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Abstract

Microalgae have received considerable attention due to several applications in which they can be used, such as bioremediation
and the production of high-value products. Microalgal biomass is known for its richness and variety of bioproducts such as
lipids, carbohydrates, proteins, pigments and antioxidants. They can be used for several purposes, for example, in the produc-
tion of biofuels, food nutrition (human and animal), pharmacology and cosmetology. However, despite the importance of
these applications, there are still certain difficulties to produce microalgae bioproducts in large-scale. The high general cost
of microalgal production is one of the major disadvantages, since cultivation, extraction and biorefining steps are necessary.
Unfortunately, these processes are frequently not compensated by the final product sales price. The identification of the target
compounds present in biomass as well as the costs involved in these steps are necessary to promote microalgal development
for agricultural, commercial and industrial applications. To focus on the main aspects related to the bioproducts present in
biomass, this review aims to demonstrate the main concepts regarding bioproducts and microalgae, the relevant data about the
sectors of application, and the main challenges and perspectives associated with these subjects by using bibliometric mapping.
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Introduction

The current energy sector profile drives the search for
alternatives to provide energy, minimize greenhouse gases
emissions and for biomass valorization [1]. However, the
development of new proposals is a challenging task. In
this context, microalgae are a promising source to produce
biomass due to several applications they can offer, such as
bioremediation [2, 3], biofuel production [4—7] carotenoids,
phycobiliproteins and polyunsaturated acids [8], among oth-
ers [9].

Microalgal biomass has been widely studied and applied
in many areas. The ability of these microorganisms to grow
in inhospitable conditions, as well as the ability for meta-
bolic adaptation under stress conditions, makes microalgal
biomass an attractive raw material for large-scale cultiva-
tion and industrial applications [10]. Microalgae can also
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accumulate several types of metabolites in their structure
and their susceptibility when they grow under stress condi-
tions may be a factor to increase production. The nutritional
value of these products can be influenced by the size, shape,
digestibility and biochemical composition of microalgae.
When the composition and concentration of the substances
present in the biomass are modified, different properties
and consequently different applications are obtained. The
properties are mainly influenced by the conditions and the
physiological state of the culture [11].

According to Grobbelaar [12], the interest in microalgal
production to obtain biomass for different applications began
essentially at Stanford University (USA) in a pilot plant.
Subsequently, this activity also occurred in other countries,
such as Japan, Germany, Israel, the Czech Republic and
China. The first large-scale research of microalgal biomass
production began in 1960 in Trebon, Czech Republic. At this
time, it was also reported that the cyanobacterium Spirulina
platensis (classified as Arthrospira sp.) grew naturally in
lakes and was harvested and used as a food source by local
people in Africa and China. In 1982, Spirulina sp. was for
the first time described as polyhydroxyalkanoate (PHA) pro-
ducer, however, nowadays is considered as one of the most
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prospective cyanobacterial for production of bioproducts
like protein, phycocyanin or phycoerythrin [13, 14] and in
recent years, biopolymers [15].

Initially, the main purpose of microalgal cultivation was
producing functional foods; however, this branch of activ-
ity was not very well developed and did not instigate a great
demand. This factor was considered to be one of the main
limitations to the increase of the development of microalgal
production on an industrial scale [16]. The development of
new bioproducts is an innovative proposal in the field of
microalgae. Considering the several applications obtained
from microalgal bioproducts, it is possible to highlight their
use in the pharmaceutical, food nutrition, cosmetic and bio-
fuel industries [17, 18]. Effectively, microalgae show prom-
ising prospects for obtaining bioproducts due to the high
value of their metabolites [19]. However, the costs required
for their production should be considered, mainly in aspects
related to efficient cultivation systems and bioproduct intro-
ductions on commercial and industrial scales.

There is a significant difference between the currently
available technology for microalgal production and that
needed to supply the global demand for some bioproducts.
Technologies should be expanded by several orders of mag-
nitude to be sufficient for commercial scale and to contribute
significantly to economic development. Thus, in addition to
the technological aspects, the production cost should also be
taken into consideration. To achieve this economic progress,
it is still necessary to solve some factors, which are usually
related to biological, engineering and biomass separation
[20-22].

In recent years, many review articles about microalgae
and bioproducts were published, for example: biorefinery
to obtain high value products from microalgae [22], bio-
fuel production from microalgal biomass by using pyroly-
sis method [23] or ultrasound treatment [24], biogas from
microalgae emphasizing aspects related to cultivation,
harvesting and pretreatment for anaerobic digestion [25],
possibilities for conversion of microalgae oil into aviation
fuel [26], recent developments on sustainable based biofuel
and bioenergy production with microalgae [27], the use of
marine microalgae for production of biofuels and chemicals
[28] upstream and downstream processing of microalgae
for biodiesel production [29] and advances in the field of
liquid transportation biodiesel using these microorganisms
[30]. All these publications are important, but most of these
reviews present the current scenario and recent develop-
ments of biofuels, the main steps and methodologies to pro-
duce them and strategies to reinforce this sector. However,
many of the bottlenecks in this area are justified by the dif-
ficult commercialization of these bioproducts. Even though
the information related to the importance of bioproducts
from microalgae is widespread, it is clear that several chal-
lenges are found and need to be considered in the production
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on an industrial scale. The difficulty of finding information
in the literature to gain a current perspective of this scenario
is another limitation in the economic analysis of the differ-
ent compounds obtained from microalgae. Nowadays, there
are relatively few industries that already work in this sec-
tor and these data are difficult to find. Cultivation systems
described in the literature are generally based on small-scale
plants associated with short-term studies on production. In
addition, the industrial plants already well-established do
not reveal their production costs, which hinders obtaining
a general view of the situation [31]. Thus, it is important to
demonstrate some capital costs involved in industries that
already operate in this area, to serve as support and to con-
tribute for people who intend to start a business in this sec-
tor as well as to supply new information for future studies.
Another aspect to be highlighted is that the reviews found in
literature usually discuss the bioproducts from microalgae
individually [32-35], which demonstrates the need to report
studies that provide these information in a single review.

Considering the numerous applications that can be
achieve by microalgae and due to the high value of bio-
mass, the present review was developed in order to track and
compile information about the production of microalgae and
bioproducts on a commercial scale which were not identi-
fied until this moment in published reviews articles. The
bibliometric mapping was used to evaluate the last 10 years
of publications regarding bioproducts obtained from micro-
algae using VOSviewer software based on the Web of Sci-
ence database. The systematic information, collection and
critical analysis about the evolution, potential, obstacles to
insert biomass in the market considering the already estab-
lished industries worldwide correspond to an advance in this
field. The estimation of future trends and perspectives about
this subject through industry reports containing production
data, costs and forecast in general can offer relevant and
new information promoting a relevant impact in the area of
this review.

Research Methodology

The research for this review focused on the main aspects
involving microalgae bioproducts, general perspectives and
main challenges in order to visualize the most relevant topics
in this context, to bring new information about these points
as well as to aggregate general concepts. First, a general
search was conducted in different databases, such as Sci-
ence Direct, Scopus and Web of Science. In this context,
Fig. 1 was schematized to present the main bioproducts
obtained from microalgal biomass and their applications.
To facilitate access to information about microalgae and bio-
products Table 1 was created by searching the main studied
microalgae, the target bioproducts, cultivation medium and
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system, extraction procedure, determinations and bioproduct
content.

The bibliometric mapping was applied in order to ver-
ify the main topics discussed to date in the literature and
investigate the relationships between the most cited words.
The present review was organized via a search of studies
described to date that could easily accessed with relevant
information for consultation and the development of future
studies.

For bibliometric analysis, VOSviewer version 1.6.6 was
applied using the database of Web of Science from Thomson
Reuters due to its comprehensiveness regarding the target
subject, high-quality studies and availability of data analysis
in VOSviewer. The articles were initially selected in Web
of Science based on a combination of the words “micro-
algae” and “bioproducts” and by selecting data based on
titles, abstracts and keywords of studies published between
2007 and 2017. As a result, 12,655 original publications
were found and exported in Web of Science format for fur-
ther analysis in VOSviewer. After this analysis, the topic
“microalgae” AND “application” was searched using the
same parameters as the previous search, and 1007 original
publications were found. In the VOSviewer software, bib-
liometric maps were created based on text data using the
previous exported database from Web of Science. The Web
of Science fields from which terms were extracted were “title
and abstract”, and binary counting was used with a mini-
mum number of 10 occurrences of a term. Then, the words
presented in Figs. 2, 7 and 8 were selected.

Fig. 1 Main bioproducts
obtained from microalgal bio-
mass and their applications

Based on the results from bibliometric mapping, and dur-
ing the development of the writing, the main bioproducts
and sectors of application were described and discussed.
Figures 3, 4, 5 and 6 were developed to complement impor-
tant information and to be a didactic source for consultation.
It was also verified that topics about the main challenges
involving microalgae bioproducts for industrial applications
had to be explored (Fig. 8).

Lastly, the critical opinion of the authors of this review
was synthesized in order to facilitate the understanding of
the subject in general, provide an outlook, critical analysis
and prospects about microalgae, bioproducts and possibili-
ties to commercialization.

Microalgae

Microalgae are living organisms that have photosynthetic
ability and can be found in marine or freshwater environ-
ments. These microorganisms have simple requirements for
their development, for example, water, light, CO, and other
nutrients [36]. They can develop in several habitats, under
extreme temperature, salinity and pH conditions [37, 38].
Microalgal growth occurs in general between 1 and 2 weeks
and, under appropriate cultivation conditions, it is possible
to achieve approximately 1-2 cell divisions per day [23].
During the photosynthetic process, microalgae can accu-
mulate high-value compounds that are of commercial inter-
est [39]. In addition, the high growth rate, the potential to
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produce biofuels without competing with food resources and
good development with CO, consumption, allowing great
efficiency in the greenhouse gas mitigation are the main
advantages of using microalgae as a feedstock [40].

Biomass characterization is necessary due to the high
biological variability that can influence the composition
and bioproducts [41, 42]. Microalgae may contain in
their biomass several compounds, for example, vitamins
from Nannochloropsis sp., Pavlova pinguis, Stichococcus
sp., Tetraselmis sp. [11] and Spirulina sp. [43]; antioxi-
dants from Ecklonia radiata; pigments from Phormidium
autumnale [44]; fatty acids and proteins from Chlorella
sp., Chlorella saccharophila, Chlorella minutissima and
Chlorella vulgaris [45]; carbohydrates from Kirchneriella
sp. [46] and Ecklonia radiata [47]; and simultaneous bio-
products such as fatty acids, pigments, carbohydrates and
proteins from Kirchneriella sp. [46]. All these microalgae
provide possible commercial applications and can be used
mainly in the production of biofuels, human and animal
feed and high-value compounds for commercial applica-
tions such as pharmaceutical, food and cosmetology pur-
poses (Fig. 1).

Microalgal Bioproducts

Microalgal bioproducts can be obtained from different cul-
ture media and by different extraction techniques. To reveal
more information about the studies involving bioproducts
from microalgae, bibliometric mapping was used to evaluate
the trends and the studies developed in this area in the last
10 years. The publications were evaluated with the VOSviewer
software using the Web of Science database. Initially, the bib-
liometric search was made through a combination of the words
microalgae and their main bioproducts (Fig. 2).

Several studies about microalgae and bioproducts have
been reported. The keywords obtained by bibliometric map-
ping separated the bioproducts into main groups related spe-
cially to lipids, carbohydrates, proteins, antioxidants and pig-
ments (Fig. 2a). A search for the combination of the most cited
microalgae in the recent years and their relation to specific
types of bioproducts was also carried out (Fig. 2b) and the
main species related to these bioproducts were: Chlorella sp.
and Neochoris oleoabundan for lipids, Isochrysis galbana,
Tetraselmis chuii and Skeletonema Costatum for proteins,
Haematococcus pluvialis and Spirulina sp. for pigments and
antioxidants and Chlorella sp. for carbohydrates.

Reinforcing the results of the bibliometric mapping, Table 1
was developed. It is possible to visualize in Table 1 that micro-
algae were obtained in laboratory, pilot-scale, indoor or out-
door reactors. The compound analysis requires equipment such
as spectrophotometers and chromatographs. Considering that
the extraction methods for different compounds use solvents,
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the technology is still expensive, as is the production of micro-
algae. Depending on the type of bioproducts, it is possible
to cultivate these microorganisms in wastewater, which has
already been thoroughly investigated, especially for biofuels
[48].

Each of the major bioproducts and the challenges involved
in the production of biomass or the product itself will be dis-
cussed further. In addition, there is a possibility of using crude
extracts for applications in anti-inflammatory, anti-cancer,
anti-diabetes and antibacterial activities [56]. This potential
brings several health benefits and may be an option to enable
microalgae commercialization. The financial impact is directly
linked to the production and separation due to the require-
ments for pharmaceutical use. Furthermore, by avoiding the
extraction and biorefining steps, the products obtained from
microalgae can be developed more quickly at larger scales, the
benefits provided by these microorganisms can be exploited,
and the costs reduced.

Lipids

Microalgae can contain a high amount of lipids, gener-
ally in the range of 15-77%, and the composition of this
bioproduct can differ considerably in different species
[57]. According to Chew et al. [22], the lipid content also
depends on the environmental conditions, such as the high
ratio between carbon and nitrogen (C/N) since higher C/N
ratios can increase the lipid content. In unfavorable envi-
ronmental conditions or stress, many microalgae alter their
biosynthetic pathways to form and accumulate lipids. It
is possible to increase lipid productivity by stress condi-
tions such as by nitrogen inhibition, higher temperatures,
changes in pH and high salt concentrations.

Triacylglycerols are the major constituent of lipid mol-
ecules [58]. The most common fatty acid composition in
the triacylglycerols of the microalgal lipids is a mixture
of unsaturated fatty acids, palmitoleic (16:1), oleic (18:1),
linoleic (18:2) and linolenic (18:3), and saturated fatty
acids, palmitic (16:0) and stearic (18:0) [59].

Antioxidants

Antioxidants are biological macromolecules that protect
organisms or biological compounds against oxidative radi-
cals. The advantages of consuming antioxidants have been
disseminated to the public in general and are related to the
improvement of life quality and to mortality and morbid-
ity prevention. These molecules may prevent or minimize
the oxidative damage caused by reactive oxygen species
in lipids, proteins and nucleic acids. Thus, antioxidants
can delay aging and several chronic conditions, such as



Waste and Biomass Valorization (2019) 10:2139-2156 2143
=TT TE~ CARBOHYDRATES
a » - o = ~ \/
7 lignocellulesic material AN
’ \ S
’ \ - SN
nye -
LIPIDS g 2 M
I N
\ ‘\ = S“l’ gat‘ose agfaxantHi@production S
e ST A Z 7 monos.chancfé $ /’ \\
»7 - & % Qarbohydrateaccumulation .~ < II \
s ’highestdipid yield [ipi*‘;[d \\~ A _ _- A \‘
Vi & N T ——— - <
,/ algallipid. . =g \@Picmendanalysis ! antioxidanactivity !
¢ & : ulatio n\‘ glucose concentration \ major carotenoid 'l
l highest lipidiproducti Sso o
! g pidip : <3 \| pe&Jde = carotene ':
\ 'trlac@cerol ; polypeptide! lutein ;
\
\ L S - ‘ sacondaryicarotenoid . !
\ ’ ; ’ = 2 luteinontent
\ trlacy)fglycerokaccumulatlon ,/ [ 3 ,/
A N
. ’ ’
s g PROTEINS S 37
~ ~ -
Y 2% f R
~ - = = o - ’
g%b VOSviewer PIGMENTS AND ANTIOXIDANTS
b gem T TS T ~~._«—— PROTEINS
o ~< Main microalgae: /sochrysis galbana, Tetraselmis chuii and Skeletonema Costatum
~
// RN
1 cmarina c grj;ilis 3 microalgae nannochloropsisocm ~

I s costatum e ————-——
tetraselmisehuii - ~
\\ skeletonema costatum ciogerium w Nochipuis ot \ Pty & iy N
3 \ . ” N
\ < tpseudanana m aeryginosa P \
\ .- e L
N N imchwwalbana pseudskirdine@lla subr#ma}a microalgae chl@pella sorokinian \
N c = P 4 c elffigoidea !
S | galbana g high ppotein... & / c sorgkiniana
> isochysis sp Y —» !
~So P higher lipidjproductivity ’
amphora coffédeformais _ Wnethqwlﬂp Vi - ® 7
- ,
Ty ] ®
pl*i neochlor#oabund“ . ° ,,
zodtgum . N ol 7’
PIGMENTS AND antloxl 7 \ microalgal lipRigFeinous i« 7
ANTIOXIDANTS \ o ‘/o)udant / o L’ -—— T”h < y microalgae chlarella pyrenoidos . 7
Main microalgae: @ epglls 21 A WA g@productioniy - <
Haematococcus ! CB(OIGH content, ’l \ ;\ o cprotafecoide _-
pluvialis and beta “”‘}e"‘ praduction mlcroalgdchlanydomonasremhg \ _-"
iy -
Spirulina sp. Vgl & I‘ ’ synethq:yich — i —/7
b ¢ | %4 ] chlorella zofingiensis |
N A LIPIDS
‘*‘Q'!a“s B Y ,' Main microalgae: Chlorella sp. and Neochoris oleoabundan
\\ hemicellulose /
, P TSy
. microalga genedegnus ,
g%b VOSviewer ~. _¢ CARBOHYDRATES
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heart disease, atherosclerosis and cancer, induced by free
radicals [60, 61].

Among the sources of natural antioxidants, microalgal
biomass is considered a promising alternative to sustain
the growing demands, especially in the food and phar-
maceutical industries. This can be justified by the great
variety of physiological and pharmacological effects [62].
According to Li et al. [63], microalgae represent an almost
unexplored source of natural antioxidants due to their
enormous biodiversity, which is considered higher than
that of some plants.

Main microalgae: Chlorella sp.

labeled according to the a relationship between microalgae and their
main bioproducts and b the main microalgae studied and their respec-
tive bioproducts

Several compounds can be potentially used as antioxi-
dant sources such as pigments (including carotenoids),
phenolic compounds, sulfated polysaccharides and long-
chain fatty acids [10]. According to Marxen et al. [64],
2,2-diphenyl-1-picrylhydrazyl is a common example of
that enables the screening of microalgae as promising can-
didates in a commercial sense. These authors tested micro-
algae Anabaena sp., Isochrysis galbana, Phaeodactylum
tricornutum, Porphyridium purpureum, and Synechocystis
sp. PCC6803 in their ability to reduce the DPPH radical.
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Table 1 (continued)

References

Bioproducts content

Determination

Cultivation medium Cultivation system Extraction procedure

Bioproduct

Microalgae

[50]

Bradford, Dubois, Spectrophotometry 523+2ug mg” dw

Lab scale with photo-

BG-11 medium

Proteins, carbohydrates,

lipids, pigments

Spirulina sp.

150+ 13 ug mg™! dw

Bligh and Dyer and

period

58.6+1 ug mg™! dw
2.54+04mgL™!

Jeffrey—Humphrey,
respectivey

[11]

0.35-3000 pg g~!

Solvent extraction HPLC-UV

2 L erlenmeyer flasks

f, medium

Vitamins

Tetraselmis sp.

with photoperiod

The example of the antioxidant activity of DPPH is shown
in Fig. 3.

Proteins

Proteins are composed of different amino acids, and the
nutritional quality of these bioproducts is related basically to
their content, proportion and the availability of amino acids
[65]. Microalgal biomass composition can contain generally
approximately 50-70% of proteins, and they are of funda-
mental importance in human and animal feed [22]. Exam-
ples of different microalgae with the potential of protein
obtention include: Ankistrodesmus falcatus (5.2%) and Aph-
anothece microscopica Neigeli (0.5%) [66], Aphanizomenon
Sflos-aquae (62%), Chlorella pyrenoidosa (57%), Dunaliella
salina (57%) and Scenedesmus obliquus (50-55%) [65],
Chlorella fusca (52%) and Spirulina sp. (52%) [50].

The proteins contained in the microalgal biomass com-
pete favorably, in terms of quantity and quality, with proteins
presented in conventional foods, such as soy, eggs and fish
[34]. The amounts of proteins accumulated in these micro-
organisms depend upon the species, growth phase and light.
Modification of the protein content can be accomplished
through nutritional adjustment and environmental stress
[67]. Another interesting application is the BioProtein devel-
opment. BioProtein is produced by a mixed methanotrophic
and heterotrophic bacterial culture or other microorganisms
using natural gas as the main source of energy [68]. The
production of BioProteins is a great alternative since carbon
dioxide can be used for faster growth of bacteria and micro-
algae with a high protein content of 60-70% compared to
30-36% in soy and 20% in meat [69].

Carbohydrates

Carbohydrates are molecules composed of carbon, hydro-
gen, and oxygen, such as sugars, sugar derivatives and their
polymers [70, 71]. The main representatives of this group
are glucose, starch, cellulose and polysaccharides (Fig. 4).
Glucose or starch are conventionally used for the production
of biofuels, such as bioethanol and biohydrogen. Polysac-
charides have biological functions as protection and storage
and are structural molecules. In addition to these advantages,
they can also modulate the immune system to inflammatory
reactions, making them highly favorable to act as sources of
active molecules for insertion in cosmetics, food ingredients
and as natural therapeutic agents [22].

Microalgae can have approximately 50% of their dry
weight as carbohydrates depending on the species [22]. For
these organisms, carbohydrate production has two main pur-
poses: acting as structural components in the cell wall and as
storage components inside the cells, thereby providing the
energy required for their metabolism [71].
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Beta-glucans are one of the most important representative
carbohydrate classes, since they are responsible for initiat-
ing host defense reactions in response to the molecules of
pathogens. Chlorella sp. is recognized as the microalgae that
has the most beta-glucans in its composition [72]. In addi-
tion, other microalgae can produce carbohydrates, such as:
Chlorella fusca, Dunaliella salina [50] and Kirchneriella
sp. [46].
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Pigments

Color, which is one of the most visible characteristics of
microalgae, is determined by the pigments present in its
structure. Pigments are chemical substances that present dif-
ferent colors and are part of the photosynthetic material of
the microalgae system [73]. Natural pigments are essential
in photosynthetic metabolism and algae pigmentation. In
addition to these factors, they have biological activities as
antioxidants, anticancer, anti-inflammatory, anti-obesity and
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neuroprotective agents [74]. Different environmental param-
eters that may influence the content of individual pigments
of microalgae include temperature, irradiation, wavelength,
photoperiod, pH, nutrient limitation, nitrogen, salinity, pes-
ticides and heavy metals [75]. As the result of the influence
of environmental conditions, the carotenoid-to-chlorophyll
ratio (Car/Chl) can be cited as example for preferable indi-
cator of carotenogenesis in microalgae since increases with
combined stress of high irradiance and nitrogen deprivation
due to the accumulation of secondary carotenoids [76].

Carotenoids, chlorophylls and phycobiliproteins are
considered to be the main natural pigments present in
microalgae. These pigments are usually applied in human
and animal feed, additives, cosmetics, the pharmaceutical
industries, food colorants and biomaterials [22]. Chloro-
phyll, carotenoids and phycobiliproteins present colors that
range from green, yellow and brown to red. These colors
vary according to each microalga, for example, blue pigment
from Spirulina (provided by phycocyanins), yellow pig-
ment from Dunaliella (by B-carotene presence) and yellow
to red pigments from Haematococcus (due to astaxanthin)
[77]. The main pigments and their different applications are
shown in Fig. 5.

Microalgae cell
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Food aditive

Beta-carotene Pharmaceutical

Carotens

Astaxanthin

|
!

Chlorophyl

OF APPLICATION

Il

Enhance the immune response of fish and shrimp and
'| farming of salmons to give them the desired coloration

|

Pharmaceutical s

—— .

: | stimulates the hemoglobin-producing cells, increases the
Pharmaceutical | power of the heart beat, and reduces blood pressure.

' | Anticarcinogenic, controls cholesterol and decrease risks

Rodrigues et al. [44] identified twenty-four carotenoids,
three phycobiliproteins and two chlorophylls in the micro-
alga Phormidium autumnale. The major pigments found in
the biomass were all-trans-f-carotene (225.44 ug g™'), all-
trans-lutein (117.56 ug g~') and all-trans-zeaxanthin (88.46
ug g7, chlorophyll a (2.700 pg g~!) and C-phycocyanin
(2.05x 105 pg g~!). When the microalga Coelastrum cf.
pseudomicroporum Korshikov was cultivated in urban waste-
water and under salt stress, this species accumulated carot-
enoids in the range of 1.73-91.2 pg cell™".

Vitamins

Vitamins are nutrients required for normal physiological
functioning. A bioavailability study of these components is
fundamental to the evaluation of their feed quality. Microal-
gae present high levels of essential vitamins and have suit-
able availability of these compounds. Vitamin production
from microalgae may be directly related to the presence of
nitrogen in the medium [22]. Several vitamins can be found
in microalgae such as: vitamins A (retinoids and carotene),
B1 (thiamin), B2 (riboflavin), B3 (niacin), B6 (pyridoxine),
B7 (biotin), B9 (folic acid), B12 (cobalamin), C (ascorbic
acid) and E (alpha-tocopherol).
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Fig.5 Main pigments obtained from microalgae and their main areas of application
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According to Tang and Suter [54], Spirulina, Chlorella
and Dunaliella are concentrated sources of provitamins A, C
and B12 (Fig. 6). These microalgae are produced worldwide
and have several health benefits, acting as dietary supple-
ments of macro- and micronutrients. In addition, it is impor-
tant to emphasize that the use of these microalgae for the
production of high-value products is generally safe; however,
care must be taken to cultivate them in secure environments
to avoid contamination by cyanobacteria, for example.

Potential of Microalgae Bioproducts

According to recent data, more than 30,000 species of
microalgae have been identified; however, fewer than 10
are commercially produced. Despite the fact that some of
these species are used as feed, current industrial production
still does not reach the expected level due to the difficulty of
producing at in larger scale as well as the stage of biomass
biorefining, which demands high costs [16]. In studies, sev-
eral microalgae have been cultivated annually to produce
high value compounds. According to Pulz and Gross [78],
the annual average production of some microalgae is approx-
imately Spirulina (3000 t/year), Chlorella (2000 t/year), and
Dunaliella (1200 t/year).

To highlight the major sectors in which microalgae
have been inserted in recent years, bibliometric mapping
was performed using a combination of the word “microal-
gae” related to the application sectors that were available
in the results of keywords obtained by the software. The
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bibliometric research of the main sectors in which microal-
gae have been studied are shown in Fig. 7.

According to the bibliometric mapping, it was possible
to verify the separation of three main groups, divided into
biofuels (with emphasis on biodiesel, biogas, bioethanol and
biomethane), pharmacy and cosmetology (with progress of
studies about pharmaceutical industry, cosmetic application
and anti-inflammatory action) and human and animal nutri-
tion (specially as a potential food source in diets and dietary
supplementation).

Biofuels

Biofuel production from microalgae has been the target
subject of several studies. The use of microalgae was exten-
sively tested and reported in studies to produce different
types of biofuels, such as biodiesel [79-83], bioethanol
[84-87], biogas [88-93], biohydrogen [94, 95], bio-oil [96,
97] and biokerosene [98].

The main advantages related to the production of biofuels
from microalgae are higher productivity per unit area, high
photosynthetic efficiency and non-competition with food
crops [18]. Furthermore, depending on the species involved,
microalgae are supposed to be in a better position to produce
biodiesel due to their lipid content, which may be consider-
ably higher than other biomasses used for this purpose [99].
However, although it has been stated that biofuel produc-
tion from microalgae is relatively close to being economi-
cally feasible, the data reported by [100, 101] demonstrate
that technologies must be optimized to substantially reduce
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Fig.7 Combined mapping of the most frequently cited keywords in the studies that appeared in the field of the main sectors in which microalgae
were studied in the period 2007-2017 using the Web of Science database

the operating costs. Additional research is required in this
field since several parameters have not yet been adequately
assessed to understand the potential for macroalgae-based
production. These parameters include: appropriate cultiva-
tion step, species of seaweed and seaweed yield per hectare,
time and method of harvesting, carbon balance, costs of the
harvested seaweed and cost of the produced biofuel [102].
According to the Environment Committee of the European
Parliament, “advanced biofuels sourced from seaweed or
certain types of waste should account for at least 1.25% of
energy consumption in transport by 2020 [103]. The costs
associated with oil extraction, biodiesel processing and the
variability of algal biomass production should focus on
methods of the oil-rich algae itself [104].

Despite the presence of the bottlenecks to produce biofu-
els from microalga, some proposals are forthcoming to pro-
duce biofuels from microalgae at larger scales. The Govern-
ment of Japan wants to introduce bio-jet fuel for commercial
flights in 2020, and the volume of production is ambitiously
estimated to be 100,000 to 1 million liters [105]. The Bio-
energy Technologies Office (BETO) estimates that by 2017,
this model would be able to supply 1 million metric tons of
ash-free dry weight cultivated algal biomass. By 2022, the
sustainable model would supply 20 million metric tons, and
in 2030, the production of 5 billion gallons per year of algal
biofuels would be possible [106].

Human and Animal Nutrition

The estimate of annual microalgal biomass production until
2016 is approximately 5000—7500 tons, which generates an
annual average income of US$1.25 billion. Spirulina and
Chlorella are the main microalgae that have already been
inserted on the market. The annual worldwide sales vol-
ume of Chlorella sp. is generally over US$38 billion for
human nutrition, animal feed and food additives. In addition,
approximately US$10 billion are intended for the production
of nutritional supplements that can be produced by micro-
algae such as Schizochytrium sp. and Crypthecodinium sp.
[107].

One of the main advantages of using microalgae in nutri-
tion is the possibility to offer several compounds of inter-
est simultaneously. According to Blecker and Barka [16],
some microalgae such as Spirulina, Chlorella, Dunaliella
and Scenedesmus, when correctly processed, present an
attractive flavor and can be incorporated into several types
of food. In addition to their high protein content, microalgae
present fatty acids, a favorable amino acid content, pigments
and vitamins that are essential for use in the feed industry
and to add value to milk [41, 108].

The study of microalgal bioproducts as food sources is
increasing due to the several benefits that can be obtained,
such as the ability to improve nutrition due to probiotic
effects that positively affects human and animal health.
Microalgae can also be used to increase product shelf
life and to act as a source of natural dyes in foods such as
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pasta, snacks, chocolate and gums. In addition, they may be
inserted into drinks and supplements in the form of tablets
and capsules [109].

Functional foods or nutraceuticals produced by microal-
gae present health benefits and are an attractive option for
consumers. In 2004, [78] predicted that the functional food
market would be one of the most dynamic sectors in the
food industry and could constitute up to 20% of the entire
food market. Although in recent years there has been an
increase of the consumption of nutraceuticals, this sector is
still under development [110]. Algae Technology Limited
[111] related that a wide range of algae and microalgae are
commercially produced for use in human health and food
supplement applications and that the global market in 2015
was estimated to be US$800 million. In addition, more than
40 different species have been developed for nutraceutical
applications; however, Arthrospira (Spirulina), Chlorella,
Dunaliella, Nannochloropsis, Haematococcus and Schiz-
ochytrium represent over 95% of the current market. The
nutraceutical prices can range from US$15 to over US$100
per kilogram, depending on the algal species, product qual-
ity and nutritional value. Another important detail is that
more than 90% of the total nutraceutical algae production
worldwide is based on open cultivation systems.

According to Rocca et al. [104], approximately 9200
dry wt tons of microalgae are produced annually, world-
wide. The application focus is in diet or health food for
human consumption and feed additives for aquaculture. It is
highlighted that in Asia, the US and Israel, the microalgae
Arthrospira platensis and Haematococcus pluvialis are the
most abundant strains for this purpose, with production of
approximately 3000 dry wt tons each.

Microalgae as a source of food are widely discussed and
are a suitable alternative for future sustainability. In 2030,
the estimate is that there will be 9 billion people on Earth,
of which 1 billion will suffer from hunger. More critical
opinions also relate that this will not be remedied with fish
or shrimp but with microalgae [112].

Pharmacy and Cosmetology

The use of microalgae in pharmacology and cosmetology
has also attracted considerable attention due to their ben-
eficial effects on human health. 1,3-p-Glucan is one of the
most important substances in the pharmaceutical industry
and can be obtained from Chlorella. This compound acts as
an active immunostimulator, eliminates free radicals and has
the ability to reduce blood lipids. In addition, other effects of
this microalga have been found to promote health (efficacy
against gastric ulcers, wounds and constipation and preven-
tive action against atherosclerosis and antitumor action) [8].

Microalgae contain omega-3 fatty acids, which are one of
major types of compounds that can be sold in pharmaceutical
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and cosmetic markets [113] The strain of Schizochytrium sp.
is widely studied to produce omega-3 fatty acids. In addition,
this microalga can produce eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) in high concentrations as well
as being able to obtain its energy from dextrose [114]. Pages
[115] presented the following valuable market calculation
data about omega-3 production showing that the Schiz-
ochytrium product available in industry has a long chain
(LC) omega 3 content of approximately 20% of the total dry
whole cell algae. These data give the following market size
indicators of LC omega 3 and indicates an annual require-
ment of 40,000 tons of actual LC omega 3, which translates
to 200,000 tons of Schizochytrium whole-cell dry algae.

Pigments obtained from microalgae are a suitable alter-
native to be inserted in the pharmaceutical and cosmetic
sectors due to the toxic effects of synthetic dyes [116]. The
estimated worldwide market for astaxanthin production by
Haematococcus pluvialis was approximately US$200 mil-
lion in 2016 [107]. In addition, according to Zegarac [117],
the global astaxanthin market is projected to reach $1.1 bil-
lion by 2020.

The bioactive substances derived from microalgae have
functional roles that can act as secondary metabolites, and
consequently, can be applied in the development of cosmet-
ics [118]. Although the relation of microalgae and these sec-
tors are being discussed, the information about the economic
aspects in this context are very scarce and difficult to find.

Challenges of Microalgae in Industrial
Applications

In general, microalgal growth seems to be simple since it is
possible to verify the natural presence of these microorgan-
ism in several environments; however, conversion of bio-
mass into bioproducts at an industrial level is challenging.
It is known that microalgae require light energy and CO,
sources for autotrophic growth, organic sources for hetero-
trophic growth or the intermediate between these two levels,
which is the mixotrophic condition. According to Grobb-
elaar [12], between these two extremes, there are several
intermediate trophic routes. The cultivation in photobiore-
actors implies the necessity of autotrophic growth, nutrient
additions, carbon source insertion, temperature control and
a suitable pH.

According to Acién et al. [101], it is necessary to reduce
the cost of cultivation systems to be inserted at commer-
cial and industrial scales. The use of photobioreactors are a
suitable alternative; however, the design simplification and
the materials used must be optimized. Another option is
to use wastewater and combustion gases, thereby reducing
energy and labor consumption in production. All the afore-
mentioned aspects involve direct economic expenses, so the
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alternatives of production must be well studied. Accord-
ing to Walker [119], these aspects are essential to plan and
start a business involving microalgae to avoid unnecessary
expenses as well as the loss of money by investors.

Microalgae cultivation requires large amounts of water
and nutrients, often resulting in high production costs and
consequently making it difficult for the insertion of micro-
algal bioproducts on a commercial scale. However, a good
option to solve this problem is the development of the asso-
ciation of microalgae cultivation in freshwater, effluent or
another medium containing available organic compounds
while performing bioremediation [99].

Another option to reduce costs and increase productivity
is the use of open pound systems such as the Algae Turf
Scrubber [120]. This system is modeled on algae communi-
ties found in coral reefs. The source of light used for cul-
tivation may be either natural or artificial. The high rate of
biomass production is one of the main advantages of this
system since they present higher production yields than the
values recorded in other cropping systems. Many pollutants
are absorbed in the algae biomass and can be removed by the
system itself. If the absence of toxic compounds is ensured,
the biomass can be converted into products of commercial
interest, such as fertilizers and animal feed [121]. However,
according to Michel [122], the main drawback of open pond
systems is their relatively low biomass yield of 10-25 g/
(m*d) compared to closed systems which presents 25-50 g/
(m?d). In addition, another disadvantage is that a limited
number of microalgae can be cultivated in open ponds and
some species are very vulnerable to contamination and evap-
orative water loss.

In addition to the possibilities for cultivation step, photo-
bioreactors can be a suitable option since appropriate con-
figurations lead to effective photosynthesis, higher biomass
yield and also have the advantage of optimal removal effi-
ciency of nitrogen and phosphorus. Currently, many photo-
bioreactors have been invented and developed for microal-
gae cultivation and some of them have achieved large scale
commercial production. Besides, it is an option for axenic
cultivation of microalgae and to generates high-value added
products [123].

Other parameters must be considered as challenges to be
overcome for the application of microalgae on an industrial
scale. In this context Spolaore et al. [8] highlights the fact
that microalgae with high fatty acid content, rapid growth
and resisting performance, combined with the oil-containing
organisms, which have gone through genetic engineering,
will be sorted out. This can be explained since the use of
transgenic microalgae for commercial applications has not
been reported until now, however holds significant promise
considering that these modified strains could overproduce

traditional or newly discovered algal compounds. Advances
in technological developments, especially related to cultivat-
ing oil-containing microalgae as a biofuel, the large-scale
production technology associated with the decrease in green-
house gases must be improved to produce liquid fuel from
oil-containing microalgae.

In relation to microalgae as a source of bioproducts, there
are some studies that have attempted to improve the produc-
tion to reduce costs. Malik et al. [124] investigated whether
algal bio-crude production is environmentally, economi-
cally and socially sustainable using a life cycle assessment.
Bio-crude, also known as bio-oil, is a suitable alternative
which consist process semi-dry biomass by hydrothermal
liquefaction and can later be distilled into its fractions at a
refinery [124]. The results indicate that the production of
1 million tons of bio-crude would be possible to generate
almost 13,000 new jobs and US$4 billion worth of economic
stimulus. Benvenuti et al. [125] presented a projection for a
two-step 100-ha-scale process involving microalgal triacyl-
glycerides (TAGs). As a result, the suggested improvements
could decrease production costs to 3.3€ per kg of biomass
containing 60% TAG (w/w) within the next 8 years. In 2017,
a company in Japan announced that it was doubling produc-
tion capacity of food-use microalgae Euglena to 160 tons.
This production facility will increase from 80 to 160 tons.
This improvement will meet the increasing demand in a mar-
ket as well as allow the company to respond to the diversify-
ing needs of its customers [126].

Finally, to visualize the perspectives between microalgae
and economy, bibliometric mapping was performed with a
combination of the keywords “microalgae” that were related
to “costs”, “economies”, “obstacles and challenges” and
“industrial and commercial scale” (Fig. 8).

Figure 8 presents the change of the search profile results
in relation to microalgae and economy over the last 10 years.
After bibliometric analysis it was possible to verify that
the expression “production cost” is the main challenge of
microalgae in industrial applications. This expression was
interconnected to valuable parameters that must be taken
into consideration in this field, such as “industrial scale”,

ELINT3 LLINNT3 LI N1

“commercialization”, “economy”, “high cost”, “economic
viability”, “major bottleneck” and others.

These results demonstrate that the future prospect for
microalgae bioproducts is more optimistic about the param-
eters that could enable the commercialization of bioprod-
ucts on an industrial scale. However, considering the dem-
onstrated data, the aspects that aim at economic viability
and the reduction of energy cost cannot be left aside, and
these are the main challenges that must be discussed and

overcome.
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Outlook and Future Prospects

Studies on microalgae and bioproducts must be updated,
since the scenarios to develop high-value compounds are
constantly changing. The current production of bioprod-
ucts through these microorganisms can be unsustainable if
the process is not well established. Hence, economic study
and processing are required to improve commercialization
aspects. As demonstrated in this review, microalgae can syn-
thesize lipids, pigments, vitamins, antioxidant and others
compounds.

Despite the large number of studies that were described
in this review, microalgae biomass is still considered for
many researchers as not viable for commercial biofuels
production due to the extensive energy input. This can
be justified since the demand of biofuels in commercial
scale exceeds the accessibility of these kinds of feedstock.
However, there are some industries that related promising
perspectives in this field, but some parameters must be
simplified to obtain long-term sustainability and environ-
mental benefits.

As shown in the bibliometric mapping performed in
our study, new markets for high value compounds should
be explored. The demanding market of bioproducts from
microalgae and their subsequent utilization in food nutri-
tion may be a suitable option in the next years to sup-
port the goals to establish microalgae at industrial scale.
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Considering the increasing concern to have healthy life-
styles and as the economy increase, more consumers can
afford the costs of pharmaceuticals, cosmetics and nutri-
tious feed from microalgae, and this sectors can be another
option to promote bioproducts in the near future. As most
of the microalgae are being consumed as health food or
supplements, there is a high expectation with respect to
the quality and the market sustainability for commercial
scale, then high-value products must be considered. In this
context, several concerns need to be addressed such as the
relatively small market for different bioproducts, culture
growth conditions to avoid losses caused by product deg-
radation and long term stability studies of the microalgae
products.

Cultivation technologies are a suitable option to pro-
mote new strategies to commercialize the desired final
product and to achieve economic progress. As shown in
the topic “Challenges of microalgae in industrial applica-
tions” some barriers must be overcome to provide suitable
technologies of design for culture conditions, light control
and to induce and activate the accumulation of bioprod-
ucts. In addition, genetically modified microalgae (consid-
ered as a positive promise in this context) can also help to
improve the targeted bioproducts in industrial scale.

Cost-effectiveness assessment is necessary to evaluate
the economics options of microalgal commercialization.
The association between microalgae and technologies,
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especially through life cycle assessment tool (LCA), can
be a suitable alternative for future developments since it
is possible to obtain an inventory of input and output mass
and energy. This allow the quantification of generated
environmental impacts of valuable parameters to increase
viability for industrial applications. Also, appropriate pol-
icy environment and sufficiently low costs are required for
these technologies to be introduced and recognized as a
promising alternative to commercialize bioproducts from
microalgae.

Conclusions

This review presented several application possibilities of
the bioproducts obtained from microalgae and that could
be valuable to intensify industrial applications; however,
overcoming the high costs involved is one of the crucial
factors to boost the production at larger scales. Studies
are still needed in this area to select the best species to
achieve good productivity and to design the best processes.
The constant search for new technologies is fundamen-
tal to solve these challenges and to find efficient ways to
commercialize bioproducts. In addition, it is essential to
find means of obtaining and characterizing bioproducts
to use smaller amounts of solvents and to avoid unneces-
sary energy costs in order to reduce environmental impacts
and costs. The data obtained through bibliometric map-
ping allowed a general evaluation of the items that were
most searched in the last 10 years. This made possible an
overview of the studies that were being carried out and
the future trends involving microalgae. The study of all
these aspects are fundamental for microalgae to enter the
market with greater force and to boost the commercializa-
tion of products of interest to generate production on an
industrial scale.
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