitochondrial membrane, 
where it produces two effects: (1) inhibition of B-cell lymphoma-2 (Bcl-2), an 
antagonistic signal that promotes cell survival by activating mechanisms of protec-
tion of mitochondrial integrity (Dewson and Kluck 2010), and (2) release of cyto-
chrome- c (cyt-c), which is the main signal of apoptosis activation (Van Laethem 
et al. 2005).

Cyt-c activates Casp-9, which in turn activates Casp-3, an effector protease that 
is the primary performer of apoptotic death (Brentnall et al. 2013). Casp-3 cleaves 
and activates protein kinase C delta type (PKC-δ), a pro-apoptotic factor that coop-
erates in the activation of Bax by downregulating induced myeloid leukaemia cell 
differentiation protein (Mcl-1), a potent anti-apoptotic factor (D’Costa and Denning 
2005). This cascade triggers a self-amplifying cycle that results in the expression of 
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pro-inflammatory signals IL-1α and IL-6 (Fig. 9.4). IL-1α acts as an autocrine sig-
nal stimulating the same KC to release granulocyte-macrophage colony stimulatory 
factor (GM-CSF) (Yano et al. 2008; Imokawa et al. 2015). GM-CSF and IL-1α are 
released into the surrounding tissue and penetrate the dermal layer, stimulating FBs 
to release neprilysin (also called neutral endopeptidase, NEP), a protein that 
degrades elastin, thereby favouring the formation of wrinkles (Imokawa et al. 2015). 

Fig. 9.4 Some major inflammatory and apoptotic routes in the skin epidermis. UVB induces DNA 
denaturation and release of p53, as well as the activation of p38MAPKs. These effects activate Bax, 
which in turn promotes a self-amplifying pro-apoptotic cascade of signals and effector proteins 
(schematised within the dashed line). Besides, Bax is sustained and amplified by the inhibition of 
some anti-apoptotic proteins (Bcl-2 and Mcl-1). This scenario leads to the KC death and release of 
inflammatory signals that induce dermis ECM degradation, especially by lysis of elastin. UVA 
reaches the dermis FBs and stimulate the release of inflammatory signals and MMPs, promoting 
mainly the degradation of COLs (Re-elaborated from Van Laethem et al. 2005 and Imokawa et al. 
2015)
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At the same time, IL-6 promotes the release of collagenases by FBs, particularly 
MMP1, which acts on COL-I and COL-III by promoting skin flaccidity (for more 
information on MMPs, see also Pittayapruek et al. 2016).

UVA radiation acts mainly on dermal FBs inducing the secretion of IL6, which 
in turn promotes in autocrine and paracrine manner the production and release of 
MMP1, whereas NEP to a lesser extent (Imokawa et al. 2015; Wlaschek et al. 1993).

Imokawa et al. (2015) showed that UVB acts mainly on KCs favouring the signal 
cascade that promotes FB release of NEP and degradation of elastin, whereas UVA 
is less active on KCs and causes dermal FBs to secrete IL-6 and MMP1, with more 
intense degradation of COLs. According to these findings, UVB mainly favours the 
formation of wrinkles, whereas UVA is the main factor responsible for skin 
sagginess.

2.3.2  Activation of the MAPKs/AP-1 and PI3K/Akt Pathways 
by Oxidative Stress

Figure 9.5 shows two biochemical paths promoted by ROS as a result of alternative 
combinations of signals and transcription factors outlined below.

Activator Protein 1 (AP-1) pathway 

ROS activates several MAPKs, which include p38, extracellular signal-regulated 
kinase (ERK) and c-Jun N-terminal kinase (JNK). These MAPKs cooperate by acti-
vating the nuclear transcription factor AP-1 (Berthon et al. 2017). The latter inhibits 
the transforming growth factor-β (TGF-β) that stimulates procollagen production 
(Pittayapruek et  al. 2016) and promotes the expression of pro-apoptotic factors, 
such as BCL2-antagonist of cell death (BAD) and signal transducer and activator 
of transcription 3 (STAT3). Besides, AP-1 induces ECM degradation by stimulating 
the secretion of MMPs (Akhalaya et al. 2014; Berthon et al. 2017).

Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells 
(NF-kB) pathway 

ROS can activate phosphoinositide-3-kinase (PI3K) by triggering the sequential 
phosphorylation of protein kinase B (Akt), IkB kinase (IKK) and inhibitor of kB 
(I-kB). Akt also inhibits transcriptional functions of FoxOs reducing the expression 
of antioxidant factors, such as CAT and SOD (Berthon et al. 2017). I-kB loses its 
inhibitory function on nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-kB), which consist of two proteins, namely, p50 and p65. In the absence 
of inhibition, NF-kB moves from cytosol into the nucleus and stimulates the expres-
sion of various pro-inflammatory molecules, i.e. IL-1β, IL-6, IL-8, tumour necrosis 
factor-α (TNFα), inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 
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(COX-2) (Zhang et al. 2014; Berthon et al. 2017). These signals and enzymes are 
involved in promoting inflammation and RNS production (Fig. 9.5), resulting in the 
enhancement of oxidative stress to which contribute also the immune cells stimu-
lated by ILs and TNFα. 

2.3.3  Cytoprotective Response Involving the Keap1/Nrf2 Pathway

The cell reacts to the formation of ROS by activating signals that enhance antioxi-
dant defences and repair or degrade dysfunctional molecules. Emphasis is attributed 
to the regulatory factor NF-E2 p45-related factor 2 (Nrf2), which controls the gene 
expression of antioxidant response elements (AREs) and a large range of other pro-
teins related to cytoprotective function (Baird and Dinkova-Kostova 2011).

Fig. 9.5 Biochemical pathways governed by the key nuclear transcription factors AP-1 and 
NF-kB (re-elaborated from Chiou et al. 2011, Zhang et al. 2014 and Berthon et al. 2017)
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Under homeostatic conditions, Nrf2 is found at the inhibited state in the cytosol 
and bound to Kelch-like ECH-associated protein 1 (Keap1), a cysteine-rich dimeric 
protein. It seems that Keap1 acts as an adapter for cullin 3 (Cul3), a protein that 
interacts with E3 ligase, thereby resulting in the proteasomal degradation of Nrf2 by 
polyubiquitination (Kobayashi et al. 2004). Therefore, Nrf2 is characterised by a 
rapid turnover and is continuously synthesised, inhibited by Keap1 and degraded 
via proteasome. Due to its high cysteine content, Keap acts as a sensor for the altera-
tions of the cellular redox environment (Baird and Dinkova-Kostova 2011). In the 
presence of ROS, Keap1 cysteine groups are oxidised to cystines, and through con-
formational changes and interactions that are not yet fully elucidated, Nrf2 is rap-
idly released and deubiquinated, thereby escaping degradation and moving into the 
nucleus (Fig. 9.6). Moreover, the newly synthesised Nrf2 continues to move into the 
nucleus as long as the cellular environment maintains Keap1  in a reduced form 
(Baird and Dinkova-Kostova 2011; Kansanen et  al. 2013). In the nucleus, Nrf2 
cooperates with small Maf protein (sMaf), thereby promoting the expression of over 
600 target genes (Baird and Dinkova-Kostova 2011). Amongst these genes, the 
expression of AREs produces proteins of relevant protective impact, e.g. NAD(P)H 
quinone dehydrogenase 1 (NQO-1), haeme oxygenase 1 (HO-1), glutamate- cysteine 
ligase (GCL), glutathione-disulphide reductase (GSR), leukotriene B4 
12-hydroxydehydrogenase (LB4DH) and ferritin (FT) (Baird and Dinkova-Kostova 
2011; Kansanen et al. 2013). In the nucleus, Nrf2 undergoes a slow turnover due to 
non-proteasomal degeneration (Kobayashi et al. 2004).

Fig. 9.6 Signalling pathway 
controlled by Nrf2/Keap1 
complex. The basal repressed 
condition of Nrf2 depends on 
the molecular complex within 
the dashed line. The redox 
perturbation of the citosol 
triggers the detachment of 
Keap1 and consequently of 
Cul3 and ligase E3 (re-elabo-
rated from Kobayashi et al. 
2004, Baird and Dinkova-
Kostova 2011 and Kansanen 
et al. 2013)
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2.3.4  Permanent Damages by Oxidative Stress in Human Skin

In the previous paragraphs, attention was on the signals that govern reactions to 
oxidative stress. Here, we focus on some oxidative damages to the enzymatic and 
structural components of the cell. Cells can survive oxidative damage by repairing 
or recycling processes, but some damaged molecules persist and tend to accumulate 
over time.

Oxidative stress frequently causes protein carbonylation and peroxidation of 
membrane lipids with formation of malonaldehyde and 4-hydroxy-2-nonenal 
(4HNE). The 4HNE groups of peroxidised lipids can give rise to non-enzymatic 
reactions and cross-link with carbonylated proteins, which in turn can contain pro-
line and lysine modified into glutamic semialdehyde and aminoadipic  semialdehyde, 
respectively (Castro et  al. 2017). Such reactions, which establish covalent bonds 
between proteins and lipids, can prevent molecule unfolding, which is necessary for 
the enzymatic degradation and can favour aggregation in clusters of progressively 
increasing dimensions. Thus, heteropolymeric macroaggregates are formed; besides 
being unaffected by cytosolic proteases, they interfere with lysosomal functionality 
(Terman and Brunk 2004) and irreversibly bind to proteasomes, thereby blocking 
the activity of these organelles (Höhn et al. 2011). The inactivation of lysosomes 
and proteasome deprives the cell of its main tools for recycling dysfunctional mol-
ecules, thereby triggering a vicious cycle that favours the incorporation of other 
oxidised molecules into these ‘ceroid’ macroaggregates termed ‘lipofuscin’ (LF). 
LF has variable composition that includes proteins (30–58%), lipids (19–51%), car-
bohydrates (4–7%), metal ions and mineral elements, such as Fe, Cu, Al, Zn, Mn 
and Ca, which account for <2% (Terman and Brunk 2004; Jung et al. 2007). Being 
nondegradable, it accumulates indefinitely in postmitotic cells, occupying up to 
75% of cell volume in motor neurons (Rinnerthaler et  al. 2015). In proliferative 
cells, such as epidermal KCs, it ends up accumulating in the intercellular space 
upon cell death. The formation of age spots on the back of the hand is a common 
consequence of its accumulation. Age spots of the skin may have different origins, 
e.g. melanin overproduction, but the so-called senile lentigo or liver spot is due to 
LF (Skoczyńska et al. 2017), whose brownish colour is due to oxidation of lipids 
and metal ions. Wang-Michelitsch and Michelitsch (2015) reported interesting 
observations and hypothetical models to explain the isolation of LF in extracellular 
fibrotic capsules that increase in size and change shape over time.

2.3.5  Microalgal Products for Preventing and Treating the Oxidative 
Stress in Human Skin

The biochemical scenarios described above do not exhaust the possible reactions 
triggered by ROS but provide an idea of their complexity and highlight how these 
events are closely interconnected with inflammatory processes and skin aging. The 
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comprehension of these pathways is important for an appropriate interpretation of 
the antioxidant activity of many MAs. Herein, apart from their chemical activity of 
ROS scavenging, some MA metabolites regulate key factors that affect the inflam-
masome of skin cells.

On this regard, interesting reviews have recently reported extensive tables that 
summarise the cosmetic applications from microalgal compounds (Ariede et  al. 
2017; Mourelle et  al. 2017) and list microalgal sources of active compounds of 
cosmetic interest (Berthon et al. 2017; Brunt and Burgess 2018; García et al. 2017). 
However, case studies based on extracts or preparation from MAs are limited, even 
if some of them have a relevant significance.

In addition to the aforementioned anti-oxidative activity of N. oculata (see Sect. 
2.2.3), a hydro-alcoholic extract of T. suecica showed anti-stress properties with 
modulation of genes involved in the protection against oxidative damages (Sansone 
et al. 2017). An aqueous extract of Scenedesmus rubescens tested in vitro both on 
primary skin cells and ex vivo full-thickness skin (hFTS) exerted protective effects 
against UVR damages, stimulated COL, reduced DNA impairment (sunburns cells) 
and increased both mitochondrial efficiency and cell proliferation (Campiche 
et al. 2018).

An aqueous extract of C. pyrenoidosa showed intense protective activity against 
UVC damage in cultured FBs, reducing the expression of pro-apoptotic proteins, in 
particular Fas-associated death domain-containing protein and the activated Casp-3 
(Shih and Cherng 2012). A similar preparation obtained from commercial Chlorella 
inhibited the expression of MMP1 and the pro-inflammatory signal cysteine-rich 
angiogenic inducer 61 in cultures of FBs treated with UVB, thereby preventing the 
reduction of pro-COL (Chen et  al. 2011). Finally, concerning the inhibition of 
inflammatory signals, the release of IL-1α by ex vivo hFTS stimulated with an irri-
tant (SDS) was inhibited by treatments with lipophilic and hydrophilic extracts of 
Nannochloropsis to a comparable or greater extent than dexamethasone (Zanella 
and Pertile 2016).

However, most information concerning the potential anti-oxidative power of 
MAs is inferred from studies on the isolated compounds of which they are impor-
tant sources. Subsequently, some relevant case studies are discussed below.

Carotenoids

CTs are yellow to red-brown pigments rich with unsaturated double bonds or phe-
nolic rings, which are easily oxidised by ROS, thereby protecting cells from oxida-
tive damage. They are polymeric molecules with isoprenic derivation and are 
divided into carotenes and xanthophylls. Carotenes, such as β-carotene (βC) and 
lycopene, lack bonds with oxygen. Xanthophylls, such as lutein, zeaxanthin, violax-
anthin, canthaxanthin (CTX) and ATX, contain oxygen atoms. Ketocarotenoids, 
such as CTX and ATX, are synthesised in MAs and other microorganisms, but they 
are generally lacking in higher plants (Zhang et al. 2014; Safafar et al. 2015). Many 
green MAs synthesise mixtures of CTs, which are intermediate or final compounds 
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of complex biosynthetic pathways and are differently arranged amongst species 
depending on their enzymatic machinery (Jin and Melis 2003; Sathasivam and Ki 
2018). However, each species is generally characterised by few prevailing CTs. For 
example,  Dunaliella bardawil and D. salina produce  mainly βC (Jin and Melis 
2003), and H. fluviatilis is the richest source of ATX (Guerin et  al. 2003). 
Nannochloropsis spp. synthesise several xanthophylls, amongst which violaxanthin 
and vaucheriaxanthin are prevalent, accompanied by antheraxanthin, zeaxanthin 
and other less abundant CTs (Antia and Cheng 1982; Lubián et al. 2000; Faé Neto 
et al. 2018).

CTs are chemically lipophilic and suitable to protect the integrity of cell mem-
branes, as occurs with tocopherols. Aboul-Enein et al. (2003) quantified CTs, vita-
min E and vitamin C of seven strains belonging to the genera Dunaliella, Chlorella 
and Scenedesmus and tested their extracts for the efficacy against lipid peroxidation 
of mice liver microsomes. In that case, the antioxidant efficacy was proportional to 
the microalgal concentration of active molecules. However, the efficacy of an anti-
oxidant depends on the chemical structure of the ROS with which it reacts; hence, 
the ranking of extract strength from different MAs can change depending on the 
antioxidant test (Safafar et al. 2015). In Table 9.4, the scavenging efficiency of some 
CTs is shown, estimating their relative strength compared with some benchmark 
antioxidants (trolox, ascorbic acid and cysteine) (Rodrigues et al. 2012). The effi-
ciency of each CT depends on the test considered (i.e. from the ROS involved in the 

Table 9.4 Peroxyl radical hydroxyl radical (HO●), hypochlorous acid (HOCl) and peroxynitrite 
anion (ONOO−) scavenging capacity of seven carotenoids and other compounds incorporated into 
liposomes

Compound
Scavenging capacitya

ROO● HO● HOCl ONOO−

β-Carotene 0.14 0.71 NAb 1.02
Zeaxanthin 0.56 1.41 3.87 0.77
Lutein 0.6 0.97 4.81 0.78
Lycopene 0.08 0.35 0.4 0.31
Fucoxanthin 0.43 1.18 6.26 NA
Canthaxanthin 0.04 0.28 0.1 NA
Astaxanthin 0.64 1.66 9.4 0.73
α-Tocopherol 0.48 1.77 NA 0.37
Quercetin 0.84 1.42 5.63 0.97
Trolox 1.00 1.00 NA NA
Ascorbic acid NA NA 0.41 1.00
Cysteine 0.04 NA 1.00 0.02

The values are the mean of two independent experiments (from Rodrigues et al. 2012, a column of 
the original table was omitted; license conditions available at http://creativecommons.org/licenses/
by/3.0/)
aThe scavenging capacity was calculated by considering the following as references (in bold): 
trolox for ROO● and HO●, cysteine for HOCl and ascorbic acid for ONOO−

bNA: no activity was found for the tested concentrations
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reaction), which explains the importance of introducing mixtures of different anti-
oxidant molecules, rather than high quantities of a single compound. In addition to 
their specific chemical protection from ROS, many CTs are natural inhibitors of 
NF-kB (see Sect. 2.3.2) that governs most inflammatory reactions due to oxidative 
stress (Zhang et al. 2014).

Studies in vivo showed that the skin content in CTs is directly proportional to the 
consumption of fruit and vegetables and inversely proportional to stress factors, 
which is reflected in the condition of skin aging (Darvin et al. 2011a). βC and lyco-
pene (carotenes) are the most abundant CTs in humans and constitute approximately 
70% of the CTs ordinarily present in the skin (Choi et al. 2018), whereas xantho-
phylls are less common in the human diet. Research attention has been dedicated to 
ATX, which is one of the few microalgal molecules produced at the industrial scale 
(Spolaore et al. 2006). This powerful superoxide anion scavenger inhibits the release 
of MMP1 and NEP following UVA radiation upon treatment at low concentrations 
(Imokawa 2019). Its anti-inflammatory activity is also effective for stimuli other 
than photo-oxidation; for example, ATX inhibited the NF-kB activity, the expres-
sion of iNOS and COX-2 and release of TNF-α, IL-1β, IL-6 and IgE in a phthalic 
anhydride-induced atopic dermatitis animal model (Park et al. 2018). Camera et al. 
(2009) compared the protective activity of βC, CTX and ATX in FBs treated with 
UVA, disclosing that although βC is a strong 1O2 quencher, it showed limited protec-
tive effects and resulted in phototoxicity at concentrations >2 μM.  CTX did not 
prevent oxidative damage but increased the antioxidant enzyme HO-1, whereas 
ATX showed the greatest protective activity, such as reduction of Casp-3 and pres-
ervation of both the membrane integrity and the antioxidant enzymes (catalase and 
SOD). Nevertheless, βC showed an effective protection against damages from IR 
irradiation in clinical tests (Darvin et al. 2011b), thereby showing the complexity of 
the biological interactions caused by phytochemicals. FXT, another CT occurring in 
several MAs, promotes the expression of ARE genes (Fig. 9.6) via the stimulation 
of Nrf2 transcription factor (Berthon et al. 2017).

Overall, these data show that CTs exhibit metabolic interactions that cannot be 
explained with the mere ROS scavenging. Direct or indirect modulation of gene 
expression is often performed. More importantly, the chemical reactivity of an anti-
oxidant compound is supposed to be independent from its isomeric conformation, 
but the modulation of gene expression may require molecular interactions that are 
isomer dependent. In this case, synthetic isomers could produce effects different 
from the natural blends. Studies on this topic are still limited. However, some inter-
esting findings have been reported. For instance, Sun et al. (2016) showed that the 
isomer (3S,3′S)-trans-ATX, the form prevalent in H. pluvialis, is much more effec-
tive as a stimulant of mouse immune cells than the two other stereoisomers, i.e. 
(3R,3′R)-trans- and meso-trans-ATX, that contribute up to 75% of synthetic 
ATX. Analogously, the biological activity of the natural isomer of βC is superior to 
the synthetic all-trans forms (Spolaore et al. 2006).
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Tocopherols and Polyphenols

Tocopherols and polyphenols are important for the protection of the skin. 
Polyphenols include a large family of molecules, comprising flavonoids, flavones, 
anthocyanidins, tannins and phlorotannins. Safafar et al. (2015) showed that both 
tocopherols and polyphenols are abundant in Phaeodactylum sp., Nannochloropsis 
sp., Chlorella sp., Dunaliella sp. and Desmodesmus sp. and can be efficiently 
extracted with methanol.

Tocopherols are a family of antioxidant molecules of which the most biologi-
cally active is α-tocopherol, namely, vitamin E, especially effective in preventing 
cell membrane oxidation (Marquardt et al. 2013).

Polyphenols, which are widespread even in the composition of higher plants, 
comprise a diversified class of hydrosoluble compounds that can perform an action 
in some way complementary to CTs and tocopherols. Goiris et al. (2014) studied six 
MAs from different classes and showed that they synthesise several polyphenols, 
which include phloroglucinol (39–81  μg/g  dry weight (DW)), p-coumaric acid 
(540–7000 ng/g DW) and apigenin (7.3–13.6 ng/g DW). However, these values of 
concentrations are low in comparison with contents detected in many superior 
plants. Goiris et  al. (2012) analysed CTs and the polyphenol content of hydro- 
alcoholic extracts of some MAs and then measured their respective antioxidant 
capacity via three different assays: trolox equivalent antioxidant capacity, ferric 
reducing antioxidant potential and AAPH-induced oxidation of linoleic acid. 
Analysis of their findings shows that the antioxidant strength of the extracts is not 
always proportional to the total content of CTs and/or polyphenols and can vary 
with the test performed. Hence, the quantitative content in antioxidant compounds 
is not sufficient to establish the efficacy of microalgal preparations, because each 
species produces a combination of compounds with its own properties. Biological 
tests in ex vivo organ culture or in clinical trials are necessary to provide a reliable 
estimation of the efficacy of natural extracts.

Polysaccharides, Galactolipids and Lipids

Microalgal polysaccharides offer some interesting examples of antioxidant activity 
and other beneficial effects (see Raposo et al. 2013 for a review of their properties 
and applications). P. cruentum (Rhodophyta) produces sulphoglycolipids with 
important anticoagulant and antiviral properties, as well as antioxidant and anti- 
inflammatory activities (Plaza et al. 2009). The sulphated exopolysaccharides (SEP) 
produced by this MA inhibit NF-kB activity and the release of pro-inflammatory 
cytokines (Berthon et  al. 2017). Biochemical techniques were also proposed for 
increasing the sulphation of these polysaccharides and their biological activity 
(Gersh et al. 2002).

Amongst Bacillariophyta species, the antioxidant activity of a β-D- glucan, also 
called chrysolaminarin or leucosin, was characterised. This glucose polymer con-
tains β-1:3′- and β-1:6′-bonds in the ratio of 11:1 (Beattie et al. 1961). It is accumu-
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lated as an energy reserve in Odontella aurita but also shows strong activity as a 
scavenger of hydroxyl radical (Xia et  al. 2014). This polysaccharide was also 
 isolated and quantified in Cyclotella cryptica (Roessler 1987), P. tricornutum 
(Caballero et al. 2016) and T. pseudonana (Hildebrand et al. 2017), and it might be 
present in all Bacillariophyceae species, as well as in other algal groups.

Interesting cosmetic applications connected with anti-inflammatory effects are 
also attributable to galactolipids (Fig. 9.7). MA extracts comprising monogalactosyl 
diacylglycerol (MGDG) and digalactosyl diacylglycerol (DGDG) demonstrated 
intense anti-inflammatory activity by reducing ear oedema after croton oil challenge 
in animal model, especially if the compounds had the esterified two eicosapentae-
noic acid (EPA) residues (MGDG-EPA and DGDG-EPA) (Winget 1994). Their 
anti-inflammatory activity was showed using a Chlorella minutissima extract, but 
several other MAs were indicated as potential sources of this active compound 
(information worthy of confirmation), including Chaetoceros, Cyclotella, 
Ellipsoidon, Isochrysis, Nannochloris, Nannochloropsis, Nitzschia, Phaeodactylum, 
Porphyridium, Skeletonema, Thalassiosira, Monochrysis and Monoraphidium.

Bruno et al. (2005) showed that MGDG exerts a dose-dependent activity, which 
is higher than that of DGDG, and is optimised by the presence of EPA in its compo-
sition with anti-inflammatory efficacy at 20 mg/kg higher than the indomethacin 
control treatment (10 mg/kg). MGDGs have also been isolated from Tetraselmis 
chui and showed a strong inhibition of the release of NO by RAW264.7 macrophage 
cells (Banskota et al. 2013).

Intriguingly, PUFAs, of which MAs are elective sources, can exhibit anti- 
inflammatory effects in the skin via metabolisation to monohydroxy acids (Ziboh 
et al. 2000). Finally, anti-inflammatory properties were recognised to lipid media-
tors called resolvins (E- and D-series), which are derived from the cellular metabo-
lism of long-chain PUFAs, such as EPA and docosahexaenoic acid (Calder 2009; 
Weylandt et al. 2012).
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Fig. 9.7 Monogalactosyl diacylglycerol (left) and digalactosyl diacylglycerol (right). R1 and R2 
are polyunsaturated fatty acids
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2.4  Issues Related with the Multifunctional Bioactivity 
of the Extracts

Multifunctionality is a typical trait of microalgal extracts that has not been suffi-
ciently appreciated. The great number of active compounds comprised in their com-
position makes possible to interact simultaneously with different biochemical 
pathways governing metabolism of cells and tissues. For example, treatments with 
an ethanol extract of Chaetoceros on ex vivo cultures of human organotypic cultures 
promoted hair follicle growth, modulated pigmentation, ECM composition and cell 
proliferation in skin, enhanced lipolysis in adipocytes and reduced sebogenesis in 
SGs (Zanella et al. 2012, 2016). This richness in active compounds is a trait that 
could be conveniently exploited in cosmetics, especially for treating multifactorial 
inflammatory processes at the basis of aging and other skin problems. Although 
MAs and other marine organisms are optimal sources of biologically active com-
pounds (Pulz and Gross 2004; Spolaore et al. 2006; Kim 2014; Balboa et al. 2015), 
the added value related to the composition of their phytocomplex is still largely 
undervalued.

2.4.1  Chemical Antioxidant Activity Versus Signal Modulation

The mechanism of action of some MA extracts is still insufficiently elucidated. 
Many experimental findings cannot be explained only as effect of the chemical anti-
oxidant activity. For example, extracts of Isochrysis, Chaetoceros, Monodus and 
Chlorococcum stimulate growth and prolong the anagen phase in hair follicles 
under ex vivo culture conditions at very low concentrations (Herrmann et al. 2012b; 
Zanella et al. 2012), thereby exerting a negligible antioxidant activity. Furthermore, 
considering that oxidative stress is not present in standard culture conditions, the 
mentioned extracts should affect the hair metabolism via a different mechanism, 
perhaps by modulating cytosolic or nuclear signals. Other case studies have shown 
that compounds present in MAs can modulate the genetic expression in human and 
animal cells, also in the absence of oxidative stress. FXT topically administered at 
1% depressed the mRNA expression of COX-2, endothelin receptor-A, p75 neuro-
trophin receptor, prostaglandin E receptor 1, melanocortin 1 receptor and 
tyrosinase- related protein 1 (Muthuirulappan and Francis 2013). An aqueous extract 
of C. vulgaris orally administered to mice modulated some immune cells by regu-
lating the expression of IL-12 and interferon-γ (IFN-γ) with important antiallergic 
effects of potential cosmetic interest (Hasegawa et al. 1999). A similar preparation 
promoted the production of IL-1α, TNF-α, IFN-c, IL-10 and IL-6 in mouse natural 
killer cells following exposure to lead, thereby minimising the immune defects 
determined by this contaminant (Queiroz et al. 2011). An extract of C. pyrenoidosa 
inhibited the release of IL-5 and GM-CSF in mast mouse cells treated with aller-
genic stimuli (Kralovec et al. 2005).
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These data indicate that MA active compounds can regulate several signals of the 
immune system. These properties deserve to be studied thoroughly, because they 
could alleviate problems of sensitisation, irritation and skin contact allergies, but 
also improve the immune defense.

2.4.2  Modulation of Fat Management

Another topic of cosmetic interest concerning MAs is the modulation of fat metabo-
lism. The subcutis, skin and its appendages harbour three types of cells specialised 
in lipid metabolism, with different functions: KC (epidermis), sebocytes (SGs) and 
adipocytes (hypodermis or subcutis). The first two cell types are involved in the 
synthesis of the skin barrier and sebum, respectively, as discussed in Sect. 2.2.1. 
Adipocytes not only contribute to skin plumpness and provide a lipid reserve and 
thermal insulation but are also sources of adipokines that regulate many aspects of 
skin biology. Adipose tissue is a primary source of paracrine and endocrine signals 
with a potential secretome estimated at over 600 proteins (Fasshauer and Blüher 
2015). The influence of fat secretome on skin well-being and beauty has become an 
increasingly important issue in cosmetics.

The anatomical contiguity of subcutis with the dermis allows the adipocytes to 
exert a relevant paracrine action on the dermal and epidermal tissues, thereby affect-
ing the healing processes, hair follicle cycle and thermoregulation (Kruglikov and 
Scherer 2016). Chronic UV exposure inhibits the release of some adipokines, i.e. 
adiponectin and leptin, with increasing photo-oxidative skin damage (Kim et  al. 
2016). Leptin acts on skin cells via the membrane receptor Janus kinase 2, which 
transduces the signal to different secondary messengers, thereby influencing the 
processes of preservation and regeneration of the skin and other skin appendages 
(Poeggeler et al. 2010). Considering this background, the preliminary data that indi-
cate MAs as a source of compounds active on adipocytes deserve attention. 
Preparations obtained from Chromulina, Asterionella and Tetraselmis algal cultures 
were proposed to inhibit different enzymes involved in fat metabolism, including 
acetyl coenzyme A carboxylase, phosphodiesterase, glyceraldehyde 3-phosphate 
dehydrogenase, fatty acid synthase and lipoprotein lipase (Hugues and Joel 2012). 
Extracts of Chaetoceros, Chlorococcum, Monodus and Nannochloropsis stimulated 
lipolysis in hFTS with subcutis (Zanella et al. 2012; Zanella and Pertile 2016).

Moreover, some CTs that are often included in the composition of several MA 
strains affect adipocyte metabolism. FXT is metabolised to fucoxanthinol and ama-
rouciaxanthin- A, which inhibit the differentiation and development of the adipo-
cytes (Muthuirulappan and Francis 2013). Neoxanthin, another CT, shows similar 
properties, whereas FXT promotes fat loss through higher expression levels of 
uncoupling protein 1 and 3-adrenergic receptor in abdominal fat tissues (Sathasivam 
and Ki 2018).
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3  Relevance of the Adopted Experimental Model 
in the Development of Multifunctional Cosmetics

The previous topics have highlighted the great complexity and organisation of the 
skin organ with epithelial and mesenchymal tissues at close contact that exchange 
signals suitable to modulate the activity of their respective cells. The isolation of a 
cell type from this context allows the investigation of the responses to a stimulus 
under conditions very different from in vivo. Furthermore, skin appendages play a 
relevant role in the dynamic of this signalling interaction. These organs are exposed 
to the same cosmetic treatment of the skin, can develop specific responses and pro-
duce further signals capable of influencing the metabolism of skin cells.

All these elements should be considered when interpreting results obtained using 
different experimental models to achieve an appropriate characterisation of the 
active cosmetic ingredients. Cells in culture, 3D human skin equivalents (hSE) and 
cultures of human tissues ex vivo or live animals have increasing capacity to pro-
duce results that reflect interactions between cells and tissues similar to those of the 
human body. Each model can suitably provide useful information for characterising 
the biological properties of molecules and preparations, but with different predictiv-
ity values concerning the effects in vivo. This issue is of special interest in Europe, 
which is one of the main markets for the cosmetics industry, since the experimenta-
tion on live animals was disallowed (EC regulation No. 1223/2009).

3.1  Cell Cultures Versus Organotypic Cultures and 3D Human 
Skin Equivalents

In vitro cultures of skin cells are the most widely used tool for screening and char-
acterising active ingredients, as they are easy to manage and relatively inexpensive. 
Generally, hFBs, hKCs and less commonly melanocytes are used. A clear distinc-
tion should be made between primary cells and immortalised line cells. Primary 
cells are obtained via isolation from explanted human tissues. They can survive for 
a limited number of generations in culture and retain some features of the donor for 
some time. For example, hKCs and hFBs show a proliferative capacity in vitro that 
decreases with the age of the donor, which also affects the maximum number of 
generations under culture conditions (Martin et  al. 1970; Gilchrest 1983). 
Furthermore, hFBs isolated from elderly subjects show an unbalanced oxidative 
homeostasis compared with cells isolated from young donors (Boraldi et al. 2010). 
The primary cells, however, undergo various phenotypic changes as the passages in 
culture proceed and then completely lose their replicative capacity (Martin et al. 
1970; Boraldi et al. 2010). Hence, the use of cells at their first passages in culture is 
important. Cellular alterations in the cells in culture are sometimes exploited as ‘in 
vitro aging model’, but important limitations occur, because these changes involve 
all the cell machinery instead of reflecting the typical damages of in vivo aging 
(Boraldi et al. 2010).
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The immortalised cells (line cells) are derived from the transformation of pri-
mary cultures, which can be spontaneous or induced by viral infections, but more 
frequently, they are obtained via the isolation of tumour cells. Typically, these cells 
lack contact inhibition and have various modified biological characteristics while 
maintaining some basic traits of the cell type to which they belong (Jedrzejczak- 
Silicka 2017). Chromosomal anomalies and the loss of functionality of the p53 
pro-apoptotic signal are some of the most significant anomalies (Oh et al. 2007).

The characterisation of active compounds conducted on isolated cells is affected 
by lack of cytokines or secondary metabolites that, in vivo, could be released from 
proximal different cell types exposed to the same stimulus. This limitation can be 
particularly relevant in the case of MA extracts, because a single cell type is unsuit-
able to disclose the signalling crosstalk triggered by the combined action of several 
active compounds (for more information on crosstalk in cellular signalling, see Vert 
and Chory 2011).

To overcome these problems, researchers have developed various co-culture pro-
tocols with different cell types and provided significant evidence of the relevant 
effect produced by cross-talking on their respective metabolism (Maas-Szabowski 
et al. 1999; Ghahary and Ghaffari 2007; Singh et al. 2008; Hirobe 2014). This tech-
nical approach led to the development of various hSEs, consisting of simple epider-
mis or full-thickness skin, with or without polymeric scaffolds for dermal matrix 
engineering (Stark et  al. 2004, 2006; Griffith and Swartz 2006; Poumay and 
Coquette 2007; Li et al. 2009; Canton et al. 2010). The development of increasingly 
advanced hSE has substantially improved the dermatological research opportunities 
and led to the commercialisation of 3D models designed for different applications, 
such as those proposed by Episkin SA (de Brugerolle 2007; Alépée et al. 2017), 
MatTek Corporation (Danilenko et al. 2016) and Henkel AG & Co. KGaA (under 
the Phenion® brand, Mewes et al. 2017). The use of these hSEs is also important to 
conduct some safety tests on ingredients and cosmetic products intended for the 
European market, because they can no longer be performed on live animals 
(Nakamura et al. 2018).

As an alternative, the active compounds for cosmetics can be tested on ex vivo 
organotypic cultures, such as the cultures of skin, HFs, SGs and hypodermic fat. 
Most of these  biological materials are waste tissues obtained from cosmetic or 
reconstructive surgery, which can be kept in culture for a few days (Fig. 9.8). The 
ex vivo cultures have the advantage of presenting the anatomical organisation of the 
tissue in vivo, including nerve endings, Langerhans and Merkel cells, and preserv-
ing some individual characteristics of the donor (e.g. sex, age and sensitivity). Xu 
et al. (2012) performed wound-healing studies on human skin samples and verified 
that they maintained biological performance similar to the skin in vivo for 6 days. 
Ex vivo cultures are almost irreplaceable for studies on complex annexed organs, 
such as HFs, because examples of in vitro reconstructed models are limited (e.g. 
Havlickova et  al. 2009). To date, results remain far from the complexity of the 
human organ.

hSEs are easy to handle, available and suitable for providing replicable data 
(Danilenko et al. 2016), but the ex vivo skin is more representative of the in vivo 
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condition in terms of many aspects, as well as with the delivery processes following 
topical administration (Reus et al. 2012; Andrade et al. 2015; Sidgwick et al. 2016).

Most of the information about the biological properties of algal extracts or single 
compounds that they contained was obtained via experiments with cells in culture 
or hSEs. However, experiments conducted with the ethanol extracts of 
Nannochloropsis sp. on ex vivo organs (human skin, subcutis, sebaceous glands and 
hair follicles) showed that they were active in most skin compartments and append-
ages (Zanella and Pertile 2016). For example, the topical application of the extract to 
ex vivo hFTS reduced IL-1α release in response to inflammatory stimulus to a com-
parable extent to dexamethasone and inhibited melanogenesis to an extent compa-
rable to retinoic acid. Besides, also skin appendages responded to systemic 
treatments with the same extract; reduced sebogenesis in ex vivo SGs in measure 
comparable or superior to benchmark compounds (e.g. Asebiol™, 5α-Avocuta® 
and capsaicin), stimulated growth in ex vivo HF and lipolysis in ex vivo subcutis. 
This combination of biological activities is not an exception but the consequence of 
the complex composition of many microalgal extracts, which makes them suitable 
for affecting the metabolism of different skin compartments.

Fig. 9.8 Ex vivo models of human skin and related appendages: dissection of skin samples and 
cultivation (upper), scalp sample, tissue detail and hair follicles during the dissection, then the 
isolated hair follicles at day 0 and 10 of culture, respectively (lower) (Source: courtesy of Cutech 
Srl)
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3.2  Issues Related with Effects In Vivo

Although hESs and ex vivo organotypic cultures are suitable tools for preclinical 
studies, they still lack some relevant traits of animal models. The blood and lym-
phatic circulation is completely absent, the microbiome is altered or absent, and the 
stimuli due to the mechanical solicitation and variation of environmental conditions 
are lacking (e.g. temperature and solar radiation).

Hence, remarkable differences may occur between preclinical and in vivo find-
ings. The clinical test is a necessary confirmation to validate the results obtained on 
simplified experimental models.

Skin metabolism is affected by active compounds obtained through diet (Choi 
et al. 2018) or topical administration, as well as with stress factors derived from 
lifestyle (Darvin et al. 2011). The cosmetic activity observed in a clinical trial will 
therefore depend on many variables that interact with the individual sensitivity 
exhibited by the treated subject. The active compounds applied in vivo can be inef-
fective in a certain number of subjects who, for unknown reasons, are not respon-
sive. Generally, this condition does not happen with isolated cells, but can sometimes 
be observed in ex  vivo tissues (a personal experience of one of the authors). 
Intriguingly, some subjects can also be non-responsive to treatments with com-
pounds considered as gold standards (e.g. skin lighteners β-arbutin or kojic acid) as 
disclose a critical examination of statistical responsiveness in clinical trials (Curto 
et al. 1999; Solano et al. 2003). On this regard, the use of a mixture of active ingre-
dients with synergistic activities may be advantageous to stabilise the subject’s 
response. This strategy perfectly fits with the use of microalgal extracts. In fact, 
poor responsiveness or sensitivity to a particular active ingredient could be compen-
sated by other compounds present in the extract.

As evidence of the validity of this approach, dermatologists often treat certain 
skin disorders, such as melasma or acne, with mixtures of several active ingredients 
(Kligman and Willis 1975; Lim 1999; Fabbrocini and Saint Aroman 2014; Shankar 
et  al. 2014) to resolve the ineffectiveness of single drugs in a certain number of 
subjects or exploit their synergistic effects. Skin disorders are often multifactorial 
and could deal great benefits from multifunctional products.

Finally, even the most advanced in vitro models lack the nervous and vascular 
components, which affect the release of NTs and the contribution of hormones with 
great relevance for skin homeostasis and some important forms of inflammations 
(see Sect. 2.2.5). Ex vivo skin can allow some experimental options in reason of the 
partial conservation of some parts of the immune system and the nervous system 
(nerve endings, Merkel and Langerhans cells). However, studying the response of 
the nervous system on experimental models other than in vivo is difficult.
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3.3  Product Formulation and Active Transdermal Delivery

The use of isolated cells or tissues allows researchers to perform treatments at 
desired concentrations for established times. Culture conditions allow cells to be 
placed in contact with any compound suitable to be supplemented into the medium, 
regardless of molecular weight. However, obtaining the same effects in vivo is dif-
ficult for at least two reasons: (1) the substance of interest does not necessarily cross 
the protein-lipid barrier of the SC, and (2) if this event occurs, the concentration of 
the substance of interest will decrease with both the diffusion through the tissue and 
the time elapsed since administration. Transdermal absorption is one of the most 
complex problems affecting the formulation of topical treatments, and only a few 
experimental models are available as alternatives to in vivo tests. This process con-
sists of multiple steps that include the following: (1) partitioning of the active from 
the cosmetic vehicle into the SC, (2) molecular diffusion through the SC and parti-
tioning into the epidermal viable cells and (3) diffusion through the epidermis and 
dermis until it eventually reaches the blood vessels (Pillai et al. 2016) that spread the 
compounds via a systemic way. The main route of entry is the crossing of the SC via 
trans- or intercellular pathways; however, some facilitating entry routes are avail-
able, such as the hair follicle infundibulum and sweat glands (the latter is preferred 
for hydrophilic substances) (Abd et al. 2016; Pillai et al. 2016).

In general, the absorption of a compound is inversely proportional to its molecu-
lar weight and electric charge. The compounds should not exceed 500 Da (Pillai 
et  al. 2016), although this paradigm does not represent an insurmountable limit, 
especially in elderly and/or very dry skin (Fields et al. 2009).

Studies conducted on hSEs, although useful, could provide results not replicable 
under in vivo conditions. In some tests, the absorption of hydrophilic compounds 
was similar to that in human skin, but lipophilic compounds were absorbed up to 
800 times faster (Godin and Touitou 2007). In another hSE, a Raman spectroscopic 
analysis showed SC anomalies in the continuity and distribution of ceramides, fatty 
acids and cholesterol with important consequences on permeability (Tfayli et  al. 
2014). Even studies conducted on animal models showed that the permeability of 
the SC varies across species and with the body site in the same species consistently 
with skin thickness, composition of the protein-lipid matrix and density of hair fol-
licles (Godin and Touitou 2007).

The most reliable model is probably the ex vivo human skin (Abd et al. 2016), 
although this model lacks blood circulation and the lymphatic vessel network, 
which are essential for evaluating inflammatory responses and clearance of the 
compounds of interest. Unfortunately, studies on MA preparations conducted on 
human skin in vivo or on ex vivo are still limited.
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3.3.1  Lipophilic Extracts

Considering that the SC is a barrier that is rich in lipids and covered sebum, lipo-
philic molecules are generally absorbed more easily than hydrophilic ones. Many 
MAs are known to be able to accumulate CTs and lipids in high amounts, including 
long-chain PUFAs, so their extracts obtained with non-polar solvents are usually 
very rich in active compounds of cosmetic interest.

Some studies confirmed that many lipophilic compounds can be effectively 
absorbed but with important variations in relation to their molecular structure. For 
example, a good absorption of triglycerides and CTs (βC ≫ α-Carotene) was dem-
onstrated via topical application of crude palm oil to ex  vivo human skin (Sri 
et al. 2013).

Preparations for topical application containing FXT were tested on hairless mice 
ex vivo and in vivo, which showed that this compound was adsorbed and was active 
against inflammation and hyperplasia (Rodríguez-Luna et al. 2018).

All the compounds of the given examples are often present in lipophilic MA 
extracts and it can be presumed that they are being adsorbed with the same efficiency.

3.3.2  Hydrophilic Extracts

Aqueous extracts of MAs contain many small hydrophilic compounds, such as vita-
mins and polyphenols, as well as significant amounts of polysaccharides and poly-
peptides with high molecular weight (MW). Large polypeptides could remain 
unadsorbed, which may be advantageous, by considering the high antigenic power 
of some vegetable proteins. The active peptides currently designed and synthesised 
to modulate skin metabolism are generally made up of 3–6 amino acids and are 
often prepared using lipoamino acids obtained via esterification with palmitic acid 
in order to improve their adsorption (Fields et al. 2009).

In aqueous microalgal extracts, small peptides may be present, but their occur-
rence as lipoamino acids and with sequences suitable for acting as signals for human 
epidermal cells is unlikely. Nevertheless, Chen et al. (2011) showed that an aqueous 
extract of Chlorella containing 430–1350 kDa peptides exhibited protective effects 
on UVB-induced damages in FB culture.

Amongst hydrophilic compounds, significant activities may be derived from 
small molecules, such as glutathione, which may have topical activity (Kopal et al. 
2007), and modified amino acids such as MAAs, whose characteristics have already 
been discussed in relation to their property to quench UVR (see Sect. 2.2.2).

The aqueous extracts of MAs also comprise vitamins, polyphenols, flavonoids, 
single amino acids and small glucides, which are compatible with transcutaneous 
absorption. Amongst these, special attention is given to the glycolipid MGDGs and 
DGDGs, which have anti-inflammatory activity. In vivo tests conducted on mice by 
using ointments of fractionated extracts of I. galbana rich in MGDGs confirmed 
their penetration through the SC and diffusion in the thickness of the skin, with 
strong anti-inflammatory effect (Rodríguez-Luna et  al. 2017). The adsorption of 
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polyphenols was demonstrated ex vivo via the topical application of natural non- 
microalgal extracts obtained from cocoa, thereby resulting in the stimulation of the 
GAGs and COL synthesis in skin dermis (Gasser et al. 2008).

More difficult is reconciling the principles of the transdermal delivery with the 
intense anti-inflammatory activity of high-MW SEPs (5–7 × 106 Da) obtained from 
Porphyridium, which were used by Matsui et al. (2003) in a clinical trial to treat the 
irritation induced with balsam of Peru. Also in this case, however, the SEP activity 
was remarkably increased following molecular fragmentation obtained by sonica-
tion, thereby attesting that the molecular weight and treatment efficacy are directly 
correlated. In a different experiment, Zhang et al. (2011) studied via a mouse model 
of Rosacea the anti-inflammatory activity of 5500 Da semisynthetic glycosamino-
glycan ethers (SAGEs) obtained by sulphation from fermented 53 kDa HA deriva-
tives. The croton-induced skin inflammation was effectively inhibited by topical 
treatment with SAGEs, whereas the native 53 kDa HA was ineffective. These data 
confirm that large dimensions of some polysaccharides hinder absorption. Potent 
absorption enhancers can be used to improve the absorption of some compounds, 
but they can be expensive and not always resolutive. Concerning the reported exam-
ples, it should be considered that the absorption of large molecules in inflamed skin 
could be due, at least partially, to the disruption of the SC integrity, which in turn is 
due to the application of irritants and solvent vehicles. Croton oil, for example, 
produces important histological alterations of the skin (Moon et al. 2001).

4  Conclusions

Cosmetic applications of extracts and preparations from MAs have achieved devel-
opment and progress over the past two decades due to the availability of data con-
cerning their activities on skin. Some products have already been marketed but 
much less compared with their potential as sources of active ingredients (Table 9.5). 
Some mechanisms of action were documented, especially those related to antioxi-
dant activities and protection from photoaging processes. Much work remains to be 
done, especially in applications intended for the treatment of skin appendages, mod-
ulation of fat’s adipokines and effects on the skin microbiota.

The topics addressed in this review highlight how the concentration of many 
active compounds in a single cell, according to combinations that vary across spe-
cies, allows the preparation of multifunctional extracts. This trait is not found to the 
same extent in other natural ingredients and is worthy to be further explored. The 
exploitation of MAs as a source of isolated active compounds is often economically 
disadvantageous compared with traditional or synthetic alternatives (see costs for 
carotenoids in Spolaore et al. 2006, for EPA in Molina Grima et al. 2003 and Koller 
et  al. 2014; for a comprehensive analysis see also Barsanti and Gualtiero 2018). 
This condition is due to the biomass production costs, which are still relatively high 
despite the significant progress (Molina Grima et al. 2003; Tredici et al. 2016) and 
the costs of purification. However, the advisable use of microalgal extracts is to 
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develop multifunctional ingredients, which are entirely natural and with highly sus-
tainable ecological footprint (Fernandez et  al. 2017). Their exploitation can be 
advantageous for treating skin disorders that have multiple causes, such as acne, 
dermatitis and psoriasis, but also as anti-aging and homeostasis protective agent, 
whose full effects require long-term application.

Moreover, the costs of biomass can be partly amortised by the high extraction 
yield obtained using some solvents (Table 9.6), and a great amount of product can 
be finalised due to their biological activity at a very low concentration (Pertile et al. 
2010; Zanella et al. 2012). Consequently, the incidence of these ingredients on the 
production costs of high value-added products such cosmetics can be sustainable in 
many cases.

Unfortunately, unlike the synthetic principles, natural extracts have a composi-
tion that is partly unknown and subject to variation with the season, cultivation 
technique and method of extraction (Chojnacka and Kim 2015). This condition does 
not satisfy the practice of the cosmetic industry in terms of product standardisation 
and quality control. However, in order not to downplay the advantage of the multi-
functional composition of microalgal extracts, a characterisation based on a 
 metabolite fingerprinting obtained by mass spectrometry techniques may be 
employed, as already proposed for natural preparations intended for nutritional and 
phytopharmaceutical use (Mattoli et al. 2006, 2011).

The change from a ‘one active → one claim’ approach to natural phytocomplexes 
suitable to produce a combination of desirable effects leads to the problem on the 
functional characterisation of the ingredient. Establishing a quantitative correlation 
between a biological effect and the responsible active agent is difficult and some-
times impossible, because the ingredient formulation should be standardised. As 
mentioned for chemical characterisation, to determine the advantages offered by 
very active complex mixtures, a different standard of product characterisation 
should be developed. For example, each extract might be evaluated in terms of con-

Table 9.6 Extract yield obtained from some MAs using different solvents 

Values expressed as percentage of the dried biomass (data from Pertile et al. 2010 and Zanella et al. 
2016)
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centration and activity according to an efficacy ratio by comparison with a panel of 
reference compounds, which are selected as golden standards for each application 
of interest. Figure 9.9 shows an exemplificative diagram of functional quantification 

cosme�c
target

benchmark
compound

molecular
markers or 
gene expression

an�-inflammatory dermis ECM stratum corneum melanogenesis

madecassoside
(MC)

re�noic acid
(RA)

nonanoic acid
(NA)

kojic acid
(KA)

IL-1α

IL-6

IL-8

COL-I

COL-III

HA

Elas�n
(ela)

Filaggrin
(FIL)

Involucrin
(INV)

phospholipase A2
(PLA2)

Melanin
(mel)

an�-inflamm. score: 
[IL-1α E/C] / [IL-1α MC/C] 
[IL-6 E/C ] / [IL-6 MC/C]
[IL-8 E/C] / [IL-8 MC/C]

dermis ECM score: 
[COL-I E/C] / [COL-I RA/C] 
[COL-III E/C] / [COL-III RA/C]
[HA E/C] / [HA RA/C]
[ela E/C] / [ela RA/C]

Algal extract

strat. corneum score: 

[FIL E/C] / [FIL NA/C] 
[INV E/C] / [INV NA/C]
[PLA2 E/C] / [PLA2NA/C]

melanogenesis 
score: 
[mel E/C] / [mel KA/C]
[MITF E/C]/[MITF KA/C]

control
�ssue (C)

treated with
extract (E)

treated with
benchmark (B)

B/C
marker

quan�fica�on

E/C
marker

quan�fica�on

simplified
experimental design if the treatment B does not 

produce any marker 
modula�on then the subject 

is unresponsive and the 
experiment must be rejected

SCORING
(% RATIO)

MITF

average score                     average score                           average score                      average score

Fig. 9.9 Example of test panel for functional characterisation of a MA extract. The extract (E) is 
tested on an advanced experimental model (e.g. hSE or hFTS) in comparison with golden standard 
actives, namely, benchmarks (B), here arbitrarily selected for exemplification. The “simplified” 
experiment requires the comparison of the effectiveness between E and B treatments. The response 
to the B treatment in comparison to C defines subject’s responsiveness; in case of no marker varia-
tion the experiment should be abandoned. Below the experimental design, possible markers and 
benchmarks (that cosmetic operators should define in a shared way) are schematised. For each 
application, the variation of the marker in response to treatments E and B is estimated as a ratio on 
sample C, then the values obtained are used to calculate the % ratio between the marker variation 
produced by treatment E on that produced by treatment B (i.e. markerE/C / markerB/C × 100). This 
approach would allow the characterisation of multifunctional extracts using the response to B as a 
normalising factor, thereby making the results comparable between different subjects with differ-
ent sensitivities (from which depend the range of variation in response to treatments). At least three 
responsive subjects need to be tested for each application. (MITF: microphthalmia-associated tran-
scription factor)
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as a result of a panel of comparative tests aimed to specific applications (to be dif-
ferently arranged with the targets of the cosmetic product category). A similar 
‘report sheet’ could be compiled following tests on ex vivo human skin cultures and 
averaging the results obtained from no less than three  responsive subjects. This 
approach can allow to determine in which application the extract is more active and 
the related ranking of effectiveness.

The proposals above, which are intended as representative hypotheses, imply 
important changes in the current business model used for cosmetic products, which 
is a significant obstacle. Nevertheless, this issue should be framed in the context of 
rapid aging experienced by populations in advanced economies. Health costs will 
grow at unsustainable rate. Hence, both cosmetics and nutrition science can and 
should play an increasingly important role in the promotion of the well-being and 
prevention of metabolic disorders. The development of multifunctional cosmeceuti-
cals is in line with this approach, and the related costs should be assessed consider-
ing the connected substantial healthcare savings.
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Chapter 10
Microalgae as a Vaccine Delivery System 
to Aquatic Organisms

Aisamuddin Ardi Zainal Abidin, Mohanrajh Suntarajh, 
and Zetty Norhana Balia Yusof

Abstract Aquaculture is one of the fastest growing food producing sector, as global 
aquaculture produces about 65 million metric tons of seafood valued at more than 
US$78 billion annually and supplies 50% of all the fish consumed in the world 
(Turchini et  al., Fish oil replacement and alternative lipid sources in aquaculture 
feeds, CRC Press, Boca Raton, FL, 2010). On top of that, the aquaculture industry 
displayed an annual percentage of growth rate (APR) of 9.4% compared to other 
food producing sectors such as pigs farming (3.1%), poultry (5.1%), beef (1.2%), 
and mutton and lamb (1.0%). The aquaculture sector, especially fish, contributed up 
to 17% of animal proteins consumed worldwide and can reach up to 50% in some 
countries. In 2002, it was reported that the total world aquaculture production was 
worth 60 billion USD by value. One of the major and primary constraints in the 
aquaculture system production is disease outbreaks. They could be caused by bacte-
ria, viruses, parasites and fungi. In the catfish industry, a loss of up to 60–80 million 
USD was caused by pathogenic bacteria Edwardsiella ictaluri and Flavobacterium 
culumnare. Apart from that, it was reported that a 50–100 million Euro annual loss 
in the salmon industry is caused by parasitic lice. Many strategies have been 
attempted to gauge and control this situation, but there is still an urgent need for bet-
ter alternatives and also to explore the potential use of genetically modified organ-
isms instead of antibiotics and chemical control. In this chapter, we focus on the 
potential and application of transgenic microalgae on aquaculture, as it has been 
dubbed as the organism of the future in terms of its utility, flexibility and, most 
importantly, sustainability.
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1  Introduction

The aquaculture sector is highly dependent on microalgae as a natural feed for aquatic 
organisms as well as zooplankton. However, for big hatcheries, mass cultivation of 
microalgae is a high production constraint and so an alternative feed was developed. 
One of the highly utilized feeds is the fishmeal feed, as it is cheap and provides suf-
ficient nutrients to the aquatic organisms. The increasing growth of aquaculture has 
led to the increase in production and price of fishmeal (Tacon and Metian 2009). On 
top of that, disease prevention measures in fish hatcheries require high cost as well. 
Due to demand, fish farmers will always prefer cheap and easy measures, without 
considering the adverse effects they could bring. This chapter aims to explore the 
potential utilization of transgenic microalgae as feed for the aquaculture sector. With 
the advancement of microalgae biotechnology, commercial culture of microalgae has 
been well developed and established. Microalgae species have been widely grown to 
be utilized in the food health sector (Spirulina sp.) and carotenoid production 
(Dunaliella salina and Haematococcus pluvialis) (Carvalho et al. 2006; Lee 1997) 
with the development of large-scale photobioreactors that can be operated under 
defined, optimal conditions. Apart from that, this chapter discusses the advancement 
of genetic modification of microalgae for production of natural products or other 
novel products. These technologies will be further discussed to highlight the signifi-
cance and potential of transgenic microalgae in the aquaculture sector.

2  Microalgae—A Versatile Microorganism

Microalgae are unicellular or simple multicellular organisms which include pro-
karyotic organisms such as cyanobacteria (blue green algae) and a broad span of 
eukaryotic algae. They are a polyphyletic group of autotrophic and heterotrophic 
microorganisms which can be found in freshwater and marine habitats (Alam and 
Wang 2019; Gangl et  al. 2015). They are a diverse group of organisms with 
200,000–800,000 estimated algal species; only approximately 35,000 have been 
classified and described (Ebenezer et al. 2012). Microalgae are also regarded as a 
unicellular model for plants (Ball 2005). Compared to plants, the growth and pro-
ductivity of algae are higher (Lu et al. 2014). Moreover, marine algal species can 
grow under high saline conditions, which reduces the risk of contamination (Bacellar 
Mendes and Vermelho 2013). Figure 10.1 shows how versatile microalgae can be.
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In the aquaculture industry, microalgae are mainly utilized as live feed for early 
or larval stage of fish, crustaceans and abalone. On top of that, they are also the main 
diet for zooplanktons prior to feeding to fish. They are also the key diet for molluscs 
at all growth stages (Brown 2002). Normally, microalgae are being fed to aquacul-
ture organisms either as monospecies or as mixed species, as their nutritional value 
can vary significantly between species. The biochemical constituents of microalgae 
that contribute to their nutritional value are polyunsaturated fatty acids (PUFAs) 
(such as docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and arachi-
donic acid (AA)), vitamins (such as thiamine, riboflavin, pantothenic acid, pyridox-
ine, cobalamin and many more), sterols, minerals such as silica (major diet for 
crustacean) and pigments (Brown et al. 1999; Knauer et al. 1999; Brown 2002).

Increased interest in microalgae studies have led to the identification of numer-
ous new microalgal species, and this highlights their potential as a source of various 
compounds useful in the feed, food, nutrition, cosmetics and pharmaceutical indus-
tries (Gong et  al. 2011). Most studies manipulate different parameters (environ-
ment) to induce stress in the microalgae interest at a degree it is not fatal to increase 
the production of the biomolecules in the microalgae (Bjerkeng 2008; Fern et al. 
2017; Azim et  al. 2018). Most of the recent studies have been focusing on the 
genetic engineering of microalgae to enhance the productivity of natural compounds 
through metabolic engineering (Steinbrenner and Sandmann 2006) and expression 
of useful foreign genes for recombinant protein production (Doron et al. 2016).

Fig. 10.1 An overview of the natural processes in microalgae with potential for genetic modifica-
tions (red arrows)
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3  Transformation of Microalgae

Previous studies  have shown that transformation of microalgae is achievable for 
both chloroplast and nuclear genomes (Coll 2006). There are several methods that 
have been developed to deliver foreign genes into microalgae species, which are 
enzyme mediated, electroporation, PEG mediated, Agrobacterium tumifaciens 
mediated, glass beads, silicon carbide whiskers and microprojectile bombardment. 
The process for transforming microalgae is to trigger temporal permeability of the 
cell membrane, enabling DNA molecules to enter the cells while preserving viabil-
ity (León and Fernández 2007). Table 10.1 shows the summary of transformation 
methods that have been utilized for microalgae transformation.

3.1  Enzyme-Mediated Transformation

The cell wall of microalgae is the ultimate barrier to achieve transformation efficiency. 
Thus, most transformation protocols of microalgae involve the use of protoplast for-
mation or enzyme-treated cells. The different compositions of microalgae cell wall of 
different species have made protoplast generation challenging and complex (Popper 
and Tuohy 2010). Chen et al. (2008) described that a mixture of 4% hemicellulase and 
2% driselase shows efficient digestion of cell wall in N. oculata. However, an enzyme 
mixture of 4.0% (w/v) cellulase R-10, 2% (w/v) macerozyme and 0.1% (w/v) pectin-
ase proved effective in digesting C. vulgaris cell wall (Yang et al. 2015).

Table 10.1 Transformation history of microalgae species

Transformation method Microalgae species Reference

Electroporation Chlorella sp. He et al. (2018)
C. reinhardtii Dong et al. (2018)
N. oculata Ma et al. (2016)

PEG mediated Pleurochrysis carterae Endo et al. (2016)
C. vulgaris Yang et al. (2015)
Dunaliella salina Chai et al. (2013)

Agrobacterium tumefaciens C. vulgaris Lau et al. (2017)
Haematococcus pluvialis Kathiresan et al. (2015)
Nannochloropsis sp. Cha et al. (2011)

Glass beads Dunaliella salina Feng et al. (2014)
C. reinhardtii Sizova et al. (2013)
Platymonas subcordiformis Cui et al. (2012)

Silicon carbide fibres Amphidinium sp. Te and Miller (1998)
C. reinhardtii Dunahay (1993)

Microprojectile bombardment Chlorella zofingiensis Liu et al. (2014)
Chaetoceros sp. Miyagawa et al. (2001)
Phaeodactylum tricornutum Hempel et al. (2011)
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3.2  Electroporation

Electroporation is the method of emitting an electric pulse to introduce DNA into 
the cells through temporary pores in the plasmalemma. Temperature, osmolarity, 
electric field and strength, time of discharge, DNA concentration and enzyme treat-
ment should be optimized to obtain high transformation efficiencies (León and 
Fernández 2007). The advantage of this method is that it is versatile for all type of 
cells, but the drawbacks are its non-specific transport and the wrong pulses that 
cause the membrane pulse to become too large and damage the cells (Chow and 
Tung 1999). The method could also be combined with enzyme-mediated transfor-
mation to remove the cell wall prior to electroporation to enable efficient delivery of 
the genetic material (Yang et al. 2015).

3.3  PEG-Mediated Transformation

Polyethylene glycol is described as an agent for clumping and fusion of protoplasts, 
which is assumed to facilitate the trapping of DNA into the cells (Fincham 1989). 
However, the exact role of PEG remains unclear. A study suggested that PEG prob-
ably induces the interaction between DNA and the cell surface, and the fusion of 
protoplasts is not the direct cause of DNA uptake (Kuwano et al. 2008). Apart from 
that, PEG-mediated transformation involves simple and inexpensive equipment, 
and yields highly transformed cells (Potrykus 1991). This method also helps to 
overcome the host range limitations of Agrobacterium-mediated transformation, 
where PEG-mediated transformation can be readily adapted to a wide range of plant 
species and tissue sources (Mathur and Koncz 1998).

3.4  Agrobacterium-Mediated Transformation

Agrobacterium-mediated transformation is a unique tool for genetic modification, 
in which it transfers its plasmid DNA (Ti plasmid) into the nuclear genome of the 
host cell (usually plant cells). Agrobacterium tumefaciens, is often used for the har-
bouring of plasmids and mode of transfer. It is a technically challenging method due 
to the large size and low copy number of Ti plasmids, which lead to difficulties in 
plasmid isolation and manipulation, and the host range is limited in some species 
(Meyers et al. 2010; Mathur and Koncz 1998). It is highly and mainly used in plant 
genetic transformation. However, successful transformations have been reported in 
Haematococcus pluvialis, Chlorella vulgaris and Schizochytrium sp. (Kathiresan 
et al. 2009; Cheng et al. 2012; San Cha et al. 2012). The advantage of this method 
is that it does not need a permeabilization step unlike the other transformation meth-
ods (Kim et al. 2014).
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3.5  Glass Beads

The glass beads method introduces heterologous genes into cells by agitating 
cells with glass beads, polyethylene glycol (PEG) and foreign DNA. The ruptured 
cells caused by the glass beads will then allow the exogenous DNA to be forced into 
the cells  with osmotic support (Costanzo and Fox 1988). It is a cost-effective 
method, utilizes non-specific equipment and results in higher transformation effi-
ciency in C. reinhardtii when compared to particle bombardment (Kindle et  al. 
1989). The disadvantage  of this method somehow requires wall-less cells as 
low transformation efficiency was observed in Chlamydomonas sp. cells with com-
plete cell wall (Quesada et al. 1994).

3.6  Silicon Carbide Whiskers

Silicon carbide whiskers (SiC) function as numerous needles that facilitate gene 
delivery due to the negative charges which results  in low affinity between DNA 
molecules which are negatively charged (Asad and Arshad 2011). It overcomes the 
cell wall’s restriction as compared to glass beads method, as it is also inexpensive. 
Previous studies have shown that SiC methods were successful in Amphidinium sp. 
and Chlamydomonas reinhardtii (Te and Miller 1998; Dunahay 1993) but it requires 
strict safeguard to avoid the inhalation hazard which is associated with permanent 
respiratory dysfunction and lung cancer in human (Qin et al. 2012).

3.7  Microparticle Bombardment

Microprojectile bombardment is also referred to as microparticle bombardment, 
gene gun transformation, or simply biolistics (Gong et al. 2011). It utilizes a gene 
gun that shoots a small dense particle (usually gold or tungsten) coated with DNA 
into the host cell (León and Fernández 2007). It has the ability to penetrate intact 
cell walls without requiring a protoplast regeneration system, enable diversified 
usage of vector and is comparatively successful compared to other transformation 
methods in microalgae (Qin et al. 2012). However, it is not widely applicable due to 
the need of specialized and high-cost equipment (Heiser 1992). Even though parti-
cle bombardment was reported as an effective method in algal transformation, it is 
unfavourable to produce numerous nuclear transformants because the technique is 
harsh enough to break the stiff silica cell walls that will lead to impairment of 
microalgae viability (Kindle et al. 1989).
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4  Potential and Application of Transgenic Microalgae 
for Aquaculture

Currently, the main recombinant protein producers are bacteria, which are utilized 
for industrial enzyme production or other forms of recombinant proteins at a rela-
tively low cost and at a faster pace (Demain and Vaishnav 2009; Corchero et al. 
2013). Furthermore, the post-translational process of protein synthesis is very low, 
making them ideal for industrial recombinant protein production. The importance 
and significance of bacteria as cell factories for recombinant proteins are well sum-
marized and reviewed by Ferrer-Miralles and Villaverde (2013). In comparison to 
the well-established cell factory, microalgae also have the advantage as well as 
potential to be a recombinant protein factory with a greener theme. The characteris-
tics of microalgae such as solar fuelled, rapid growth, economical cultivation and 
possessing the ability to be genetically manipulated enable them to be applied in the 
field of biotechnology. Currently, green microalgae have been considered as a high- 
potential industrial strain for the biomanufacturing of highly valuable molecules 
and recombinant proteins for various industries such as agriculture, nutraceuticals, 
bioenergy and even cosmetics (Rasala and Mayfield 2015).

Microalgae have been transformed and have been expressing numerous recombi-
nant proteins for various applications. The most widely studied microalgae for 
genetic modification is Chlamydomonas reinhardtii, which is also known as a model 
organism for plants. This species has been modified extensively and has showed suc-
cess in expressing more than 20 different recombinant proteins (Rasala and Mayfield 
2015). C. reinhardtii has successfully expressed antibodies and immunotoxins 
(Rasala et al. 2010), gut-active biologics (Manuell et al. 2007), vaccines subunits 
(Sun et al. 2003; He et al. 2007), industrial enzymes and feed additives (Georgianna 
et al. 2013; Rasala et al. 2012) and also nutrient supplements such as selenium (Hou 
et al. 2013). These are significant and well-established evidences that microalgae 
have the potential similar to bacteria to be a cell factory for recombinant proteins.

Utilization of microalgae in the industry have always been related with high 
energy and material cost, which are the main constraints (Vo et al. 2018). However, 
microalgae have been regarded as a cell factory for the production of recombinant 
protein which are purely environmental friendly as it utilizes CO2 from the environ-
ment and produces O2 (Fig. 10.1). Compared to bacteria, microalgae produce highly 
valuable molecules such as proteins, carbohydrates, fatty acids, pigments and other 
compounds, which can be recovered and separated from the recombinant proteins 
neglecting the constraints of costs. In terms of aquaculture, these molecules 
 contribute to a well-balanced diet for aquaculture feed. Furthermore, enclosed bio-
reactors, similar to industrial bacterial recombinant producers, increase the safety in 
terms of prevention of transgenic microalgae release to the environment. Enclosed 
bioreactors also increase biomass production with high cost efficiency by recycling 
media and water (Franconi et al. 2010). Many species of microalgae have also been 
generally recognized as safe (GRAS) for human and animal consumption making 
safety not an issue (Rasala and Mayfield 2015). Transgenic microalgae also do not 
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cross- contaminate and can be grown throughout the year with no growing season 
restrictions (Specht and Mayfield 2014).

4.1  Transgenic Microalgae for Aquaculture via Metabolic 
Engineering

As previously mentioned, microalgae play a major part in aquaculture. Lipids are a 
major source of nutrients for growth and development in aquaculture. One of the 
potentials and applications of microalgae for aquaculture is by  the utilization of 
microlagae with increased lipid content, specifically PUFAs. However, most stud-
ies involving the increase of lipid production in microalgae are majorly for biodiesel 
production (Radakovits et al. 2010). C. reinhardtii and Chlorella pyrenoidosa have 
been studied for increased lipid production via eliminating starch metabolism where 
this aprroach will produce  starchless mutant microalgae but with increased lipid 
composition (Zabawinski et al. 2001; Posewitz et al. 2004). Most studies on increas-
ing lipid metabolism via metabolic engineering were successful in plants such as 
Arabidopsis thaliana, Nicotiana tabacum, soybean and rapeseed, where there was a 
significant increase in oil content as well as desired fatty acids (Nikolau et al. 2003; 
Stournas et al. 1995; Lardizabal et al. 2006; Dehesh et al. 2001). Apart from that, 
metabolic engineering of fatty acid biosynthesis in microalgae is still problematic 
due to many factors including auto-attenuation of exogenous sequences, codon usage 
bias, GC content and proteasome-mediated degradation (León-Bañares et al. 2004). 
Currently, most feeds are formulated with fish oil, which increases the cost of the 
feed and reduces the profit margin of the farmers (Kim et al. 2012). It is also esti-
mated that 90% of the global supply of fish oil is used to produce aquaculture feeds 
(Turchini et al. 2010). Transgenic microalgae with increased lipid content may play 
a major role in reducing the cost of the feeds by replacing fish oil.

Carotenoids are pigments that aid in light harvesting, energy transfer during pho-
tosynthesis and scavenging of reactive oxygen species (ROS) (Li et al. 2009). There 
are varieties of carotenoids that come in different colours. Animals and humans do 
not biosynthesize carotenoids and therefore they must obtain them from diet. 
Carotenoids are common additives incorporated into animal feeds or even human 
foods as a natural source of food colouring (Bjerkeng 2008) and are utilized by the 
skin care industry as UV-absorbents (Sies and Stahl 1997), food dye such as the yel-
low colour of the margarine, pigments in scales, feathers or skin of birds, fish, 
amphibians, and reptiles (Blount and McGraw 2008), attracting pollinators or 
 frugivores for plant reproduction (Blount and McGraw 2008), antioxidants and also 
nutraceuticals applications (Álvarez et  al. 2014). In aquaculture, carotenoids are 
mainly used to make the feed more appealing, as most aquatic organisms are photo-
tactic, and they enhance the organism’s appearance, thereby increasing the market 
value of the products (aquatic organisms such as salmons and lobsters, whose mar-
ket value relies on how red they are) (Goodwin 1984). Microalgae are natural 
resources of carotenoids. Two species of microalgae that are the major contributors 
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to the carotenoids in global market are Dunalella salina and Haematococcus pluvia-
lis, which produce and accumulate high amounts of β-carotene (D. salina) and 
astaxanthin (H. pluvialis) (Lorenz and Cysewski 2000). Transgenic studies on 
microalgae to produce more carotenoids were successful in C. reinhardtii and 
H. pluvialis. Deletion of genes involved in the regulation of the carotenoid biosyn-
thesis in C. reinhardtii and H. pluvialis have shown increase in accumulation of 
carotenoids (Liu et al. 2013; Steinbrenner and Sandmann 2006). Insertion of exog-
enous carotenoid biosynthesis gene originated from H. pluvialis, namely BKT and 
PSY, was also found to increase carotenoids accumulation in C. reinhardtii (Couso 
et al. 2011). However, both these microalgae are not majorly used as aquaculture 
feed. More studies on producing transgenic lines of microalgae used in aquaculture 
feed such as Chaetoceros calcitrans, Chlorella vulgaris, Nannochloropsis spp. and 
many more for increase in carotenoids production should be put forward, as it may 
result in not only supplying nutritious feed but also increasing the market value of 
aquaculture products. Furthermore, carotenoids for the global market is currently 
being produced synthetically (Bjerkeng 2008) and this is causing many con-
cerns  regarding Therefore, naturally synthesized carotenoids (especially from 
microalgae) may penetrate the global carotenoids market which was estimated in 
2010 with market value of 1.2 billion US$ with estimated annual growth of 2.3% 
(Cutzu et al. 2013). 

4.2  Transgenic Microalgae for Aquaculture via Expression 
of Recombinant Proteins

A recombinant protein is encoded by a recombinant DNA which is introduced and 
expressed in a host or a foreign organism. Most recombinant proteins are foreign to 
the host, and bacteria and yeast have been the key hosts in recombinant proteins pro-
duction to date. It is important to note the potential of microalgae as a host for express-
ing recombinant proteins, as the application would be very vast especially in the 
aquaculture industry. On top of being a host to express recombinant proteins, trans-
genic microalgae will still have their useful attributes like their biomass, and this 
feature will increase their functionality and versatility. Studies have shown that micro-
algae have the capability to be modified extensively for the production of various 
useful compounds like food additives and oral vaccines for the aquaculture industry.

Disease is a major constraint in aquaculture, and according to Meyer (1991), 
preventive measures in hatcheries must be taken to prevent disease outbreaks. This 
can be carried out by (1) preventing potential pathogens from the environment or the 
farming animals from contaminating, (2) maintaining good water quality, (3) avoid-
ing or reducing environmental stressors such as low dissolved oxygen, temperature 
control and density control, (4) providing adequate nutrition, (5) isolating cultured 
animals from feral stocks and (6) immunization. Currently, vaccination is the most 
efficient method to increase or stimulate the immune system, and the current practi-
cal method to vaccinate them is via injection. However, it is labour- intensive and 
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requires the fish to reach a certain size before injection, making vaccination of fry 
difficult (Sommerset et al. 2005). Apart from that, it is also stressful to the animal, 
which reduces the efficiency of the vaccines, and it may cause adhesions to animal 
tissue (Specht and Mayfield 2014). Oral vaccination is another way of vaccinating 
the aquatic animal, which is done by incorporating vaccines into the feed or into the 
water of the culture. However, oral vaccines are regarded as inefficient, as they 
require high amount of antigens if they are being introduced into the water system, 
and they need a protective layer as they are generally weak and easily degraded. 
Reports on the inefficiency of oral vaccination were also linked to the destruction of 
the gut in fish (Nakanishi and Ototake 1997). Hence, the idea of the utilization of 
transgenic microalgae for this purpose came into the picture, as it may overcome the 
shortcomings of both injections and oral vaccinations in order to deliver vaccines to 
aquaculture organisms. They key feature of microalgae as a carrier is that it pos-
sesses a protective layer in the form of its cell wall and cell membrane, which could 
prevent the degradation of the antigens, which in turn will significantly reduce the 
amount of antigens needed to be introduced into the water system by a few folds. 
Furthermore, the microalgae itself is the main feed providing nutrients, making it a 
living nutritious feed combined with immunostimulatory capabilities. Transgenic 
microalgae producing antigens or vaccines could also be powdered and adminis-
tered as solid feed, with little or no purification needed (Walker et al. 2005).

As previously mentioned, C. reinhardtii is one of the most exploited species of 
microalgae for recombinant protein expressions. In terms of vaccines expression, 
studies done were mainly for the production of vaccines against human-related dis-
eases (Rasala and Mayfield 2015). However, vaccines against the white spot disease 
(WSD), which affects a wide range of crustaceans, were successfully produced 
from C. reinhardtii and Dunaliella salina (Surzycki et al. 2009; Feng et al. 2014). 
Results have shown that crayfish vaccinated with transgenic D. salina had an 
increase in survival rate up to 59% when compared with the unvaccinated crayfish. 
This finding could be a revolution in aquaculture disease management, as it may 
prevent losses due to WSD which could go up to more than 35 million US dollars 
(Yang et al. 1999; Subasinghe et al. 2000).

Apart from immunization, transgenic microalgae could also be utilized in the 
production of other recombinant proteins for the aquaculture system. A study by 
Kim et  al., in 2002 successfully produced  Chlorella ellipsoidea that is able to 
espress fish growth hormone. Transgenic C. ellipsoidea producing flounder growth 
hormone was fed to brine shrimp and rotifer and then the zooplanktons were fed to 
the flounder fish, as the fish is strictly carnivorous. The study has shown that fish fed 
with zooplanktons (fed with transgenic C. ellipsoidea) showed an increase of 25% 
in total length and body weight compared with fish fed with zooplanktons (fed with 
wild-type C. ellipsoidea). This study demonstrates that the recombinant protein can 
be transferred up the food chain with functionality maintained.

Transgenic microalgae have also been studied to produce feed additives. C. rein-
hartii and Dunaliella tertiolecta were successfully genetically modified to produce 
an industrial enzyme called phytase, which degrades phytate, a form of phosphorus- 
bound protein naturally found in plants (Yoon et al. 2011; Georgianna et al. 2013). 
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Table 10.2 Major diseases occurring in the aquaculture sector with no vaccines available 
(Sommerset et al. 2005; Flegel et al. 2008)

Pathogen/Name of disease
Pathogen 
class

Major aquatic organism 
infected

Aeromonas salmonicida (Atypical disease) Bacterial Various fresh water and 
sea water species of fish

Flavobacterium branchiophilum (Bacterial gill 
disease)

Bacterial Salmonids, carps and 
various fresh water fish

Flavobacterium psychrophilum (Rainbow trout fry 
syndrome disease)

Bacterial Salmonids, fresh water 
fish

Edwardsiella ictaluri (Enteric septicaemia of catfish 
disease)

Bacterial Catfish species

Edwardsiella tarda (Edwardsiella septicaemia disease) Bacterial Channel catfish, eel, 
Japanese flounder

Renibacterium salmoninarum (Bacterial kidney 
disease)

Bacterial Salmonids

Photobacterium damsela subspecies piscicida 
(Pasteurellosis disease)

Bacterial Sea bream/sea bass, 
amberjack/yellowtail fish

Vibrio spp. (vibriosis disease) Bacterial Grouper, various sea water 
fish, penaeid shrimps

Streptococcus iniae/Streptococcus phocae 
(Streptococciosis)

Bacterial Tilapia, Asian sea bass, 
salmonids

Infectious pancreatic necrosis virus (IPNV) (Infectious 
pancreatic necrosis disease)

Virus Salmonids. Various 
seawater species

Infectious hypodermal and hematopoietic necrosis 
virus (IHHNV) (Hypodermal and hematopoietic 
necrosis disease)

Virus Various shrimps

Viral hemorrhagic septicaemia virus (VHSV) (Viral 
hemorrhagic septicaemia disease)

Virus Rainbow and brown trout, 
turbot, Japanese flounder

Yellow head virus (YHV) (Yellow head virus disease) Virus Penaeid shrimps
Viral nervous necrosis virus (SJNNV) (Viral nervous 
necrosis disease)

Virus Sea bass, groupers, 
barramundi, halibut

Channel catfish virus (CCV) (Channel catfish virus 
disease)

Virus Channel catfish

Taura syndrome virus (TSV) (Red tail disease) Virus Penaeid shrimps
Spring viremia of carp virus (SVCV) (Spring viremia 
of carp disease)

Virus Carp species

Paramoeba spp. (Amoebic gill disease) Protists Salmonids
Cryptobia salmositica (salmonid cryptobiosis disease) Protists Salmonids
Ichthyophthirius multifilis, Cryptocaryon irritans, 
Trichodina spp. (White spot disease)

Protists Various fresh and sea 
water fish

Myxobolus cerebralis (Whirling disease) Protists Salmonids
Tetracapsula bryosalmonae (Proliferative kidney 
disease)

Protists Salmonids

Lepeophtheirus salmonis, Caligus spp. Protists Salmonids and various 
marine fish
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As previously mentioned, fishmeal, rich in amino acids and fatty acids, produced by 
drying and grinding fish, is a major source of feed in the aquaculture industry. 
However, the cost is high, and hence is less sustainable in the multi-million dollar 
aquaculture industry. Due to this, studies on alternative protein sources with lower 
cost like plants emerged in order to substitute fishmeal as the main feed in the aqua-
culture industry (Gatlin et  al. 2007). However, most proteins that originate from 
plants like phytate are anti-nutritional to animals, as they are indigestible (Kumar 
et al. 2012). In this case, studies on transgenic microalgae expressing phytase could 
overcome this constraint, as an earlier study by Jackson et al. (1996), which utilized 
purified microbial phytase as feed additives in plant-based meal, has shown an 
increase in bioaccumulation of phosphorus by catfish specifically in bone and the 
decrease of phosphorus in fish faeces.

5  Future Perspectives and Recommendations

Transgenic microalgae show plenty of potential for numerous applications in the 
aquaculture sector. Furthermore, microalgae are a major part of aquaculture espe-
cially for molluscs feeding, as no substitution is possible yet. Due to these facts, 
microalgae will be continuously used in aquaculture and genetic modifications can 
enhance the quality of these microorganisms further. As previously mentioned, dis-
ease is a major constraint in the aquaculture industry. More studies should be empha-
sizing on the utilization of microalgae to improve disease and health management in 
the aquaculture sector, which will then reduce losses and increase profits for the aqua-
culture industry. Table 10.2 shows the available commercial vaccines for the major 
diseases, but more studies should be carried out in developing transgenic microalgae 
expressing vaccines against those diseases as an alternative preventive measure.

Advancement in biotechnology has created various ways and outcomes in 
genetic modification, and one of the current technologies in genetic modification is 
CRISPR/Cas9 system (clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR associated protein 9 (Cas9) (Doudna and Charpentier 2014). 
The advantage of this system is that it could modify the genome sequence through 
deletion or insertion at specific sites in the genome. Another advantage of using this 
new technology is that it could introduce up to six genetic modifications simultane-
ously, as it was successfully conducted in yeast (Mans et al. 2018). Furthermore, 
C. reinhardtii, Phaeodactylum tricornutum and Nannochloropsis spp. have been 
successfully transformed with CRISPR/Cas9 system for gene deletion purposes 
(Shin et al. 2016; Nymark et al. 2016; Wang et al. 2016). Future studies should con-
sider multiple genetic modifications on microalgae, especially the species that are 
utilized in aquaculture to express more than one recombinant protein or a combina-
tion of metabolic engineering for enhancing accumulation of high-value biomole-
cules with the ability to express recombinant protein for immunization or feed 
additives. The utilization of transgenic microalgae in other sectors apart from aqua-
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culture was deeply reviewed by Gong et al. (2011) and Rasala and Mayfield (2015). 
Figure 10.2 summarizes the overview of the idea of the utilization of transgenic 
microalgae in the aquaculture industry.

Apart from that, full genome sequencing of microalgae species utilized as feed 
in the aquaculture industry should be considered, as it is a vital step in the under-
standing and initiation of successful genetic modifications. Currently, the genome 
databases are readily available for microalgae such as Chlamydomonas reinhardtii, 
Nephroselmis olivacea, Chaetosphaeridium globosum, Chlorella vulgaris, 
Mesostigma viride, Guillardia theta, Odontella sinensis, Cyanophora paradoxal, 
Cyanidium caldarium and Euglena gracilis (Turmel et al. 1999; Turmel et al. 2002; 
Wakasugi et al. 1997; Lemieux et al. 2000; Douglas et al. 2001; Tada et al. 1999; 
Chu et al. 2004; Stirewalt et al. 1995; Glöckner et al. 2000; Hallick et al. 1993). 
More highly utilized species must be well characterized, as it will steer the genetic 
modifications for various purposes.

Fig. 10.2 Overall workflow of the transgenic microalgae potential and application in aquaculture 
system
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6  Conclusion

In summary, what have been accomplished with higher plants and bacteria in terms 
of over expression of biomolecules and the production of recombinant proteins are 
applicable to microalgae as well since it has been proven that microalgae are one of 
the most adaptable and versatile organisms which have really high potential. The 
utilization of genetic modifications on microalgae should be explored and exploited 
further for various purposes, with aquaculture being one of the priorities. 
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Chapter 11
Microalgae as Sustainable Producers 
of Bioplastic

D. Tharani and Muthusamy Ananthasubramanian

Abstract Extensive exploitation of nonrenewable resources for various products 
has showed its undesirable consequence on the environment following its limited 
availability. Plastics have impacted the environment in a negative way polluting ter-
restrial and marine life to a great extent. Biodegradable products from renewable 
resources are the possible alternative solution. Bioplastics are one such promising 
replacements with characteristics similar to fossil fuel-derived polymers, with 
increased biodegradability and blending property. Bacterial and algal systems accu-
mulate polyhydroxyalkanoates (PHA) as part of their metabolic processes depend-
ing on the availability of carbon source. PHA from bacterial systems has proved to 
be efficient in accumulation, but their commercialization is challenging due to the 
high cost involved.  Bacterial systems demand critical process parameters which 
makes scaling-up expensive. The shortcomings of bacterial PHA commercialization 
can be overcome by employing microalgal biomass that accumulates PHA. The ver-
satility in carbon source utilization enables cultivation on different resources. This 
eliminates the dependence on single substrate, thus aiding in mixed growth popula-
tion. Current studies indicate an accumulation of 27% PHA by Chlorella pyre-
noidosa. Taking blending properties into consideration, the whole biomass of 
Chlorella to glycerol (4:1) showed improved plasticity with polyolefins. Interestingly, 
direct incorporation of 50% Spirulina platensis biomass into polyolefin shows prop-
erties comparable to petroleum-derived plastics. Further developments in the strain 
could be achieved through metabolic engineering by directing flux toward PHA 
accumulation. But the maintenance of genetically modified microalgae for continu-
ous production is critical, taking the doubling time of the organism into account. In 
order to have a sustainable bioplastic recovery from microalgal biomass, an inte-
grated biorefinery approach should be adopted.
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1  Introduction

Plastics derived from fossil fuels are versatile polymers used in day-to-day life of 
humans. The physical and mechanical properties of plastics along with their resis-
tance to hydrolysis puts them into flexible, fine tailored polymer material. Today, a 
majority of plastic products are disposable. End-users view them as economical, 
user-friendly, and tactile to be used in electronic devices, household products, and 
even in medical appliances. Being a highly advantageous material, petroleum-based 
plastics account for only 4% fossil fuel derivatives  (British Plastics Federation 
2019). The drastic increase in plastic production from 0.5 million tons to 260 million 
tons in six decades shows its diversity in application (Hopewell et al. 2009). If plastic 
production continues at the current rate, it is estimated to use up 20% of fossil fuel 
in 2050 (Plastic Pollution Coalition 2017). Used plastic materials find their way to 
either landfilling sites or incinerators (Hopewell et al. 2009). In addition to plastic 
disposal, the additives used in plastic materials pose a major threat to the environ-
ment. Bisphenol-A (BPA) and phthalates are commonly used in polycarbonate plas-
tics, polyvinyl compounds, and in epoxy resins. These compounds can leach out in 
landfilling sites becoming a threat through biomagnification. Inside the human body, 
BPA mimics estrogen, while phthalates act similar to anti-androgenic compounds. 
Identified as endocrine disruptors, they have a direct link in altering the homeostasis. 
These additives play a role ranging from obesity, reproductive problems, to cancer 
(Rawsthorne et al. 2011; Lind et al. 2011; Manikkam et al. 2013).

Aquatic life is also at risk due to plastic-toxicity and additive leachates. The 
lesser toxic Bisphenol-S (BPS) has shown detrimental effect on the biotransforma-
tion pathways in the marine organism Chironomusriparius (Dong et  al. 2018; 
Herrero et  al. 2018). Both physical entrapment and ingestion affect the marine 
organism, negatively impacting the eco-system. The persistence of plastics in 
aquatic system leads to fragmentation with time, forming microplastics. 
Microplastics are 100 nm–5 mm particles or fibers of synthetic and semi-synthetic 
origin, which are easily taken up by marine organism during predation. The inci-
dence of ingestion rate varies with location and natural availability. Studies on bio-
magnification of organic pollutants from microplastics (Steer et  al. 2017; Bessa 
et al. 2018) emphasize the need for alternatives to conventional petroleum-derived 
nonbiodegradable plastics.

To eliminate the dependency on fossil fuels, many biomass-derived nonbiode-
gradable plastics are being commercialized. One breakthrough in biomass-derived 
bioplastics is polythioesters (Bögershausen et  al. 2002). Though formed through 
bacterial fermentation, they are nonbiodegradable. The starting materials for poly-
ethylene terephthalate (PET) are obtained from renewable sources followed by 
chemical conversion (Wang and Tong 2016). With added materialistic properties, 
PET, polystyrene (PS), and polypropylene (PP) have broader market range. Differing 
only in the raw material source, these nonbiodegradable bioplastics occupy nearly 
80% of the total bioplastic market. Packaging industry is the major trendsetter in 
driving the commercialization of bioplastic (European Bioplastics, 15th April, 2019).
The main advantage of nonbiodegradable bioplastic is its production from renewable 
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resources with lesser carbon footprint when compared to petroleum- derived plas-
tics. (Fig. 11.1) Although resourceful, their usage adds to the negative impact on the 
environment due to their persistence to biodegradation. To overcome this drawback, 
new chemical modifications to the polymers, enzyme-based degradation, thermal 
treatment, and photosensitive degradation behaviors of PS, PP, and PET are studied. 
Implementing these strategies for individual polymers in day-to- day life is compli-
cated. Segregation of wastes, especially plastic, at the source of generation is still a 
challenging task in highly populated cities. As a replacement, biodegradable bio-
polymers are gaining significant insights recently. PLAs, PHAs, and a variety of 
blends have shown promising durability as successful biopolymers with 
biodegradability.

Polyhydroxyalkanoates are biological polyesters stored as energy reserve during 
microbial metabolism. They are produced by a wide variety of microbes under 
nutrient limiting conditions (Anderson and Dawes 1990; Müller and Seebach 1993). 
They are categorized as biodegradable bioplastics, requiring limited amendments in 
properties before commercial implementation. Yet as blends, they prove to be com-
petitive to conventional oil-based plastics in their application. Based on the number 
of carbon, they are classified as either short chain length (scl—up to 5 carbon mono-
mers) or medium chain length (mcl—6 to 14 monomers) polymers. The polymer 
properties are enhanced through block and copolymerization, blending with com-
patible polymers of methacrylate, polyethylene glycol (PEG), and other raw sources 
like cellulose (Li et al. 2016; Chen et al. 2016). Although flexible in its modification, 
marketing polyhydroxyalkanoates is still a risk factor due to its high production cost.

Microbial synthesis of plastics requires good-quality carbon substrates, con-
trolled environment, and high energy input for polymer extraction. Bacteria such as 

Fig. 11.1 Nonbiodegradable plastic production from nonrenewable and renewable sources
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Ralstonia eutropha, Pseudomonas, E. coli, Bacillus, and Halomonas show higher 
accumulation of PHA granules. Usually carbon:nitrogen (C/N) ratios, type of car-
bon source—monomers or polymers, solid retention time (SRT), and hydraulic 
retention time (HRT) of the culture conditions have a great impact on efficient bio-
polymer accumulation (Johnson et al. 2010). With the advancements in biotechnol-
ogy, yield and productivity of PHA have seen an increase. Modulating the carbon 
flux toward storage and insertion of Pha genes are the basic strategies employed by 
synthetic biologists (David et  al. 2014; Levin et  al. 2018; Beckers et  al. 2016). 
Recently, the dependence on single neat carbon source for PHA production is 
replaced by a mixture of sources such as the hydrolysates and wastewaters. This 
reduces the cost burden where carbon source alone accounts for the major part of 
the total capital (Choi and Lee 2000). Besides bacteria, members of algae are also 
being studied for bioplastic accumulation. Synechocystis (Khetkorn et  al. 2016; 
Hellingwerf et al. 2017) and Chlorella (Cassuriaga et al. 2018; Druzian et al. 2018) 
both act as model organisms in tuning the metabolic pathways.

Concurrent research adapting algae as axenic or mixed cultures shows promising 
results pertaining to bioplastic accumulation. As mixed cultures, algal consortium is 
capable of utilizing diverse carbon substrates. This type of consortium could be 
enriched and taken up for wastewater treatment. Nitrogen present in the wastewater 
provides the necessary limiting conditions for product accumulation (Uggetti et al. 
2018). This way, the dual problem of wastewater treatment with nutrient recovery 
and bioplastic accumulation can be resolved simultaneously. The major bottleneck 
concerning microalgal PHA production is its recovery. Separation of algal cells, 
dewatering, and solvent extraction are the overall downstream processes involved 
(Fasaei et  al. 2018). Instead of using the extractable fraction, the whole cells of 
microalgae can be substituted to form plastic blends with different biodegradable 
materials (Yan et al. 2016). Working with wastewater reduces the costs on carbon 
source. Sufficient biomass productivity can be achieved with industrial effluents 
rather than utilizing the fresh water reserve. The positive aspects of microalgal pro-
ductivity employing wastewater as a sole source have gained new interests in obtain-
ing value-added products.

2  Structure and Properties of Bioplastics

2.1  PHA-Homopolymer

Polyhydroxyalkanoates are polyesters with elastomeric or thermoplastic properties 
comparable to present-day oil-based plastics. PHA is versatile with homo-, co-, and 
heteropolymer combination, determining the material characteristics of the polymer 
(Fig. 11.2). One fascinating feature of PHA is its variety in polymer composition, 
which can be altered based on the carbon substrate provided to the microorganism. 
Considering scl polymer, PHB is the simplest with uniform stereochemistry. This 
enables the polymer to be crystallized in an orthorhombic pattern. However, the 
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crystallization rate of PHB is relatively low compared to that of synthetic polymers, 
which can be overcome by the addition of nucleating agents. This crystallization 
tendency limits the application of scls. To extend the usage of PHA, mcls are 
employed, wherein the elastomeric properties are enhanced. The two major draw-
backs in using mcl-PHAs are their melting temperature ranging from 40 to 60 °C 
making it vulnerable even at 40 °C and lower crystallization time (Koning 1995). 
Different copolymers with hydroxyvalerate prove promising in real-world applica-
tion. In order to make use of their properties, many blends of synthetic and natural 
polymers are investigated for increasing the rigidity and elasticity.

2.2  PHA or Microalgal Whole Cell—Blends and Composites

Blending of polymers gives an added advantage to the synergistic material property 
of individual polymers employed. Both synthetic and biodegradable blends are 
available. mcl-PHA with natural and synthetic rubber showed increased thermal 
stability (Bhatt et  al. 2008). PHA/PLA blend from injection molding has higher 
miscibility and crystallinity index with increasing amount of PHA (Loureiro et al. 
2015).The crystallinity of the PHA blend is reduced with ethyl cellulose without 
compromising the material property (Chan et  al. 2011). Similarly, poly(3- 
hydroxybutyrate) [P(3HB)] polymers also suffer from higher crystallinity rendering 
them unable to be used in many tissue engineering applications. As a means of 
overcoming the drawback, an oligomeric plasticizer, which is also an mcl-PHA, is 
used. Since both are from microbial sources and biocompatible, their use in soft 
tissue engineering will aid in decreasing the toxicity caused by external plasticizers 
in vitro (Lukasiewicz et al. 2018).

Zeller et al. (2013) utilized the whole cell biomass of Spirulina and Chlorella as 
alternatives for traditional plastics. Blends of algal biomass with glycerol and poly-
ethylene were studied for their mechanical strength and thermal degradation. The 
strength of the blends obtained is determined by the pressure, temperature, and 
protein content of the cells along with their stability. It is necessary that the actual 
material durability is obtained from the cells rather than from the plasticizing agents 
(Savenkova et al. 2000). Torres et al. (2015) studied the biocomposites of residual 
microalgal biomass from biodiesel production with poly(butylene adipate-co- 
terephthalate). The biocomposites underwent mechanical studies including tensile 
strength, flexural modulus, elongation at break, and thermal stability. The green 
composite with 20% residual biomass, 30% glycerol, and 7.5 phr (parts per hundred 
rubber) urea showed excellent properties on extrusion molding.

Fig. 11.2 Structural 
backbone of 
Polyhydroxyalkanoates. n 
repeating unit of polyme, R 
alkyl group
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On the contrary, Bulota and Budtova (2015) proposed that increasing the algal 
concentration in composites decreases the mechanical properties; and the proper 
optimization of composites with respect to end usage is necessary when algae is 
used as a filler. Mixing the residual Nanochloropsis (80%) with cellulose (20%) 
using ionic liquids indicates higher hydrolytic degradation of the film with an 
increase in biomass. But the tensile strength and elongation at break with 20% bio-
mass and 80% cellulose are better compared to the other composites. Thus for any 
composite preparation with biomass, the nature of the cells, kind of bonding it 
forms with the blend, temperature, composition of biomass, processing time, and 
molding type play a major role. Tran et al. (2016) used surface-modified microalgal 
ash to be incorporated as a filler in poly (vinyl alcohol) (PVA) film. A solution cast-
ing of the above has uniform tensile strength over an ash content of 15–20%. Zhao 
et al. (2017) provided another example in improving the composites of PHA with 
2 wt% of ribbon-like hexagonal boron nitride. Additives as nanofillers improved the 
mechanical and thermal properties.

Lipid-extracted microalgal biomass of Nannochloropsis salina finds its usage as 
a composite material with PVA. As demonstrated by others, higher biomass concen-
tration decreased mechanical properties of the composites while increasing its ther-
mal properties. In order to overcome the reduced mechanical properties, another 
polymeric material, poly(diallyldimethylammonium chloride) (PD), was intro-
duced. The resulting composite with a composition of PVA 68%, Biomass 20%, and 
PD 12% had a melting point of 216.5 ± 1.9. These types of composites with higher 
thermal stability could be used for 3D-printing (Tran et al. 2018). Utilizing Spirulina 
as filler, PVA films were casted with glycerol as a co-filler. In obtaining the film, the 
composite with Spirulina–PVA–Glycerol (SPG) 10–7–3 showed higher tensile 
strength and elastic modulus. SPG 10–9–3 showed greater elongation at break. 
Glycerol being a plasticizer, aids in molecular interaction with Spirulina proteins 
contributing to the elasticity of the film produced. With increased water resistance, 
the produced film is proposed for packaging applications (Shi et al. 2017).

Moghaddas Kia et al. (2018) produced an edible antioxidant-enriched film using 
Spirulina, sodium caseinate, and Zedo gum. The water solubility of the film was 
tested, as it corresponds to the slow release of antioxidants. It is found that on increas-
ing the concentration of microalgae, the water solubility also increases. The presence 
of microalgal cells in the bioplastic affects the properties to a greater extent. The type 
of cell used, with or without cell wall, affects the crystallinity of the produced film. 
A comparative study with intact cell and cell-disrupted microalgal strains as com-
posites of corn starch showed greater difference in water vapor and oxygen perme-
ability properties. Although intact cells reduce the elasticity of the biocomposites, 
elongation at break could be maintained. This is because the base polymeric crystal-
linity of starch backbone is reduced when incorporating with Nanochloropsis (Fabra 
et al. 2018). Another study on the usage of intact or disrupted cells of Nannochloropsis 
in developing a hybrid film with starch shows that ultrasound treatment has a signifi-
cant influence on the tensile strength and elongation at break. Prolonging the treat-
ment has a negative impact on tensile strength, but it raises the elongation at break. 
Furthermore, the presence of surfactant employed in disrupting the cell wall had a 
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negative impact in obtaining a continuous film (Fabra et al. 2017). Composite nano-
fibers are produced from Scenedesmus almeriensis and polyethylene. When scaled 
up, the nanofibers showed bead formation (Sankaranarayanan et al. 2018).

In response to stress (centrifugation), biomass accumulates triacylglycerol 
(TAG). The TAG-accumulated whole cells can be used for molding bioplastics. 
Chlamydomonas being highly exploited for various industrial production processes 
is also used for making bioplastic beads. This again becomes an alternative to the 
petroleum-derived plastic beads. Although the tensile strength is only 14% of that of 
fossil fuel-derived plastic beads, the property could be enhanced by using different 
plasticizers. Similarly, carotenoid-extracted biomass of Chlamydomonas is also 
tested for the strength of plastic beads. The presence of different cross-linking 
agents inside the cell enhances the relative strength of the biomass-derived beads 
(Kato 2019) (Table 11.1).

3  PHA from Microalgae

3.1  Bioaccumulation of PHA in Microalgae

Microalgal cultures can be adapted to accumulate value-added molecules into their 
cells as part of their regular metabolism. One such kind of storage molecule is the 
PHB, which is a carbon reserve aiding the organism in nutrient-deprived conditions. 
Microalgal and cyanobacterial species of Chlorella, Botyrococcus, Spirulina, 
Synechocystis, and Synechococcus have shown good amount of PHB storage along 
with higher lipid accumulation. Since PHB is stored during nutrient limiting condi-
tions, there is always a trade-off between biomass yield and PHB productivity. 
Lower the cellular growth higher the PHB accumulation. Chlorella fusca LEB 111 
cultures when grown on pentoses with nitrogen-deficient condition and shorter light 
period (6 h) showed 17.4% w/w of polymer. The same strain gave 10.7% w/w of 
PHB when exposed to a photoperiod of 12 h. With xylose as the carbon source and 
light cycles of 18  h, 16.2% w/w of polymer accumulated. Factors like the light 
intensity, carbon source, and nitrogen content all determine the PHB accumulation 
(Cassuriaga et al. 2018). Botyrococcus braunii also showed efficient PHB storage 
capability. But the yield of PHB is very low, 0.382 mg/g, which was observed only 
on the 25th day with a purity of 16.4% (Kavitha et al. 2016).

3.1.1  Metabolic Engineering of Microalgae for Bioplastic Production

With a view of improvising the yield and productivity, many modifications at the 
genetic level controlling the genes and directing the carbon flux toward product 
formation are adopted. Many new tools like the clustered regularly interspaced short 
palindromic repeats (CRISPR-cas9), transcription activator-like effector nucleases 
(TALEN), and zinc finger nucleases are employed to bring out the necessary changes 
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directed toward product yield. Both nuclear and chloroplast transformation is pos-
sible with advanced techniques. The possibilities of genetic transformation in 
Chlamydomonas reinhardtii was shown for the first time by Rochaix and van 
dillewijn (1982) with the plasmid pYearg4. Since then, various studies are being 
carried out in enhancing the strain with added advantages. Besides the positive side, 
one major issue with the microalgal transgenic system is its genetic instability after 
modification. Stable growth in few strains of Chlamydomonas, Chlorella (Chow 
and Tung 1999), Porphyridium (Shapira et al. 2002), and Euglena could be observed 
with DNA transformation. Nevertheless, few strains show relatively stable nature 
making them amenable for modification and concurrent application.

PHB accumulation in Chlamydomonas reinhadtiicc-849 (cell wall deficient) 
transgenic cells was observed in the cytoplasm using acetyl co-A as the substrate. 
This transformation required two genes, phaB and phaC, for successful PHB accu-
mulation as confirmed by transmission electron microscopy (TEM) (Chaogang et al. 
2010). However, these cotransformants suffered low growth rate, which might be 
attributed to the presence of foreign gene. The bacterial enzymes from R.eutropha H16 
necessary for PHB synthesis (PhaA, PhaB, PhaC) were successfully expressed into 
the diatom Phaeodactylum tricornutum by Hempel et  al. (2010). The sequences 
were put under the control of a nitrate-inducible promoter that showed larger accu-
mulating granules in the cytosol when grown in nitrate- containing medium. PHB of 
about 10.6% of cell dry weight was obtained. The authors also claim a 100-fold 
increase in PHB levels as compared to the plant-based systems (Fig. 11.3).

The PHB production in cyanobacteria is well established through genetic engi-
neering approach. But the necessity of genome sequence, ease of genetic manipula-
tion, stability of transgenic strains, and their maintenance are still a challenge. The 
need for sophisticated conditions and proper maintenance will definitely add to the 
cost of the product. And in those strains wherein the techniques of synthetic biology 
worked, further improvement could be directed toward achieving higher CO2 con-
version, efficient light utilization, effortless harvesting, and smooth extraction of 
products. Additionally, the cost incurred with the supply of high-purity sugars in 
growing engineered algal cells becomes a hurdle for its commercialization. In order 
to have a successful market value, the marginal cost should be reduced, which in 
turn relies on the processing parameters.

3.2  Extraction of Polyhydroxyalkanoates

PHAs, being intracellular polymeric reserves, are to be extracted using specific sol-
vents. The techniques involved in the extraction process affect the polymer compo-
sition, their properties, and final purity. In general, the extraction involves biomass 
harvesting, cell disruption, polymer recovery, and its purification (da Silva et  al. 
2018). Extraction of PHAs is done by mechanical, chemical, or biological means of 
cell disruption followed by the use of organic solvents or supercritical fluids for the 
recovery of PHA (Fig. 11.4). Majority of PHA processing involves the usage of fos-
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sil fuel-derived organic solvents. In the chemical method for cell disruption, varying 
concentrations of sodium hypochlorite are employed. Treatment with sodium hypo-
chlorite allows the cell content to be let out while retaining the sticky biomass with 
polymer. Repeated washing with water or methanol and treating the residue with 
solvents like acetone facilitate PHA recovery. Martins et  al. (2014) followed the 
above protocol, obtaining polymer after drying in oven at 32 °C for 2 h. Yield is 
given as gram polymer obtained per gram of biomass. Purity is checked with FTIR 
analysis of both biomass and polymer content. FTIR analysis of biomass after 
extraction is done to verify the extraction efficiency of the solvent in getting the 
entire polymer from biomass.

Alternatively, Samrot et al. (2011) employed freeze-dried biomass for process-
ing. The freeze-dried biomass was treated with 15 ml chloroform and 30% sodium 
hypochlorite. With continuous agitation for 1 h at 37 °C followed by centrifugation, 
the polymer was extracted using chloroform:ethanol at 1:9 ratio following evapora-
tion. Using only methanol and chloroform, PHA was extracted as a translucent film. 

Fig. 11.3 Biopolymer accumulation pathway in microbial cell
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The harvested biomass was treated overnight with methanol. This treatment helped 
in removing the pigment molecules in case of cyanobacterial cells. The methanol 
was then evaporated at 60 °C and PHA is extracted with hot chloroform immedi-
ately precipitating into chilled methanol (Shrivastav et al. 2010).

PHA obtained through sequential steps is to be purified before using it as a raw 
material for thermoplastic production. Higher grade PHA without impurities 
increases the market value of the polymer. Applications in medical field require 
polymer of standard grade and high quality. Traditionally, organic solvents are used 
for purification purposes. This in turn adds to the cost of the purification process. It 
is estimated that around 50–165 L of solvents are required for treating 1 kg of poly-
mer. Alternative methods involve supercritical CO2 purification process, wherein 
pressurized CO2 is allowed to react with the polymer until equilibrium is reached. 
After which the treated polymer is recovered. The efficiency of this system could be 
increased by the addition of ethanol along with CO2. These methods are helpful in 
eliminating oils from PHBs (Daly et al. 2018).

3.3  Challenges in PHA Production and Recovery 
from Microalgae

The disadvantages in downstream processing of microalgal strains toward PHB pro-
duction have paved the way for using whole cell biomass in bioplastics. Rather than 
extracting PHB for bioplastics, algal biomass as blends and composites has proven 
to be commercially competitive. Producing large amount of biomass could be made 
sustainable by employing wastewater as a source of nutrients. Microalgal biomass 
growing on wastewater can be harvested, followed by PHA extraction and the 
resulting residual biomass can be used as composite for bioplastics.

In the process of PHA recovery and purification from algal biomass, great deal 
of organic solvents are utilised. These solvents will not find use through recycling 
or reuse due to the impurities present. With PHA recovery and purity, none of the 

Fig. 11.4 General process involved in Polyhydroxyalkanoate extraction from microalgal cells
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methods has proven tracks of 100% recovery or purity. New techniques involving 
fewer amount of solvent with larger partition coefficient between solvents should be 
developed. Facilities like supercritical fluid extraction should be experimented for 
large-scale production systems. By overcoming these shortcomings, PHA produc-
tion can be seen as cost-effective and environment friendly.

4  Production Technologies in Bioplastic from Microalgae 
and PHA

Polyhydroxyalkanoates are short-chain polymers that require other polymeric mate-
rials or fillers to enhance the mechanical and physical properties of the resulting 
product (Li et al. 2016). Before blending two components as copolymers, their com-
patibility should be checked. Polarity of the polymers, stability of the components 
(thermal and chemical), the solvent required during molding, and ease of flow are a 
few properties to be determined prior to selecting a production methodology. For 
PHA, a vast variety of techniques from simple film casting to extrusion molding are 
being tested.

4.1  Film Casting

Film casting is the basic production process that comes handy for laboratory-scale 
experiments. Basically the polymer of study is pretreated, dissolved in a suitable 
solvent system, and poured onto die or molds. Necessary curing time is provided for 
stable crystallization after which the polymeric casts are taken out. Film casting, as 
simple as they seem, requires careful study on the rheological properties of each 
components. The particle size, molecular weight, and uniform distribution in a solu-
tion are few properties relating to polymer. Polarity, optimum volatility, lesser phase 
separation, and resistance to vapor absorption from atmosphere are a few properties 
to be noted in choosing a suitable solvent system. For film casting, usually high 
molecular weight polymers with moderate volatile solvents are preferred (Siemann 
2005). Currently, the technology to even recover the used solvent after casting has 
been developed. The common solvent system used for dissolving PHA is chloro-
form (Godbole et al. 2003). Solubility of chloroform in PHA is well established. 
Usually the material formed through film casting exhibits isotropic nature. 
Pretreatment of the polymer to remove residual moisture is necessary before its dis-
solution with solvent. Thermal treatment is adopted to have a homogenously mixed 
solution. Following the casting, a controlled environment with constant humidity 
will aid in the development of a more uniform, flexible, and lesser crystallized film.

Solvent casting is the most common method to study the properties of polymer, 
its characterization, and for determining the mechanism behind drug release. 
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Akhtar et al. (1991) showed the relation between copolymer composition, its crys-
tallinity, and types of matrix formed during the processing on drug release pattern. 
Many different p(HB-HV) copolymers with varying HV composition were casted. 
Interestingly, copolymers with high hydroxyvalerate showed increased drug 
release when compared to neat PHB films. The processing temperature involved in 
solvent casting and the crystallization rate of the copolymers play a major role in 
trapping the drug.

4.2  Compression Molding

Compression molding is used with thermosets and thermoplastics. In compression 
molding, the material is casted into the desired shape at a specific temperature, usu-
ally 190 °F, and at a constant pressure. During the process, the material is either 
preheated to its melting temperature or poured into heated molds. Either way, the 
polymer is made to fill the molds following compression provided by constant pres-
sure for a period of time. After treatment, the material is cured and stripped off from 
the molds. This type of molding helps in attaining homogenous blend as the poly-
mers are preheated. It also provides enough tensile strength to the products. One 
major drawback in extending this technology for bioplastics is the pretreatment 
process involved. Involvement of high temperature denatures or degrades many 
heat-labile bioplastic polymers. This also restricts the usage of fillers that are unsta-
ble in higher temperature. When mass production is targeted, compression molding 
is the economical production technology. Influence of plasticizers in compression 
molding of PHA is shown by Requena et al. (2016).

Microalgal whole cells are also tested for compression molding. Zeller et  al. 
(2013) made thermomechanical molding of Spirulina and Chlorella with 57% and 
58% of protein content, respectively. The molding process includes treatment of 
samples under 150  °C for 20  min followed by cooling for 10  min. The relation 
between different plasticizers and microalgal cells is analyzed by determining their 
mechanical properties.

4.3  Injection Molding

Injection molding involves complete polymer melting before casting into shapes. This 
process involves the solidification of injected molten material inside the required 
molds. During molding process, the molten material is to be introduced into the molds. 
For this, the molds are made with runners and gates. During the curing process, the 
material present in the runners and gates also solidifies resulting in wastage. 
Thermoplastics can be reused through another cycle of melting and can be incorpo-
rated into next the molding cycle. The design complexity of the product and product 
quantity influence the economic value. To test the possibility of carbon dioxide fixation 
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inside a polymer, Spirulina and Nannochloropsis were injection molded into other 
thermoplastics. The mechanical properties of the blends varied based on the composi-
tion but proved competitive for packaging application (Shi et al. 2017).

4.4  Electro Spinning

Electrospinning refers to the production of fibers with nano- or microscale diameter. 
The polymeric solution dissolved in a suitable volatile solvent is drawn as fibers by 
applying voltage between the tip of the container and the collector plate. As the poly-
meric solution hits the collector plate, the solvent evaporates, solidifying the polymer 
as it deposits. This results in a nonwoven mat with controlled porosity and rigidity 
(Doshi and Reneker 1995). Electrospinning finds application in rigid packing, tissue 
engineering for scaffolds, drug delivery system, and wound healing patches. 
Electrospinning may be of either solvent spinning or melt spinning type. Electrospun 
fibers have a high surface-to-volume ratio. The ideality of any polymer to be adapted 
in electrospinning depends on various parameters like the solvent volatility, concen-
tration of polymers, surface tension, surface charge density, and viscosity.

The innate mechanical property of electrospun polymeric fiber is also influenced 
by the collection method used. With neat poly[(R)-3-hydroxybutyrate-co-(R)-3- 
hydroxyvalerate], electrospun fibers from counter electrode collector and rotating 
disk collector showed variations in their tensile properties. This is due to the molec-
ular alignment of polymers with fiber axis aiding in increasing the tensile strength 
and tensile modulus (Chan et al. 2009). With the increasing usage of electrospinning 
and polyhydroxyalkanoates, its application toward tissue engineering has increased. 
The possibility of PHA as biocompatible implants with other monomer composi-
tions and its effect in tissue compatibility are shown by Ying et al. (2008). The bio-
sorption of the subcutaneous scaffold increases in  vivo with their mechanical 
property mimicking the skin. The diameter of the electrospun fibers greatly affects 
the biosorption capability that depends on the molecular weight and the monomer 
composition. Researchers found that P(3HB-co-97mol%-4HB) contributes to mini-
mal fibrous encapsulation as the implant gets degraded with time (12 weeks) in vivo.

The percentage of polymer in the starting solution plays a major role in deter-
mining the thickness, porosity, diameter, and uniformity of fibers. As the polymer 
composition increases, thickening of fibers occurs due to slower evaporation of sol-
vent. Increasing the diameter increases the elasticity of the implants but reduces 
their tensile property. The applied voltage also has an effect on the mechanical prop-
erties and the morphology. When lowering the voltage, beaded fibers are formed; 
hence selection of optimum voltage becomes necessary (Volova et al. 2014).

PHA as a potential packaging material is well known. Improvement of packag-
ing material containing proteins like gluten is evaluated by Fabra et al. (2015). A 
three-layered film is developed to check for barrier properties. Incorporation of 
PHB and poly hydroxybutyrate-co-valerate copolymer (PHB3V—3% valerate con-
tent) on two sides of gluten is evaluated for oxygen and water barrier properties. 
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Water vapor barrier properties for PHB3V depended on the processing temperature 
used for three-layer assembly rather than the deposition time for fibers. The water 
vapor permeability and oxygen permeability values for PHB3V obtained are 3.14 
± 0.2e−11 kg m Pa−1 s−1 m−2 and 4.36 ± 0.05e−15 m3 m m−2 s−1 Pa−1, respectively. 
However, water barrier properties for PHB are directly dependent on the deposition 
time and on the layer thickness. The oxygen permeability of the material solely 
depends on the polymer type used.

The application of PHA films as anti-bacterial surface is studied by Kehail and 
Brigham (2018). They produced Electrospun poly(3-hydroxybutyrate-co-3- 
hydroxyhexanoate).

[P(HB-co—30 mol%HHx)] fibers; the functionalization of the surface is done 
through sodium chloride pretreatment. This functionalization could produce nega-
tively charged carboxylic acid, sufficient to have bonding with lysozyme. The fibers 
are then loaded with lysozyme by immersing the sheets in lysozyme overnight. This 
resulted in a maximum of 5.1  ±  0.8 μg of enzyme embedded onto Electrospun 
sheets. They exhibited about 42% inhibition on biofilm formation of Rhodococcus 
opacus PD630.

5  Patents and Intellectual Property Rights from Microalgal 
Bioplastic

Microalgal bioplastic is still under research, and very few companies have initiated 
to commercialize the product. Taking the economic burden of commercialization 
into consideration, both researchers as well as industrial research and development 
groups try out various strategies in making the process less currency-intensive. As a 
result, starting from feedstock development to product composition, every step 
could be patented or turned into a trade secret. With microalgal bioplastic, metaboli-
cally engineered strain could be patented while the process of obtaining biopolymer 
from cells could be an IPR right to a particular company. After obtaining the 
 biopolymer, the composition involved in thermoplastic manufacturing, its fine-tun-
ing, and its production process could also be patented (Fig. 11.5). 

Unique patent (Shi and James 2013—US 8,524,811 B2) on manufacturing of 
thermoplastic blends from algae deals with types of microalgae, maximum allow-
able algal content, and powdered microalgal particle size along with the mechanical 
property of the obtained polymer. The claim states that the plasticized algal polymer 
could be made from either a single type of Nannochloropsis, Spirulina and Chlorella 
or as compositions. And the melting temperature can range from 60 to 190 °C. In 
this patent, one specific aspect is that the blends from microalgal powder could have 
a particle size of only 115μ.

A patent by Lavoisier et al. (2017)—WO 2017/046356 Al, discussed the process 
development for incorporating micro and microalga powder with reduced protein 
content for bioplastic. This patent includes the claims from culturing the algae, its 
harvesting, and the unique process in reducing the protein content by treatment with 

D. Tharani and M. Ananthasubramanian



389

enzymes or citric acid or other chemicals. It also covers the method for getting the 
powdered form of algae and its subsequent incorporation as packaging films).

6  Commercialized Microalgal Bioplastic

Global bioplastic producers from algal source are limited. Need for more sustained 
process development, efficient cost-cutting technology, and reducing the cost 
involved with energy input may be stated as few reasons. Kimberly-Clark 
Corporation and Algix® are major players in microalgal bioplastic manufacturing. 
They use algae from natural habitat to be molded into products, 3D printed, or made 
into sheets. Many commercial materials are marketed under the brand name 
Solaplast (Solaplast Material data centre, 27th April, 2019). Algix® uses algae as 
flexible foam after proper preprocessing. This foam finds application from mats, 
backpacks to footwear and toys. Algix® along with 3D fuel has extended its market 
in producing more sustainable 3D filaments from algae. Solaplast (40% algae) has 
four different materials; three of which (Solaplast 2112, 1222, 1312) are made of 
food-grade algae and one (Solaplast 2020) with industrial algae. Of the four materi-
als, Solaplast 1222 and Solaplast 1312 are durable resins, while Solaplast 2112 and 
Solaplast 2020 are compostable resins (Table 11.2).

Fig. 11.5 Patenting options employing microalgal cells, bioplastic, and PHA
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7  Circular Bioeconomy for Sustainable Microalgal 
Bioplastic Production

Microalgae are proving their effectiveness to be used as alternatives for the nonre-
newable resource-derived products (Alam and Wang 2019). From fuels to polymers, 
feedstocks to medicinal applications, the multitude of microalgal biorefinery is con-
stantly expanding. The flexibility in their cultivation, utilization of waste as a source, 
and natural environmental conditions make them as excellent competitors to their 
bacterial counterparts. The major shortcoming of microalgal technology transfer is 
the capital cost endured during various downstream processing. This could also be 
reduced by adapting circular bioeconomy of microalgae. Right now, treatment and 
disposal of wastewaters are becoming more challenging. They could be used as low- 
cost substrates in developing a microalgal biorefinery. The biomass obtained could 
be considered equivalent to crude oil subjected to fractionation, gaining new prod-
ucts at each stage of distillation. On this basis, the cost in cultivating microalgae for 
different purpose would be reduced, marking the feasibility of biorefinery. Energy 
for biomass growth and harvesting would become a one-time investment. The 
extraction of different pigments, fatty acids, and lipid content will make the basis for 
further product refinement. The residual biomass from extraction could be used as a 
substrate for anaerobic digestion or can be used as fillers in bioplastic manufactur-
ing. Thermoplastic blends from direct microalgal biomass look competitive in their 
mechanical properties. In the case of biodiesel production from microalgae, the 
residual biomass after lipid extraction could be combined with the by-product, glyc-
erol, acting as a plasticizer for bioplastic production. The remaining glycerol could 
be adopted as a medium for biomass growth following necessary purification. This 
way each microalgal production stream could be closed, where the output of one 
process becomes the starting material for the other.

Table 11.2 Material properties of Solaplast from Algix®

Solaplast 
material Composition

Nature of the 
polymer

Tensile 
strength 
(MPa)

Tensile 
modulus 
(MPa)

Elongation 
(%)

Flexural 
strength 
(MPa)

2020 Industrial algae (40%)
Hyperbranched PLA 
(60%)

Compostable 
resin

28.7 1765 3.3 8280

2112 Food-grade algae 
(40%) + polybutylene 
adipate terephthalate 
(60%)

Compostable 
resin

5.9 145 24 1450

1222 Food-grade algae 
(40%) + copolymer PP 
(60%)

Durable resin 16.4 876 10.4 5390

1312 Food-grade algae 
(40%) + ethylene vinyl 
acetate (60%)

Durable resin 3.57 46.9 180 549
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Implementing a process with circular economy could be achieved easily where 
the side streams and applications of each compound is identified with its recycle 
ratio. The main challenge vests in converting a traditional processing step into a more 
sustainable one. In such a process, the raw materials are from renewable biological 
sources leading to sequential extraction of useful products along with reuse, thereby 
closing the loop. In these steps it is not only the process parameters or the product 
that is concentrated but the minimization of waste stream exiting the system is also 
checked. Maximum waste valorization with microalgal technology and minimal 
waste production in the process line marks the true circular bioeconomy (Fig. 11.6).

Microalgae, like other plants, can be cultivated on nonarable lands. In many 
countries with abundant natural solar energy, arable land—a direct requirement for 
feedstock development—is limited or underutilized. The Indian subcontinent being 
the second largest democracy has approximately 40% of nonarable land (The 
WorldBank Data, 15th April, 2019). In such a case, encouraging microalgal cultiva-
tion aids in improving the lifestyle and economy of people living in those countries. 
From getting high-value products to the bulk chemicals, algal biomass could also be 
used to address the reduced energy input slowly getting us at energy-neutral solu-

Fig. 11.6 A possible sustainable bioeconomic process in bioplastic production from microalgae
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tions. Through streamlining the carbon flux toward product formation, yield and 
productivity could be increased. Optimised downstream processing with compound 
separation at each stage would play a critical role in establishing a strong sustain-
able bioeconomy from microalgae in bioplastic production.

8  Conclusion and Future Perspective

Microalgae are promising feedstock as a renewable source. Simple cultivation with 
minimal nutrient requirements makes them an interesting raw material for fraction-
ating valuable products. High-value to low-value products could be obtained 
through customized downstream processing. Many a replacements for fossil fuel- 
derived produce are tried, but the major bottleneck lies in improving the biomass 
productivity and economic sustainability. The downstream processing established 
now at industrial scale could be made more sustainable by incorporating a circular 
economy with microalgal cultivation and processing. A thorough utilization of algal 
biomass through sequential valorization alone can make the microalgal technology 
a reality in the near future.
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Chapter 12
Microalgae as Biofertilizer in Modern 
Agriculture

Suolian Guo, Ping Wang, Xinlei Wang, Meng Zou, Chunxue Liu, 
and Jihong Hao

Abstract Microalgae are a kind of widespread photosynthetic organisms including 
eukaryotic green algae and prokaryotic blue algae. They have great potential to be 
used as biological resources in the fields of medicine, health products, feed, fuel and 
so on. These fascinating organisms can also be used in modern agriculture for their 
ability to enrich soil nutrients and enhance utilization of macro and micronutrients. 
In addition to improving soil fertility and quality, microalgae can also produce plant 
growth hormones, polysaccharides, antimicrobial compounds and other metabolites 
to promote plant growth. This section focuses on the effects of cyanobacteria and 
green algae as biofertilizers on improving fertility and quality of soil and promoting 
plant growth. Recent research developments and future prospects of their applica-
tion in modern agriculture are also discussed.

Keywords Microalgae · Soil fertility · Plant growth · Modern agriculture

1  Introduction

The application of chemical fertilizer plays an important role in ensuring high yield 
of food crops, and it also brings serious environmental and land pollution problems.

The excessive application of chemical fertilizer has resulted in a series of prob-
lems, such as serious imbalance of N, P and K ratio, soil hardening, salinization, 
nutrient reduction, groundwater pollution, which hinder the sustainable develop-
ment of modern agriculture. Therefore, how to reduce the amount of chemical 
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 fertilizer and find environmentally friendly alternatives is an important subject of 
current scientific research.

Biofertilizers are green, healthy and pollution-free, which are considered as the 
best substitute for chemical fertilizers. Many studies have shown that biofertilizers 
can effectively improve the utilization of nitrogen, phosphorus, potassium and other 
elements in soil, enhance the stress resistance of crops, improve the quality and 
yield of agricultural products, and significantly inhibit the toxicity of plant patho-
gens in soil.

Among the various kinds of biofertilizers, formulations based on photosynthetic 
organisms, including prokaryotic cyanobacteria and eukaryotic microalgae, have 
been paid much attention, owing to their excellent capacity of increasing soil fertil-
ity and crop yields. Heterocystous cyanobacteria contribute towards nutrient enrich-
ment by nitrogen fixation and mineralization, while non-heterocystous cyanobacteria 
and green algae mainly contribute towards nutrient fertilization through the release 
of insoluble or immobile nutrients in soil. Photosynthetic capacity of microalgae 
and their application in soil leads to carbon enrichment, which improves soil organic 
matter, promotes other mineralization processes and enhances the utilization of 
macro and micronutrients in soil and rhizosphere. In addition, microalgae can pro-
duce metabolites such as phytohormones, polysaccharides and so on, which can 
bring additional benefits to agricultural production. This fascinating group of organ-
isms can be applied in modern agriculture because it helps to improve nutrient avail-
ability, maintain soil organic carbon and fertility, and enhance plant growth and crop 
yield by stimulating soil microbial activity.

Therefore, in agronomic practice, the use of algae biofertilizer can completely or 
partially replace chemical fertilizer, reduce nutrient loss, protect agricultural soil 
fertility and meet the needs of sustainable development.

2  Microalgae as Biofertilizers Improving Soil Fertility 
and Quality

Chemical fertilizers contain a large number of ineffective components, which accu-
mulate in the soil after long-term use and form water-insoluble substances with 
metal ions in the soil, reducing soil fertility. Long-term use of chemical fertilizers 
results in unbalanced proportion of nitrogen, phosphorus and potassium in soil, 
decrease of nutrient composition, salinization, hardening, etc. Besides that, over- 
tillage and frequent use of heavy machinery change the structure of the soil, result-
ing in difficulties in water maintenance and nutrient mobilization.

Microalgae can not only fix CO2 and N2 by assimilation to increase soil fertility 
but also secrete EPS and form symbiotic system to improve soil structure. Different 
traits pertinent to cyanobacteria and green microalgae that make them promising 
biofertilizing options in modern agriculture are discussed in the following sections.
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2.1  Increase in Soil Fertility

2.1.1  Carbon Sequestration

Carbon dioxide (CO2) is the major contributor (68%) in greenhouse gases (GHGs) 
emission. The use of chemical fertilizers has increased greenhouse gas emissions in 
many ways, such as extraction of raw materials, production process, transportation 
and mechanized fertilization, all of which have increased carbon dioxide emissions. 
GHGs are also emitted from the soil in the form of CO2 and NO2 when chemical 
fertilizers are applied.

Cyanobacteria and green microalgae are important sources of organic matter in 
the agro-ecosystem, as they are directly involved in the assimilation of atmospheric 
carbon dioxide into the organic algal biomass through photosynthesis. As the pri-
mary producers, algae are responsible for 50% of the total photosynthesis on the 
earth. The algal assimilation of carbon dioxide can significantly raise the soil 
organic carbon content. Besides that, algae can increase the organic carbon pool in 
soil through the algal excretion of carbon (exopolysaccharides), and promote the 
growth of other microflora and fauna. Their remains can be degraded by algae to 
further fortify the soil organic content. Reports on the inoculation of green algae and 
cyanobacteria in various crops showed enhancement in the microbial activity, 
microbial biomass and overall organic carbon of soil. The pot experiment conducted 
by Yilmaz and Sönmez was to evaluate the potential of different biofertilizers on 
soil organic carbon. Results showed that compared to the control treatments, the 
algal biofertilizer soil amendments significantly increased soil organic carbon.

2.1.2  Nitrogen Fixation

Besides carbon, nitrogen is the most important nutrient in biomass production. 
Nitrogen content of biomass ranged from 1% to 10%, according to the population. 
The typical reaction of nitrogen deficiency is cell discoloration (chlorophyll reduc-
tion, humus increase) and accumulation of organic carbons such as polysaccharides 
and some oils (PUFA). Biological nitrogen fixation refers to the process in which 
nitrogen in the atmosphere can be converted into ammonia by nitrogen-fixing 
microorganisms. In relation to little soluble inorganic ammonium salt in the earth’s 
crust, biological nitrogen fixation plays an extremely important role in maintaining 
the nitrogen cycle in nature. Almost all living beings rely on the organic nitrogen 
fixed by organisms. However, biological nitrogen fixation occurs only through a few 
special microorganisms such as bacteria and algae, which have the particular nitro-
genase system in their bodies. The research and utilization of nitrogen-fixing organ-
isms can open up a source of fertilizer for agriculture and is of great significance in 
maintaining and improving soil fertility.

Cyanobacteria have specialized cells called heterocysts, which are capable of 
fixing atmospheric N and thereby catering to the demands of soil micro- and 
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 macrofauna and flora and plants. Various studies have shown that the soil nitrogen 
content of agricultural crops inoculated with cyanobacteria or cyanobacteria con-
sortium increased significantly. Cyanobacteria inoculation can save 25–40% of 
chemical nitrogen fertilizer. Perera proved that inoculating filamentous nitrogen-
fixing cyanobacteria to rice crops could reduce the amount of fertilizer by 50%, and 
the grain yield and quality were not affected. The application of nitrogen fixation by 
Isosporic cyanobacteria in paddy fields is not new, but recent reports have broad-
ened the scope of application in a variety of vegetables, cotton and food crops.

Swarnalakshmi et al. (2013) showed that the inoculation of Anabaena sp. biofilm 
in wheat crop increases soil N content to 57.42% and 40%, compared to 50% and 
100% doses of chemical fertilizer control group, respectively. Similarly, Osman 
et al. (2010) evaluated the potential of two cyanobacteria, Nostoc entophytum and 
Oscillatoria augustissima, as biofertilizers for pea plant. Their research showed that 
the cyanobacterial inoculation reduces 50% use of chemical fertilizer and improves 
the nutritional value of pea seeds. The use of cyanobacterial biofertilizer not only 
reduces the use of chemical fertilizers but also increased the crop yields of rice and 
various other crops. Jha and Prasad (2006) showed that the inoculation of N-fixing 
cyanobacterial strains in rice fields increased the straw and grain yield to a signifi-
cant extent, and saved 25% N of chemical fertilizer. In another study, Singh and 
Datta (2007) reported that inoculation of N-fixing Anabaena variabilis enhanced 
the plant growth and yield of rice compared to the field application of chemical 
fertilizers. There could be environmental concern on leaching of excessive N that is 
biologically fixed in the soil; however, the extent could be very low compared to that 
caused by the use of chemical fertilizers. Most of the fixed nitrogen is in complex 
chemical forms. Leaching may occur due to erosion of soil caused by natural calam-
ities like heavy rainfall. However, exopolysaccharide producing cyanobacteria form 
biological soil crusts and prevent the leaching of soil nitrogen. Overall, cyanobacte-
rial inoculation can provide 25–40 kg N/ha and save the cost of fertilizers for the 
farming community significantly, and also reduce the enviromental pollution by 
preventing the leakage of biofertilizer nutrient from farmland.

2.1.3  Mineralization and Solubilization of Nutrients

In addition to the primary contribution of algae to soil organic matter, algae also 
play a role in the mineralization and solubilization of macro- and micronutrients in 
soil, which are important for plant growth. Algae, mainly cyanobacteria, are also 
reported to mineralize compounds by the production of organic acids or 
siderophore.

Organic acids including humic acid play an important role in mineral weather-
ing. Cyanobacteria can secrete humic-like substances, which are of great impor-
tance to agriculture. It is reported that the exopolysaccharides secreted by the 
cyanobacterium Microcystis aeruginosa act as biological pumps and facilitate bio-
absorption of phenanthrene. Yandigeri found that the cyanobacteria Westiellopsis 
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prolifica and Anabaena variabilis could solubilize the insoluble tricalcium phos-
phate and Mussorie rock phosphate efficiently.

Siderophores are organic compounds produced by microbes, which are helpful 
to chelate ferric iron under iron deficiency, and make them available to microorgan-
isms and plants. Cyanobacteria such as Anabaena flos-aquae, Anabaena cylindrica 
and Anabaena spp., have the ability to synthesize siderophores to chelate Fe, Cu and 
other trace elements. Several reports showed that the combined action of cyanobac-
teria, green algae and bacteria could increase the content of trace elements such as 
Fe, Mn, Cu and Zn in plants, which is of great significance to the growth of crops 
such as grain. However, the transport mechanisms from soil to rhizosphere and to 
aboveground parts of plants remain to be further studied.

2.2  Promotion of Soil Quality

2.2.1  Improvement of Soil Structure

Soil is eroded by physical forces such as water, wind and agricultural activities, 
which affect the fertility and productivity of agricultural soil. It is reported that 
many green algae and cyanobacteria can secrete EPS to the surrounding environ-
ment. EPS can not only increase soil organic carbon but also prevent soil erosion 
and improve soil structure. EPS produced by green algae and cyanobacteria is so 
adhesive, that it can help to aggregate soil particles providing the minimum pore 
size required for crop growth and root penetration.

Another aspect of maintaining soil structure is that the stable soil aggregates 
formed can resist rainfall and water flow to a certain extent. Malam Issa et al. (2007) 
showed that after 6 weeks of inoculation, the organic mineral soil aggregates con-
sisting of filaments and EPS were formed, and the stability of the aggregates was 
enhanced compared with the control. Recent studies have shown that green algae 
can also improve soil structure and aggregate stability. Yilmaz and Sönmez (2017) 
studied the effects of different biofertilizers on the stability of soil aggregates. The 
results showed that the stability of soil microaggregates (0.25–0.050  mm) was 
improved by inoculating Chlorella alone or in combination with vermiculite, com-
pared with the control treatments with and without chemical fertilizer application.

Cyanobacteria facilitate an increase in the start time of soil runoff and reduce soil 
erosion. The effect of cyanobacteria such as Nostoc, Oscillatoria and Lyngbya on 
run off prevalence in degraded soil under laboratory conditions was studied by 
Sadeghi et  al. (2017). The results showed that the beginning time of soil runoff 
increased by 38.2–168.8% when cyanobacteria were inoculated into degraded soil. 
In another study, Kheirfam et al. (2017). showed that soil loss decreased by 99% 
after 60 days inoculated with cyanobacteria.
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2.2.2  Reclamation of Wasteland

Green microalgae and cyanobacteria are ubiquitous organisms that can tolerate 
extreme environmental conditions. Their ability to survive in the drought, salt 
affected areas and oil- and metal-contaminated areas makes it possible to reclaim 
these wastelands. Trejo (2012) studied the potential of immobilized beads of 
Chlorella aeruginosa and Spirillum Azotobacter from three-stage sewage treatment 
for desert eroded soil reclamation. The results showed that three consecutive appli-
cations of microalgae–bacterium consortium could significantly increase soil 
organic matter, organic carbon and microbial biomass carbon. According to Acea 
(2003), the application of Oscillators, Candida and Filaria contributes to the recov-
ery of heat-damaged soil. It has been proved that the inoculation of cyanobacteria is 
helpful to the recovery of microbial crust in heated soil (350 °C), due to the increase 
in number of nitrate and nitrite producers, with the increase in starch and cellulose 
mineralized microorganisms. Abed (2010) reported that cyanobacteria and bacteria 
have a unique relationship in the repairing of oil-contaminated areas, and they sup-
port their mutual growth. A study by Chaillan et al. (2006) also showed that cyano-
bacteria may not directly involve in the degradation of petroleum products, and their 
interaction with other related microorganisms can improve their activity of remedia-
tion and restore fertility in oil and oil-contaminated areas. Subhashini and Kaushik 
(1981) studied the possibility of using cyanobacteria to improve saline soil. It has 
been reported that cyanobacteria can trap excessive sodium ions into EPS matrix 
and limit the absorption of sodium ions by plants. However, with the degradation of 
cyanobacteria biofilm, sodium ions are released back into the environment. This 
cultivation method will not affect the effective use of nutrients by crops in saline 
environment.

Cyanobacteria and green microalgae have good removal ability of heavy metals 
and have been applied in metal-contaminated sites. The potential of nitrogen-fixing 
cyanobacteria in improving field application of fly ash was studied. After inoculat-
ing cyanobacteria with fly ash, the content of nitrogen and phosphorus in fly ash 
increased and the content of heavy metals decreased. Tripathi’s research (Tripathi 
et al. 2008) shows that using cyanobacteria as biofertilizer in mixed fly ash soil can 
improve the stress ability of rice crops to fly ash. They reported that cyanobacteria 
inoculated with fly ash (under high metal pollution) prevented plants from accumu-
lating heavy metals and promoted plant growth. Therefore, cyanobacteria can be 
used as effective inoculants and biofertilizers in metal-contaminated sites.

3  Microalgae as Biofertilizers Promoting Plant Growth

Microalgae also have important applications in promoting plant growth. It can 
directly secrete plant-derived hormones such as growth hormone and cytokinin to 
stimulate crop growth. Microalgae can also induce the immune system of plants by 
producing antibiotics and improve their disease resistance. In addition, microalgae 
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can improve the root microbial system of crops and promote crop growth together 
with other microorganisms.

3.1  Production of Plant Growth Hormones

Phytohormones play an important role in plant growth and development. External 
supplementation of phytohormones (synthetic or natural) in agriculture has become a 
method to increase crop productivity and yields and to control weed. However, the 
potential risk of their leakage to adjacent areas and water bodies is of great environ-
mental concern. Many strains of green microalgae and cyanobacteria can produce 
intracellular hormones, and some strains can even secrete hormones to growth media 
and surrounding environment. Growth hormones such as auxin, cytokinin and jas-
monic acid produced by algae can be used as agricultural biological stimulants. At 
present, there are reports on the use of cyanobacterial hormones for in vitro regenera-
tion of valuable plants and as plant growth promoters for useful crops. The androgen 
response of anther culture and maize regeneration was enhanced by the inoculation of 
green algae and cyanobacteria. The growth hormone extracted from cyanobacteria 
could promote the germination and growth of rice seedlings. Hussein and Hassner 
studied the effects of hormones secreted by cyanobacteria on plant growth under ster-
ile and field conditions. The results showed that cyanobacterial hormone levels (cyto-
kinin and auxin) were positively correlated with plant growth parameters (such as 
stem length, root length, spike length and seed weight). The increase of hormone 
levels in plants is due to the interaction between cyanobacteria and plant roots. Mazhar 
et al. (2013) found that the levels of endogenous and exogenous auxins increased in 
the cyanobacteria–wheat symbiotic system, indicating the signal transduction between 
plants and cyanobacteria. Therefore, the use of potential phytohormone-excreting 
cyanobacterial strains as biofertilizers in agricultural practice can be an environmen-
tally friendly way to promote plant growth. However, there are few studies on field 
scale evaluation of algae hormone application, which need further exploration.

3.2  Elicitation of Plant Defense Mechanisms

It is reported that cyanobateria can regulate plant defense mechanisms by activing 
of β-1,3 endoglucanase. chitinase, catalase, peroxidase, polyphenol oxidase, phe-
nylalanine ammonia lyase, etc., to active the antioxidant and pathogenic mecha-
nisms. Priya et al. (2015) showed that inoculation with cyanobacteria significantly 
increased the activities of immune-related enzymes such as peroxidase, polyphenol 
oxidase and phenylalanine ammonia-lyase in rice roots and stems. Kumar et  al. 
(2013) pointed out that the inoculation of cyanobacteria significantly enhanced the 
activity of β-1,3-endoglucanase in root and shoot of seed spice crops. Babu et al. 
(2015) studied the effect of inoculating different cyanobacteria (Anabaena laxa 
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RPAN8, Calothrix sp. and Anabaena sp. CW2) on the activity of defense enzymes 
in wheat plant. Different cyanobacteria help to improve plant immunity. The activi-
ties of peroxidase, polyphenol oxidase and phenylalanine ammonia lyase were sig-
nificantly increased with high sugar (mannose) treatment.

Results have shown that plant microalgae/cyanobacteria interactions directly and 
indirectly contribute to the improvement of plant immunity and the robustness to 
abiotic and biological stresses. However, the practical mechanism of algae–plant 
interaction in improving defense enzyme activity and immunity still needs to be stud-
ied comprehensively, by exploring the various beneficial aspects of different green 
algae and cyanobacteria for their use as biofertilizer. Then, microalgae species with 
multiple agricultural values can be used as bio-options for sustainable agriculture.

3.3  Colonization of Plant Tissues

Cyanobacteria inoculation regulates rhizosphere microbial community, resulting in 
changes in microbial community structure and quantity. It has been reported that 
cyanobacteria can form symbiotic relationships with algae, fungi, gymnosperms, 
ferns and vascular plants. Krings et al. (2009) studies have shown that cyanobacteria 
can enter through stomata and colonize in stomatal cavity, intercellular space, paren-
chyma cells and arbuscular mycorrhizal zone, forming loops or intracellular coils. 
Karthikeyan (2009) observed the short cyanobacterial filaments in root hairs and cor-
tical areas in wheat seed imbibition test. Through scanning electron microscopy and 
DNA fingerprint analysis, it was found that cyanobacteria colonized different parts of 
wheat. Cyanobacteria inoculation promoted growth and enhanced nitrogen fixation 
ability, and enhanced plant defense ability by inducing IAA production, with improv-
ing plant growth and nutritional status. Priya et al. (2015) reported that Elenkinii was 
able to colonize rice roots and stems and stimulate microbial populations of nitrogen 
and phosphorus-solubilizing microorganisms in the colonized sites. Cyanobacteria 
agent improved the symbiosis of chickpea, made beneficial changes in rhizosphere 
soil and rhizobium microbial community profile, and then improved crop growth and 
soil fertility. A thorough study of the diversity of cyanobacteria and the interaction 
between partners in symbiotic combinations, especially with important agricultural 
plants, will be conducive to the sustainable development of agriculture.

4  Microalgae as Biofertilizers Controlling Disease and Pest

In agricultural practice, the use of chemical fungicides to control pests and diseases 
is harmful to the sustainability of agricultural ecosystems. It is an urgent need to 
explore sustainable alternatives for pathogens control. Utilization of biological 
options represents an effective environmental strategy to control soil-borne patho-
gens. The most common microorganisms for biological control are bacteria and 
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fungi. In the last decades, microalgae, mainly cyanobacteria, have also been recog-
nized as the potential biocontrol for pathogens and pests. In addition to reducing the 
use of chemicals harmful to the environment, cyanobacteria also provide additional 
benefits of increased nutrition, thereby improving plant disease resistance and 
enhancing crop yields.

4.1  Disease Control

It is reported that cyanobacteria could produce a large number of antimicrobial 
compounds, including hydrolase, ambigol A benzoic acid, carbamidocyclophane A 
and majusculonic acid. These antimicrobial compounds inhibit or kill pathogenic 
bacteria, fungi or nematodes or other microbial groups/fauna by modifying and 
destroying the structure and function of cytoplasmic membranes, inactivating 
enzymes and inhibiting protein synthesis in targeted organisms. Algae extracts con-
tain bioactive substances including polyphenols, tocopherols, as well as antimicro-
bial pigments, which are helpful for the prevention and control of soil-borne 
diseases. Some compounds in cyanobacteria are found to exhibit biological control/
insecticidal/insecticidal properties, such as benzoic acid from Calothrix sp., 
chlorine- containing antibiotics from Scytonema and majusculamide-like compound 
from Anabaena laxa, by inducing the activity of plant defense enzymes. Extracts 
from cyanobacteria Anabaena spp. and Oscillatoria spp. presented antibiotic activ-
ity against Bacillus subtilis, Micrococcus flavus and Staphylococcus aureus.

Cyanobacteria can directly or indirectly inhibit cotton root rot by promoting ben-
eficial changes in rhizosphere microbial communities. The antifungal activities of 
Oscillator, Anabaena, Nostoc, Nodularia and Calotrix against Alternaria alternate, 
Botrytis cinerea, Rhizopus stolonifera varied with temperature, and reached the 
highest at 35 °C. It is showed that extracts from cyanobacteria Nodularia harveyana 
and Nostoc insulare anti-cyanobacterial, have antibacterial (Staphylococcus aureus, 
Bacillus cereus) and antifungal (Candida albicans) activities. Some cyanobacterial 
strains such as Anabaena spp. have a dual role in bio-control of plant pathogens and 
bio- stimulation of plant. Chaudhary et al. (2012) compared the effects of formula-
tions based on Anabaena variabilis and A. oscillarioides on disease resistance of 
tomato seedlings and their biological fertility. The disease severity of tomato seed-
lings was reduced by 10–15% and plant growth was significantly increased by using 
the variant of Anabaena preparation. Singh and Datta (2007) found that in addition 
to increasing crop yields and soil fertility in paddy fields, the variant Anabaena had 
herbicide resistance.

Cyanobacteria are also involved in the production of cyanotoxins that can have 
direct negative effect on humans and animals. There have been reports about the 
ability of plants, including food crops, to accumulate cyanobacterial toxins. 
Therefore, strict biological control of cyanobacterial toxins and their effects on dif-
ferent model animals is needed. Therefore, critical verification of cyanobacterial 
toxins and their effect on different model animal systems is essential. An Issa (1999) 

12 Microalgae as Biofertilizer in Modern Agriculture



406

study reported that the metabolites produced by cyanobacteria Oscillatoria angus-
tissima and Calothrix parietina had antimicrobial activity against some cyanobacte-
rial and bacterial strains, but did not affect model mice. However, more studies are 
needed to study the functions of cyanobacterial antibiotics and their indirect effects 
on micro- and macroflora and fauna of aquatic and terrestrial environments.

4.2  Pest Control

It is reported that cyanobacteria-dominated microalgae can also reduce the number 
of plant pests such as nematodes by producing peptide toxins and nematocides. 
Khan et al. (2005) found that inoculating cyanobacterium Microcystis cyanobacte-
ria in soil could not only increase tomato yield but also reduce the number of nema-
todes and the formation of eggs in tomato crops. Khan showed that tomato seedlings 
soaked in M. vaginalis culture filtrate reduced the population of rhizobium and 
nematode by 65.9% and 97.5%, respectively. The cyanobacterium Oscillatoria 
chlorina is also found to have nematicidal activity against Meloidogyne incognita. 
Compared with untreated soil, the formula of 1% Oscillatoria chlorina powder in 
soil reduced the number of eggs and nematodes by 68.9% and 97.6%, respectively. 
The effect of inoculating cyanobacteria before plant seedling is better in nemato-
cidal activity and promoting plant growth. Youssef and Ali compared the nemati-
cidal activity of Anabaena oryzae, Nostoc calcicola and Spirulina sp. against 
Meloidogyne incognita infecting cowpea plants. Among these microalgae N. calci-
cola is the most effective, reducing the formation of eggs and nodules and increas-
ing plant productivity. Chandel’s study showed that the culture filtrate of Aulosira 
fertilissima could inhibit the hatching of root-knot nematode Meloidogyne triticory-
zae. Peptide toxins extracted from cyanobacterium MKU 106 showed insecticidal 
activity against Helicoverpa armigera at a concentration of 0.01%. Cyanotoxin can 
be used as an anti-feed compound for style larvae when applied to cotton leaves at 
a concentration of 0.1%. Studies have shown that compared to organic fertilizer 
treatment, the number of mosquito larvae in the field is higher when chemical fertil-
izer (urea) is applied. However, inoculating cyanobacteria as biofertilizer increased 
grain yield without increasing mosquito population. Biondi et al. 2004 reported that 
the methanolic extracts of the cyanobacterium Nostoc strain ATCC 53789 have 
nematicidal activity (against Caenorhabditis elegans), antifungal activity (against 
Armillaria sp., Penicillium expansum, Phytophthora cambivora, Rhizoctonia solani, 
Rosellinia sp., Sclerotinia sclerotiorum and Verticillium albo-atrum), insecticidal 
activity (against Helicoverpa armigera), herbicidal property (against some grasses) 
and cytotoxicity (against Artemia salina). Therefore, it is necessary to determine 
and formulate suitable strategies for microalgae/cyanobacteria fertilizers imple-
mentation in order to prevent toxicity to non-target organisms and successfully 
apply them into conventional agronomic practices.
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5  Economics of Microalgae Fertilizer

The environmental and economic feasibility of algae fertilizer is questioned because 
it requires a large amount of water and nutrients for its growth. Therefore, the com-
bination of microalgae biofertilizer production with non-drinking water sources, 
low-cost nutrient sources or value chains and by-products of the production tech-
nologies seems to be a feasible trend in the future.

5.1  Integration of Microalgal Cultivation and Nutrient 
Recycling in Wastewaters

Due to the large requirements of chemical nutrients for microalgal growth, it is not 
economically feasible for low-value products such as biofuels and biofertilizers to 
cultivate microalgae on an industrial scale. This challenge can be met by using inex-
pensive sources of nutrients. Using different types of wastewater as nutrient source 
to cultivate microalgae can not only treat wastewater but also produce microalgae 
biomass at the same time, which has broad application prospects. Generally speak-
ing, wastewater contains abundant organic and inorganic nutrients such as C, N and 
P, which can be effectively utilized by microalgae. Phosphorus is a non-renewable 
resource, which is rich in wastewater. It is very important to recycle this nutrient. 
Microalgae can be used to accumulate phosphorus from wastewater and then be 
used as biofertilizer. Microalgae were successfully cultivated from pig farm waste-
water, aquaculture wastewater, soybean processing wastewater, potato processing 
wastewater, carpet factory wastewater and domestic wastewater.

Solid waste can also be used as a nutrient source for microalgae culture. 
Agricultural activities and other agricultural industries produce a large amount of 
solid waste. In recent years, it has been found that various solid wastes, such as food 
wastes, poultry manure and dairy wastes, have also been studied for the cultivation 
of microalgae. Microalgae culture using nutrients from anaerobic-digested agricul-
tural wastes (such as agricultural wastes, cow dung) is also an emergency choice. 
Microalgae cultured from these wastes can be used as biofertilizer. Cabanelas 
reported that Chlorella cultured in different types of wastewater could be used as 
biofertilizer. Renuka et al. (2016) found that the formulations of microalgae  cultured 
in wastewater as biofertilizer could improve yield and nutritional characteristics of 
wheat and grain. Similarly, Wuang et  al. (2016) cultivated Spirulina filamentosa 
using aquaculture wastewater, subsequently the biomass was used as biofertilizer 
for leaf vegetables Arugula (Erucasativa), Bayam Red (Ameranthusgangeticus) and 
Pak Choy (Brassica rapa ssp. chinensis). Compared to chemical fertilizer (Triple-
Pro 15-15-15), the iron (Fe), magnesium (Mg), calcium (Ca) and zinc (Zn) content 
of algae biomass was higher. These trace elements (iron, magnesium, calcium, zinc) 
play an important physiological role in plant growth. Therefore, these wastewaters 
can be used as a nutrient source of microalgae biomass. Agricultural wastewater 
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may contain pesticides, pharmaceutical compounds and other substances that may 
affect the growth of algae. Therefore, as the growth matrix of microalgae, different 
wastewaters need to be thoroughly evaluated to meetthe quality requirements of 
microalgae as different products such as food, feed, biological fertilizer and so on.

5.2  Microalgae Residue of Value-Added Products 
as Biofertilizer

Cyanobacteria and microalgae are widely used as important sources of commercial-
ized biomolecules (lipids, carbohydrates and proteins) and bioactive compounds. 
The remaining algae biomass after extraction of interesting compounds is usually 
rich in essential macro-and microelements, which can be used as feedstocks for 
other applications such as protein source and biofertilizer. Different studies have 
shown that lipid biomass extracted from algae is rich in nutrients and can be used as 
a nutrient source in agriculture. In Zhu’s research (2013), it was found that the algae 
biomass extracted from oil contained abundant C (49.0%), H (6.96%), N (5.76%) 
and O (26.3%) with energy value of 22.9 MJ kg−1. Similarly, Ehimen et al. (2011) 
showed that lipid-extracted biomass of Chlorella sp. contained 44.7–47.4% of C, 
7.05–7.46% of H, 9.39–10.13% of N and 34.57–36.22% of O. Maurya et al. studied 
the effect of lipid-extracted microalgae biomass on corn biofertilizer. Their research 
shows that the use of algae biomass extracted from oil as fertilizer in corn crops not 
only reduces the use of chemical fertilizers but also improves the productivity of 
crops. Another sustainable approach is to use anaerobic digestion of algae wastes to 
generate biomethane and biohydrogen for additional benefits. Recently, Solé-Bundó 
et al. (2017) found that digestate from the untreated microalgae and anaerobically 
co-digested microalgae biomass in primary sludge was rich in organic matter and 
nutrients, which can be used for agricultural soil improvement. The application of 
co-digestive algae biomass studies on Lepidium sativum in vivo showed that plant 
growth stimulation and minimum phytotoxicity. The contents of E. coli and heavy 
metal were lower than European legislative standards. In agricultural practice, using 
algae waste as biological fertilizer is an economical and effective method to utilize 
algae biomass.

6  Prospect of Microalgae as Fertilizer in Agriculture

As a fertilizer, it needs a lot of nutrients to meet the needs of commercial agricul-
ture. To provide these nutrients in the form of microalgae biofertilizer a large 
amount of microalgae biomass is required. The nitrogen in anhydrous ammonia of 
chemical fertilizer reaches up to 82%, while nitrogen (N) in the microalgae biomass 
is about 1–10%. Therefore, it can be assumed that microalgae need about 15 times 
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as much material to achieve similar fertilization levels. According to Plastina (2017), 
if 186  lbs. ac−1 or 208 kg ha−1 of nitrogen is recommended for corn production, 
1.4 tons ac−1 or 3.1 tons ha−1 of microalgae biomass is needed to achieve a similar 
level of benefit. In this regard, using in vivo culture as inoculant is a possible solu-
tion to this problem. This requires only small amounts of cultured algae as inocu-
lant, and the growth of microalgae and cyanobacteria provides nutrients and valuable 
compounds for crops in a continuous manner.

The use of living microalgae and cyanobacterial-based inoculants is beneficial, 
because they provide the benefits of continuous nutrient sequestration throughout 
the phases of plant growth, as well as preventing soil erosion, nutrient leaching and 
maintaining soil structure and fertility. It is well known that the use of cyanobacteria 
as growth cells can save 25–75% of nitrogen fertilizer in addition to providing other 
essential elements (macronutrients and micronutrients) and metabolites useful for 
plant growth. Moreover, microalgae biomass also contains 40–60% carbon, 1–4% 
phosphorus and other essential elements. The most important beneficial attribute of 
microalgae biofertilizer is the improvement of soil organic carbon, which cannot be 
achieved by chemical fertilizer.

In recent years, great progress has been made in the commercial utilization of 
algae as biofertilizer. Algae biofertilizer products are in-market, ensuring their 
effectiveness in improving plant productivity and soil fertility. Delmont Fresh 
Agricultural Products Company conducted field trails on algae biofertilizer in 
Arizona’s pristine desert. The algae fertilization was helpful for the reclamation of 
abandoned wasteland, reduced fossil inputs and increased crop yield.

There is a growing awareness of the use of algae biofertilizers and their benefits. 
The market potential of algae biofertilizers is enormous, but the challenges associ-
ated with commercialization need to be addressed through extensive field surveys 
and cost-effectiveness development for fertilizer production technology.

7  Conclusions

Recent advances have shown that the utilization of consortia/biofilm of green algae 
and cyanobacteria with different beneficial microorganisms as biofertilizer in agri-
culture is promising. In addition to being used as a nutritional supplement, algal 
biofertilizers also bring other benefits such as biocontrolling plant pathogens, reduc-
ing the use of chemicals and slumping greenhouse gas emissions. However, the 
success of algae fertilizer depends largely on the economic feasibility of biomass 
production. Utilization of waste substrates for the cultivation of algal fertilizers is an 
economical and feasible strategy with other environmental benefits. Whereas, prac-
tical waste-related issues still need in-depth study and field assessment.

In order to further understand algae biofertilizer and promote its commercializa-
tion process, we should focus on the mechanism of algae fertilizer, the accumula-
tion of algae bio-active molecules and their effects on plant growth, biological 
system and soil structure. The use of modern molecular tools, such as genomics and 
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proteomics, provides a new technical means to elucidate the mechanism of bio- 
alliance and plant synergy, which could be helpful to further verify the efficacy of 
algae biofertilizer and its commercial application.
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Chapter 13
Microalgae Biomass Production: 
An Overview of Dynamic Operational 
Methods

Gul Muhammad, Md. Asraful Alam, Wenlong Xiong, Yongkun Lv, 
and Jing-Liang Xu

Abstract Microalgae biomass is a promising and sustainable feedstock with wide 
range of applications for biofuel, cosmetics, pharmaceutical, functional foods, aqua-
culture, and nutraceutical. The production scheme for microalgae products com-
prises several stages of processing. It starts with microalgal strain development and 
cultivation, followed by microalgal biomass harvesting or separation from the cul-
ture media and consequent thickening, dewatering, drying, and target product extrac-
tion. Efficient and cost-effective harvesting and drying approaches severely affect 
the overall energy consumption and production cost of microalgal-based products in 
a large scale. There are plenty of reviews and research articles available on various 
cultures and harvesting technologies of microalgae biomass generation. However 
very few articles are available on the drying and storage methods of biomass. Thus, 
in this chapter we provide a short overview of strain selection, cultivation, and har-
vesting, with additional importance in drying and storage advancement along with 
the advantages and disadvantages of various methods documented till now.

Keywords Microalgae · Biomass · High-moisture · Drying · Storage condition · 
Stabilization

1  Introduction

Microalgae are microscopic photosynthetic organisms that synthesize different 
organic substances like lipids, carbohydrates, protein, and vitamins through carbon 
fixation. Due to the wide range of applications such as biofuel, cosmetics, 
 pharmaceutical, functional foods, aquaculture, and nutraceutical, microalgae gained 
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more attention at industrial and academic scale (Choi et al. 2019). One of the major 
challenges to the development of economical microalgal industry is the variability 
in microalgal biomass productivity year-round due to seasonal variations in tem-
perature and insolation. The cultivation can be performed in closed photobioreac-
tors or in open raceway ponds (Yew et al. 2019). Culture conditions like temperature, 
nutrients, light intensity, and pH need to optimized to stimulate the accumulation of 
valuable compounds in the cells. Microalgae biomass harvesting is a costly process 
as microalgae cells are tiny in size and contain much water in the culture system. 
However numerous research works have been carried out in the last few years on lab 
scale those need to optimize in pilot scale (Alam et al. 2017). Harvesting methods 
for microalgae include sedimentation, flotation, filtration, flocculation, and centrifu-
gation, which are applied in either a single or a combined process. However, there 
is no all-purpose harvesting technique that could treat all types of microalgae sus-
pensions, considering both energy consumption and cost. Harvested biomass con-
tains high moisture and it leads to the damage of the quality of biomass slurry in 
room temperature within a few hours. Thus upon harvesting, it is necessary to dry 
the biomass immediately to make it stable and storable for further use. Different 
methods are applied like solar, oven, microwave, spray, freeze, cross flow air- drying, 
and incinerator. In this chapter we provide a short overview of microalgae, from 
strain collection to biomass generation and subsequently drying and storage.

2  Strain Selection

Microalgae are diversified high photosynthetic organisms mostly found in fresh or 
marine water. They have gained more attention since last decade due to the high 
content of valuable molecules such as 30–70% lipid, 40–65% carbohydrates, and 
20–40% proteins (Chew et al. 2017). Lipids can be utilized as potential feedstock for 
biodiesel, whereas microalgal carbohydrates can be used as an alternative carbon 
source for conventional carbohydrates (treated lignocellulosic biomass or sugar) in 
fermentation industries. In addition, long-chain fatty acids present in microalgae 
possess major functions like food health supplements. Apart from carbohydrates and 
proteins, microalgae also contain valuable pigments and other macromolecules that 
can be used in pharmaceutical industries to develop various health products (Yen 
et al. 2013). Various reports indicate that there are about 150,000 microalgal species 
present in the world according to algaebase.org (Yew et al. 2019). But only a few 
species have been investigated in terms of valuable application. Most of the algal 
culture collection centres perform isolation and identification for their own use. 
However, many researchers are also focusing on the selection and breeding of micro-
algae strains such as Chlorella, Dunaliella, Spirulina, and Haematococcus for com-
mercial interests (Xin et  al. 2009). Strains such as Dunaliella salina with rich 
β-carotene early 1960s were used as nutritional sources. Spirulina has been reported 
for medical applications (i.e. viral infections, cancer, and  cardiovascular diseases) 
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because of their immunogenic characteristics, Chlorella, a freshwater microalga, is 
also used as a sugar and blood cholesterol reducer.

Currently, many research groups are trying to improve the yield of the required 
molecules (such as lipid) and valuable compounds (such as carotenoids, lutein) in 
microalgae under stressful conditions. Most of the studies only focus on the single 
strategy at lab scale. Therefore, it is necessary to focus on to multiple stresses for 
robost microalgal strain development to use wastewater treatment plus biomass pro-
duction at industrial scale for biofuel and high value-added products production.

Omics approaches are widely adopted to enhance the lipid biosynthesis of vari-
ous species under different stresses (i.e. nitrogen limitation), whereas in this tech-
nology analysis of bioactive compounds (carotenoids, lutein etc.) are  limited as 
compared to the lipid. Genetic engineering technology is used to modified the meta-
bolic pathways for improving the yield of targeted molecules. Adaptive laboratory 
evolution (ALE) has been extensively applied for promoting innovative biological 
and phenotypic functions in robust strains construction. Nutrient and environmental 
stress are very popular in ALE. For example, Chlorella sp. AE10 was examined 
with 10% CO2, 3.7 g L−1 biomass concentration obtained after 31 cycles, which was 
2.9 times higher than control (Li et al. 2015). ALE is attempted to generate suffi-
cient nutrients in a robust C. reinhardtii, with double increment in lipid content 
resulting in a slight growth found under nitrogen starvation stress (Yu et al. 2013). 
The above-mentioned approaches such as omics technology, genetic engineering, 
and ALE for development of robust microalgae strains are discussed in detail in our 
book (Microalgae Biotechnology for Development of Biofuel and Wastewater 
Treatment).

The cost of microalgae biofuel is higher when compared to the traditional fuel, 
which requires an integration of lipid production and high value-added products to 
overcome the cost. Similarly, robust microalgae species with sufficient lipid and 
value-added products can also compress the expense during industrialization.

3  Microalgae Culturing Techniques

The major requirements for microalgae biomass are light (naturally or artificially), 
nutrients (carbon, nitrogen, and phosphorus), and preservation of adequate culture 
(temperature and pH) (Menegazzo and Fonseca 2019). The procedures to cultivate 
microalgae are autotrophic, heterotrophic, or mixotrophic conditions (Menegazzo 
and Fonseca 2019). The most common procedure for microalgae cultivation is auto-
trophic cultivation, where light is needed and carbon dioxide is used as energy and 
carbon source. Autotrophic cultivation returns slow growth and lowers biomass pro-
ductivity due to the daily and seasonal variations in the form of light. Moreover, 
biomass produced during the day time may be lost due to the respiration at night. 
This can be mitigated by mixotrophic cultivation, where combination of organic and 
inorganic are used and cells consume CO2 during photosynthesis and organic car-
bon during respiration. Therefore, the cells are engaged in the photosynthesis–res-
piration cycle to produce new cells and biomass (Rashid et al. 2019). Some species 
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are capable to grow in dark conditions, and in this type of cultivation organic carbon 
sources such as glucose, acetate, and wastewater are used as substrates to reproduce 
microalgae (Tan et  al. 2018). This type of cultivation is termed as heterotrophic 
cultivation. This procedure for microalgae cultivation is independent of light or 
solar energy. Each one of them has advantages and disadvantages.

3.1  Raceway Pond

Generally there are two types of cultivation systems to grow microalgae; one is the 
open raceway pond and the other is the closed bioreactor (Tan et al. 2018). The depth 
of raceway pond is usually about 0.3–0.5 m to ensure high growth rate. A paddle 
wheel is installed for mixing in the raceway pond and the motion is monitored at the 
flow channel as shown in Fig. 13.1 (Chisti 2007). These types of ponds are made up 
of concrete and sometimes lined with white plastic. During the day, the cultivation 
medium is fed permanently to the raceway pond before circulation starts. The paddle 
wheel is operated continuously to avoid settling of microalgae, and the broth is har-
vested on the completion of the circular loop (Brennan and Owende 2010; Chisti 
2007; Pierre et al. 2011). Open raceway pond systems are practiced in China, USA, 
and Israel, which produce a microalgae yield of 0.5 g L−1 (Richmond 1990).

The main challenges for open raceway ponds are evaporation of water, less effi-
cient utilization of CO2 due to the water loss, temperature fluctuation, and seasonal 
variation. Additionally, other organisms which may contaminate or consume micro-
algae have a great effect on the microalgae biomass yield.

Fig. 13.1 Raceway pond (Chisti 2007)
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3.2  Closed Photobioreactor

Photobioreactor is a closed type reactor that uses light as an energy source for pho-
tobiological reaction. This type of reactor produces more biomass compared to 
raceway ponds. Contamination can be avoided under specific conditions (Tan et al. 
2018). For commercial scale, photobioreactors are not a good option for photoreme-
diation of wastewater, as a huge volume of wastewater is generated daily (Rawat 
et al. 2011). From an economic point of view, the closed photobioreactor is costly 
compared to the open raceway pond. On the other hand, less land is required for 
closed photobioreactors to cultivate microalgae. For instance, it was estimated that 
about 19,000–57,000 lipid content per acre per year can be obtained from microal-
gae at optimum conditions on using closed photobioreactors. This yield of microal-
gae oil is 200 times more compared to oil-bearing crops (Tan et al. 2018).

A variety of closed reactors such as flat plate reactor, tubular airlift and bubble 
column bioreactor, helical tubular bioreactor, and alfa-shaped bioreactor have been 
developed according to reactor geometry. Table 13.1 gives an idea about the afore-
mentioned bioreactors. The pros and cons of open pond and closed bioreactors, 
advances in technologies, automation, and manufacturer information are discussed 
in detail in our previous book (Microalgae Biotechnology for Development of 
Biofuel and Wastewater Treatment). Especially, closed photobioreactors are sug-
gested for high-value long-chain fatty acids or proteins, whereas open pond is suit-
able only for biofuel production (Zeng et al. 2011).

4  Harvesting of Biomass

4.1  Centrifugation

Centrifugation is considered as the fastest and widely used harvesting method. 
Particle size and density are the major factors in centrifugation (Bux 2013). This 
method works on the basis of density difference which makes it fast and stable. 
Centrifugation offers several advantages compared to other commonly used pro-
cesses, for instance, chemical (i.e. flocculants)-free biomass and 100% recovery 
efficiency. The quality of the biomass remains same because of the short duration. 
The high quality and chemical-free biomass are basic concerns for food products, 
cosmetic (Levine and Fleurence 2018), and pharmaceutical industries (Alam and 
Wang 2019). Centrifugation was reported to be very effective but energy-intensive 
and expensive to be applied on commercial scale. Undoubtably this is the most 
effective, efficient, and reliable technology, but one should keep in mind its high 
operational cost and energy consumption (Bux 2013).
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Table 13.1 Details for different photobioreactors

Bioreactor type Detail

Flat plate bioreactor Working: In this type of reactor light 
path is characterized by large 
illuminated solid/volume ratio. 
Pump-driven reactor works based on 
the liquid flow that is created by the 
pump and the turbulence causes the 
mixing. On the other hand, in airlift 
reactor compressed air is used for 
mixing

Bubble column and tubular airlift bioreactor Working: Vertical transparent tubes 
(glass or polyethylene) are used to 
utilize the maximum available 
sunlight, and CO2 is supplied via 
bubbling. Their fabrication is not 
expensive
Limitations: Due to the small area of 
the tubes gas does not transfer 
efficiently and photosynthesis does 
not take place well

Helical tubular bioreactor Working: Flexible tubular pipes with 
coiled shape, heat exchanger, and 
gas exchanger tower. Due to the 
coil-shaped structure high algal 
biomass is produced
Limitations: Remove the deposited 
algal biomass inside the tube

(continued)
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4.2  Sedimentation

Sedimentation is considered as an economical and most preferable microalgae har-
vesting method applied in water and wastewater treatment (Chun-Yen et al. 2011). 
During the sedimentation process the particles in a suspension settle down due to 
gravity and form concentrated slurry with clear liquid above (Mathimani and Mallick 
2018; Pragya et al. 2013). Sedimentation depends upon the size of the cell or density. 
Larger the microalgae cell size, faster the sedimentation. This strategy to harvest 
microalgae is an attractive and less-energy-demanding strategy, and it requires very 
low cost for infrastructure (Roselet et al. 2019). However, floating- type microalgae 
cannot be harvested in this way, and it takes long time to settle down the algae cells.

4.3  Filtration

This method is known as a solid–liquid separation process where the algal culture 
runs through the filters, algal culture sticks with the membrane, and water passes 
through it (Menegazzo and Fonseca 2019). So it is the inverse of sedimentation, and 
separation occurs due to the difference in solids and membrane pores. To keep the 
flow fluent, pressure is required across the membrane like conventional filtration. 
Different types of filtrations are used for microalgae harvesting, namely microfiltra-
tion, vacuum filtration, tangential flow filtration, and dead-end filtration. However, 
filtration is not economical due to the high cost of filters and filters can be blocked 
quickly with cells’ adhesion and frequent washing is needed during harvesting, 
which is not feasible for large production.

Table 13.1 (continued)

Bioreactor type Detail

Alfa-shaped bioreactor Working: Two airlift pumps are used 
to aerate and to mix the culture. 
High liquid flow and mass transfer 
can be maintained with low air 
supply. Surface-to-volume ratio is 
high
Limitation: Foam is formed due to 
the high cell density
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4.4  Flocculation

4.4.1  Chemical Flocculation

Flocculation is a microalgae harvesting method which is used to make aggregates 
called as algal flocs (Chun-Yen et  al. 2011). This method is applied as a pre- 
concentrated to destabilize algal cells from water to increase the cell density. 
Microalgae harvesting via flocculation is often performed using chemical, physical, 
and bio-based flocculants. When flocculation takes place automatically with the 
increases of pH to a certain level in the solution, and is known as auto flocculation 
(Wan et al. 2015). In recent years cell flocculation for microalgae harvesting has 
also been of great interest. 

Chemical flocculants are applied to a wide range of microalgae species (Wan 
et al. 2015). These methods works on the basis of coagulation, which is followed by 
settling at the bottom of the cultivating apparatus while the density of the cell is 
increased as shown in Fig. 13.2 (Salim et al. 2011). Mostly the chemical flocculants 
are classified as organic and inorganic flocculants (ammonia, metal salts, etc.). 
Successful application of chemical flocculation to various microalgae species 
(Scenedesmus sp., Chlorella sp., N. salina, Neochloris sp.) have been reported in 
(Wan et al. 2015; Alam et al. 2017).

Four common mechanisms are used in chemical flocculation: (a) charge neutral-
ization, (b) electrostatic patch, (c) bridging, and (d) sweeping. In charge neutraliza-
tion and electrostatic patch the positively charged ions adsorb on the negative 
surface of the microalgae cell. As a result, particles come together because of the 
van der walls attraction as shown in (Fig. 13.3a). While in electrostatic surfaces, 
charges are reversed with the particles, and patches are formed with each other 
(Fig. 13.3b). Whereas in bridging, microalgae cell attached to the segment of poly-
mer to form bridges that causes aggregation and flocculation takes place (Fig. 13.3c). 
In sweeping process, cells or particles are entrapped by a massive aggregation, 
which results in flocculation (Fig. 13.3d).

Fig. 13.2 Flocculation technique to harvest microalgae (Salim et al. 2011)
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4.4.2  Bio-flocculation

The flocculation process is induced by microorganisms, extracellular polysaccha-
rides (EPS), or other substances (proteins) from flocculating organisms. Currently it 
is considered as an innovative and economical approach to harvest the microalgae 
(Alam et  al. 2017). When compared to other approaches bio-flocculation is an 
environment- friendly, cheap, and sustainable approach to harvest microalgae in a 
bulk quantity (Ummalyma et  al. 2017). Bio-flocculation can be categorized into 
three types (1) microbial flocculation, (2) microorganism-associated flocculation, 
(3) microalgal self-flocculation.

Most of the recent studies confirmed the advantages of microbial bio- flocculation 
in wastewater treatment. For example 90% bio-flocculation efficiency was achieved 
of Nannochloropsis oceanic microalgae using the bacterial strain Solibacillus sil-
vestris without an effect on growth (Wan et al. 2013). In another study the feasibility 
of microbial flocculant poly-c-glumatic acid (c-PGA) to harvest fresh water 
Chlorella protothecoides and marine Chlorella vulgaris were optimized via response 
surface methodology (RSM) (Zheng et  al. 2012). The underlying mechanism is 
poorly understood and needs further research due to its chemical-free approach 
(Ummalyma et al. 2017).

An innovative type of flocculation is microalgal-self flocculation freely floccu-
lated cells flocculate the other microalgal cells with them. This type of flocculation 
is effective, chemical-free, and can be used in a wide range of applications from 
high value-added products to low value-added products (Alam et al. 2017). Only a 
few examples of the self-flocculating microalgae have been reported like 

Loop

++

+ +

+ +

+
+ +

+

--

-- -
----

-
- - --

-

---
-
-

---
- -

- -
-

-

-- -

- - - -
--

- -
--

-
-

- --
-
- -

-

-
- - - --

- -
-
-
-

----
- - - --

-

+ +
+

++

+
+

+
++

+
+

-
- -

-

-
-

--- -

-
+ +

Tail

Particles enmeshed in a
colloidal precipitate

a

c

b

d

Fig. 13.3 Flocculation mechanism charge neutralization (a), electrostatic patch mechanism (b) 
bridging mechanism (c), and sweeping flocculation (d) (Roselet et al. 2019)
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Scenedesmus obliquus, C. vulgaris JSC-7, and Ankistrodesmus falcatus. Most of the 
studies are performed on a lab scale. For example, when CNW11 is co-cultured 
with JSC-7, the harvesting efficiency increased three times (25.6–68.3%) (Alam 
et al. 2014). This group also investigated and found that the polysaccharide mole-
cules present in the cell wall of C. vulgaris JSC-7 are mainly responsible for the 
patching and bridging with other non-flocculating cells and thereby enhancing the 
flocculation rate (Alam et al. 2014).

4.4.3  Electrolytic Flocculation

The electrolytic flocculation is free from flocculants. The main principle behind elec-
trolytic flocculation is the movement of negatively charged algal cells towards anode 
where they lose charge and form aggregates (Mubarak et  al. 2019) as shown in 
Fig. 13.4. Poelman et al. (1997) reported the effectiveness of electrolytic flocculation 
with 80–95% harvesting efficiency in 35 min with different species involved: green 
algae (Staurastrum sp., Closterium sp., Cryptomonas sp., Pediastrum sp., etc.), dia-
toms (Melosira sp., Asterionella sp., Cyclotella sp., etc.), and blue green algae 
(Asphanizomenon sp., Coelosphaerium sp., etc.). This technique consumes very lit-
tle amount of energy, 0.3 kWh m−3. It was also noted that when the voltage decreased, 
the removal efficiency was also decreased, and less energy was consumed when the 
distance between the electrodes was reduced (Poelman et al. 1997). In another study 
93.6% recovery efficiency was achieved in 30 min using electrolytic flocculation 
with 6 W power supply (Xu et al. 2010). Moreover, this type of flocculation is free 
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Fig. 13.4 Electrolytic 
flocculation
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of risk from contamination and less expensive but has some problems such as reactor 
design, periodic replacement of electrodes, and initial investment cost.

4.5  Floatation

At laboratory scale, floatation is applicable for harvesting algae (small unicellular). 
Floatation is a separation process in which solid particles (microalgae) are carried 
to the liquid surface with the help of gas bubbles. This is achieved by the adhesion 
of gas bubbles to the cells by increasing buoyancy and decreasing their density. 
Compared to sedimentation, floatation is considered to be more effective in micro-
algae harvesting (Menegazzo and Fonseca 2019; Singh et al. 2011). Many factors 
can affect the adhesion of gas bubbles to microalgae, such as the size of the micro-
algae, collision and adhesion between microalgae, and gas bubbles. It is easier to 
bring small-sized microalgae particles to the surface compared to larger. But due to 
decrease in size also there is a less chance of collision and adhesion with bubbles. 
Furthermore, both (bubbles and microalgae) are negatively charged surfaces so it 
results in electrostatic repulsion. Therefore, it is required to add additives (i.e. sur-
factants) (Garg et al. 2012; Granados et al. 2012; Zhou et al. 2017). In addition, 
floatation can be categorized with regard to bubble size technology, such as dis-
solved air floatation, dispersed floatation, or electrolytic floatation (Laamanen et al. 
2016; Menegazzo and Fonseca 2019).

5  Drying Process of Microalgae Biomass

After harvesting microalgae through separation from the media, the biomass is 
often moist and contains high amount of water which need  to dry before further 
process depends upon the type of the product which is will be extracted from the 
next step, i.e., microalgal lipid, carbohydrates, pigments, or others. Various studies 
reported the drying methods (Chatsungnoen and Chisti 2016), Such as solar, oven, 
microwave, spray, freeze, cross flow air-drying, and incinerator.  Common meth-
ods are discussed below.

5.1  Solar Drying

Solar drying is the sustainable source for drying algae, but it requires a long time 
and more surface area (Brennan and Owende 2010). Furthermore, it is difficult to 
control the quality of the desired product with conventional open drying solar 
method; because of the slow drying rate, low temperature can degrade the biomass 
quality  and causes bacterial  contamination. A closed solar drying device was 
 developed for drying the microalgae biomass, which carries the temperature from 
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35 to 60 °C; 90% of the moisture content was removed within 3–5 h. In this experi-
ment, two microalgae species namely Spirulina and Scenedesmus were tested and 
found that the dried biomass contained only 10% moisture (Prakash et al. 1997). It 
was claimed that sun drying is an acceptable solution when biomass will be used as 
animal feed. 

5.2  Spray Drying

Spray drying system (Fig. 13.5) includes liquid atomization, mixing of gas or drop-
lets, and drying from liquid droplets. In a vertical tower, atomized droplets are 
sprayed in which hot gases pass in downward direction. Drying is achieved within 
few seconds, product is removed from the bottom of tower, and a cyclonic dust 
separator is used to remove exhausted.

Spray drying is supposed to be an appropriate method for high value-added prod-
ucts and can produce green dark or green microalga powder. The colour depends 
upon the spray drying and temperature (Chen et al. 2015). Furthermore, spray dried 
biomass can also be used for human consumption. In an evaluation of two different 
methods, drum drying and spray drying, the first one was recommended due to its 
advantages like better digestibility, less energy, and lower investment.

5.3  Rotary Drying

In rotary drying method a sloped rotating cylinder known as rotary dryer is used. The 
material (algae) is dried from one end to other by using gravity. In the past, different 
types of dryers were developed for drying, such as direct heating (drying material is 
in contact with the hot gases) and indirect heating type (hot gases are separated from 
the material using steel shell). Rotary kiln dryers and drum drying are widely used 
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Fig. 13.5 Spray dryer; schematic of spray drying process (left), atomize spray dryer in Fuqing 
King Dnarmsa Spirulina Co., Ltd, China (right). The microalgae mud can be atomized through an 
atomizer on the top of the tower and be dried by hot air

G. Muhammad et al.



427

for drying wastewater sludge. Drum drying is the most common method used to dry 
microalgae (Mohn 1978). Thin-layered drum dryer used to dry Scenedesmus algae 
showed excellent yield product. Drying microalgae via drum drier has dual advan-
tages; the sterilizing of the sample and the breaking of the cell wall.

5.4  Freeze Drying

Freeze drying is a common method used in the food industry and also in research, 
because the cell constituents are protected without cell wall disruption (Chen et al. 
2015). Compared to spray drying, freeze drying retains more amount of protein in 
dry microalgae, with less than 10% protein loss (Desmorieux and Hernandez 
2004). During the freeze drying process samples freeze slowly and larger intracel-
lular crystals are formed.

Drying methods are selected on the basis of scale and operation speed. Merits 
and demerits of some drying methods are summarized in Table 13.2.

Among the aforementioned methods, spray drying is considered as a promising 
method to extract high value-added products (high protein content). However, spray 
drying is expensive and can destroy certain pigments (Tan et al. 2018). So in future, 
attention should be given to improve drying device and need to give important to 
develop  device and method which can be used for all types of product derived from 
microalgae biomass.

6  Advancement in Storage Process of Microalgae Biomass

Algal biomass is promising and attractive, and is increasing as a feedstock for high- 
value- added products and biofuels. But due to seasonal variations, it is hard to pro-
duce enough biomass year-round for delivering a constant supply of feedstock to 
the conversion facility. Generally, herbaceous biomass is harvested annually and 
stock for the use of whole year for biofuel production  or agriculture use. 

Table 13.2 Summary of various drying methods

Method Advantages Disadvantages

Solar Sustainable and no energy consumption Dependence on the weather
Spray Fast and economical method, suitable for algae 

production for human consumption
Degradation in the quality, 
operational cost

Freeze High energy intensive Applicable for small scale
Oven drying Less energy intensive Suitable for small scale
Cross flow 
air-drying

Economical and fast drying Energy cost

Incinerator Algal biomass burning can be avoided High cost and complicated
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Eventhough, microalgal biomass production occurs many times throughout the year 
in many areas, but biomass yield and growth rate varies because of the seasonal 
variations like temperature and solar irradiations thus need to store for continue sup-
ply to the conversion facility (Coleman et al. 2014; Moody et al. 2014; Wigmosta 
et al. 2011). There are two types of microalgae storage; one is called dry route and 
other is the wet route. The first one is expensive, as the natural gas-fed dryers cost 
about 150$ per ton biomass. So the second one (wet anaerobic storage) is an alterna-
tive to the first one, which is used for a long time to store herbaceous biomass for 
livestock use (Wendt et al. 2017). For example, in the past ensiling was used to store 
the different kinds of herbaceous biomass (wheat straw, corn stover, switch grass, 
and other grasses) to produce bioenergy (Linden et  al. 2010; Oleskowicz-Popiel 
et al. 2011; Shinners et al. 2007, 2010, 2011).

Ensiling was successfully applied to preserve the microalgae biomass as well. It 
has been reported that if wet Scenedesmus obliquus biomass is stored with 80% water 
content in acidified anaerobic conditions for one month, about 6–14% dry matter is 
lost (Wendt et al. 2017). In another study, the effect of different parameters like dry-
ing, storage, and air exposure on the stability of astaxanthin was found. Haematococcus 
pluvialis was dried by freeze or spray drying under vacuum air −20 °C to 37 °C for 5 
months. Freeze drying showed 41% higher astaxanthin recovery than spray drying 
and at −20  °C and 4  °C showed maximum astaxanthin stability with a little 
12.3 ± 3.1% degradation during 5 months. Regarding the economic point of view 
almost AUD$600 higher profit can be obtained compared to 100 kg of H. pluvialis. 
So, freeze drying is recommended as a cost-effective method for longer storage 
(Ahmed et al. 2015). The effect of spray drying and storage on astaxanthin content on 
H. pluvialis at different conditions, inlet temperature (220 and 180 °C) and outlet 
temperature (80, 110, 120 °C) for 9 weeks period was evaluated. A reasonable pres-
ervation of astaxanthin obtained (180 °C/80 °C, −21 °C nitrogen, 180 °C/110 °C, 
21 °C nitrogen and 220/80 °C, 21 °C). Preventing the degradation of astaxanthin con-
tent in H. pluvialis biomass, spray dried carotenized cells (180/110 °C) under nitro-
gen and −21 °C was recommended for storage by Raposo et al. (2012).

From the above studies it is clear that wet anaerobic microalgae powder can be 
stored from 1 month to 4 months. An alternative drying method like co-storage of 
microalgae with corn stover would also be a valid method for stability during sea-
sonal fluctuations. So anaerobic wet storage can be applied on industrial scale for a 
short-term stabilization of microalgae industry. Advanced research focusing on the 
long-term storage and mechanism behind abolish biomass quality is needed to 
understand the better approach to preserve algae biomass. Personal communication 
with the expert from Fuqing King Dnarmsa Spirulina Co., Ltd, China suggested that 
microalgal pigments, such as algal blue protein, carotene, chlorophyll, etc., can eas-
ily decompose under high temperature, light, or oxygen during the storage period. 
So dry microalgae powder needs to be preserved in a temperature- and humidity- 
controlled environment to comply with the requirements of standard regulations and 
customer’s needs. Generally, the control temperature of the microalgae powder 
warehouse needs to be set below 20 °C and the humidity should be below 75%. 
Microalgae dry powder needs packing in double-PE plastic bag and needs to be air- 
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free/vacuum before the bag is filled with biomass. In addition, the microalgae pow-
der bags should be placed on the tray 20 cm above the ground and 20 cm distance 
from the side wall and roof, and an adequate control device needs to be installed to 
protect the biomass from insects, flies, mosquitoes, etc.

7  Conclusions

Microalgae is a promising eco-friendly feedstock for food, feed, chemicals and bio-
fuel. A robust strain with high yield of target product is beneficial for the industry. 
It is necessary to optimize culture conditions to get sufficient yield and avoid con-
tamination of biomass. A combination of flocculation and centrifugation is proven 
better than flotation and filtration for harvesting and dewatering microalgae. Spray 
drying is the best option for industry, and even solar drying is cheap considering the 
energy consumption. To understand the drying and storage approaches, more funda-
mental study is needed to fulfil the present knowledge gap.
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Chapter 14
Microalgal Carbohydrates and Proteins: 
Synthesis, Extraction, Applications, 
and Challenges

Ayesha Shahid, Fahad Khan, Niaz Ahmad, Muhammad Farooq, 
and Muhammad Aamer Mehmood

Abstract Microalgae are a promising feedstock for renewable energy, nutraceuti-
cals, pharmaceuticals, and other high-value industrial products. The major compo-
nents of algal biomass are carbohydrates, lipids, and proteins, whose concentration 
depends upon cultivation conditions, composition of growth media, light intensity/
duration, and CO2 supplies. Microalgae can also be exploited as an alternative “pro-
tein crop” based on amino-acid composition, protein quality, and digestibility. Algal 
carbohydrates are mainly in the form of starch and cellulose, which can be used to 
produce bioethanol and degradable bioplastics. Although use of algal biomass for 
various products looks attractive, yet its commercial demonstration is hindered by 
the slow growth, low product yields, unavailability of high-throughput extraction 
procedures, and the product-refining processes. This book chapter comprehends the 
cultivation conditions to enhance the algal protein and carbohydrate content along 
with extraction techniques, and associated challenges for the recovery, separation, 
and characterization of these metabolites. Likewise, the potential applications of the 
microalgae-based carbohydrates and proteins in energy, food, pharmaceutical, and 
cosmetic industries along with future opportunities are also discussed to devise a 
roadmap for designing robust algal biorefineries.

A. Shahid · F. Khan · M. Farooq 
Department of Bioinformatics and Biotechnology, Bioenergy Research Center, Government 
College University Faisalabad, Faisalabad, Pakistan 

N. Ahmad 
Agricultural Biotechnology Division, National Institute for Biotechnology & Genetic 
Engineering, Faisalabad, Pakistan 

M. A. Mehmood (*) 
Department of Bioinformatics and Biotechnology, Bioenergy Research Center, Government 
College University Faisalabad, Faisalabad, Pakistan 

School of Bioengineering, Sichuan University of Science & Engineering, Zigong, China
e-mail: draamer@gcuf.edu.pk

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0169-2_14&domain=pdf
mailto:draamer@gcuf.edu.pk


434

Keywords Algal carbohydrates · Algal proteins · Bioactive compounds · Product 
enrichment · Extraction technologies

1  Introduction

Microalgae have gained immense attention as an alternative feedstock to obtain 
bioactive metabolites with a special focus on “minimum waste generation” 
(El-Dalatony et al. 2019). It has potential to address the persisting challenges of 
global warming, alternative renewable energy resources, food security, and human 
health (Salla et al. 2016). In addition, microalgae have also the inherent ability of 
treating wastewater and accumulation of carbon-based compounds in the forms of 
carbohydrates, proteins, and lipids while harnessing the solar energy into biomass 
(Afzal et  al. 2017; Shahid et  al. 2017). According to an estimate, the share of 
microalgae- based products in the global market will reach to ~1143 million $ by 
2024 (Mehta et al. 2018).

In microalgae, 15–60% of biomass normally accounts for carbohydrate con-
tent—a direct product of CO2 fixation through the Calvin cycle during photosynthe-
sis (Fig. 14.1). They are mainly present in the form of starch (present in plastids), 
cellulose, glycogen, polysaccharides (present in the cell-wall), agar, etc. (Khan 
et al. 2018b). Cyanobacteria normally accumulate carbohydrates as glycogen, while 
microalgae do as starch (amylopectin-like polysaccharide). The carbohydrates pres-
ent in cell walls provide structural support, while the intracellular carbohydrates act 
as storage molecules, which are used as energy sources to drive the metabolic pro-
cesses or act as protectants for the survival under stress (Markou et  al. 2012). 
Although the microalgal carbohydrates have low energy content (15.7 kJ g−1), they 
are preferred choice for the production of biohydrogen, bioethanol, and biobutanol 
(Markou et al. 2012) due to the availability of high levels of fermentable sugars, 
low-hemicellulose, and zero-lignin content. However, based on the microalgal spe-
cies, carbohydrate content and composition may vary (Chen et al. 2013)

Green microalgae are rich source of proteins, which accounts for 60–70% of the 
algal-biomass composition with the energy content of 16.7 kJ g−1 (Markou et al. 2012), 
having productional and nutritional benefits over traditional protein sources such as 
legumes, egg, milk, meat, and soybean. Depending on habitat, season, and algal spe-
cies, the protein composition may also vary (Fig. 14.1). They normally contain high 
amounts of essential amino acids like glutamic acid and aspartic acids. As compared 
to terrestrial plants, higher amounts of methionine, lysine, histidine, tryptophan, threo-
nine, and cysteine have been reported in algal proteins (Guedes et al. 2019). Microalgae-
based proteins are gaining interest as an alternative protein source due to their balanced 
amino-acid proportions. Microalgae are of commercial importance due to their struc-
tural, functional, and nutritional value and higher protein yields (4–15  metric 
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tons ha−1 year−1) when compared to terrestrial plants (0.6–2 metric tons ha−1 year−1) 
(Bleakley and Hayes 2017). They are mainly used as animal feed, and as food and/or 
food supplement for human consumption (Guedes et al. 2019). Algal proteins also 
have pharmaceutical importance as they are known to boost immune system, diges-
tion, and energy levels, reduce fatigue, improve kidney, liver and cardiovascular func-
tions, and detoxify the antinutrients in the body (Mehta et al. 2018).

However, wild-type strains normally contain low levels of carbohydrates or the 
biomass production is compromised under optimized conditions. In order to obtain 
the high amounts of targeted product, the first and important step is the selection of 
suitable microalgal strain, which must be rich in the target product under optimized 
conditions. Next step is to optimize culturing conditions (abiotic factors) to enhance 
the biomass productivity and accumulation of the product of interest (Yen et al. 2013).

This chapter discusses the importance of microalgae-based carbohydrates and 
proteins. While, accumulation of large amounts of metabolites especially carbohy-
drate and proteins are challenging. Because, either the wild-type strains are not 
capable to accumulate these metabolites or the hyperaccumulation of one of the 
metabolites may compromise the growth productivity. This chapter briefly discusses 
stress manipulation as a suitable strategy to enhance growth and production of 
desired products. A variety of pre-treatment and extraction methods are available to 
convert microalgal metabolites in useful industrial products. An overview of the 
most suitable strategies along with their possible merits and demerits is also 

Fig. 14.1 Microalgae-based carbohydrate and protein content based on algal species
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 provided to help the reader choose the most appropriate method according to the 
need. Moreover, possible applications of microalgae-based carbohydrates and pro-
teins at commercial scales are also highlighted.

2  Manipulation of the Culturing Parameters for Product 
Enrichment

Large-scale cultivation decisively contributes to a sustainable industry for the eco-
nomically viable production of biomass and other high-value products. Identification 
of robust microalgal strains and process engineering are some considerations which 
must be taken into account for the improved metabolite production (Chia et  al. 
2018). Microalgae tend to accumulate large amounts of proteins during exponential 
phase (de Carvalho et al. 2019), so, to attain the biofuel potential of microalgae the 
need is to enhance the carbohydrate content of microalgae. Carbohydrate content 
can be improved by decreasing starch degradation and by increasing glucan storage. 
Manipulation of the environmental factors including pH, light, nutrients, tempera-
ture, carbon source, etc. is the most common and affordable approach that directly 
influences the biochemical composition. However, in most cases, the enhancement 
in metabolite content occurs at the expense of biomass production (Chen et  al. 
2017). It is therefore crucial to understand and manipulate the factors to enhance the 
carbohydrate content without compromising the biomass production (Chen et al. 
2013). Following section will elaborate the impact of various physicochemical fac-
tors to improve the targeted biomass and product production.

2.1  Impact of Nutrients on Carbohydrate Accumulation

Macronutrients like nitrogen, phosphorus, sulfur, potassium, etc., are essential for 
the optimum growth of microalgae (Table  14.1). However, nutrient-limited or 
starved conditions are feasible and commonly employed for altering metabolite 
composition (Markou et al. 2012). Limiting nitrogen and phosphorus can shift the 
carbon fixed during the Calvin cycle toward the production of non-nitrogenous 
compounds like polysaccharides (mainly starch and glycogen) and lipids (de Farias 
Silva et al. 2019a).

Increase in carbohydrate content from 12% to 54% was reported for Chlorella as 
a result of protein reduction by 60–20% when cultivation conditions were shifted 
from nitrogen-sufficient to nitrogen-starved conditions (de Farias Silva et al. 2019b). 
Similar results were observed in Chlorella cultivated under average nitrogen and 
limited phosphorus conditions, where an increase in carbohydrate content from 10% 
to 60% with a reduction in protein content from 57% to 7% (Samiee- Zafarghandi 
et al. 2018). Interestingly, contrary to a popular belief, when Scenedesmus sp. was 
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cultivated in high nitrate concentration, an increase in carbohydrate from 80 to 
160 mg g−1 and protein from 208 to 524 mg g−1 was observed (Ranadheer et al. 2019).

Though nutrient starvation seems a feasible option especially to enhance the 
carbohydrates, the process viability is compromised due to low biomass yield. In 
batch cultivation, the extreme nitrogen starvation may negatively influence the car-
bohydrate content. Therefore, nutrient limitation is considered a more attractive 
strategy as compared to the starvation approach, favoring the carbohydrate accumu-
lation; however, it takes place at the cost of protein reduction. Two-stage cultivation 
or continuous culturing may also be suitable in this regard.

2.2  Impact of Irradiance and Temperature on Carbohydrate 
Accumulation

Temperature greatly influences the sucrose formation; normally high temperature 
improves the carbohydrate production which may be due to the involvement of 
thermophilic enzyme system in sucrose production (Barati et al. 2019). Irradiance 
is another important factor, which is a major energy provider for the photosynthesis 
and its quantity and quality directly influences the growth rate, cell composition, 
and CO2 fixation rate. Although the impact of light intensity is species-dependent, a 
linear correlation with the increase in irradiance intensity has been reported with the 
carbohydrate content and biomass productivity. Further increase in irradiance (more 
than the optimum) may damage the photosystem or biomass saturation may reduce 
the light penetration due to self-shading (Ho et  al. 2014; Markou et  al. 2012). 
Similarly, low light intensities (below 275 μmol  m−2  s−1) may gradually decline 
starch synthesis. Varying irradiance can regulate key enzyme (phosphoglucomu-
tase) for starch synthesis (Ho et al. 2014).

Scenedesmus and Desmodesmus sp. showed cold-stress tolerant ability when 
cultivated in Nordic conditions. Natural strains are capable to tolerate the stress by 
producing high biomass (>1000 mg L−1) and accumulating carbohydrate and lipids 
as major storage molecules under low temperature (5  °C) and continuous light. 
Under these conditions, Scenedesmus produced ~1400 mg L−1 biomass with carbo-
hydrate to amide ratio of 1.5, whereas Desmodesmus produced ~700  mg  L−1 of 
biomass with carbohydrate to amide ratio of 1.6 (Ferro et  al. 2018). Similarly, 
Parachlorella kessleri exhibited excellent biomass and starch productivities of 1040 
and 220  mg  L−1  day−1, respectively, under a continuous high-light intensity of 
600 μmol m−2 s−1 (Takeshita et al. 2014). Study of simultaneous effect of nutrient, 
irradiance, and temperature on Pseudoneochloris marina suggested an increase in 
biomass (260 mg L−1 day−1) under high nutrient (74.1 mg L−1), high-light intensity 
(252–364 μmol m−2 s−1), and moderate temperature (28 °C). However, these condi-
tions were not shown to be favorable for the protein, lipid, and pigment  productivities. 
While, the maximum protein content of 236  mg  g−1 was observed at low light 
(140 μmol m−2 s−1) and low temperature (20 °C) (Gonçalves et al. 2019).
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The impact of high irradiance is studied widely to promote the biomass produc-
tion and carbohydrate content of microalgae (Table 14.2). In response to high-light 
intensities, microalgae tend to accumulate high-energy compounds like carbohy-
drate and lipids to protect the cells against stress conditions. On the other hand, 
limited information is available on the effects of temperature on the carbohydrate 
accumulation because most of the studies focused on lipid accumulation under high 
temperature. Another reason maybe the availability of few thermotolerant microal-
gal strains. However, there is a need to study the impact of temperature to enhance 
the carbohydrate and protein contents of microalgae.

2.3  Impact of Organic Carbon Source on Carbohydrate 
Accumulation

Carbon is essential for regular processing and to maintain the cultures of microal-
gae. Sucrose (as carbon source) is crucial for growth and development, cell signal-
ing, energy storage, and stress assimilation. Inorganic carbon in the form of 
HCO3

− and CO2 is important for photosynthesis, CO2 sequestration, and accumula-
tion of desired products. Though, atmospheric CO2 is easily available to microalgae 
but can be leaked easily, the more stable form of inorganic carbon is provided by the 
carbon concentration mechanism (CCM) in the form of HCO3

− ions, which are 
provided by the conversion of atmospheric CO2 through the carbonic anhydrase 
(CA) activity which takes place in protein shell of carboxysome that acts as unidi-

Table 14.2 Impact of irradiance on the biomass and carbohydrate production in microalgae

Irradiance 
stress 
(μmol m−2 s−1) Microalgae

Carbohydrate 
productivity
(mg L−1 day−1)

Metabolite 
improvement 
(%)

Biomass 
production
(mg L−1) References

896 Scenedesmus 
obtusiusculus

280 31 978 Toledo- 
Cervantes 
et al. 
(2018)

300 Chlorella 
sorokiniana

170 – 2800 Gifuni 
et al. 
(2018)

650 Tetradesmus 
obliquus

800 ~30 1700 de Farias 
Silva et al. 
(2018)

310 Desmodesmus 
sp. P5

– 13.4 2380 Coronel 
et al. 
(2019)

2000 Botryococcus 
braunii

900 – 1300 mg L−1 day−1 García- 
Cubero 
et al. 
(2018)
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rectional membrane to enhance carboxylation efficiency by accumulating CO2 
around Rubisco (major enzyme involves in CO2 fixation) (Tourang et  al. 2019). 
Another way to enhance dissolved inorganic carbon is the transport of HCO3

− ions 
by membrane transporters or ATP activity from extracellular fluid to inside the cell. 
The addition of sodium bicarbonate as HCO3

− ions source is the most suitable 
approach, increasing the availability of dissolved inorganic carbon increases media 
pH and promotes cell growth as well as the production of energy-rich molecules 
(Choi et al. 2019; Pancha et al. 2015). However, some algae are sensitive to high pH 
changes, resulting in a negative influence on biomass productivity and metabolite 
content.

In a study, which was conducted to evaluate the impact of carbon source and 
nutrient concentrations on the biomass and carbohydrate productivities of A. platen-
sis, it was observed that media supplementation with up to 16 g L−1 of NaHCO3 
enhanced the biomass productivity. A further increase in NaHCO3 concentration did 
not increase biomass rather resulted in its depletion. Since higher bicarbonate con-
centrations had a negative impact on carbohydrate accumulation, therefore, a con-
centration of 9.8 g L−1 was found optimum to promote the biomass and carbohydrate 
production in A. platensis (Tourang et al. 2019). Addition of bicarbonates in the 
media affects the growth and metabolite content by directly influencing its pH. The 
two cyanobacterial strains Lyngbya limnetica and Oscillatoria obscura when culti-
vated at pH 9.0 produced maximum biomass of 1196 and 1226 mg L−1 with a car-
bohydrate content of 219 and 192 mg g−1, respectively (Kushwaha et al. 2018). In 
addition to bicarbonates, the direct addition of CO2 and the use of other carbon 
sources like pentose, sucrose have proven to be beneficial for the improvement of 
carbohydrates accumulation. However, there are also cases where addition of the 
bicarbonates improved the production of both the proteins and carbohydrates. The 
impact of various carbon sources on microalgal production of bioactive compounds 
is summarized in Table 14.3.

3  Genetic Modification of Microalgae for Product 
Enrichment

Industrial scale-up of microalgae-based products can also be achieved by improving 
the algal metabolism. In recent years, metabolic/genetic engineering in combination 
with synthetic biology came forth as promising strategies to develop the so-called 
“super strains” by genome editing to manipulate multiple attributes of interest. 
These characteristics could be: (1) improvement in biomass/metabolite production 
yield, (2) resistance to toxins or abiotic factors, (3) enhanced photosynthetic effi-
ciency, (4) ability to consume various carbon sources, and (5) reduction in the for-
mation of unfavorable by-products (Naghshbandi et  al. 2019). The OMICS 
approaches including genomics, transcriptomics, proteomics, metabolomics, and 
glycomics are now routinely being used to identify the genetic targets, their regula-
tory elements, and to study the impact of external factors on the gene involved in 
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enzyme synthesis or metabolites production (Khan et  al. 2018a). Regulating the 
gene expression through random or targeted mutagenesis and genetic disruption, 
nuclear/chloroplast-based transformation, heterologous-protein expression, RNAi 
silencing, and CRISPR-based insertion/deletion of selected genes have been implied 
in recent years to achieved robustness (Ghag et al. 2019). However, these studies are 
still at infancy as compared to other well-established expression systems like bacte-
ria, yeast, or plants. Most of these studies are limited to the model algal organisms 
such as Chlorella, Chlamydomonas, and Synechococcus, should be expanded to 
other valuable algal species. A possible reason for the limited work done in this area 
is the complex metabolic pathways, diverse nature, and feedback inhibition which 
renders the reconstruction of these pathways in microalgae extremely difficult. 
Particularly, the improvement in carbohydrate or protein content of microalgae by 
genetic engineering is lacking thus far and more studies are required for this purpose.

3.1  Improvement in Production and Quality of Carbohydrates

As mentioned in the introduction, microalgae store carbohydrates mainly as starch. 
The production of carbohydrates through genetic engineering can be enhanced by: 
(1) overexpressing the enzymes involved in starch biosynthesis, (2) blocking the 
starch degradation or by-product formation, and (3) altering the secretion of soluble 
sugars. The ADP-glucose pyrophosphorylase is a rate-limiting enzyme in starch 
anabolism pathway; modifications in allosteric and catalytic properties of this 
enzyme can enhance starch synthesis (Ho et  al. 2014). Genetic modification of 
Synechococcus could enhance the sucrose production by many-folds even higher 

Table 14.3 Impact of carbon source on the growth and metabolite content of microalgae

Microalgae
Culture 
media

Stress 
conditions

Biomass 
productivity 
(mg L−1 
day−1)

Carbohydrate 
content (%)

Protein 
content (%)

ReferencesBefore After Before After

Scenedesmus BG11 0.9 g L−1 
NaHCO3

28.32 18.5 30.9 47 49.5 Pancha 
et al. 
(2015)

Chlorella 
minutissima

BBM 5% 
pentose

60 32.5 58.6 15.4 14.1 de Freitas 
et al. 
(2019)

Coelastrum sp. Dairy 
waste- 
water

12% CO2 267 – 58.45 – – Mousavi 
et al. 
(2018)

Asterarcys 
quadricellulare

BBM 5% CO2 900 mg L−1 31.2 71.4 20 14 Varshney 
et al. 
(2018)

Chlorella 
sorokiniana

BBM 5% CO2 960 mg L−1 30.2 ~53 24 10 Varshney 
et al. 
(2018)
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when compared to sugarcane. Overexpression of sucrose-phosphate synthase (SPS) 
in Anabaena enhanced the intracellular sucrose level by 10% (based on dry-weight) 
under NaCl stress induction (Smachetti et al. 2019). Similarly, co-overexpression of 
aldolase with alcohol dehydrogenase and pyruvate decarboxylase in Synechocystis 
under PnrsB promoter enhanced the ethanol production by 69% with 10% increase 
in biomass production (Liang et al. 2018).

Additionally, carbohydrate accumulation can also be enhanced by the overex-
pression of glucosyltransferase (the enzyme responsible for the conversion of sugar 
forms) to prevent feedback-inhibition or by inactivating starch-catabolic enzymes 
(Ghag et al. 2019). The overexpression of phycobilisome response regulator (RpaB) 
in Synechococcus, resulting in >twofold enhanced productivity of sucrose secretion 
by inducing cell-growth arrest, improved the bioproduct formation and photosyn-
thetic efficiencies (Abramson et al. 2018). In order to improve the bioethanol con-
version efficiency, manipulation of polysaccharidal sugars has been explored. 
Though these studies are limited to plants where cellulases from prokaryotic/
eukaryotic origin have been expressed (Bhalla et al. 2013), it could also be applied 
to microalgae to improve the carbohydrate quality and bioethanol production.

3.2  Improvement in Recombinant Protein Production

Microalgae are potential sources for recombinant protein production. The algal 
strains can be engineered for enhanced protein synthesis via nuclear, mitochondrial, 
and chloroplast transformations. The eukaryotic nature of microalgae enables them 
to produce glycosylated proteins due to the presence of post-translational pathways 
in them. Though microalgae-based recombinant proteins are yet to be commercial-
ized, it offers the cost-effective production of industrial or therapeutically important 
recombinant proteins. C. reinhardtii has been extensively studied for therapeutic 
protein production and >100 such proteins have been expressed successfully in this 
system (Gong et al. 2011).

Microalgae-based biomanufacturing is preferred due to effectiveness in terms of 
cost and energy, fewer contamination chances, and simplified downstream process-
ing. Recently, human lactoferrin (hLF) has been produced in C. reinhardtii by trans-
forming an optimized version of the lactoferrin gene. The transgenic strain produced 
0.73 μg of lactoferrin/40 μg of soluble protein. The extract from transgenic alga 
showed antibacterial activity against Klebsiella variicola and Escherichia coli 
(Pang et al. 2019). Similarly, transgenic C. pyrenoidosa produced ~53 mg L−1 of 
hLF under optimized conditions which were fourfold higher when compared to the 
control (Wang et  al. 2019). In another study, malaria detection protein (used in 
ELISA testing) and cell-traversal protein (antigen) from sporozoites and ookinetes 
of mosquitoes have been successfully expressed and produced in C. reinhardtii 
chloroplast (Shamriz and Ofoghi 2019).

C. pyrenoidosa (K05) was modified through irradiation-mediated mutagenesis, 
which resulted in a 31.8% improvement in protein content and 11.6% improvement 
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in biomass production (Song et al. 2018). Additionally, efforts were made to improve 
the secretion and purification of recombinant proteins by using C-terminal protein- 
fusion with a two-phase alternative aqueous technique (based on amphiphilic- 
hydrophobic protein tag) respectively (Baier et  al. 2018). In general, genetic 
engineering and synthetic biology tools seem an attractive option to reconstruct the 
metabolic pathways for improved protein and carbohydrate content and quality. 
Further studies are required to enhance the protein content, quality, secretion, and 
purification by using transgenic microalgae.

4  Extraction Methods for Product Recovery

The efficient extraction of microalgal biomass is a necessary prerequisite to produce 
high-value commodities. An ideal strategy of extraction should have the ability to 
selectively extract the desired products while minimizing the production of byprod-

Chemical Physical Thermo-
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Biological Electromagnetic Electric
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Treatment Autoclave Enzymatic

Treatment
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Assisted

Microwave
Assisted

Pulsed Electric
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Fig. 14.2 Various extraction methods for product recovery from microalgae
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ucts and toxic compounds. There are several methods that can be employed for the 
cell wall disruption to isolate the desired component. However, its suitability for a 
particular strain mainly depends on the rigidity of the cell wall and the component 
under consideration (Kapoore 2014). Generally, these extraction methods can be 
divided into chemical, physical, thermal/thermochemical, biological, electromag-
netic, and electric as shown in Fig. 14.2. Each method has its pros and cons which 
are summarized in Table 14.4 and only selected advanced methods are discussed here.

The conventional extraction methods like solvent extraction are quite a labor- 
intensive, involve the use of highly toxic organic solvents, can lead to changes in the 
stereochemistry and decomposition of important bioactive components via exces-
sive heat, light, and oxygen. The use of toxic solvents like chloroform and methanol 
on an industrial scale can pose serious environmental hazards and human health 
issues (Denery et al. 2004). On the other hand, traditional approaches like grinding 
and cryogenic grinding (involving the use of liquid nitrogen) are found to be effi-
cient at lab scale but they are expensive and impractical to be used at a larger scale.

The bead milling (bead size of 0.5 mm) has shown to be an effective approach 
for microalgal cell disruption when compared to nine other mechanical methods 
employed for some microalgae but it was found to be ineffective for some species 
like Chlorophytes and Chlorella sp. that made its consistency objectionable (Lee 
et al. 2010). It is a commonly employed technique at lab scale and its modified form 
namely “agitated bead beating” is usually used at an industrial scale. However, in 
techniques such as bead beating and homogenizers, excessive heat production is a 
major barrier in their application at a large scale. Moreover, an additional step of 
bead separation is involved. Mechanical cell press has shown to be effective for 
plants but ineffective for microalgae due to smaller cell size. Autoclaving and 
homogenization are also commonly used at lab-scale techniques but their use does 
not seem feasible at an industrial scale in both the technical and economic terms 
(Gong and Bassi 2016; Lee et al. 2010). Soxhlet extraction is generally considered 
as the most suitable method for the extraction of important biochemical components 
from plant sources but it is time-consuming (up to 15 h) and involves the use of 
toxic solvents. Moreover, much lower yield is reported from Soxhlet extraction in 
comparison to other conventional approaches (Cravotto et al. 2008). To overcome 
the toxicity and heat production, some other chemicals and biological methods are 
devised but the contamination is another major concern that makes the downstream 
processing difficult (Jaki et al. 2006). Biological methods which involve the use of 
enzymes such as cellulases, xylanases, and pectinases are environment-friendly and 
mild in nature yet expensive and have limited efficiency. Similarly, the recovery of 
enzymes is also an important concern (Gong and Bassi 2016).

Physical techniques like ultrasound-assisted extraction (Cravotto et  al. 2008), 
microwave-assisted extraction (Biller et al. 2013; Cravotto et al. 2008), high- pressure 
homogenization (Gilbert-López et  al. 2017) (microfluidizer), supercritical fluid 
extraction (Gong and Bassi 2016), and pulse electric field lysis (Goettel et al. 2013) 
(PEF) are developed to enhance the efficiency of extraction process. In ultrasound- 
mediated extraction, ultrasound waves of 20–100 MHz are utilized to create local-
ized cavitation bubbles that lead to cell wall disruption, when expanded. Among the 
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Table 14.4 Comparison of various extraction methods for microalgal product recovery

Category Method Strains used Advantages Drawbacks References

Chemical Acidic/basic 
treatment

Chlorococcum 
sp., Scenedesmus 
sp.

Energy- 
efficient

Loss of 
carotenoids 
need for an 
acid/base to 
be disposed 
of after the 
process

Günerken 
et al. 
(2015)

Solvent 
extraction

Crypthecodinium 
cohnii

Cost- 
effective, can 
be used at a 
larger scale

Delayed 
process, 
often uses 
large 
amounts of 
solvents, 
sometimes 
toxic

Cravotto 
et al. 
(2008)

Ionic method Chlorococcum 
sp., Chlorella

Cost- 
effective

Toxicity 
issues, not a 
fully 
developed 
technique

Shankar 
et al. 
(2017)

Osmotic shock Thraustochytrid 
strains

Energy- 
efficient, can 
be used at a 
large scale

Time-taking, 
wastewater is 
produced, 
cell 
disruption is 
not much 
efficient

Byreddy 
et al. 
(2015)

Detergents

Nanoparticles Chlorella sp. Environment- 
friendly

Under the 
development 
phase, costly, 
difficult 
removal of 
nanoparticles 
after the 
process

Seo et al. 
(2016)

Supercritical 
fluid 
extraction

Haematococcus 
pluvialis, 
Nannochloropsis, 
Scenedesmus, 
Haematococcus, 
Chlorella

Suitable for 
carotenoid 
extraction, 
rapid, 
non-toxic

Costly and 
cannot be 
employed at 
an industrial 
scale

Nobre 
et al. 
(2006) and 
Sikkema 
et al. 
(2010)

(continued)
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Table 14.4 (continued)

Category Method Strains used Advantages Drawbacks References

Physical Centrifugation

Horn 
sonication

Crypthecodinium 
cohnii, 
Nannochloropsis 
gaditana

Non-toxic, 
efficient cell 
disruption, 
rapid and low 
maintenance 
cost

Localized 
cavitation, 
high energy 
requirements, 
expensive

Al hattab 
and Ghaly 
(2015)

Bath 
sonication

Nannochloropsis 
oculata, Chlorella 
sp.

Non-toxic, 
efficient cell 
disruption, 
rapid and low 
maintenance 
cost

High-energy 
requirements 
and 
operational 
cost

Al hattab 
and Ghaly 
(2015)

Bead beating Chlorella sp., 
Nostoc sp., 
Tolypothrix sp., 
Nannochloropsis 
sp., Scenedusmus 
sp., 
Chlorococcum 
sp., Botryococcus 
sp.

Efficient cell 
disruption, 
fast 
extraction

Efficiency 
depends 
upon cell 
nature, 
removal of 
beads, energy 
input, and 
maintenance 
cost

Al hattab 
and Ghaly 
(2015)

Grinding Arthrospira 
platensis, 
Chlorella 
vulgaris, 
Haematococcus 
pluvialis, 
Porphyridium 
cruentum, 
Nannochloropsis 
oculata

Rapid and 
easy 
lab-scale 
technique

Degrades 
some 
important 
cell 
components, 
time taking

Safi et al. 
(2014)

Mechanical 
cell press

Scenedesmus 
dimorphus, 
Chlorella sp., 
Nannochloropsis, 
Botryococcus sp. 
MCC31, 
Ankistrodesmus 
falcatus

Industrial- 
scale 
technique for 
oil recovery

Energy 
inefficient, 
cell 
disruption is 
not good

Aarthy 
et al. 
(2018)

Micro- 
fluidizer

Nannochloropsis 
sp., Chlorella sp., 
Tetraselmis 
suecica

Good for 
lipid 
extraction, 
cell 
disruption at 
room 
temperature

Not good for 
protein 
extraction, 
high-energy 
requirements

Spiden 
et al. 
(2013)

(continued)
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Table 14.4 (continued)

Category Method Strains used Advantages Drawbacks References

Thermo- 
chemical

Autoclave Haematococcus 
pluvialis

Easy to use, 
low 
maintenance 
cost

Not suitable 
for pigments, 
energy 
requirements 
are high

Mendes- 
Pinto et al. 
(2001)

Hydrothermal 
liquefaction

Monoraphidium 
sp., Stigeoclonium 
sp., 
Nannochloropsis 
occulata, 
Chlorogloeopsis 
fritschii, 
Pseudochoricystis 
eliipsoidea

Does not 
require 
drying of 
biomass

Energy 
requirements 
are high, heat 
production, 
variable 
recovery rate, 
expensive 
catalysts are 
used

Biller et al. 
(2013) and 
Passos 
et al. 
(2015)

Steam 
explosion

Nannochloropsis 
gaditana

Relatively 
easy 
maintenance 
and lower 
energy 
requirements, 
efficient cell 
disruption

Variable 
results 
among 
different 
species

Al hattab 
and Ghaly 
(2015)

Freeze drying Dunaliella 
tertiolecta, 
Scenedesmus sp., 
P. tricornutum, 
Nannochloropsis 
sp.

Single-step 
drying and 
extraction 
procedure, 
does not 
disturb the 
bioactivity of 
cell 
components

Inefficient 
cell 
disruption, 
high-energy 
requirements 
and difficult 
to maintain, 
time taking

Al hattab 
and Ghaly 
(2015)

Hydrodynamic 
cavitation

Nannochloropsis 
oculata

Low energy 
requirements

Limited area 
of cavitation

Ali and 
Watson 
(2015)

Biological Enzymatic 
treatment

Chlorella 
vulgaris, 
Scenedesmus 
dimorphus, 
Nannochloropsis 
sp.

Selective, 
delicate and 
efficient cell 
wall 
hydrolysis 
without 
affecting 
carotenoid 
bioactivity

Enzymes are 
expensive, 
difficult to 
recover after 
each 
reaction, 
delayed 
process

Al hattab 
and Ghaly 
(2015)

(continued)
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sonication techniques, bath sonication is much suitable which can be used at a large 
scale when compared with horn sonication, due to a single operational unit and 
lesser energy input. Some recent methods such as supercritical fluid extraction (SFE) 
and pressurized liquid extraction (PLE) are also suggested as green technology. SFE 
makes the use of non-toxic CO2 in supercritical conditions for the extraction of lipids 
from cells. Whereas PLE is generally used for the extraction of polar and non-polar 
components from corn and oats by using different solvents. Moreover, this technique 
has been used to extract bioactive compounds like antioxidants from two microalgae 
species Arthrospira platensis and Dunaliella salina. However, the constant need for 
maintenance of high temperature and pressure conditions, and high-energy inputs 
make both the techniques impractical for industrial applications. Moreover, the use 
of high temperature compromises the yield of temperature- sensitive components 
such as carotenoids. Pulse electric field lysis (PEF) is also employed to carry out the 
extraction of desired products from microalgae. In this technique, the cells are sub-
jected to pulses of a strong electric field that leads to the formation of pores in the 
cell wall as happens in the process of electroporation (DNA transfer process). The 
formation of temporary pores in the cell wall causes the biochemical components to 
leach out of the cell. This method is not applicable to the extraction of carotenoids 
due to the requirements of some essential organic solvents.

Current extraction methods are constrained by time consumption, use of large 
amounts of toxic solvents, high-energy inputs, and expensive operational procedures 
leading to difficulty in scaling up the process (Balasubramanian et al. 2011). The use 

Table 14.4 (continued)

Category Method Strains used Advantages Drawbacks References

Electromagnetic Ultrasound- 
assisted

Scenedesmus 
dimorphus, 
Nannochloropsis 
oculata

Relatively 
energy- 
efficient

Variable 
results 
depending on 
species

Wang 
et al. 
(2014a)

Microwave- 
assisted

S. obliquus, 
Botryococcus sp., 
Chlorella 
vulgaris, 
Scenedesmus sp.

Relatively 
energy 
efficient with 
good product 
recovery 
ratio, 
efficient cell 
disruption, 
reaction time 
is fast

Maintenance 
cost is 
higher, heat 
generation

Al hattab 
and Ghaly 
(2015)

Electric Pulsed electric 
field

Auxenochlorella 
protothecoides

Selective, 
delicate and 
energy- 
efficient, 
does not 
affect 
carotenoids

Under the 
development 
phase

Goettel 
et al. 
(2013)
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of microwave-assisted extraction (MAE) for microalgae has been primarily used not 
only for lipid extraction but also for proteins, carbohydrates, and pigments. 
Microwaves have an advantage of quick heating, unidirectional flow of heat and 
mass, selective energy dissipation, faster, increase the purity and yield of the desired 
product. The microwave-assisted extraction resulted in up to 94.92% cell disruption 
in Nannochloropsis oculate (Ali and Watson 2015). Conclusively, MAE is an 
environment- friendly approach with minimum use of toxic solvents and diverse 
applicability to the extraction of various bioactive metabolites but still, the problem of 
heat generation and maintenance cost are some of the issues that need to be addressed.

5  Product Purification

As discussed earlier, microalgae have recently been employed as an alternative pro-
duction platform for recombinant protein expression. C. reinhardtii genome is well 
studied and thus serves as a suitable model and expression system for the expression 
of recombinant proteins. Moreover, it is easy and cost-effective to culture it on a 
large scale (Shamriz and Ofoghi 2016). The optimization of a sustainable and effi-
cient process of protein isolation for industrial applications from the broth of micro-
algae is a big challenge. Therapeutic recombinant proteins and bioactive molecules 
derived from C. reinhardtii require purification up to 99% (Rasala et al. 2010). The 
diatom Phaeodactylum tricornutum was genetically engineered to express a recom-
binant human antibody (Hempel et al. 2011). A-Sepharose beads column was used 
to purify the expressed recombinant protein and the purity was confirmed by per-
forming gel electrophoresis. Various chromatography techniques such as affinity, 
size exclusion, hydrophobic interaction, and ion-exchange chromatography are gen-
erally used for lab-scale purification of the desired protein from microalgae (Verdel 
et al. 2000; Wang et al. 2014b). An enzyme of Betaphycus gelatinus d-galactose- 6-
sulfurylase, a monomeric protein (65 kDa) was purified using hydrophobic interac-
tion and the exchange chromatography with an increased purification (4.9-fold) and 
3.7% yield of cell lysate (Wang et al. 2014b). A monomeric haloperoxidases enzyme 
(43 kDa) was isolated using gel filtration and ion exchange chromatography from a 
freshwater microalgae Cladophora glomerate (Verdel et al. 2000). Similarly, a pro-
tein named N-acetyl-d-galactosamine-specific protein was isolated by affinity chro-
matography from red alga Aglaothamnion oosumiense (Han et al. 2012).

In addition to chromatography-based purification, membrane filtration strategies 
such as cross-flow filtration and ultrafiltration are also used to purify microalgal 
proteins (Henderson et al. 2010; Her et al. 2004; Zhang et al. 2010). High product 
yield, greater volumetric throughput, fewer requirements, and cost-effectiveness are 
some of the advantages of using filtration methods over chromatography. The major 
concern in using membrane filtration is the availability of required size membrane 
which is crucial for isolation of a specific protein (Buyel et al. 2015).

The cost of microalgal metabolite production depends on multiple factors includ-
ing the cost involved in biomass production, the yield of desired metabolites, and 
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the cost of purification. Moreover, it has been found that the contribution of the 
recovery process is 60% greater than the cost of biomass, i.e., 40% in the production 
of valuable metabolite like eicosapentaenoic acid (EPA) (Molina Grima et al. 2003).

6  Challenges with Microalgal-Bioactive Compounds

Although the use of microalgal biomass to produce bioactive compounds appears 
promising, their economic feasibility for the large-scale biomass production is a 
major problem in the commercialization of microalgae-based commodities. Few 
algal species including Chlorella, Spirulina, Botryococcus, Haematococcus, 
Nannochloropsis, Isochrysis, Porphyridium, Dunaliella, and Tetraselmis have 
shown commercial potential. Unfortunately, large-scale production of these strains 
is still at infancy (Alam et al. 2019) mainly due to their slow growth rate which 
makes them susceptible to contamination chances. Algal biomass market is around 
20,000  metric tons of microalgal biomass/year with the price based on the con-
sumption source ranging from 0.4 € kg−1 to up to 100 € kg−1 for biofuel production 
and human consumption, respectively. Protein-rich algal biomass could be sold for 
0.75 € kg−1 (Sathasivam et al. 2017). However, the market share of algal carbohy-
drate especially for bioethanol production is quite promising and has to be increased 
so that it can replace the other conventional sources (Khan et al. 2018b).

There is a need to identify the robust potential microalgae species having the 
ability to cultivate at large scales to combat the problems related to contamination, 
reduced growth, and reduced metabolite production. Another attractive option could 
be the process optimization, to enhance the biomass and metabolite production in 
response to various biotic and abiotic factors (Shahid et al. 2019) or the culturing 
conditions. Usually, algal strains can adapt themselves to various environmental 
conditions and start producing bioproduct based on their habitat. Moreover, robust 
algal strains are usually extremophiles and can grow exceptionally at a diverse range 
of factors like carbon source, temperature, light, media composition, nutrient, and 
salinity levels and modify their composition to adapt those conditions and to reduce 
contamination chances (Rashid et al. 2019). This feature of microalgae could be 
exploited to raise the bioprocessing economics.

Harvesting and drying of algal biomass are other challenging processes. 
Harvesting alone accounts for 20–30% of the production cost. Microbe-induced 
flocculation or self-flocculating algal species like C. vulgaris JSC7 could be an 
interesting option (Alam et al. 2014). However, the selection of harvesting method 
may influence the quality of the desired product. Flocculation followed by sedimen-
tation is suggested as an economical method but is most suitable to obtain low-grade 
products. High-grade products require large amounts of biomass which can only be 
processed using continuous operational centrifugation. In order to decrease produc-
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tion cost and to increase shelf-life, it is mandatory to obtain the biomass with high 
solid content. Sun drying could be an excellent choice due to its high efficiency, and 
low-maintenance and operation cost especially in the countries with abundant sun-
light (Rizwan et al. 2018).

Integrated extraction of the desired product (fuel and food) in a cost-effective and 
efficient way is a major constraint in the commercialization of algal commodities. 
Development of a generalized extraction method is tricky as its selection depends 
on the desired product and algal species under consideration. Moreover, the selected 
method should not damage other products of interest (Rizwan et al. 2018; Rösch 
et al. 2019). The use of microwave, ultrasounds, and selective solvents is an attrac-
tive option. In protein extraction, polysaccharide content in the cell wall of algae 
hinders the process and has a determinantal effect on the purity and yield of the 
product. Moreover, the cell wall acts as a protective covering and reduces the pro-
tein digestibility. Various methods like air drying, sun drying, fermentation, etc. are 
reported to increase protein functionality and digestibility. Similar is the case with 
algal peptides, which remain inactive until treated with either exogenous enzymes 
or subjected to enzymatic or protease hydrolysis during fermentation. Mostly algal 
proteins and peptides are bitter in taste but are excellent fortifying agents especially 
in extreme conditions of high temperature and pH (Sahni et al. 2019). In order to 
reduce the protein impartment, it is suggested to extract protein content along with 
its polysaccharide constituent followed by fatty-acid content. The obtained polysac-
charides then can be fermented to bioethanol and biobutanol (Rösch et al. 2019).

A plausible solution to reduce the production in the open-pond system is the use 
of wastewater as nutrient media. A case study suggested the price reduction from 
4.5 to 3.6 € kg−1 for raceway ponds and from 2.3 to 1.4 € kg−1 for thin-layer cascade 
(TLC). A further reduction in production cost (2.1 and 0.6 € kg−1 for raceway and 
TLC) is possible if the wastewater treatment cost is considered as an input for bio-
mass production (Fernández et al. 2019). Process optimization in combination with 
integrated biorefinery is the best option to obtain a variety of bioproducts (food and 
fuel) in a cost-effective, efficient, and environment-friendly manner.

7  Applications of Microalgal-Bioactive Compounds

Microalgae are an untapped source of valuable biochemicals which can be exploited 
to produce energy, edibles, and other health products by employing efficient and cost-
effective approaches (Fig. 14.3). Microalgae are also capable of producing many valu-
able bioactive compounds that are yet to be explored. Apart from bioethanol production, 
the carbohydrate and protein component of microalgae can be used on a commercial 
scale for various applications such as human health and nutrition, cosmetics, pharma-
ceuticals, feed for animal and aquatic life, and as biofertilizers (Table 14.5).
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7.1  Bioethanol

Microalgae are renowned as third-generation feedstock to produce biodiesel. 
However, some microalgae species are a rich source of carbohydrates in the form of 
cellulose and starch thus contributing in the production of bioethanol. Bioethanol 
production from such carbohydrate-rich microalgal species is advantageous in com-
parison to plants due to higher growth rate and CO2 fixation ability of microalgae. 
Moreover, microalgal carbohydrate content is mainly composed of cellulose and 
starch which makes it easier to convert into monosaccharides in comparison to lig-
nocellulosic biomass. Chlorella, Scenedesmus, Dunaliella, Chlamydomonas, and 

Table 14.5 Protein- and carbohydrate-based industrial products of microalgae

Type Product Species Utility References

Protein Protein powder/
tablets

Chlorella sp.
Athrospira sp.

• As health food 
products
• As an animal and 
poultry feedstock

Bleakley and 
Hayes (2017)

Phycobiliproteins Spirulina platensis
Porphyridium sp.

• Used extensively in 
food production
• Used in 
pharmacology and 
medicine industry
• In the cosmetics 
industry

Manirafasha 
et al. (2016)

Peptides Chlorella 
pyrenoidosa
Cyanobacteria

• In the pharmaceutical 
industry as anti-cancer, 
antioxidant, and 
anti-inflammatory
• In the production of 
functional foods for 
cardiovascular health

Ejike et al. 
(2017) and 
Kim and 
Kang (2011)

Mycosporin-like 
amino acids

Cyanobacteria sp., 
Dinophyta, etc.

• Used as sunscreens Llewellyn 
and Airs 
(2010)

Carbohydrate Polysaccharides Porphyridium sp., 
Rhodella sp., 
various 
Cyanobacteria

• As a solidifying 
agent in the 
preparation of culture 
media for the growth 
of microorganisms
• As a thickening agent 
in place of gelatin, 
pectin, and starch
• Cosmaceuticals

Buono et al. 
(2014) and 
Venugopal 
(2016)

Sulfated 
polysaccharides

C. stiamatophora, 
C. pyrenoidosa, 
Phaeodactylum 
tricornutum, 
Porphyridium sp.

• Anti-inflammatory, 
antioxidant, 
immunomodulatory

Buono et al. 
(2014)
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Tetraselmis have found to be rich in carbohydrates (above 40% of the dry weight). 
Various species of genus Chlorella possess high carbohydrate content, for example, 
C. vulgaris has 37–55% of carbohydrates (dry weight) (Hossain et al. 2019).

Prior to the fermentation of these components by microorganisms, they need to 
be hydrolyzed into simple fermentable sugars. Chemical (acid and alkali) and enzy-
matic hydrolysis are the two commonly used procedures for this purpose. Acid 
hydrolysis is comparatively cheaper and faster but also results in the decomposition 
of important components and produce toxic compounds that usually interfere with 
the fermentation. Enzymatic hydrolysis is a costly and slow process, yet it is a mild 
and environment-friendly procedure and can yield higher glucose without produc-
ing inhibitory byproducts. Enzymatic hydrolysis often requires costly pretreatment 
procedures in order to enhance the hydrolysis efficiency. The conversion of hydro-
lyzed microalgal biomass is carried out by two major ways, either by separated 
hydrolysis and fermentation (SHF) or simultaneous saccharification and fermenta-
tion (SSF) (Khan et al. 2018b).

7.2  Human Health and Nutritional Products

In the past few years, especially after the identification of probiotics, the aquatic 
organisms particularly microalgae have been intensively investigated for their health 
benefits. The cardiovascular diseases can be treated by sterols which are produced 
by microalgae. The Spirulina sp. has been reported to produce clionasterol, that is 
helpful in preventing cardiovascular diseases (Munir et al. 2019). Likewise, many 
antioxidant compounds (e.g., mycosporines, dimethyl-sulfoniopropionate, 
β-carotene, astaxanthin, and some other carotenoids) are also obtained from micro-
algae. The oxidative stress damage can be compensated with these antioxidants. 
The Spirulina maxima and Spirulina platensis strains have been frequently used as 
a source of human food. The Spirulina sp. has been grown at commercial level as a 
food source because it can improve the immune system. It positively affects lactic 
acid bacteria of the gastrointestinal tract that improves body hormones. It is also 
used in the treatment of other diseases like cancer, diabetes, arthritis, cardiovascular 
diseases, and anemia (Mani et al. 2007).

The Chlorella sp. is also reported to be used as a food source. It is rich in differ-
ent vitamins, proteins (51–58% of dry weight), and carotenoids (Richmond 2004). 
It is also involved in the production of “Chlorella Growth Factor” that enhances 
lactic acid bacteria’s growth in the body. This microalga sp. also has β-glucan that 
performs its functions as immune stimulator such as, it reduces blood lipids and free 
radicals (Iwamoto 2003). It has many health benefits like it decreases cholesterol 
levels, reduces blood sugar, and increases hemoglobin levels in the blood. During 
ethionine intoxication and hunger, it acts as a hepatoprotective agent, increases the 
growth of the intestinal bacteria, and protects from kidney failure. It can stimulate 
the immune system to hinder the growth of Listeria monocytogenes and Candida 
albicans. In mammals, extracts obtained from Chlorella are used for increasing the 
production of cytokines and splenocytes and for activating some other immune 
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responses. The Japanese have been utilizing C. ellipsoidea for making various food 
products, e.g., cookies, powdered noodles, bread rolls, green tea, soy sauce, soups, 
and ice cream (Barrow and Shahidi 2008).

The biomass of microalgae is composed of enzymes, fiber contents, carbohy-
drates, and proteins. It can also produce different vitamins (e.g., A, B1, B2, B6, and 
C) and could be a source of various minerals like calcium, iodine, potassium, mag-
nesium, niacin, and iron. Because all essential nutrients are present in microalgae, 
so it is used as a primary food source in different Asian countries particularly Japan, 
China, and Korea. Due to their high nutritional value, it is also used in other conti-
nents. Only a limited number of microalgae species can be used as human dietary 
supplements because of the market demand and strict food safety regulations. 
Microalgae are marketed in the form of liquids, tablets, and capsules for the human’s 
usage and are also added in beverages, gums, pastas, candy bars, and snacks. They 
are utilized as natural food colorants and in nutritional supplements. These are some 
important nutritional and medicinal benefits of microalgae that make them benefi-
cial for humans (Koyande et al. 2019).

7.3  Cosmetics

Chlorella sp. and Arthrospira sp. have some important components that are used in 
skincare products. Some international companies like Daniel Jouvance and LVMH 
have their own microalgae production units. The extracts of microalgae are usually 
used in skin and face care, sun protection, and haircare products. The Dunaliella 
salina, Alaria esculenta, Spirulina platensis, Mastocarpus stellatus, Chlorella vul-
garis, Ascophyllumnodosum, Nannochloropsis oculata, and Chondrus crispus are 
some of the microalgal species that are usually being utilized in cosmetics. The 
microalgal extracts are commonly used in cosmetics because of some important 
properties such as high level of antioxidants, water binding capacity, and slimy tex-
ture. The Arthrospira sp. is used in the production of a protein-rich extract that has 
an anti-aging agent. The extracts obtained from the C. vulgaris are involved in tis-
sues regeneration and reduction of wrinkles. The extract of Nannochloropsis ocu-
lata has skin tightening properties and the extract of D. salina can enhance skin 
energy metabolism and significantly increase cell growth (Ariede et  al. 2017; 
Couteau and Coiffard 2018). So, microalgae have many imperative properties to be 
used in cosmetics production.

7.4  Pharmaceuticals

The bioactive molecules are naturally obtained from microalgae by a biological 
process that cannot be synthesized easily by using chemical methods. The antibiot-
ics of chemically diverse types like tannins, polysaccharides, fatty acids, bromophe-
nol, terpenoids, and alcohols are produced by microalgae. Some neurotoxic and 
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hepatotoxic compounds are also produced by several microalgae. In the pharmaceu-
tical industry, these compounds have some potential applications (Patel et al. 2019). 
The blue-green algae, Prymnesiumparvum sp., and Ochromonas sp. can produce 
toxins that can be utilized in the pharmaceutical industry. Spirulina, Scenedesmus, 
and Chlorella species are used as human supplements. The extracts of microalgae 
improve skin, fertility, immune responses, and control weight. However, high con-
centrations of these extracts can be harmful particularly when cyanobacteria are 
utilized (Katircioglu et al. 2012).

7.5  Aquaculture

Aquaculture animals obtain nutrients from the food chain. The primary producers in 
food chain are microalgae. The survival and growth of adults as well as their larvae 
depend upon the nutrients produced from microalgae. Microalgae including 
Skeletonema, Pavlova, Nannochloropsis, Chlorella, Isochrysis, Phaeodactylum, 
Tertraselmis, Chaetoceros, Thalassiosira, and Tetraselmis play a vital role in exter-
nal appearance and physiological growth of aquatic animals (Apandi et al. 2019). 
Both for the marine and fresh aquatic animals, microalgae are used as feed additives 
and food source until now. The cladocerans, rotifers, and shrimp have been cultured 
by different types of zooplankton that are further used in finfish farming and crusta-
cean. Haematococcus pluvialis, Dunaliella salina, and Spirulina sp. are utilized for 
culturing ornamental fish, salmonid fish, and prawns (Shah et al. 2018). The usage 
of microalgae has been encouraged as a food source. However, risk of toxicological 
contamination and high manufacturing costs are some limitations for using micro-
algae as food product.

7.6  Animal Feed (Pets and Farming)

Microalgae have been reported as a feed supplement in several studies. A wide 
range of animals can use Arthrospira sp. as their feed, for example, cats, dogs, cows, 
aquarium fish, ornamental birds, breeding bulls, and horses. It puts a positive effect 
on the physiology of animals. It can be used in the feed of poultry as a source of 
protein (5–10%) (Richmond 2004). But it also has hazardous effects on poultry if 
applied for a longer time at high concentrations. It effects usually color of broiler 
shanks, skin, and egg yolk. Almost 30% of microalgal production is utilized for 
preparing animal feed and 50% of Arthrospira sp. is produced for making feed 
supplements worldwide (Molino et al. 2018).
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7.7  Biofertilizers

In the absence of air, the microalgal biomass can be converted to charcoal, syngas, 
and bio-oil via pyrolysis at a higher temperature (350–700 °C) (Yang et al. 2019). 
The biochar produced by this mechanism can be utilized as a source of sequestra-
tion of carbon and as a biofertilizer. The emission of CO2 can be reduced by 84% by 
applying biochar for carbon sequestration (Chen et al. 2019). In the field of agricul-
ture, microalgae can be used as a source of biofertilizer and as soil conditioners 
(Ronga et al. 2019). The blue-green algae can reduce the nitrogen fertilizer usage, 
improve physicochemical properties of soil, and enhance the yield of biomass. It 
can also improve electrical conductivity, pH, residual carbon and nitrogen of soil. 
Moreover, grain quality is improved regarding protein content. In low-land and up- 
land conditions, microalgae of following genera Anabaena, Tolypothrix, Aulosira, 
and Nostoc can fix atmospheric nitrogen to improve the growth of paddy crops 
(Esteves-Ferreira et al. 2018). The microalgae production is usually carried out by 
four methods that are (1) field method, (2) nursery cum, (3) tank method, and (4) pit 
method. The latter two are more beneficial for individual farming while former two 
are better for bulk production of microalgae. Additional income can be generated by 
this technology by selling algal biofertilizer.

8  Commercialization of Microalgal Products

Various patents have been filed in recent years targeting the efficient extraction of 
pigments, proteins, carbohydrates, and other valuable products from the cell lysate 
(Table  14.6). For instance, a patent was granted to Sepal Technologies Ltd., for 
developing a novel method of harvesting microalgal cells from water without rup-
turing (Borodyanski and Konstantinov 2003). This method involves successive 
steps of flocculation, flotation followed by dehydration to harvest microalgal bio-
mass in concentrated form without cell rupturing. Another patent was granted to 
Green Extraction Technologies for developing an instrument for fractionation of 
microalgal biomass. Katz and colleagues hold another patent for the novel strategy 
of flocculation-deflocculation used for harvesting the microalgal biomass produced 
in various forms of waters including freshwater, saltwater, brackish water, and 
treated wastewater (Katz et al. 2013). Another method of isolating microalgae using 
externally applied magnetic field has been established using a composite of para-
magnetic nanoparticles (Tohver et al. 2001).

A multi-step protein extraction method for isolating highly purified protein (less 
than 5 kDa) from Chlorella species was patented involving washing, thermal per-
meabilization (at 50–150 °C), removal of permeabilized biomass by combined pro-
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Table 14.6 Recent patents in industrial process optimization and utilization of microalgal biomass

Process
Patent 
date Assignee Patent number Target strains References

Microalgae 
separation 
method 
without cell 
rupturing

25-02- 
2003

Sepal 
Technologies 
Ltd.

US-09748249/
US-6524486 B2

Generally 
applicable

Borodyanski 
and 
Konstantinov 
(2003)

Microalgae 
fractionation

14-04- 
2011

Valicor Inc. US-20110086386A1 – Czartoski 
et al. (2016)

Flocculation- 
deflocculation 
method for 
improved 
harvesting

25-04- 
13

The 
University of 
Texas 
System 
(Board of 
Regents)

WO 2013059754A1/
US-20130102055

Chlorella, 
Nannochloropsis, 
Spirulina, 
Dunaliella, 
Oscillatoria, 
Scenedesmus, 
Amphora, 
Phormidium, 
Ochromonas, 
Selenastrum

Katz et al. 
(2013)

Microalgae 
fractionation 
for proteins 
and lipids

13-01- 
2013

Old 
Dominion 
University 
Research 
Foundation

WO2013086302A1 Scenedesmus sp., 
Chlamydomonas 
sp., Spirulina sp., 
Chlorella sp., 
Porphyridium sp., 
Euglena sp.

Kumar and 
Hatcher 
(2013)

Enzymatic 
digestion for 
production of 
lipid, protein, 
and 
carbohydrate 
from 
microalgae

05-03- 
15

The 
University of 
Toledo

WO2015031762A1 Schizochitrium, 
chlorella sp., 
Limacium

Vadlamani 
et al. (2016)

Method for 
extraction of 
sugars and 
lipids

28-05- 
15

Eni S.P.A. WO2015075630A1 – Massetti 
et al. (2016)

Albumin 
protein 
extraction 
using selective 
heating from 
freshwater 
microalgae

05-11- 
13

Heliae Dev 
LLC

US-8574587B2 – Aniket 
(2013)

(continued)
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cess of filtration, flocculation, multi-step centrifugation followed by ultrafiltration 
using specific sized membrane with a cutoff value less than 5 kDa (Patinier 2017). 
The isolation process of globulin protein from freshwater microalgae 
Nannocchloropsis sp. was invented by the Heliae Development LLC. This method 
involves mixing of freshwater algae with saltwater and heated at a temperature 
below the boiling point of extract results in a liquid fraction with an enriched con-
tent of globulin proteins. The separation of globulin-enriched liquid fraction was 
separated from biomass fraction by a series of steps involving treatment with vari-
ous solvents like ethanol, methanol, acetone, isopropanol, acetonitrile, and ethyl 
acetate (Aniket 2013). A patent was filed in 2013, regarding protein fractionation 
along with lipids from microalgae. This study used a bioreactor having a tempera-
ture of 200–350 °C which led to the separation of cell lysate into a solid and liquid 
phase which resulted in the extraction of 60% of the total protein (Aniket 2014).

An efficient method of sugar extraction from microalgal biomass was patented 
by a Colombian company (Ecopetrol S. A.) in 2012. This study proposed the use of 
sulfuric acid treatment at high temperature (between 100–200  °C) and pressure 

Table 14.6 (continued)

Process
Patent 
date Assignee Patent number Target strains References

Globulin 
protein 
extraction 
using selective 
heating from 
freshwater 
microalgae

03-06- 
14

Heliae Dev 
LLC

US-8741629B2 Nannochloropsis 
sp.

Aniket 
(2014)

Microalgae 
harvesting 
process

04-01- 
2015

The 
Colorado 
School of 
Mines

US-9464268/
US-20150152376A1/
US-20110201076

Generally 
applicable

Tohver et al. 
(2001)

Extraction of 
soluble 
proteins from 
microalgae

01-06- 
17
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27-03- 
14
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Universiteit

WO2014046543A1 – Zhang et al. 
(2014)
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(101.14–303.42 kPa) that led to the disruption of cell wall of microalgal cells of 
C. vulgaris, S. bassilensis and Chlamydomonas sp., and thus facilitated the process 
of carbohydrate extraction (Improved method for obtaining fermentable sugars 
based on microalgae and macroalgae 2011). Another process of carbohydrate and 
lipid extraction from microalgae was patented in 2014. This method utilized the 
extracted carbohydrates for the purpose of fermentation to produce alcohols like 
ethanol and butanol (Massetti et al. 2014). Moreover, a strategy of flocculating the 
microalgae using an anionic flocculant (polyacrylamides, polycarboxylates, polyac-
rylates, and polymethacrylates) and an elevated pH (equal to or higher than 10) was 
used. The carbohydrate and lipid content were then extracted by solvent extraction 
and acid hydrolysis of the concentrated semi-solid biomass. A patent, suggesting 
the use of enzymatic hydrolysis (using fungal acid protease) of Chlorella sp., 
Schizochitrium limacium was allotted to the University of Toledo for improved 
extraction of carbohydrate, lipid, and protein content (Choi et al. 2010).

9  Conclusion and Prospects

Microalgal biorefineries have immense potential in terms of product diversity and 
sustainability and could become multi-billion dollars industry in near future. 
Continuous technological developments are being made to increase the efficiency of 
microalgal biorefineries but still a multi-product commercial biorefinery for large- 
scale production of value-added products is not feasible. Current studies show that a 
multi-product commercial biorefinery is too costly to operate. The standard down-
stream processing of the bulk commodities accounts for 30% to the total cost whereas 
in current biorefineries it is up to 50–60%. So, in order to reduce the overall expense, 
simplified downstream processing is required with a reduced number of multi-oper-
ational units. The complexity of the design is much crucial mainly in the cell disrup-
tion and extraction part of the biorefinery section. Certainly, we need to develop more 
efficient procedures of cell disruption and extraction along with the overall optimiza-
tion of the process. We need a better understanding of cell wall structure and compo-
sition of each microalga to employ the best suitable technique for its treatment. The 
microalgae-based products require extraction of the metabolic content for which 
various cell wall disruption techniques have been developed. However, the micro-
wave-assisted extraction (MAE) and pulsed electric field method (PEF) have shown 
to be the most promising approaches. In order to enable the scaling up of any tech-
nique, further optimization of the operating costs and energy consumption are needed 
to reach the ultimate goals of high yielding quality products and easy recovery. 
Development of new and efficient techniques is a prerequisite to the advancement of 
the overall process of microalgal cell disruption and enhanced recovery of bioactive 
compounds. Conclusively, along with the overall cost reduction of the process, mild-
ness is another important criterion to be considered while designing a microalgal 
biorefinery approach. Maximum utilization of all components of the microalgal bio-
mass in the biorefinery will lead to the development of large-scale production of 
valuable commodities from the current small- scale procedures in the future.
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Chapter 15
Pretreatment and Lipid Extraction 
from Wet Microalgae: Challenges, 
Potential, and Application for Industrial- 
Scale Application

Md Shamim Howlader and William Todd French

Abstract The production of oil from microalgae has tremendous potential for 
reducing environmental problems generated using conventional fossil fuels. The 
present barrier for industrial-scale lipid production from algal biomass for biofuel 
application comes from the high extraction cost which is usually performed after 
drying the biomass. The lipid extraction cost can be significantly reduced if the 
extraction is performed directly on wet biomass. The lipid recovery from the wet 
biomass at the present state is very low to be competitive at large-scale application. 
Due to the high moisture content, a pretreatment of wet biomass is needed prior to 
the lipid extraction to increase the overall oil recovery. There are different pretreat-
ments (e.g., high-pressure homogenization, ultrasound sonication, microwave irra-
diation, etc.) that can be used to disrupt the robust cell wall of microalgae prior to 
the oil extraction. Sometimes, both the pretreatment and lipid extraction can be 
performed using the same apparatus to reduce the overall production cost. The pro-
cess economy and the cost of lipid extraction of different pretreatment methods 
need to be assessed carefully before considering its commercial-scale application.

Keywords Biofuel · Microalgae · Lipid extraction · Pretreatment

1  Introduction

We are in a state where we are rapidly running out of time to combat some of the 
basic survival problems currently we are facing to save our planet from certain obvi-
ous threats. Global warming is one of the most debated issues of the twenty-first 
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century which many people are viewing in different angles; some believe this is 
happening and causing a serious threat to our existence and some believe this as 
non-existent. In reality, we are already having drastic changes in our loving planet 
due to the increasing world surface temperature. The use of fossil fuel is one of the 
main sources of global warming which generally occurs by the emission of green-
house gases originated from fossil fuel and other highly industrial sources 
(Ramakrishnan 2015). To reduce the global warming, we need to shift our focus on 
producing fuels from greener sources which not only be environmentally friendly 
but also need to be cost-effective to make it feasible for large-scale application. 
Generally, biodiesel is a greener fuel which emits less greenhouse gas and renew-
able produced from different vegetable oil sources such as soybean and rapeseed 
oil. Biodiesel from these sources is not a long-term solution because they are used 
as food as well as they are season-dependent for their growth and production 
(Mazanov et al. 2016; Park et al. 2008; Patel et al. 2017).

Different types of microorganisms are the potential sources to produce biodiesel 
at large-scale application without much complexity. Generally, the oleaginous 
microbes are termed as the suitable candidates for the biofuel production because 
these microbes can produce more than 20% oil (up to 80%) on dry cell weight 
(DCW) basis (Shields-Menard et al. 2018). Among oleaginous microbes, yeasts are 
suitable for large-scale biodiesel production because their growth is faster, they can 
take a wide range of substrates, and their productivity is higher compared to other 
microbes (Patel et al. 2017; Alfenore and Molina-Jouve 2016; Adrio 2017). Though 
different bacteria and fungi are used for many applications, they can also be consid-
ered for biodiesel production (Mukhopadhyay 2015; Portillo et al. 2018). Among 
different microbes, algae are most widely studied microbes because of their versa-
tilities such as they have thousands of species to explore, do not compete with food 
unlike vegetable oil, ability to fix atmospheric CO2, can be cultivated anywhere in 
the world, and have high biomass and lipid content when the strain is correctly 
developed (Singh and Gu 2010; Griffiths and Harrison 2009; Alam et al. 2019; Wan 
et al. 2015; Lu et al. 2019). Generally for lipid extraction from algae, the process 
starts with the cultivation of algae either in an open pond with less control or in a 
photo-bioreactor with more controlled environment abbreviated as PBR. The sec-
ond step of the algal biofuel process is the harvesting of algae followed by the 
extraction of lipid from cell biomass using a suitable solvent.

For traditional lipid extraction from algae, the algal biomass is dried after har-
vesting and the solvent extraction is performed on dried biomass. The drying of wet 
algae is very energy-intensive that makes the process uneconomical for commer-
cialization of the algae-based biofuels (Sathish and Sims 2012). Lipid extraction 
from wet algal biomass can eliminate this shortcoming by bypassing the drying of 
the biomass. Though wet extraction process can reduce the energy requirement, the 
problem still remains as the lipid recovery is usually very low from the wet biomass. 
A pretreatment on wet biomass prior to the solvent extraction can improve the lipid 
recovery which can be conducted in many different ways such as physical, chemi-
cal, enzymatic, etc. There have been many publications on algal biomass pretreat-
ment on improving the lipid recovery from wet biomass (Yap et al. 2015; Wang 
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et al. 2015; Dong et al. 2016; Howlader et al. 2018a; Martinez-Guerra et al. 2018). 
In addition to lipid, the algal biomass can also be treated for protein, carbohydrate, 
and other bioproduct recovery. In this chapter, we discuss different means of pre-
treatment techniques applied to treat the biomass for improving the lipid recovery. 
Additionally, we also briefly discuss findings on protein recovery after algal bio-
mass pretreatment using different cell disruption methods. Here, we have reported 
the data obtained by researchers mostly in the last 5 years but not beyond 10 years 
for presenting the most updated findings.

2  Lipid Extraction from Dried Biomass

Traditionally, the lipid is extracted from the algal biomass or other microbes after 
drying wet cells using different means. For laboratory-scale lipid extraction, freeze- 
drying is the widely used method of biomass drying where the drying is conducted 
by applying vacuum at very low temperature. For large-scale lipid extraction and 
biodiesel production, the algal biomass is dried using drum dryer or spray dryer prior 
to the lipid extraction. Though the lipid extraction from dried biomass is preferred 
because of higher lipid recovery, the overall lipid extraction cost increases due to the 
higher energy requirement of drying making the process unsuitable in the large-scale 
application. Hence, lipid extraction from wet algal cell biomass is preferred.

3  Lipid Extraction from Wet Route

The lipid extraction from wet biomass is a preferred means for improving the lipid 
and other bioproducts recovery from microalgae for developing cost-effective bio-
processes. The high moisture content in the wet algae prevents the solvent to recover 
lipid which can be overcome by pretreating the wet algae. There are different ways 
to conduct the pretreatment on wet microalgae such as high-pressure homogeniza-
tion, microwave irradiation, ultrasound sonication, high-pressure gas application, 
steam explosion, etc. The cell disruption or pretreatment methods applied into 
microalgae are discussed below.

3.1  High-Pressure Homogenization

High-pressure homogenization (HPH) is the most widely used technique for micro-
bial pretreatment to extract the intracellular compounds for different applications. 
Unlike many other methods discussed earlier, high-pressure homogenization has 
been used at industrial scale in dairy processing application for protein extraction 
and purification (Cano-Ruiz and Richter 1997). Generally for HPH in algae pro-
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cessing, a very high pressure (50–1500 bar) with single or multiple passes is applied 
to the wet algal cell biomass with a defined biomass concentration to release the 
intracellular lipid or protein by breaking the thick cell wall (Samarasinghe et al. 
2012; Yap et al. 2014; Günerken et al. 2015). The product is then extracted from the 
homogenized sample using multiple methods such as membrane filtration (mechan-
ical method) and solvent extraction (chemical method). There have been numerous 
reports on improving lipid recovery after treating with HPH at different pressurized 
conditions. For example, Yao et al. (2018) found that 57.4% lipid can be recovered 
using the hexane extraction by HPH treatment which is considerably higher com-
pared to the Bligh & Dyer method where 44% lipid was recovered. Another report 
by Cho et al. (2012) showed that lipid recovery can be improved from 19.8% to 
24.9% when the cell wall was ruptured using HPH compared to untreated algal cell 
biomass when the lipid extraction time for HPH-treated sample and -untreated sam-
ples were 30 min and 5 h, respectively. Since the main drawback for lipid extraction 
and subsequent biodiesel production is the cost of extraction, the energy require-
ment for HPH treatment is significantly lower compared to other methods if the 
starting solid content in microalgae is higher. Having said that, HPH is not suitable 
for algal biomass with lower cell density because the processing cost of microalgae 
having the lower cell concentration is very high making the process unsuitable for 
large-scale application. The energy requirement for HPH treatment can be obtained 
using the following equation:

 
E PN CMJ / /kg m( ) = ρ

 
(1)

where E is the total energy to treat per kg of dried biomass, P is the applied pressure 
in MPa, Cm is the solid percentage (%) of the treated algal cell, t is the time (h), and 
N is the number of passes used during the treatment. Though having higher solid 
content in the treated cell is advantageous from the energy consumption point of 
view, there are several drawbacks for cells with higher density such as high viscos-
ity resulting in additional unit operations to pump the liquid to the HPH facility, 
emulsion formation is another concern that needs to be considered, and it was 
reported that lipid recovery using hexane extraction was decreased when HPH was 
used as the treatment on cell with solid content increase from 20% to 25% (Yap 
et al. 2015; Dong et al. 2016).

3.2  Microwave-Assisted Pretreatment

Microwave irradiation is another promising pretreatment method of algal microbes 
for improving the lipid recovery from both dry and wet biomass. Microwave irradia-
tion creates an electromagnetic radiation with a frequency of 0.3–300 GHz where 
the algal cell wall is broken due to the non-contact heat sources, and the intracellular 
lipid or other metabolites are accessible to extract using solvent(s) (Drira et  al. 
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2016). Microwave irradiation is one of the most popular pretreatment methods 
applied in laboratory scale for algal lipid extraction. One of the many advantages 
MW pose is that this method is suitable for both dry and wet biomass. Other notable 
advantages include a non-contact heat source, the process needs fewer equipment 
compared to other methods, and the faster energy transfer (Drira et al. 2016). There 
have been reports on microwave irradiation to improve the lipid recovery from algal 
biomass. For example, de Moura et al. compared the lipid extraction of MW-treated 
algal biomass with ultrasound sonication treatment and reported 20% (w/w) increase 
in lipid recovery from MW compared to the US. They also found that the fatty acid 
profile of the extracted lipid was not affected by the MW pretreatment (de Moura 
et  al. 2018). Heo et  al. (2017) reported a lipid recovery of 83% (w/w) from 
MW-treated algal cells whereas they found only 51% (w/w) lipid from the untreated 
cells. Balasubramanian et al. (2011) compared the lipid extraction after treating the 
algal biomass with MW and water bath control and found 76–77% lipid can be 
recovered from MW-treated biomass compared to 43–46% (w/w) lipid recovery 
using water bath control. From the above discussion, it is clear that MW irradiation 
is applicable to recover lipid from the algal cell with higher success rate compared 
to traditional methods, but the process has to be cost-effective from the energy con-
sumption perspective for industrial-scale application. The total energy requirement 
for treating a defined algal cell as well as the energy available from the obtained 
biodiesel is required for the cost estimation. There have been reports on energy 
requirement of microwave irradiation method and it can be concluded that MW can-
not be used for large-scale processing of microalgae due to its high energy require-
ment (Ali and Watson 2015; Lee et  al. 2012). For example, Lee et  al. (2012) 
performed a careful study on energy requirement for MW treatment for different 
algae and found that 420 MJ was needed for treating per kg of dried biomass, which 
is very high making the process unsuitable for commercial-scale application.

3.3  Ultrasound Sonication

Ultrasound sonication is a widely used pretreatment technique in algae processing 
for biodiesel application. The process of ultrasonication and its working principles 
are discussed elsewhere (Howlader et  al. 2018a). We will focus on studying the 
effect of different parameters, i.e., power, treatment time and the intensity of the 
sonicator as well as the solid concentration in the algal cell biomass on lipid recov-
ery. Generally, the lipid recovery is expected to be increased with increasing differ-
ent treatment parameters, but the quality of the final product can be degraded due to 
longer treatment time, and hence, the production cost also increases. As a result, the 
treatment parameters need to be chosen wisely considering these for process opti-
mization. There have been many recent publications on increasing lipid recovery by 
treating the algal biomass using ultrasound sonication. For example, Garoma and 
Janda reported an increase of 26.4% lipid recovery from Chlorella vulgaris after 
treating with ultrasound sonication compared to the untreated cells. All the treat-
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ments were conducted having the biomass concentration of 15% (w/w) because 
they investigated the effect of biomass concentration on lipid extraction and found 
that even if the biomass was increased beyond 15% the lipid extraction yield did not 
improve for a defined solvent system (Garoma and Janda 2016). Adam et al. (2012) 
found that the percentage of dry matter of biomass is the most significant factor for 
lipid extraction using ultrasound sonication where they extracted lipid by studying 
the effect of power, extraction time, and percentage dry matter. In a recent study by 
Ellison et al., they studied the effect of ultrasonication power and treatment time on 
lipid recovery using both Bligh and Dyer, and hexane extraction from a mixed algae 
sample. They found the optimum ultrasonication conditions to be 750 W and 30 min 
for increasing the lipid recovery from 8.3% to 16.9% when lipid was extracted using 
the Bligh and Dyer method (Ellison et al. 2019). The ultrasonication treatment can 
also be applied at the logarithmic growth phase of algae to improve the biomass and 
lipid content when used at low concentration. For example, Ren et al. (2019) used 
an ultrasonication power of 20 W and a frequency of 20 kHz to improve the growth 
and lipid accumulation where it was found that biomass and lipid content reached 
an optimum value of 2.78 g/L and 890 mg/L compared to control where the biomass 
and lipid content was 2.00 g/L and 550 mg/L, respectively. The higher lipid and 
biomass content resulted from greater substrate consumption due to the ultrasonica-
tion treatment. This remarkable study paved a new door for biofuels application and 
if this method can be scaled up to industrial-scale the cost of biodiesel production 
would be considerably lower making the process feasible.

3.4  Steam Explosion

The steam explosion can be applied on wet algal biomass to release the intracellular 
lipid with or without adding acid at various concentrations. The steam explosion 
generally utilizes a temperature of 120–240 °C with pressure from 1.03 to 3.45 MPa 
for a short exposure time (approximate 5 min) (Cheng et al. 2015; Lorente et al. 
2015, 2017). The system remains in the pressurized state for the assigned time and 
then suddenly depressurized to the ambient condition. There have been reports in 
improving the lipid as well as other metabolites recovery from various microbes 
using the steam explosion technique. For example, Lorente et al. (2017) found an 
improvement in lipid recovery from 2.1% (w/w) to a staggering 17.6% (w/w) when 
treated Nannochloropsis gaditana using the steam explosion at 150  °C supple-
mented with 5% sulfuric acid compared to untreated sample using hexane as the 
solvent. The same authors also reported an increase in protein content from 1.4% 
(w/w) to 9.1% (w/w) for N. gaditana when treated with the steam explosion com-
pared to untreated sample (Lorente et al. 2018). It is interesting to note that the lipid 
and protein recovery did not improve for other microbes which signify that steam 
explosion is dependent on cell wall of different microbes. In another article, Lorente 
et  al. found that addition of acid at different concentration increased the lipid 
 recovery during steam explosion. For example, the lipid recovery using hexane 
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extraction method increased from 2.5% (w/w) to 10.0% (w/w) when the acid con-
centration was increased from 0% to 10.0% as an additive to steam explosion. 
Lorente et  al. (2015) further compared the effect of lipid recovery using steam 
explosion with other pretreatment methods and found a significant increase in lipid 
recovery for steam explosion compared to ultrasound sonication and microwave 
treatment. From the initial study by several researchers, the steam explosion is 
found to be a potential pretreatment method which can be applied on microalgae in 
industrial-scale application. Having many advantages of steam explosion for bio-
fuel application, this method is suitable for treating the microalgae with the addition 
of acid. The lipid recovery is very low without any acid addition which will pose a 
barrier for its large-scale application since acid recovery at large scale is very chal-
lenging as of cost of recovery and environmental consideration. Unlike other tradi-
tional cell disruption techniques such as HPH and microwave irradiation, the steam 
explosion has not explored thoroughly to understand the process in a more detailed 
manner for biofuel and protein extraction application which is needed for scaling up 
this method in commercial scale.

3.5  Pressurized Gas Treatment

Pressurized gases can also be used to treat the wet microalgae to improve the lipid 
recovery as well as other bioproducts. For pressurized gas treatment, the microbial 
cell suspension with a defined biomass concentration is pressurized using the treated 
gas at the desired pressure, temperature, and agitation for a certain exposure time. 
The system is then suddenly depressurized, and the cell is lysed due to the expan-
sion of the gas during depressurization stage (Howlader et al. 2017a, 2019). The 
mechanism of cell disruption using pressurized gas is an interesting phenomenon 
where the solubility of the treated gas in the microbial cell suspension which con-
tains more than 99% (w/w) water plays an important role for efficient cell disrup-
tion. Though the exact mechanism of cell disruption using pressurized gas is not 
available to date, there are several possible explanations discussed in the literature 
(Garcia-Gonzalez et al. 2007). For example, if the treated gas is reactive to the water 
present in the cell suspension, the overall pH of the suspension is reduced due to the 
formation of carbonic acid when carbon dioxide is used as the treated gas. The nor-
mal cellular activity of the cell decreases due to the reduction in pH because cells 
are optimally active for a certain pH. The second explanation is when the pressur-
ized CO2 is used to treat the cell, some of the unreacted gas pass through the cell 
membrane where it reacts with metabolites (e.g., Ca2+ and Mg2+) present in the cell 
and precipitate as CaCO3 and MgCO3. Due to the loss of certain important metabo-
lites, cells also lose their normal activity. The third explanation is when the pressure 
is suddenly reduced at the end of the treatment; the cells are mechanically broken 
like a popped balloon due to the sudden expansion of the treated gas. These factors 
are combinedly responsible for cell disruption when a pressurized gas is used for 
cell disruption. There have been different gases explored for microbial cell disrup-
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tion, and CO2 was found to be the most suitable one due to its superior advantages 
such as reactivity with water present in the cell suspension and precipitation of 
metabolites which does not occur for other gases (e.g., N2, O2, Ar, etc.). Also, CO2 
is inflammable, cheap, safer to use, and non-toxic. Furthermore, as oleaginous 
microbes contain more than 20% (w/w) lipid on dry cell weight basis, the process 
would be advantageous if the treated gas is moderate to highly soluble in lipid-rich 
cell for appropriate solubilization. It has been reported in the literature that the solu-
bility of CO2 in both lipid (triglyceride and tributyrin) and lipid-rich cell is higher 
compared to other gases (Howlader et al. 2017a, b, 2018b). Traditionally, pressur-
ized CO2 has been used extensively in food application for the inactivation of 
unwanted microbes or pathogens present in the food (Xu et al. 2010). Although heat 
treatment was also considered for similar purpose, pressurized CO2 was found to be 
superior because the quality of food degrades for heat treatment due to the high 
treatment temperature. Since pressurized CO2 has been successfully implemented 
in food industry, this method can also be applied for treating wet microalgae for 
improving the lipid recovery for biodiesel application. For example, Howlader et al. 
(2017a) reported an increase of 40% lipid recovery from CO2-treated Rhodotorula 
glutinis cell when the treatment pressure was 4000 kPa with the treatment time of 
5 h. One of the main advantages of this method is the energy requirement for treat-
ing per kg of dried biomass which was found to be comparable with other tradi-
tional methods (Howlader et al. 2018a). Being at very early stage of the research to 
explore its full potential, pressurized CO2 needs further study to consider this as an 
alternative method for microbial cell disruption at an industrial scale.

3.6  Ionic Liquid-Assisted Method

Ionic liquids (IL) are liquids at room temperature which are gaining popularity for 
solid-liquid separation in recent years due to their tunable properties such as the 
viscosity, density, polarity, and hydrophobicity. These properties can be changed by 
changing their structure. Ionic liquids can be simultaneously used for both algal 
biomass pretreatment and lipid extraction which have several advantages compared 
to conventional methods such as non-flammable, low vapor pressure, high thermal 
and chemical stability, etc. (Desai 2016). Kim et  al. (2012) compared the lipid 
extraction from Chlorella vulgaris using the mixture of ionic liquid [Bmim]
[CF3SO3] and methanol with conventional Bligh and Dyer method and found a lipid 
recovery of 19% and 11%, respectively. Orr et al. (2016) studied a wide range of 
ionic liquids for treating the algal biomass to extract the lipid using hexane extrac-
tion where they investigated the mass ratio of algae to ionic liquids, incubation time, 
water content, and co-solvents. They indicated that ionic liquids can be used to 
disrupt the algal cell wall to improve the lipid recovery having high moisture con-
tent in the cell. Additionally, lower energy is needed for treating the algal cell bio-
mass using different ionic liquids making the process an alternative approach for 
biofuel application. To et al. (2018) also studied the effect of different ionic liquids 
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on lipid extraction and found [Che][ARG] as the most effective ionic liquid for lipid 
extraction from C. vulgaris and Spirulina platensis where [Emim][OAc] was found 
to be the least efficient. The structural differences between different ILs are respon-
sible for varied lipid recovery even if the treatment conditions are the same using the 
same microbes. Another study was performed by Choi et  al. on lipid extraction 
using the mixture of IL and molten salts where they found the following results: 
single molten salts (FeCl3∙6H2O) extracted 113  mg/g, single IL [Emim][OAc] 
extracted 218.7 mg/g, and the mixture of molten salts (FeCL3∙6H2O) and [Emin]
[OAc] extracted 227.6  mg/g. The results indicated an increase in lipid recovery 
when molten salts are mixed with ILs (Choi et al. 2014). Though ionic liquids are 
considered to be one of the suitable candidates in algal biomass treatment for differ-
ent application, this method mostly confined in laboratory scale to date and further 
studies are needed for the feasibility of large-scale application.

3.7  Other Pretreatment Methods

Cell disruption using chlorine (Cl2) can be a potential source for algal biomass pre-
treatment for improving the lipid recovery due to the lower energy requirement of 
the chlorine-treated biomass compared to other methods. It was found by Garoma 
and Yazdi that the total specific energy requirement for the chlorine-treated algal 
biomass was 3.73 MJ/kg having the biomass concentration of 0.2 g/L which is sig-
nificantly lower compared to all of the conventional methods. Though Cl2 treatment 
has the superior advantage from the energy requirement consideration, the lipid 
recovery was lower using Cl2 treatment compared to even the untreated biomass due 
to the reactivity of chlorine with residual biomass (Garoma and Yazdi 2019). The 
chlorine method would be feasible in lipid industry if the reactivity can be dimin-
ished and further research is needed to make the process come into reality. Dilute 
acid treatment is another technique which showed promise for algal biomass pre-
treatment because up to 79% (w/w) lipid was recovered by treating the wet biomass 
using this method as reported by Sathish and Sims (2012). Though dilute acid pre-
treatment has the advantage of requiring lower energy for treating the wet microbes, 
this method cannot be used in large-scale application due to the environmental con-
cerns the dilute acid poses. For example, if the dilute acid treatment is used for 
commercial application, tons of acid will be needed to process the biomass which 
would pose the environmental problems when it needs the disposal. Surfactants can 
also be used to treat the algal biomass prior to the lipid extraction to improve the 
lipid recovery. It has been shown that surfactants are suitable for increasing the lipid 
recovery after treating the wet biomass (Lai et al. 2016). Generally for surfactant- 
assisted pretreatment, concentration of surfactants, treatment time, and pH are var-
ied to find the extraction efficiency. Though the surfactant-assisted method is 
suitable for increasing the lipid content, this method would be unsuitable for large- 
scale application due to the high cost of surfactant. Enzymatic pretreatment can also 
be applied on microalgae for improving the lipid recovery. When using enzymatic 
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pretreatment, a defined amount of enzyme is dissolved and incubated for a defined 
time. The parameters generally controlled during enzymatic pretreatments are con-
centration of enzyme, incubation time, pH of the reaction, and incubation tempera-
ture. The enzyme can be used either alone or as a mixture of different enzymes.

4  Protein Recovery Using Cell Disruption

Different cell disruption method can be used to recover protein and other byprod-
ucts which have been under study by numerous researchers. It has been reported 
that the high-pressure homogenization (HPH) can be used to improve the protein 
release after disintegrating the cell membrane at the desired treatment condition. 
For example, Safi et al. (2017a) found 95% cell disintegration with more than 50% 
protein recovery with lower energy requirement compared to some other cell dis-
ruption techniques such as bead beating, pulse electric field (PEF), and enzymatic 
treatment. In another study performed by Safi et al. (2017b), they found that HPH 
released more protein (49%) during the pretreatment compared to enzymatic treat-
ment (35%), but the overall protein yield after the membrane filtration was higher in 
case of enzymatic disruption. Sometimes, additional treatment is needed to release 
the protein content from algal biomass. For example, it was found that ultrasonica-
tion alone is not effective for improving the protein release from algal thick cell wall 
as reported by Phong et  al. They found the protein recovery increased when the 
ultrasonication was combined with alkali pretreatment. They found that the protein 
recovery of C. vulgaris increased from 20% to 25% when cell was treated using the 
combination of sonication with alkali treatment compared to sonication alone 
(Phong et al. 2018). Lee et al. investigated the protein recovery from microalgae 
C. vulgaris by disrupting the microalgal cell using ultrasonication where they found 
ultrasonication method was superior in terms of protein recovery when compared 
with freeze-thawing and non-ionic detergent triton X-100. The optimum ultrasonic 
power and time were 400 W and 30 min having the biomass of 6.0 g/L where the 
protein recovery was 25.3% dry weight (Lee et  al. 2017). Safi et  al. performed 
another study on protein recovery from five microalgae named as H. pluvialis, 
N. oculate, C. vulgaris, A. platensis, and P. cruentum using five different cell disrup-
tion techniques which were control, manual grinding, ultrasonication, chemical 
method (added 2 N NaOH to maintain a pH of 12 to perform protein extraction), 
and HPH. They found a remarkable protein yield using high-pressure homogeniza-
tion (HPH) with the reported 90% protein yield from P. cruentum. The other meth-
ods recovered lower protein as the protein yield was 24.8%, 49.5%, 67.0%, and 
73.5% from control, manual grinding, ultrasonication, and chemical method, 
respectively. It is interesting to note that the protein yield using chemical method 
was significantly higher compared to other methods except for HPH and the pro-
cessing cost of chemical method is lower compared to ultrasonication and HPH, 
which proves that chemical method using NaOH has a potential to be used for 
 large- scale application for protein recovery from algal biomass (Safi et al. 2014). 

M. S. Howlader and W. T. French



479

Lupatini et al. (2017) also reported similar results for protein recovery using ultra-
sonication cell disruption on S. platensis. They reported that up to 76% protein can 
be recovered using the ultrasonication for 33–40 min treatment.

5  Future Directions

Microalgal cell disruption using different techniques is currently under study for 
different applications and there has been a decent success in regard to lipid recovery 
from both wet and dried biomass. Single disruption method sometimes cannot 
recover the product at the desired productivity, and combination of different tech-
niques can be applied to eliminate that hurdle. For example, the protein recovery 
was improved when ultrasonication was combined with alkali treatment compared 
to the ultrasonication alone (Phong et al. 2018). Martinez-Guerra et al. (2018) pro-
duced fatty acid methyl ester (FAME) using the combination of microwave irradia-
tion and ultrasound sonication. Liang et al. (2012) found that up to 49% lipid can be 
recovered when enzymatic-assisted extraction is combined with ultrasonication. 
Among all methods studied, the high-pressure homogenization (HPH) was found to 
be the most suitable method for industrial-scale cell disruption to date and other 
methods showed promise in small-scale or laboratory-scale application, but yet to 
be feasible in large-scale process. Although there have been several disadvantages 
of HPH treatment such as solid content in the algal biomass needs to be higher for 
reducing the energy content, having high viscosity in the sample requires additional 
unit operations, and emulsion formation during the process hinders the solvent 
extraction, the algal biofuels can be made feasible utilizing appropriate study of this 
method because HPH can completely rupture the tough cell wall of the microalgae 
as well as improve the recovery of metabolites. Other methods are still in the early 
stage of the development and need further research to consider the feasibility of 
algae processing for recovering different bioproducts.

6  Conclusion

Different cell disruption methods have been discussed along with the lipid recovery 
as well as advantages and disadvantages for large-scale application. The feasibility 
of these processes was analyzed based on the energy required to treat per kg of dried 
biomass, lipid recovery, recovery of solvent, etc., where high-pressure homogeniza-
tion is found to be the most suitable method if the solid content in the biomass is 
high. Different pressurized gases can also be used for breaking the algal cell wall to 
improve the metabolite recovery, but extensive careful studies are needed for its 
feasibility analysis. The currently used laboratory-scale methods such as microwave 
irradiation, ultrasound sonication, and ionic liquids are gaining attention for their 
advantages. In addition to lipid recovery, extraction of protein using these pretreat-
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ments was also analyzed from the recent studies and it was found that high-pressure 
homogenization is the most suited one followed by chemical method. The chemical 
method needs only a small volume of chemical where a considerable amount (73%) 
protein was recovered. This method can be studied further for its economic viability. 
Finally, it was suggested that the lipid and protein recovery from algae can be 
improved by combining different cell disruption methods.
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