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Abstract Microalgae are microscopic organisms 
that have a broad range of applications, from waste-
water treatment,  CO2 mitigation to therapeutic pro-
teins, and pharmaceuticals. Recently, the combination 
of wastewater treatment-based microalgae and the 
use of the obtained biomass as biofertilizers/stimu-
lants/pesticides have been highly emphasized for their 
use in the agriculture field. Biofertilizers are a need 
of today’s agriculture practices due to the increasing 
demand for food to feed a hungry planet while avoid-
ing chemical contamination by the over-application 
of synthetic fertilizers. There is a constant need for 
modern techniques for the use of microalgae in a 
sustainable manner to harness their products to their 
full extent. Various types of bioreactors are available 

on the market, each with its own advantages and dis-
advantages, which, based on their efficiency, can be 
used for microalgae cultivation. This review aims at 
reporting recent developments in microalgae biotech-
nology, especially related to  CO2 mitigation, waste-
water purification, biofuel, feedstock, future food, 
therapeutic proteins, pharmaceuticals, and biofertiliz-
ers, highlighting some of the current research in this 
field and future development priorities.
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1 Introduction

Microscopic algae are generally photosynthetic eukar-
yotes that have the potential to be produced in mass 
with the least amount of investment (Banerjee et  al., 
2023). These microalgae have been utilized for the 
same reason as a tool for the removal of various con-
taminants from the environment  (Dhanker & Tiwari, 
2021; Dhanker et al., 2022; Mathew et al., 2022). The 
wastewater treatment by these microbes results in the 
decreased COD (chemical oxygen demand) (Paddock 
et  al., 2020) of the treated sewage, and this effluent 
sewage later used for biogas production has shown a 
25% increase in methane gas production (Vassalle 
et al., 2020; Srimongkol et al., 2022). These microbes 
are present in sewage treatment as they have the abil-
ity to metabolize and mobilize various organic com-
pounds present in the sewage. They can also utilize 
 CO2 from the surroundings as their energy source to 
produce biomass in abundance. Sewage generally has 
a high concentration of heavy metals including cad-
mium, zinc, copper, and lead which are the major 
cause of eutrophication in the water bodies (Dhanker 
et al., 2021; Ansari et al., 2022; El-Mahdy et al., 2021).

The ability of eutrophic microalgae to consume 
 CO2 from the environment, one of the major con-
tributors to environmental pollution, has been used 

to resolve the aftermath of increasing population 
demands and industrial waste (Dhanker et  al., 2021; 
Mathew et al., 2022). So, microalgae can be enhanced 
with the application of genetic engineering resulting 
in the formation of recombinant microalgal species 
which can help in phycoremediation of the pollut-
ant from the environment, which can further be used 
to produce biomass having a large concentration of 
accumulated lipids, proteins, and carbohydrate in 
their cells (Sun et al., 2018). Henceforth, these eukar-
yotic autotrophs can be utilized as a tool for the bet-
terment of the environment which in turn produces 
cell biomass having a rich concentration of lipids and 
other potential applications such as feed and food for 
living beings. Lipids produced from microalgae is 
suitable for the production of biofuel in the future and 
the residual portion further can be used as biofertiliz-
ers (Lucakova et al., 2022) as shown in Fig. 1.

In some types of microalgae, proteins can account 
for up to 70% of the dry weight of the biomass. 
Popular species of microalgae that are high in pro-
tein include Arthrospira, Chlorella, Aphanizomenon, 
and Nostoc. All of the essential amino acids (EAAs) 
are present in microalgae proteins, which typically 
have a balanced total amino acid (TAA) profile. The 
FAO and WHO state that the amino-acid profiles of 
proteins extracted from Arthrospira are compatible 

Fig. 1  Sustainable use of 
microalgae with the produc-
tion of high-value products
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with those that are advised for human consumption 
(Caporgno et  al., 2018). As was already mentioned, 
these microalgae can also be used as strong fertiliz-
ers to boost crop yield and quality while avoiding the 
negative effects of synthetic fertilizers (El-Beltagi 
et al., 2022; Osorio-Reyes et al., 2023).

The continuous use of synthetic and chemical-
based fertilizers to increase the yield and quality of 
crops to meet the food demand of the increasing pop-
ulation has resulted in so many side effects leading 
to the destruction of the fertility of the soil (Ahmad 
et  al., 2021). The excessive use of these fertilizers 
containing reactive forms of several ions including 
nitrogen in the form of nitrate and nitrates oxides 
causes groundwater pollution (Basit et  al., 2021; 
Kang et al., 2021). Hence, as an alternative, the use 
of biofertilizers has been implied to counter most 

if not all the side effects of the modern-day chemi-
cal fertilizers. Biofertilizers include various kinds 
of microorganisms, such as prokaryotic cyanobacte-
ria, eukaryotic microalgae, fungi, bacteria, or natu-
ral compounds, derived from those microorganisms 
(Haris et  al., 2022). Microalgae/cyanobacteria have 
been widely recognized by their massive applications 
and their use as biofertilizer/biostimulant/biopesticide 
recently highlighted as the short-term top applica-
tion (Ferreira et al., 2019, 2021; Navarro-López et al., 
2020a, 2020b; Viegas et  al., 2021a, 2021b; Sofy 
et al., 2021) as shown in Fig. 2.

The biofertilizers include microalgae and sev-
eral other PGPB (plant growth-promoting bacteria) 
which help in mobilizing the reactive forms of these 
synthetic fertilizers and also promote the neces-
sary nourishment to the developing crops to aid in 

Fig. 2  Different applications of microalgae
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growth (Jha & Mohamed, 2023). Several microal-
gae have shown a positive effect in improving and 
promoting the growth of PGPR (plant growth-pro-
moting  rhizobacteria) (Etesami & Adl, 2020; Kim 
et  al., 2020). In addition to promoting the growth 
and development of crops directly, these natural 
biofertilizers also aid in the improvement of soil 
efficacy and health by maintaining an optimal bal-
ance between microbiota and the nutrient balance 
of the soil (De Mandal et  al., 2021).  Furthermore, 
several studies have suggested these living microal-
gae having a wide array of biostimulants that help 
in improving the enzyme activity of soil as well as 
crops which in turn improves the crop yield. Bar-
one et  al. (2019) have demonstrated that extract 
of different microalgae such as Chlorella vulgaris 
promoted the increased bioactivity of the soil and 
thereby improved the growth of tomato plants.

In this review, we highlighted the ability of 
microalgae to consume  CO2 from the environment 
and recycling of nutrients from wastewaters which 
can be used for higher microalgal biomass. Micro-
algal biomass can be further utilized for various 
applications such as biofuel, feedstock, future food, 
therapeutic proteins, and pharmaceuticals. The 
residual portion can be utilized as biofertilizer.

2  Role of Microalgae in  CO2 Mitigation 
and Wastewater Treatment

Microalgae are effective in reducing  CO2 emissions 
due to their significant ability to convert  CO2 into bio-
mass (Demirbas, 2011; Collotta et al., 2018). In major 
Indian cities, 38 million cubic meters of wastewater is 
generated daily and only about 35% is treated (Kaur 
et al., 2012). Wastewater (WW) contains many nutri-
ents, such as N (nitrogen), P (phosphorus), K (potas-
sium), and other micronutrients that microalgae need 
to grow. The use of WW to grow microalgae can sub-
stantially reduce the production cost and help in low-
ering water and carbon footprints (Chanakya et  al., 
2012; Ferreira et  al., 2019). Different microalgae 
were used to remove nutrient rate in different waste-
water sources as shown in Table 1. Microalgae have 
been successfully used in a variety of wastewaters 
such as urban WW (municipal, including the removal 
of pharmaceuticals), agro-industrial WW (food pro-
cessing plants, breweries, etc.), and agriculture WW 
(e.g., wastes from farming — poultry, swine, cow, 
dairy, aquaculture) to sequester heavy metals and 
toxic compounds, as well as to sustain their growth 
using inorganic N and P (Kumar et al., 2022; Capor-
gno et al., 2015; Lv et al., 2017; Viegas et al., 2021a, 

Table 1  Effects of microalgae on the effectiveness of nutrient removal in various types of wastewaters

Microalgae Wastewater source Nutrient removal efficiency (%) References

Dunaliella salina Municipal wastewater NO3 − 88, NH4-N 70, TP 47.5 Liu and Yildiz (2018)
Parachlorella kessleri Secondary effluent TN 78.3, TP > 97.7, COD 88.8 Chen et al. (2020a, 2020b, 

2020c, 2020d)
Chlorella pyrenoidosa Agricultural wastewater TN: 88.7, TP: 67.6 Tan et al. (2021)
Spirulina sp. LEB Aquaculture waste (1 L) TN: 79.28, TP: 93.84 Cardoso et al. (2020)
C. sorokiniana Dehydration of sludge NH4-N 98–100 Srimongkol et al. (2019)
Mixed indigenous microalgae Secondary settling tank TN: 63.2, TP 70, NH4-N 63.2, 

COD 64.9, TN: 67.3, TP 30.8, 
NH4-N 67.5, COD 70.3, TN: 
80.8, TP 50, NH4-N 71.1, 
COD 69.3, TN 98, TP 25

Aketo et al. (2020)

Chlorella sp. and Scenedesmus 
sp.

Municipal wastewater NH4-N: 98, TN: 94, TP: 95 Silambarasan et al. (2021)

S. obliquus Pre-treated municipal wastewater TN: 99.8, TP 83.1 Han et al. (2021)
Picochlorum sp. HTL-APL TN: 95.4, TP: 97.2 Das et al. (2020a)
Tetraselmis sp. HTL-APL TN: 98.5, TP: 98.0 Das et al. (2020b)
Microalgal consortia Industrial wastewater TN: 74, TP: 92 Villar-Navarro et al. (2018)
Chlorella sp. Industrial wastewater NH4-N: 95.6, TP: 26.4 Vadiveloo et al. (2021)
C. vulgaris Tertiary wastewater N: 100, TP: 60–90 Filippino et al. (2015)
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2021b). Scenedesmus obliquus, Chlorella vulgaris, 
Chlorella protothecoides, and Spirulina spp. are valu-
able species that have demonstrated their potential in 
the sequestration of heavy metals (Assunção et  al., 
2017; Batista et al., 2015; Ferreira et al., 2019, 2021; 
Rosa et al., 2015).

The activated sludge process used in traditional 
wastewater treatment (WWT) systems costs $0.3 per 
cubic meter and consumes a lot of energy (0.6 kWh/
m3). In opposition, the use of microalgae allows for 
the removal of pollutants/nutrients and treatment of 
the effluents at low consumption of energy and cost 
(Acién Fernández et  al., 2018; Arora et  al., 2021). 
The robustness of microalgae and their great capac-
ity to adapt to different cultivation conditions, such 
as pH and temperature, carbon/nitrogen and nitrogen/
phosphorus ratios,  CO2 supplementation, light (inten-
sity and light/dark cycle), and cultivation modes, indi-
cates their importance in the WW treatment (Tripathi 
& Hussain, 2022). Therefore, the WWT efficiency 
of microalgae and their productivity is dependent on 
cultivation conditions (Tripathi & Hussain, 2021; 
Umamaheswari & Shanthakumar, 2016). The efficient 
removal of pollutants/nutrients allows the water reuse 
with the benefit of using the produced biomass/com-
pounds in markets with different applications, such as 
biofuels, biofertilizers, biostimulants, and high-value 
chemicals, turned the microalgae an important skill 
of circular economy (Shah et al., 2022).

WWT-based microalgae biomass used as biofer-
tilizers/biostimulants also can accelerate seed germi-
nation. Tetradesmus obliquus (also known as Scened-
esmus obliquus) cultivated on brewery WW at 0.1 g 
 L−1 concentration and without any pre-treatment, led 
to an increase by 40% in germination index of water-
cress seeds (Navarro-López et al., 2020). In addition, 
Ferreira et al. (2019) also showed a good efficiency of 
Tetradesmus obliquus to treat brewery WWT and have 
good biostimulant effect on different seeds mainly on 
barley, which is the main raw material for beer pro-
duction (Ferreira et  al., 2019). T. obliquus, C. vul-
garis, and C. protothecoides showed 100% removal 
for total nitrogen, more than 80% for total phospho-
rus, and over 70% for COD of poultry WW (Viegas 
et  al., 2021a). The average biomass productivities 
were about 94.9 mg/L for T. obliquus, 76.2 mg/L for 
C. vulgaris, and 72.0 mg/L for C. protothecoides over 
the course of 10  days, respectively. The addition of 
C. vulgaris microalgae resulted in a 147% rise in the 

wheat germination index. T. obliquus and C. proto-
thecoides were able to treat WW obtained from cat-
tle farm. From the produced biomasses, an increase 
of 177% in the germination index for wheat using 
C. protothecoides and 34% for watercress using T. 
obliquus (both for only 0.2  g/L biomass concentra-
tion) were observed (Viegas et al., 2021b). C. vulgaris 
and T. obliquus were capable of growing in aquacul-
ture WW and bioremediation that had excellent rates 
for total nitrogen, total phosphorus, COD, and  BOD5 
removals (100, 96.5, 96.2, and 99.7% for C. vulgaris 
and 100, 98.6, 97.7, and 99.7% for T. obliquus, respec-
tively) (Viegas et al., 2021b). The obtained biomasses 
showed very promising results as a biostimulant in 
the germination index of wheat and watercress seeds 
(increments of 175% for C. vulgaris and 98% for T. 
obliquus) (Viegas et  al., 2021b). A variety of plants 
(tomato, watercress, cucumber, soybean, wheat, and 
barley) were tested for germination and growth using 
T. obliquus, C. protothecoides, C. vulgaris, and the 
cyanobacterium Synechocystis sp. grown in swine 
WW. Because of the growth of long roots, it was 
found that seeds treated with microalgae generally had 
a higher germination index. Approximately 75–138% 
more cucumber seeds germinated after receiving the 
microalgae treatments (Ferreira et al., 2021).

Two strains of Chlorella sp. (YG01 and YG02) 
were tested by Rasoul-Amini et  al. (2014) for the 
removal of nitrogen and phosphorus from municipal 
wastewater. The results demonstrated that Chlorella 
sp. (YG01) can be regarded as an effective nutrient 
remover in wastewaters of various origins, while the 
other strains only demonstrated marginal efficacy in 
the purification process. In sugar beet, Chlorella vul-
garis and Tetradesmus quadricauda increased the 
expression of genes involved in nutrient availability 
(Barone et  al., 2018) while Acutodesmus dimorphus 
improved nutrient uptake in tomato plants (Garcia-
Gonzalez & Sommerfeld, 2016). AQUALIA, a waste-
water treatment company based in Chiclana (Spain), 
is the largest demonstration facility and a real case of 
worldwide success, where WWT is based on micro-
algae use, and biomass generated from that can be 
used to generate biogas and biofertilizers (Arbib 
et al., 2014). According to the ALL-GAS project case 
study, it was possible to achieve up to 80  and 90% 
of the total efficiencies of N and P removal, respec-
tively, at an energy consumption of 0.2 kWh/m3. 
The obtained clean water complies with national and 
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European regulations, and each year, enough biogas is 
produced to propel seven cars and a bus 325,000 km. 
Additionally, 40–60 tons of biomass is produced for 
use as biofertilizers. At a hydraulic retention time of 
2 days and required land of less than 3  m2/PE (person 
equivalent), an average biomass production capacity 
of up to 90 t/ha year (Arbib et al., 2014) is close to 
the theoretical values for autotrophic growth.

In two nutrient media with various nitrogen and 
phosphorus compounds, Zhu et  al. (2018) investi-
gated the removal of nitrogen and phosphorus during 
the growth of the Anabaena flosaquae biofilm. The 
results showed that the removal of nitrogen and phos-
phorus in the form of ammonium nitrogen reached 
94.9 and 96.8%, respectively, while the removal of 
phosphorus in the form of orthophosphate phospho-
rous reached 97.7%. Four microalgae strains—Calo-
thrix sp., Lyngbya sp., Chlorella sp., and Ulothrix 
sp.—were evaluated by Renuka et al. (2013) for their 
capacity for phycoremediation. The results noticed 
that the strains behaved differently, always removing 
a significant amount of  NO3-N (between 57 and 78%) 
and  PO4-P (between 44 and 91%). In order to produce 
biodiesel, Hena et  al. (2018) assessed the removal 
capacity of Arthrospira platensis grown in dairy farm 
wastewater. The findings demonstrated A. platensis 
strong ability to eliminate the major pollutants.

3  Microalgae as Commercial Products Factories

3.1  Biofuel, Feedstock, and Future Food

Algae have advantages over first-generation biofu-
els made from sugar, starch, and vegetable oil due 
to their rapid growth and productivity, capacity to 
grow on non-arable land using wastewater, use of 
water contaminants, and capacity to generate a vari-
ety of high-value biological compounds (Cheng & 
Luo, 2022). The use of fossil fuels has resulted in 
the deterioration of environmental health as these 
fuels on combustion produce a lot of greenhouse 
gases including  CO2 which aids in global warming. 
Hence, various studies have been designed in finding 
the best possible alternative to reduce and replace fos-
sil fuels by the employment of economically renew-
able energy sources such as biofuels. However, the 
production of biofuels from crops and plants is not 
advisable as this will result in food scarcity so the 

microalgae containing a high amount of lipids are 
being utilized for the production of biofuels as they 
do not utilize the arable land and are being produced 
in mass for very low cost (Sun et al., 2018; Dhanker 
et al., 2022; Wang et al., 2022). One of the major dis-
advantages associated with the use of microalgae for 
biofuel production was the low concentration of lipids 
in cell mass. Thus, the development of various meth-
ods has been employed and reported in successfully 
increasing the overall accumulation of lipids in cells. 
These methods include modification and modulation 
of several factors including light intensity, tempera-
ture,  CO2 concentration, inducting nutrients starva-
tion, fluctuating stress, and use of genetic engineering 
to produce recombinants having a high concentration 
of accumulated lipids (Alishah Aratboni et al., 2019).

Both lipid extraction from microalgal cells and 
lipid transesterification using alcohol and a cata-
lyst are required for the manufacture of biodiesel 
from microalgae (Mondal et  al., 2017). Microalgae 
can generate and store a lot of carbohydrates that 
are helpful for the manufacture of bioethanol (Maia 
et  al., 2020). The complex sugars in wastewater-
grown microalgae typically need to be pre-treated in 
order for fermentative microorganisms to hydrolyze 
them into simple, easily metabolizable carbon sources 
(Pancha et al., 2019). According to a recent study by 
Bhuyar et  al. (2021), C. vulgaris growing in waste-
water effluent from a tilapia culture pond generated 
biomass of 94.21 mg/L after cultivation and the maxi-
mum ethanol concentration of 33.213 g/L after 96 h 
of fermentation. Microalgae can produce biohydrogen 
in a variety of ways, but the most common ones are 
photosynthesis and fermentation (e.g., direct biologi-
cal photolysis and indirect biological photolysis bio-
hydrogen production) (Wang et al., 2021). According 
to Batista et al. (2015), S. obliquus can grow in urban 
wastewater, and Enterobacter aerogenes can convert 
the biomass into biohydrogen through dark fermenta-
tion, yielding 56.8 ml  H2/gvs.

In addition to lipids, these “biological cell facto-
ries” also contain a wide range of nutrients including 
proteins, vitamins, fatty acids, antioxidants, and vari-
ous other bioactive compounds. These biological cells 
contain a large amount of protein in their dry weight 
and hence can be used to fulfil the food scarcity of the 
never-ending increase in the world population (MU 
et al., 2019). Microalgae also contain a high amount 
of omega-3 and omega-6 LCFAs (long-chain fatty 
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acids) which can be used as an alternative to the con-
sumption of fish for its purity and can be considered 
a vegan option (Kusmayadi et al., 2021). The imple-
mentation of these microbial cell masses as feeds for 
the animal has resulted in increased growth and mass 
weight, a high level of immunity and efficient durabil-
ity against common illnesses, antimicrobial activity, 
and bioactive compounds enriched livestock products 
(de Medeiros et  al., 2021). However, producing this 
food and feeds from microalgae is quite challenging 
as harvesting these small cells to extract bioproducts 
is hard and includes a list of techniques (Liber et al., 
2020). Though all of these advantages, microalgal 
foods are not easily available on market because of 
a lack of awareness and the fear associated with the 
consumption and production of microalgae food and 
feeds.

3.2  Therapeutic Proteins and Pharmaceuticals

Microalgae are phototropic microorganisms capa-
ble of producing various bioactive molecules 
including proteins, polysaccharides, lipids, and 
carotenoids which have several applications in 
human healthcare (Khavari et  al., 2021). Some of 
the bioactive compounds produced by microalgae 
have been shown to have anti-cancerous, anti-
inflammatory, antioxidants, antimicrobial, and anti-
viral properties (Khavari et al., 2021) as shown in 
Table 2. These macro and micro cell factories can 
also be used to produce various recombinant pro-
teins such as antibiotics, monoclonal antibodies, 
hormonal enzymes, and various other bioactive 
compounds which can be used in healthcare prac-
tices (Shi et  al., 2021). Furthermore, microalgae 

Table 2  The application of microalgae in industries

Microalgae Applications References

C. reinhardtii HPV vaccine (E7 oncoprotein) Ramos-Vega et al. (2021)
Phaeodactylum tricornutum Monoclonal IgG antibody against the nucleoprotein 

of Marburg virus
Butler et al. (2020)

Haematococcus pluvialis Antibacterial activity against E. coli and S. aureus Rather et al. (2021)
Porphyridium cruentum Stabilizers in the food industry, hydrating agents 

in cosmetics and pharmaceuticals, stimulate the 
human immune system

Wu et al. (2021)

Cyanobacteria, Dinophyta Mycosporine-like amino acids for sunscreen Rosic (2019)
Nannochloropsis sp. Food supplements, infant formulae, pharmaceuti-

cals, aquaculture
Hassan et al. (2022)

Chlorophyta, Phaeophyta, and Rhodophyta Anti-cancer, antifungal, hepatoprotective, anti-
helminthic, anti-protozoal, anti-inflammatory, 
anti-coagulant, immunomodulation, and enhanced 
skin tissue regeneration. Reducing coronary heart 
disease

de Grahl and Reumann (2021)

Chlamydomonas elipsoidea, Chla-
mydomonas reinhardtii

Immunotoxins against B-cell lymphoma and 
increase resistance to UV-induced stress

Kiran and Venkata Mohan (2021)

Schizochytrium limacinum Antioxidant properties Moaveni et al. (2022)
Aphanothece sacrum Anti-inflammatory, anti-allergic, adsorption of 

metal ions, liquid crystallization
Ngatu et al. (2012)

S. intermedius Antibacterial activity Davoodbasha et al. (2018)
Spirulina platensis Anti-cancer, anti-diabetic, and anti-inflammatory Prabakaran et al. (2020)
Synechococcus sp. Antioxidant, anti-inflammatory, and anti-colon 

cancer
Suttisuwan et al. (2019a), (2019b)

C. vulgaris Anti-diabetes (type 2) Zhu et al. (2017)
C. ellipsoidea Decrease blood pressure levels Ko et al. (2012)
Chlamydomonas reinhardtii Antioxidant properties Bafana (2013)
H. pluvialis Anti-inflammatory, anti-cancer, and disease-preven-

tion abilities
Khoo et al. (2019)
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have been reported to produce several carbs, 
lipids, and algae-based proteins showing signifi-
cant anti-proliferating properties thereby can be 
studied to aid in the development of anti-tumor 
drugs (Skjånes et  al., 2021). The use of standard 
chemo and radiotherapy procedures in cancer treat-
ment has a vast array of side effects which can be 
reduced if not resolved with the application of a 
natural extract of microalgae having several bioac-
tive compounds (Qamar et al., 2021). This natural 
product enhances the innate defence mechanism 
of the cell defence system in countering growth 
(Abolhasani et  al., 2018). The microalgae extracts 
can induce the caspase cascade of signaling leading 
to the apoptosis of cancer cells with bare minimum 
side effects (Abolhasani et al., 2018; Sahin, 2021).

In addition to the use of these extracts from 
microalgae, diatoms, a class of brown algae having 
an exoskeleton of silica, can be used as a potential 
drug carrier in the form of natural nanoparticles 
(Guleri et  al., 2020;  Zhong et  al., 2020; Dhanker 
et  al., 2023). These silica nanoparticles can be 
modified with some functional amino groups and 
can be used for the delivery of therapeutic genes 
directly inside the cell nucleus (Maher et al., 2018; 
Zhong et  al., 2020). Hence, these photosynthetic 
microorganisms have an immense application in 
the medicine and healthcare field; however, a bulk 
of massive information is still not available and 
needs a well-organized and thorough study before 
we can use these natural products at their optimum 
potential (Mathew et  al., 2022). Microalgae have 
the ability to produce bioactive substances that are 
difficult to chemically synthesize, such as antibi-
otics, subunit vaccines, monoclonal antibodies, 
hepatotoxic and neurotoxic substances, hormones, 
enzymes, and other substances with pharmaceuti-
cal and therapeutic purposes (de Grahl & Reu-
mann, 2021). Additionally, microalgae pigments 
have health advantages like the ability to prevent 
cancer, heart disease, neurological disorders, and 
eye diseases (Bratchkova & Kroumov, 2020). 
Microalgae are a perfect host for the synthesis of 
recombinant proteins due to their special character-
istics, such as their quick growth rate and inexpen-
sive, simple media, while also sharing more simi-
larities with mammalian cells than with bacterial 
cells in terms of post-translational modifications 
(El-Beltagi et al., 2022).

3.3  Role of Microalgae in Control COVID-19

A novel coronavirus virus has been posing a hazard 
to humans and other animals since the end of 2019. 
The world is currently experiencing a lethal coro-
navirus outbreak for the third time in less than two 
decades, which raises concerns about the new corona 
or COVID-19 virus (Khaligh & Asoodeh, 2022). It 
has recently been looked at if synthetic microalgal 
products may be used to create serological test kits 
based on the immunoassay technique. Recombinant 
SARS-CoV-2 receptor-binding domain (RBD) has 
mostly been taken into account in serological assays. 
According to Chia et al. (2021), microalgae are now 
a highly promising platform for the synthesis of viral 
protein antigens.

For instance, Berndt et al. (2021) reported employ-
ing the green alga Chlamydomonas reinhardtii to pro-
duce the SARS-CoV-2 spike protein RBD. By add-
ing several intracellular localization features to the 
transgene, including (a) a chloroplast-directed design 
with the psaE chloroplast sequence given in the N-ter-
minus, they described three forms of the RBD; (b) a 
kind that is secreted, with the Pherophorin 2 (PHC2) 
signal peptide located in the N-terminus; and (c) a 
type that is retained in the ER-Golgi, with the PHC2 
secretion peptide’s C-terminal KDEL target motif 
added. According to the findings, among these three 
variations, the one intended for the ER-Golgi has the 
appropriate size, folding, and amino acid sequence in 
addition to having the capacity to bind the angioten-
sin-converting enzyme-2 (ACE2) receptor, which is 
the major target of the SARS-CoV-2 virus.

As a result, algae might be acknowledged as a 
unique strategy to vaccine antigen production and 
reagents to quickly and affordably find antibodies in 
patient’s serum. Additionally, cutting-edge develop-
ments in gene editing technologies raise the possibil-
ity that algae will contribute to the synthesis of the 
proteins required to recognize or amplify SARS-CoV 
2 proteins in order to address COVID-19-related 
health issues. Recent developments in the develop-
ment of oral vaccines should not be overlooked in the 
production of injectable vaccinations (Gunasekaran 
& Gothandam, 2020).

For a long time, polysaccharides obtained from 
marine microorganisms have been recognized as 
antiviral agents. By reducing adhesion, reverse tran-
scriptase activity, and protease activity, seaweed 
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polysaccharides can sabotage different phases of the 
SARS-CoV-2 life cycle (Iravani & Varma, 2021). 
On the basis of nanotechnology, Chen et al. (2020a, 
2020b, 2020c) have developed an intriguing concept 
for the therapy of COVID-19. They hypothesized that 
adding coronavirus S or N protein to carrageenan 
(CGN) oligosaccharides cap AuNPs would result in 
an immunological vaccination adjuvant and promote 
the release of antibodies. The effectiveness of a nasal 
spray containing Iota-Carrageenan (I-C) in avoid-
ing SARS-Cov-2 has recently been assessed by hos-
pital healthcare professionals who are involved with 
patients who have COVID-19. Three hundred ninety-
four volunteers were given four doses of I-C spray or 
a placebo four times per day for 21 days. The results 
revealed that the prevalence of COVID-19 was much 
lower in the I-C receiving group than in the placebo 
group (1.0% vs. 5.0%). Furthermore, there was no dif-
ference in the incidence of side effects between the 
two groups (17.3% in the I-C group and 15.2% in the 
placebo group; Figueroa et al., 2021).

Astaxanthin (ASX), a reddish pigment generated 
from microalgae, is a subclass of compounds known 
as terpenes. Its anti-inflammatory activity in cytokine 
release syndrome is highly significant, in addition to 
its antioxidant and oxidative stress reduction charac-
teristics. As a result, administering ASX to SARS-
CoV-2-infected lungs may reduce the overproduction 
of inflammatory substances as well as modulate oxi-
dative stress by preventing the synthesis of oxidative 
enzymes and ROS (Talukdar et al., 2020).

Spirulina is a spiral-shaped, green–blue alga that 
is high in phenolic acids, essential fatty acids, amino 
acids, sulfated polysaccharides, and vitamin B12. It is 
70% protein and also contains these nutrients. As a 
result, spirulina has long been thought of as a popu-
lar supplement. Spirulina’s antiviral capabilities have 
been mentioned in a number of studies. Spirulina sig-
nificantly contributes to the activation of the immune 
system against viruses by increasing the synthesis 
of interferon-gamma and activating immune cells 
(Daoud & Soliman, 2015).

4  Biofertilizers

Biofertilizers play a crucial part in organic agricul-
ture by boosting the supply or availability of essential 
nutrients to the host plant. The use of biofertilizers is 

to increase the number of microorganisms that acceler-
ate the microbial processes and boost the availability of 
nutrients used by the plants (Kristiansen et  al., 2006; 
Mukherjee et  al., 2022). Biofertilizers are of various 
types based on the use of natural ingredients such as 
animal manure, domestic sewage, agriculture leftovers, 
remains of organic matter, and microorganisms such as 
fungi, bacteria, and microalgae/cyanobacteria (Carva-
jal-Muñoz & Carmona-Garcia, 2012; Chirinos et  al., 
2006; Haris et al., 2023; Sneha et al., 2018).

The benefits of using biofertilizers are secretion 
of plant growth hormones, promoting plant growth, 
improving soil fertility, building soil organic matter, 
restoring the soil’s natural nutrient cycle, and pro-
tection against pathogens and other environmental 
hazards. Biofertilizers can improve agricultural pro-
ductivity by several mechanisms: by (1) producing 
phytohormones; (2) fixing atmospheric nitrogen; (3) 
increasing the bioavailability of soil organic com-
pounds; (4) increasing mineral uptake by plants; (5) 
protection of crops under hostile conditions; and (6) 
protection against infection by plant pathogens. To 
enhance these traits, several practices can be applied, 
such as using new temperature and drought-resistant 
microbes or modifying the existing microbes through 
genetic engineering tools, increasing the proportion 
of cytoprotectants of the optimized biofertilizer for-
mulation (Bailey-Serres et al., 2019).

Although biofertilizers offer numerous advan-
tages over chemical fertilizers as shown in Table  3, 
there are certain drawbacks associated with their 
use. Biofertilizers tend to have shorter shelf life than 
chemical fertilizers since biofertilizers consist of liv-
ing microbial strains or their extracts, which are dif-
ficult to store for longer periods without hampering 
their efficiency. In addition, the efficiency of bioferti-
lizers is highly dependent on the type of the crop and 
physicochemical properties of the soil and depends on 
the bioactive components produced from the micro-
bial strains. The activity of biofertilizer formulations 
requires sophisticated machinery and techniques for 
optimized production.

From the environmental point of view, biofer-
tilizers are far better than chemical fertilizers, and 
since they are made from natural sources, there is 
no harmful effect on the environment, atmosphere, 
soil, or water. Furthermore, biofertilizers are cost-
effective compared to synthetic fertilizers since they 
are made from natural components which also helps 
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farmers with fewer resources (Singh et  al., 2016). 
A summary of the comparison of biofertilizers and 
chemical fertilizers is shown in Fig. 3.

Microalgae biomass has widespread applica-
tions including high-value food and feed, natural 
colorants, omega-3 fatty acids, enzyme production, 
bioactive molecule extraction, medicinal and cos-
metic products, bioplastic, biofuel, and biofertilizer 
production. All these applications make microal-
gae a valuable product from an economic point of 
view, but the production of biofertilizers is gaining 
increasing attention worldwide due to their advan-
tages (Ronga et al., 2019):

 (i) Microalgae grow very rapidly and have a high 
photosynthetic ability when compared to ter-
restrial plants (3–8% vs. 0.5% for terrestrial 
plants).

 (ii) Microalgal biomass can be cultivated in both 
freshwater and saltwater, as well as in waters 
with poor quality, like wastewaters, which aids 
in bioremediation.

 (iii) There is no competition from feeds and foods, 
or there is less risk of it.

 (iv) High absorption of greenhouse gases, superior 
 CO2 sequestration and capture, and increased 
oxygen release during growth.

 (v) Possibility of adjusting microalgae biomass 
composition based on culture conditions, such 

Table 3  Examples of different types of biofertilizers (Agarwal et al., 2018)

Biological activities Examples

N2 fixing biofertilizers Azotobacter, Beijerinkia, Clostridium, Macrotermes natalensis, Odontotermes badius, Nostoc, 
Rhizobium, Frankia, Anabaena azollae, Azospirillum

Bacillus megaterium, Bacillus subtilis, Bacillus circulans
P solubilizing biofertilizers Pseudomonas striata, Aspergillus awamori, Penicillium bilaii, Aspergillus tubingensis, Calothrix 

braunii
Glomus mosseae, Gigaspora sp., Acaulospora sp., Scutellospora sp., and Sclerocystis sp., Lac-

caria sp.
P mobilizing biofertilizers Pisolithus sp., Boletus sp., Amanita sp., Pezizella ericae, Rhizoctonia solani
Biofertilizers for micronutrients Bacillus sp.
Plant growth-promoting bacteria Pseudomonas fluorescens

Fig. 3  Comparison of 
biofertilizers and synthetic 
fertilizers
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as light (intensity and dark/light cycle), temper-
ature, pH, and agitation, among others.

 (vi) Abundant and inexpensive resources for the 
synthesis of some minerals, the production of 
biochemicals, sorbents, fertilizers, building 
materials, and the recovery of specific elements 
and compounds.

Microalgae can be used directly from the cul-
tures (Ferreira et  al., 2019, 2021; Navarro-López 
et  al., 2020b) or as extracts (Michalak et  al., 2016, 
2017; Navarro-López et  al., 2020). Both are known 
to protect plants against abiotic stress such as salin-
ity, drought, and frost (abiotic stress) and pathogens 
and insects (biotic stress); therefore, they can be an 
alternative to chemical pesticides (Khan et al., 2019). 
Algae include a variety of classes of active sub-
stances, such as:

 (i) Pigments, such as phycobilins (phycocyanin, 
phycoerythrin), carotenoids (carotene and xan-
thophyll—fucoxanthin, astaxanthin, zeaxan-
thin, lutein), and chlorophylls polysaccharides, 
e.g., alginate, fucoidan, laminarin, agar, carra-
geenan, mannan, porphyrin, and ulvan.

 (ii) Lipids, such as polyunsaturated fatty acids — 
PUFAs (e.g., EPA—eicosapentaenoic acid 
(C20:5, n-3), DHA—docosahexaenoic acid 
(C22:6, n-3), and GLA—gamma-linolenic acid 
(C18:3, n-6)).

 (iii) Polysaccharides such as alginate, fucoidan, 
laminarin, agar, carrageenan, mannan, porphy-
rin, and ulvan.

 (iv) Polyphones such as phlorotannin, catechin, and 
flavonoids.

 (v) Peptides, proteins, amino acids, and vitamins 
and minerals.

 (vi) Plant growth-promoting substances such as 
plant hormones (cytokinins, auxins, gibberel-
lins, abscisic acid, and ethylene), betaines, pol-
yamines, and sterols.

Some studies have already demonstrated the 
microalgae potential as a biofertilizer and summa-
rized in Table 4. Dineshkumar et  al. (2020) showed 
in their study that a mixture of Spirulina platensis 
and Chlorella vulgaris promoted onion’s high growth, 
and production yield, together with high quantities of 
nutritional factors and mineral content (Dineshkumar 

et  al., 2020). Similarly, on onion, El-Khawaga stud-
ied an S. platensis biofertilizer from 5 to 25 ml/tree/
year resulted in the major promotion of the leaf area 
and its content of N, P, and K, yield, and fruit qual-
ity when compared with lower than 50% of inorganic 
N (El-Khawaga, 2013). The use of C. vulgaris and 
S. platensis also revealed an evident increase in rice 
and maize’s growth parameters, seed germination and 
quality, growth higher yield, and physical–chemical 
parameters. The effect of C. vulgaris as organic fer-
tilizer on the growth and yield of grapevines, banana 
trees, and lettuce was witnessed earlier (Abdl el Mon-
iem et al., 2008; Faheed & Fattah, 2008). The same 
authors also found an increase in metabolic activities 
of the lettuce plants.

The production cost of inorganic nitrogen fertiliz-
ers is extremely high (Hegde et  al., 1999; Mahanty 
et  al., 2017; Vaishampayan et  al., 2001). However, 
the deficiency of nitrogen in crops could be fulfilled 
sustainably using biofertilizer by the few cyanobacte-
ria and microalgae genera such as Arthrospira, Chlo-
rella, Haematococcus, and Dunaliella that have been 
economically cultivated on a large scale (Rosenberg 
et al., 2008). Yearly approx. 10–30 kg/ha of nitrogen 
is fixed by dense mats of cyanobacteria (Aiyer et al., 
1972; Jhala et  al., 2017). Cyanobacteria which are 
also used as biofertilizers can fix less than 10 kg/ha of 
nitrogen. Anabaena and Nostoc survive on the surface 
of soil and rocks and fix up to 20–25 kg/ha of atmos-
pheric nitrogen. Anabaena can fix 60  kg/ha/season 
of nitrogen and enriches the soil with organic matter. 
Cyanobacteria play a key role in the maintenance and 
buildup of soil fertility and enhance crop yield, acting 
as a natural biofertilizer (Moore, 1969; Song et  al., 
2005). The most efficient nitrogen-fixing cyanobac-
teria such as Nostoc linkia, Anabaena variabilis, 
Aulosira fertilisima, Calothrix sp., Tolypothrix sp., 
and Scytonema sp. are present in the cultivation area 
of rice (Kamrul Hasan et al., 2020; Prasad & Prasad, 
2001). Applications of microalgae biofertilizers have 
been reported in barley, oats, tomato, radish, cotton, 
sugarcane, maize, chili, lettuce, wheat, barley, water-
cress, cucumber, and soya (Chatterjee et  al., 2017; 
Chittora et al., 2020; Ferreira et al., 2021; Thajuddin 
& Subramanian, 2005).

The co-production of tomato (Solanum lycoper-
sicum L.) and microalga (Chlorella infusionum) in 
a hydroponic system (Zhang et  al., 2017) does not 
require any additional inputs because microalgae can 
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add oxygen  (O2) to nutrient solutions that are neces-
sary for crop root respiration and growth. Although 
microalgae typically develop on their own in hydro-
ponic systems, they are regarded as a crucial com-
ponent because they can lead to issues with pipeline 
clogging and nutritional deficiencies. Additionally, 
when Plaza et al. (2018) evaluated the phytohormone 
contents of Arthrospira spp. and Scenedesmus spp., 
they found that Scenedesmus spp. had a higher level 
of cytokinins, gibberellins, auxins, salicylic acid, and 
abscisic acid. As a result, the authors hypothesized 
that Scenedesmus spp. extract could be used to pro-
mote plant growth and development after discovering 

that petunias (Petunia hybrida) produced a sizable 
number of flowers, shoots, and leaves. By boosting 
the carotenoids that typically enhance the yellow 
and orange color of petals, Scenedesmus spp. also 
improved the quality of flowers (Rosa spp.) (Tripathi 
et al., 2008).

Some other study looked into how rice (Oryza 
sativa L.) growth was impacted by Aulosira fertilis-
sima (Karthikeyan et al., 2007). The authors claimed 
that auxins, cytokinins, and gibberellic acid—root-
promoting hormones—increased the growth of rice 
seedlings. Furthermore, Coppens et  al. (2016) noted 
the elevated sugar and carotenoid levels in tomato 

Table 4  The role of microalgae as biofertilizers

Microalgae Plants Effects References

Chlorella pyrenoidosa Rice, lettuce, cucumber, and 
eggplant

Increasing germination, and 
salinity tolerance, and boosting 
chlorophyll level

Elhafiz et al. (2015)

C. vulgaris Rice Enhancing the soil’s biological 
activity, chemical composition, 
and macronutrient availability

Dineshkumar et al. (2018)

Nannochloropsis sp. Tomato Fruit quality improvement 
through enhanced sugar and 
carotenoid content

Coppens et al. (2016)

Spirulina platensis Eruca sativa Improvement of germination and 
growth of plants

Wuang et al. (2016)
Brassica rapa
Brassica oleracea

Aphanothece sp. Tomato Improvement of chlorophyll 
content, nutrient absorption, 
germination, and dry weight

Mutale-joan et al. (2020)
C. ellipsoidea
Aphanothece sp.
Nannochloropsis gaditana
Porphyridium sp.
Dunaliella salina Tomato Increased germination and root 

dry weight
Rachidi et al. (2020)

Porphorydium sp. Wheat
Pepper

Ascophyllum sp. Tomato Increased morphological criteria Mógor et al. (2018)
Acutodesmus dimorphus Lettuce
Chlorella
Scenedesmus obliquus Watercress Increased germination and mor-

phological criteria
Lopéz et al. (2020)

Bean
Cucumber

Chlamydomonas reinhardtii cc 
124 and Chlorella sp. MACC-
360

Tomato Boost leaf pigment and fruit 
weight

Gitau et al. (2022)

Chlorella vulgaris Brassica napus var. Pabularia Boost total contents of chlo-
rophyll and carotenoid and 
total contents of phenol and 
flavonoids

Park et al. (2022)
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fruits treated with the combination of dried bio-
mass from Nannochloropsis spp., Ulothrix spp., and 
Klebsormidium spp., demonstrating their capacity 
to improve the quality and financial value of tomato 
fruits. However, there are some drawbacks to micro-
algae cultivation for biofertilizers. These drawbacks 
include the unpredictability of algae feedstock supply, 
regional and seasonal availability, and local energy 
supply; high production costs for cultivation, harvest-
ing, transporting, storing, and pre-treating; variability 
in quality, low farmer awareness and assurance (Patra 
& Singh, 2019); and high initial capital investment. 
However, using wastewater and removing pollut-
ants and nutrients is a win–win process that is more 
affordable and environmentally sustainable.

Microalgae are emerging as a business configu-
ration industry in many nations such as the USA, 
Europe, Japan, Malaysia, China, and the Netherlands. 
It mainly includes microalgae products, to create joint 
business opportunities for companies in the European 
Union. Recently, the good results of biofertilizer/
biostimulant-based microalgae have led companies 
to initiate and develop products using microalgae in 
their formulations. Table 5 shows companies produc-
ing microalgae-based biofertilizers/biostimulants.

5  Conclusion and Future Perspectives

Microalgae biomass obtained after wastewater treat-
ment can be used in animal feed to increase the pro-
duction of food, milk, wool, and chickens, and to 
increase the source of aquatic income. Besides, the 

clean water could be used for crop irrigation fields or 
animal consumption after careful analysis. Cleaner 
renewable energy sources are necessary as people 
become more aware of the effects of climate change. 
Native biofuels could produce energy without releas-
ing greenhouse gases or other air pollutants into the 
atmosphere. The government should work tirelessly 
to enhance social and economic conditions in rural 
India.

Rural development is very important and depend-
ent on the agricultural sector. Systems for growing 
microalgae can help with rural development, con-
nectivity with urban areas, and the production of 
new goods by giving farmers and landless rural resi-
dents jobs. Numerous economic sectors in India are 
climate-sensitive; in particular, 51% of the country’s 
workforce is employed in agriculture and related 
fields. For the management of plant diseases, new 
plant protection-based products, such as liquid bio 
formulations and granule forms, can be developed at 
the state level and propagated in rural areas. At the 
same time, these products can be used to increase 
crop production and soil fertility with less consump-
tion of synthetic fertilizers, improving the health 
of the living communities. Since 56% of the Indian 
population lives in rural areas, the government should 
promote entrepreneurship and innovation in these 
regions. These schemes aim to increase employment, 
reduce poverty, and improve innovation in rural India. 
The main idea is to clean wastewater while grow-
ing microalgae in it and utilize biomass for different 
applications and promote the agri-business indus-
try and produce microalgae-based biofertilizers in a 

Table 5  List of 
companies engaged 
in the manufacturing 
of microalgae-based 
biofertilizers/biostimulants

Company Location Microalgae Brand

BIORIZON Spain Spirulina AlgaFert
FlorAlgal

AlgaeEnergy Spain Microalgae AgriAlgae Premium
BioFlora Peru Scenedesmus quadricauda ISOGREEN®

Bacillus amyloliquefaciens
USA Bacillus subtilis

SEANERGY Spain Spirulina platensis KimitecAgro
Ascophyllum nodosum

NEOALGAE Spain Spirulina platensis SpiraGrow
LABGAE Colombia Chlorella vulgaris MICROCELL
ALLMICROALGAE—

Natural Products S.A
Portugal Chlorella vulgaris AllFertis

Spirulina
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short-term and sustainable economic and environ-
mental way. The latest achievements in controlling 
the COVID-19 pandemic were reported.
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