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A B S T R A C T   

Background: With the advent of the 21st century, natural food products and functional food ingredients have 
been heavily marketed as additives to improve human health and well-being. Although the early iterations were 
chemically synthesized, more emphasis on natural raw materials for pharmaceutical products shifted the focus 
towards microorganisms such as algae 
Scope and approach: Algae are known to contain a wide range of functional components, such as carotenoids, 
chlorophyll, docosahexaenoic acid, eicosapentaenoic acid, and astaxanthin. These components possess numerous 
benefits for value-added food applications and are widely sought after in the current market. Due to the high 
expenditure related to the production of these nutraceutical items, researchers are looking towards enhancing 
the yield with the help of nanotechnology. 
Key findings and conclusions: Algae also proved to be a safe and cheaper alternative in the production of nano-
particles (NPs), which demonstrate a range of antimicrobial properties. Additionally, algae secrete various 
important biomolecules and bioactive components upon exposure to nanoparticles which can be utilized in the 
pharmaceutical industry. Further research focused on improving biomolecules secretion and sustainable NPs 
production is necessary for the exponential growth of this sector in the industrial world. This review highlights 
the studies conducted in the field of nanotechnology mediated with algae to enhance the generation of phar-
maceuticals and nutraceuticals.   

1. Introduction 

A boom in the global population in the post-industrial era has 
resulted in widespread hunger throughout the developing and under- 
developed nations. Financial Times reported that by 2050, the global 
population would increase to 10 billion people (Boretti & Rosa, 2019). 
According to Greene et al. (2020) algae could potentially meet the 
protein supply necessary to feed 10 billion people by 2050 while 
conserving natural resources such as freshwater and up to 3 million km2 

of arable land (Greene, 2020). Forbes reported in 2018 that the algae 
product market was estimated at around $4.0 billion and projected to 

escalate to $5.2 billion by 2023 (Kite-Powell, 2018). The consumption of 
algae as food and human supplementation dates back hundreds of years. 
Historians reported that Aztecs and various Mesoamericans consumed 
Spirulina (then known as green mud or tecuitlatl mud cake) from Lake 
Texcoco, Mexico circa 1300–1521 AD (Wang et al., 2020). Although the 
popularity of algae consumption as human nutrition and supplementa-
tion was low, the recent introduction of “sustainable superfoods” has 
sparked a growing interest among people. Superfoods are usually 
grouped under a broad discipline of food products, namely nutraceut-
icals. These products are a combination of food consumables with me-
dicinal benefits. 
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A significant number of studies have been conducted to boost the 
production of secondary metabolites to commercialize and improve 
their yield to promote nutraceutical industries (Banerjee, Banerjee, 
Negi, Chang, & Shukla, 2018). One of these methods relies on the in-
duction of illuminance stress on microalgae which results in the pro-
duction of lipids and a wide range of pigments. The photosynthetic algae 
only absorb a part of the wavelength of the light spectrum, ranging from 
400 to 700 nm called the photosynthetically active radiation (PAR). 
Although theoretically, algae should absorb at least 50% of PAR 
emerging from the Sun, they absorb only 13% and even under optimum 
culture conditions half of this intensity is wasted (Melis, 2009). Eroglu, 
Eggers, Winslade, Smith, and Raston (2013) tried to incorporate local-
ized surface plasmon resonance (LSPR) of silver nanoparticles into algal 
photobioreactor (PBR) (Eroglu et al., 2013). This resulted in enhanced 
secretion of chlorophyll and carotenoids in algae with the LSPR effect of 
nanoparticles. The LSPR can limit the specific wavelength of the spectra 
responsible for pigment production in algae. Another study also found 
that LSPR of silver nanoparticles was able to promote the growth of 
Chlamydomonas reinhardtii by 30% due to the backscattering of blue 
wavelength (Torkamani, Wani, Tang, & Sureshkumar, 2010). Li, Sun, 
Mao, Lao, and Chen (2020) reported that light-harvesting gold nano-
particles with a size of 5 nm can efficiently improve carotenoids secre-
tion in Chlorella zofingiensis by 42.7% compared to the control. Estime, 
Ren, and Sureshkumar (2015) introduced a polymer film made up of 
silver nanoparticles which enhanced the absorption of blue light in 
Chlamydomonas reinhardtii culture and reported a 25% increase in 
biomass and 35% increase in chlorophyll and carotenoids by the 10th 
days of the culture cycle. 

Algal nanotechnology, on the other hand, is a term described by 
researchers where, algae are utilized in the synthesis of nanoparticles 
such as silver, gold, etc. The current strategy of nanoparticles synthesis 
relies on various routes such as dry, wet, and computational nanotech-
nology (A. Sharma et al., 2016). Dry nanotechnology works on the 
principle of physical chemistry for the production of inorganic nano-
materials such as silicon and carbon. Wet nanotechnology focuses on the 
synthesis of nanoparticles in a liquid biological medium. Computational 
nanotechnology is based on simulations and modeling of nanomaterials. 
These synthesis strategies are usually divided into two fractions: 
Top-down and bottom-up methods. In the case of the Top-down syn-
thesis route, the bulk material is broken down to nano size by numerous 
physical or chemical methods such as mechanical milling, laser ablation, 
and sputtering. On the other hand, the Bottom-up synthesis route uti-
lizes atoms and molecules of raw material to synthesize nanoparticles by 
gas-state, solid-state, liquid-state, and biological methods. These include 
chemical and physical vapor deposition, spray and flame pyrolysis, 
chemical reduction, hydrothermal and solvothermal methods, and bio-
logical methods via bacteria, fungi, yeast, and algae (Ahmed, Ahmad, 
Swami, & Ikram, 2016; Jamkhande, Ghule, Bamer, & Kalaskar, 2019). 
The hazards associated with current techniques have been forced to shift 
to green technological approaches such as the utilization of algae (Lu & 
Ozcan, 2015). Algae are called “bio-nanofactories” owing to their high 
capacity for the synthesis of metallic nanoparticles either in wet or dry 
form. The physical aspects of the metallic nanoparticles such as size and 
shape can be modified by different cultivation parameters, for example, 
temperature, incubation time, pH, and algal species. The reduction of 
metal salts to metallic nanomaterials is possible by the biomolecules 
secreted by algae (Shah, Fawcett, Sharma, Tripathy, & Poinern, 2015). 

The unique optoelectronic and physicochemical properties of nano-
particles ensure their applications in the medicinal field ranging from 
pharmaceutical products, chemical sensors, medical diagnosis, imaging, 
and catalysts. These nanoparticles have also been utilized as antimi-
crobial agents due to their effective inhibition of numerous bacteria and 
microbes (Saxena & Harish, 2019). Therefore, an integrated approach of 
combining algae and nanotechnology (algal nanotechnology or nano-
biotechnology) is certainly a field with immense potential. Algal nano-
technology will serve as a platform to link various industrial sectors in a 

globally interconnected world. Therefore, this review serves as a first 
step towards identifying the potential of algal nanotechnology for a 
narrower field of pharmaceuticals and nutraceuticals. This review fo-
cuses on highlighting the current status of nanotechnology in the algae 
industry. It also discusses the challenges and prospects of the utilization 
of algal nanotechnology for the production of pharmaceuticals and 
nutraceuticals. 

2. Application of algae in the generation of pharmaceuticals and 
nutraceuticals 

The secondary metabolites extracted from plants were initially uti-
lized for medicinal and health purposes. Low yield combined with sea-
sonal availability of plants is the major reason for the researchers to look 
for other alternatives such as microalgae. The bioactive components 
encompassed by algae are considered to be similar in composition to 
alternative counterparts of natural plants (Chew et al., 2018). Algae, 
especially marine algae, are considered an excellent source of pharma-
ceuticals due to their higher secretion of secondary metabolites. Table 1 
lists all the pharmaceutical applications of algae. Sulfated poly-
saccharides from red and brown algae and marine algae offer a wider 
range of applications to humans such as lubrication of the joints, 
adsorption, viscoelasticity, and resistance to hyaluronidase (Cunha & 
Grenha, 2016). Algae such as Chlorella sp. and Spirulina sp. are found in 
various hair care and skin care products specifically in the formulations 
of sun protection (Kim, Lee, Kim, & Kang, 2018). Algae has been 
incorporated in many food and beverage products, such as desserts, 
bakery, cereals, confectionary candies, snacks, dairy, soups, juices, en-
ergy drinks, and hot beverages (Boukid & Castellari, 2021). Many 
commercial companies have started marketing Spirulina sp. incorpo-
rated firming and whitening face masks and anti-aging products from 
Chlorella sp. (M. U. et al., 2019). Algae also exhibit antimicrobial, 
antiviral, and antifungal characteristics due to the presence of fatty acids 
and phenols (Kamenarska et al., 2009). Algae species have been incor-
porated in functional foods due to their numerous benefits, and some of 
them are listed in Table 2. 

As shown in Table 2, the addition of algae in functional food provides 
nutraceutical benefits. Algae possess numerous vitamins, minerals, and 
antioxidants that offer a wide spectrum of applications for human sup-
plementation and pharmaceutical purposes (Nagarajan, Chang, & Lee, 
2020). Algae are a unique division of photosynthetic microorganisms, 
which can uptake anthropogenic CO2, sunlight, and nutrients from 
wastewater to grow exponentially, meanwhile accumulating important 
products inside their cell wall. The environmental growth conditions of 
algae can be altered to enhance the secretion of products such as pro-
teins, lipids, carbohydrates, vitamins, minerals, antioxidants, and 
polyunsaturated fatty acids (PUFAs) (Ubando et al., 2021). The sec-
ondary metabolites such as vitamins, minerals, and PUFAs (derivatives 
of lipids) are sources of the current generation of nutraceuticals and 
pharmaceuticals from microalgae. 

Apart from the described benefits, algal products are proven to slow 
down neural degradation and diseases related to it. Algae are reported to 
synthesize products that protect nerve cells and thereby slowing down 
the progress of neurodegenerative Parkinson’s and Alzheimer’s diseases 
(Barbalace et al., 2019). Spirulina maxima was reported to reduce 
oxidative stress and prevent MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine) neurotoxicity (Jin et al., 2006). Algae are also considered 
as an effective raw material for the synthesis of recombinant proteins 
compared to the traditional mammalian cell culture (N. Yan, Fan, Chen, 
& Hu, 2016). Chlamydomonas reinhardtii reportedly expresses certain 
human genes, such as Domain 10 (10FN3) and Domain 14 (14FN3) of 
human fibronectin, High Mobility Group Protein1 (HMGB1), and 
Vascular Endothelial Growth Factor (VEGF) (Stoffels, Finlan, Mannall, 
Purton, & Parker, 2019). Algal proteins are modified 
post-translationally and can accumulate therapeutic proteins in their 
cells aiding in mass production. Algae provide a potential platform for 
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large-scale production of a wide range of recombinant proteins due to 
exponential growth rate and the absence of common pathogens with 
Homo sapiens. The major advantage that algae provide is the similarity 
between the mechanism of synthesis of human and algae protein 
(Dehghani et al., 2020). 

Due to the inability of the human body to produce PUFAs, they need 
to be supplied by the diet. PUFA are mainly divided into omega − 3 (ω-3) 
and omega-6 (ω − 6) fatty acids (FA). Docosahexaenoic acid (DHA), 
docosapentaenoic acid (DPA), and eicosapentaenoic acid (EPA) are 
derived from ω − 3 FA, whereas Alpha-linolenic acid (ALA) and arach-
idonic acid (AA) are obtained from ω − 6 FA. EPA and DHA are 
responsible for reducing blood cholesterol levels and brain development 
of the fetus (Fernando, Nah, & Jeon, 2016). They are reported to treat 
arthritis, asthma, obesity, skin disorders, inflammatory diseases, Par-
kinson’s disease, type-2 diabetes, and also act as anti-bacterial and 
antiviral agents (Chu & Phang, 2019). These PUFAs are mainly secreted 
by marine microalgae such as Nannochloropsis, Schizochytrium, Arthro-
spira, Scenedesmus, Phaeodactylum tricornutum, Porphyridium, and Iso-
chrysis (Thiyagarajan, Arumugam, & Kathiresan, 2020). Apart from 

PUFAs, algae secrete various metabolites such as pigments, carotenoids, 
lipids, carbohydrates, and proteins. The pigments and carotenoids 
exhibit neuroprotective and antioxidant activities. They also provide 
treatment for a wide range of chronic inflammatory and cardiovascular 
diseases (Lena, DiCasini, Lucarini, & Lombardi-Boccia, 2019). Astax-
anthin, a red pigment, extracted from Haematococcus pluvialis reportedly 
reduces cholesterol, bacterial inflammation and is involved in the 
treatment of carpal tunnel syndrome, rheumatoid arthritis, and various 
types of cancer (Khoo et al., 2020; Kumar et al., 2020). Astaxanthin also 
contains higher provitamin A activity of β-carotene and thus reduces 
lipid peroxidation capability, which makes it a potential antioxidant 
compound (Sudharshan, Subramaniyan, Satheeshan, & Dyavaiah, 
2019). Another pigment, fucoxanthin, is reported to exhibit nutraceu-
tical properties with weight-loss management by manipulating the lipid 
metabolic pathway (Petrushkina et al., 2017). 

3. Application of nanotechnology in algae 

The nanoparticles in algae are biosynthesized by the following 

Table 1 
Application of bioactive components from algae (Michalak & Chojnacka, 2015).  

POLYSACCHARIDES PIGMENTS 

Brown algae 
(Phaeophyta) 

Red algae 
(Rhodophyta) 

Green algae (Chlorophyta) Phycobilins Carotenoids Chlorophylls  

• Cellulose  
• Fucoidan  
• Alginate  
• aminarin  

• Agar  
• Cellulose  
• Xylan  
• Porphyran  
• mannan  
• Carrageenan  
• Furcellaran  

• Xylan  
• Ulvan  
• Pectin  
• Inulin  
• Mannan  
• Amylose, amylopectin  
• Cellulose  

• Phycocyanin  
o Cyanobacteria (Blue- 

green algae)  

• Carotene:  
o α-carotene  
o β-carotene  
o lycopene  

• Chlorophyll a  
• Chlorophyll b  
• Chlorophyll c  

• Ulvan  • Phycoerythrin  
• Red algae (Rhodopyta)  

• Xanthophyll:  
o astaxanthin  
o fucoxanthin  
o zeaxanthin  
o lutein  

OTHER COMPOUNDS ANTI-OXIDANT ACTIVITY 
minerals K, Ca, Mg, Na, Zn, Cu, 

Co, I, B  
glutathione (GSH)   

vitamins B12, K, C, E, A, D  vitamins vitamin C (ascorbate)  
lipids fatty acids PUFAs  

• γ-linolenic acid (GLA)  
• arachidonic acid (AA)  

• eicosapentaenoic acid 
(EPA)  

• docosahexaenoic acid 
(DHA) 

vitamin E (tocopherol)  • α, γ, δ tocopherol  

sterols  carotenoids α-carotene and β-carotene  
peptides and 

proteins   
fucoxanthin and 
astaxanthin  

lectins   polyphenols phlorotannin (brown algae 
polyphenol)  

• fucol  
• phlorethol  
• fucophlorethol  
• fuhalol  
• isofuhalol  
• eckol 

diterpenes dolabellanes 
hydroazulenoids 
xenicanes 
extended 
sesquiterpenoids  

catechin  • catechin (3-hydroxyflavan)/ 
catechin gallate  

• epicatechin/epicatechin 
gallate  

• epigallocatechin/ 
epigallocatechin gallate 

phenolic acid  
flavonoids  • anthocyanins  

• flavonols  
• flavanones  
• flavones  
• isoflavones 

tannins  
lignans  

mycosporine-like amino 
acids 

mucosporine-glycine   
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Table 2 
Microalgae and nanomaterials incorporated in food consumables as “Superfoods”.  

Incorporation of microalgae in food 

Microalgae species Product Additive Benefits Reference 

A. fusiformis Bread 1 and 3% w/w in the flour Nutritional and techno-functional 
properties (proteins and mineral 
content) 

Hafsa, Amel, Samia, and Sidahmed 
(2014) 

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

Vegetarian food gels 0.75% w/w Nutritional and techno-functional 
properties (antioxidative activity, 
ω-3 PUFAs) 

(A P Batista, Gouveia, Nunes, 
Franco, & Raymundo, 2008) 

A. maxima and D. vlkianum Vegetarian food gels 0.1–1.0% w/w Nutritional and techno-functional 
properties (antioxidative activity, 
ω-3 PUFAs) 

Gouveia, Batista, Raymundo, and 
Bandarra (2008) 

A. maxima, green and orange 
C. vulgaris after 
carotenogenesis 

Pasta 0.5, 1.0 and 2.0% w/w in flour Nutritional and techno-functional 
properties 

Fradique et al. (2010) 

A. maxima and H. pluvialis Vegetarian food gels 0.75% w/w Nutritional and techno-functional 
properties (antioxidative activity, 
ω-3 PUFAs) 

(A P Batista et al., 2011) 

A. platensis Biscuits 1.63, 3, 5, 7 and 8.36% w/w Nutritional and techno-functional 
properties (protein, fiber, and anti- 
oxidative content) 

(P. Singh, Singh, Jha, Rasane, & 
Gautam, 2015) 

A. platensis Bread 11% w/w in flour Nutritional and techno-functional 
properties (proteins and mineral 
content) 

Ak et al. (2016) 

A. platensis Fermented milk 3 g/L Nutritional properties Varga, Szigeti, Ková, Fö, and Buti 
(2002) 

A. platensis Pasta 1–3% w/w in flour Sensory quality and nutraceutical 
potential 

Zouari et al. (2011) 

A. platensis Pasta 5, 10 and 20% w/w in flour Nutritional and techno-functional 
properties (antioxidative activity) 

Marco, Steffolani, Martínez, and 
León (2014) 

A. platensis Probiotic yogurt 0.1–0.8% w/w Nutritional and techno-functional 
properties 

Caporgno and Mathys (2018) 

A. platensis Gluten free bread 2, 3, 4 and 5% w/w in flour Nutritional properties Figueira, Crizel, Silva, and 
Salas-Mellado (2011) 

A. platensis (gluten free bread) Bread 2–5% w/w in flour Nutritional and techno-functional 
properties (proteins and mineral 
content) 

(da Silva Figuerira & Rubira Silva, 
2011) 

A. platensis, C. vulgaris, P. 
tricomutum and T. suecica 

Biscuits 2 and 6% w/w Nutritional and techno-functional 
properties (antioxidative activity) 

(Ana Paula Batista et al., 2017) 

A. platensis, Phycocyanin extract Biscuits 0.3, 0.6 and 0.9% w/w to wheat flour Nutritional properties Abd El Baky, El Baroty, Ibrahem, 
Abd, and Baky (2015) 

A. platensis and O. amphibian Bread 5% w/w algal protein in flour Nutritional and techno-functional 
properties (proteins and mineral 
content) 

Caporgno and Mathys (2018) 

Arthrospira sp. Bread 2, 2.5, and 3% w/w in flour Nutritional and techno-functional 
properties (proteins and mineral 
content) 

Dinu, Vlasceanu, Dune, and Rotaru 
(2012) 

Arthrospira sp. Extruded snacks 0.4, 1.0, 1.8, 2.6 and 3.2% w/w Nutritional and techno-functional 
properties (proteins content) 

Lucas, Morais, deSantos, and Costa 
(2018) 

Arthrospira sp. Frozen yogurt 2–8% w/w Nutritional properties Beheshtipour, Mortazavian, 
Mohammadi, Sohrabvandi, and 
Khosravi-Darani (2013) 

Chlorella sp. Processed cheese 0.5 and 1.0% w/w Nutritional and techno-functional 
properties 

Jeon (2006) 

Chlorella sp. Yogurt Powder extract, 0.25% w/w; liquid 
extract: 2.5–10% v/w 

Nutritional and techno-functional 
properties 

Cho, Nam, and Park (2004) 

Chlorella sp. Broccoli soup 0.5–2.0% w/v Increased polyphenols content and 
antioxidant capacity 

Lafarga et al. (2019) 

C. vulgaris Cookies 0.5, 1.0, 2.0 and 3.0% w/w in flour Colouring agent Gouveia, Batista, Miranda, Empis, 
and Raymundo (2007) 

Dunaliella sp. Bread 10% w/w with algal biomass, biomass 
without β-carotene, and biomass 
without β-carotene and glycerol 

Nutritional and techno-functional 
properties (proteins and mineral 
content) 

Caporgno and Mathys (2018) 

D. salina Pasta 1–3% w/w in flour Nutritional and techno-functional 
properties 

El-Baz, Abdo, and Hussein (2017) 

D. vlkianum and I. galbana Pasta 0.5, 1.0 and 2% w/w in flour Nutritional and techno-functional 
properties (ω-3 PUFAs) 

Fradique et al. (2013) 

Green and orange C. vulgaris 
(after carotenogenesis) 

Emulsions: oil/water 2% w/w Techno-functional properties Raymundo, Gouveia, Batista, 
Empis, and Sousa (2005) 

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

Emulsions: oil/water C. Vulgaris, 0.25–2.0% w/w; 
H. pluvialis, 0.05–2.0% w/w 

Colouring agent and nutritional 
properties (antioxidative activity) 

Gouveia, Raymundo, Batista, Sousa, 
and Empis (2005) 

H. pluvialis Cookies 5, 10, and 15% astaxanthin in flour Nutritional and techno-functional 
properties (antioxidative activity) 

Hossain et al. (2017) 

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

Gouveia, Coutinho, et al. (2008) 

(continued on next page) 
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pathway-(i) algae extract preparation in water or organic solvent by 
heating for a particular interval, (ii) ionic metal compounds are pre-
pared in molar solutions, (iii) incubation of both these solutions with/ 
without stirring at certain controlled atmosphere (Dahoumane et al., 
2014). Algal cells can either synthesize nanoparticles intracellularly or 
extracellularly depending on the species and dose of the metal extracts. 
The extracellular NPs synthesis is credited to the presence of reducing 
agents such as peptides, proteins, pigments, polysaccharides, and 
reducing sugars, which reduce the metal ions and precipitate as metal 
nanoparticles in the surrounding solution. With respect to intracellular 
metal NP synthesis, respiration, and photosynthesis as a part of algal 
metabolism are considered important factors (Shankar et al., 2016). The 
photosynthetic electron transport system (ETS) in blue-green algae en-
compasses reducing agents like NADPH or NADPH-dependent reductase 
in addition to the redox reactions happening at the cell membrane, 
thylakoid membrane, and inside cytoplasm are major participants in the 
reduction of metallic ions (Jeffryes, Agathos, & Rorrer, 2015). Sulfated 
polysaccharides and proteins via amino acids contribute to the capping 
and stabilization of the metal NPs (Kannan, Stirk, & Van Staden, 2013). 
The shape and size of the nanoparticles can be altered by changing 
temperature, duration of exposure, pH, type of metals, the concentration 
of reducing agents and metals in the medium (Parial, Patra, Dasgupta, & 
Pal, 2012a). Manipulating these parameters also prevents agglomera-
tion and aggregation of the nanomaterials. Extracellular NP synthesis 
can be enhanced by altering pH. As the pH of the aqueous medium in-
creases the reducing power of respective functional groups gets stronger 
thus resulting in stable synthesized NPs. Although at low pH, the con-
centration of H+ ions is high, therefore, the reducing capacity of func-
tional groups is low (Parial et al., 2012a; Parial et al., 2012a). 

The biosynthesis of NPs usually results in a color change of the 
aqueous medium which is used as an indicator. A color change to ruby 
red, pink, or purple is characterized by the production of gold NPs and a 
color change to brown is due to the production of silver NPs (Jena, 
Pradhan, Dash, Sukla, & Panda, 2013). The optical properties are due to 
surface plasmon resonance (SPR) and this phenomenon is quantified by 
UV–Vis Spectrophotometer to monitor the NPs production. The λmax for 
AuNP lies between 510-560 nm and 320–580 nm for AuNPs (Parial & 
Pal, 2015a). The biosynthesis of nanoparticles, particularly metallic 
nanoparticles via algae, provides a safer and sustainable platform 
compared to conventional agents in terms of toxicity levels. Table 3 lists 
the biosynthesis of AuNPs via different algal species and their mode of 
synthesis. The proteins in algae are utilized as templates and provide 

stability to NPs thus increasing their potential as nanomedicine (Huo, 
Wang, Chen, & Shi, 2020). Apart from this, marine algae are relentlessly 
exposed to salts (metal salts) present in seawater and have a natural 
tendency of reducing metal salts. This provides an advantage to algae for 
the synthesis of mono-dispersed metal NPs compared to synthetic sur-
factants (Baker, Harini, Rakshith, & Satish, 2013). The ease of cultiva-
tion and scale-up of these algae in laboratories is attracting attention in 
the field of nanochemistry. 

Different types of algae such as cyanobacteria, macroalgae, micro-
algae, red algae, and brown algae are able to synthesize NPs. Cyano-
bacteria species such as Aphanocapsa, Aphanothece, Arthrospira, 
Gloeocapsa, Lyngbya, Microcoleus, Oscillatoria, Phormidium, and Syn-
echococcus were isolated from mangroves and tested for the synthesis of 
AgNPs. Among these, only Microcoleus sp. was able to synthesize AgNPs 
with a size of 44–79 nm and spherical shape. The algae were incubated 
with AgNO3 solution for 72 h in dark (Sudha, Rajamanickam, & 
Rengaramanujam, 2013). The intracellular production of AgNPs in 
cyanobacteria is related to the cyanobacterial metabolic activity of ni-
trate uptake by reducing the nitrate in AgNO3 to nitrite and ammonium 
present in glutamine. Another cyanobacterium, namely A. platensis, was 
able to biosynthesize AgNP, AuNP, and a bimetallic nanoalloy with Ag 
shell and Au core (Govindaraju, Basha, Kumar, & Singaravelu, 2008). 
The combination of the algal extract with HAuCl4 and AgNO3, either 
alone or as a mixture for 120 h, resulted in the bimetallic alloy. When the 
AgNO3 was transported inside the cell, the aqueous mixture turned 
brown, compared to ruby red in the case of HAuCl4 and purple in the 
case of the nanoalloy. The size ranged from 6 to 10 nm for AuNP, 7–16 
nm for AgNP, and 17–25 mm for the nanoalloy. 

Microalgal species of Chlorella and Chlamydomonas reinhardtii are 
reported to synthesize AgNPs in the size range of 5–15 nm with exposure 
to AgNO3 for approximately 14 days (Elumalai, Santhose, Devika, & 
Revathy, 2013). For Chlamydomonas sp., the NPs were present in the 
peripheral cytoplasm of the cell. This was observed due to the oxidative 
stress on the cell and proteins in photosynthesis. The response to this 
stress and ATP synthesis was via the induction of ferredoxin NADP+

reductase, ATP synthetase, superoxide dismutase, RUBP carboxylase, 
and sedoheptulose-1,7-biphosphatase (Barwal, Ranjan, Kateriya, & 
Yadav, 2011). Macroalgae species such as Ulva fasciata (green algae) 
were able to synthesize AgNPs with an average size of 40.5 nm and a 
spherical polydisperse crystalline structure (Rajesh, Patric Raja, Rathi, & 
Sahayaraj, 2012). Sargassum plagiophyllum (brown algae), Ulva com-
pressa, and Ulva reticulata (green algae) biosynthesized AgNPs in the size 

Table 2 (continued ) 

Incorporation of microalgae in food 

Microalgae species Product Additive Benefits Reference 

I. galbana, N. gaditana, S. 
almeriensis, T. suecica 

Bread 0.47% w/w in flour Nutritional and techno-functional 
properties (proteins and mineral 
content) 

García-Segovia, Pagán-Moreno, 
Lara, and Martínez-Monzó (2017) 

Pavlova lutheri Yogurt 0.25–0.5% w/v Increased PUFA concentration Robertson et al. (2016) 
Porphyridium sp. Chicken meat 10% w/w algae with normal chicken 

feed 
28% lowered cholesterol level of 
consumers 

Ginzberg et al. (2000) 

S. platensis Pasta 5 and 10% w/w in flour Nutritional and techno-functional 
properties (protein enrichment) 

Lemes et al. (2012) 

Spirulina spp. Corn grits 8% w/v Increased protein, fiber, and 
β-carotene values 

Tanska, Konopka, and Ruszkowska 
(2017) 

Incorporation of nanomaterials in food products 
Nanomaterials Type of product Manufacturer Benefits Reference 
Silica, Calcium silicate Anti-caking and anti- 

lumping product 
Evonik Addition of nanomaterials to avoid 

caking and lumping during 
production and storage 

(Evonik Silica – High Quality 
Precipitated and Fumed Silica - Silica 
from Evonik, n.d.) 

Iron (300 nm) Fruit juice Jamba Juice Hawaii Delivery of essential minerals and 
vitamins to the human body 

Blasco and Picó (2011) 

Biopolymer micelles Nanoemulsions – Improved water solubility in 
beverages and anticancer activity of 
phytochemicals 

(Q. Huang, Yu, & Ru, 2010;  
Piorkowski & McClements, 2014) 

Self-assembled structured liquid 
micelles 

Canola oil Shemen Enrichment of vitamin E and 
antioxidants of canola oil 

Blasco and Picó (2011)  
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Table 3 
Biosynthesis of gold nanoparticles (AuNPs) via various algae species and their synthesis route as well as reducing agent.  

Algae Structure Size (nm) Cell 
component 

Cell site Reducing agent References 

Cyanobacteria or 
Blue-green 
algae 

Spirulina platensis Spherical 6–10 Dried thallus Extracellular Algal protein Govindaraju et al. 
(2008) 

Cyanobacteria Nostoc ellipsosporum Nanorod 33–69 Biomass Intracellular  Parial, Patra, 
Roychoudhury, 
Dasgupta, and Pal 
(2012b) 

Plectonema boryanum Cubic 
andOctahedral 

<10–25 (for 
Extracellular) 
<10 (for 
Intracellular)  

Extracellular/ 
Intracellular 

Au(S2O3)− 32 
AuCl4−

Lengke, Fleet, and 
Southam (2006) 

Cyanobacteria 
and eukaryotic 
alga 

Lyngbya majuscule Spirulina 
Subsalsa Rhizoclonium 
hieroglyphicum  

<20 (for 
Lyngbya) 

Algal biomass Extracellular/ 
Intracellular  

Chakraborty et al. 
(2009) 

Cyanobacteria 
and Green 
algae 

Phormidium valderianum, 
P. tenue, Microcoleus 
chthonoplastes, Rhizoclonium 
fontinale, Ulva intestinalis, 
Chara zeylanica, Pithophora 
oedogoniana 

Spherical  Thallus Intracellular HAuCl4 Parial et al. (2012b) 

Green alga Chlorella vulgaris  40–60 Live cell Intracellular HAuCl4 Luangpipat, Beattie, 
Chisti, and Haverkamp 
(2011) 

Chlorella vulgaris Nanoplates 9–20 Extract Extracellular HAuCl4 Xie, Lee, Wang, and 
Ting (2007) 

Prasiola crispa Spherical 5–25 Dried biomass Extracellular Algal protein (B. Sharma, 
Purkayastha, Hazra, 
Gogoi, et al., 2014) 

Rhizoclonium fontinale Spherical ~16 Algal biomass Intracellular HAuCl4 Parial and Pal (2015b) 
Tetraselmis kochinensis  5–35  Intracellular Metal ion reducing 

enzymes 
Senapati, Syed, Moeez, 
Kumar, and Ahmad 
(2012) 

Tetraselmis suecica (marine 
alga)  

79 Extract Intracellular HAuCl4 Shakibaie et al. (2010) 

Brown algae Fucus versiculosus   Dried biomass Extracellular Hydroxyl groups in 
algal 
polysaccharides 

Mata et al. (2009) 

Laminaria japonica  15–20 Aqueous 
extract 

Extracellular Algal proteins and 
peptides 

Ghodake and Lee 
(2011) 

Padina gymnospora (marine 
alga) 

Mix of 
nanoprisms and 
spheres 

53–67 Dried biomass Extracellular Hydroxyl groups in 
algal 
polysaccharides 

(M. Singh, Kalaivani, 
Manikandan, 
Sangeetha, & 
Kumaraguru, 2013) 

Sargassum wightii (marine 
alga) 

Spherical 8–12 Dried biomass Extracellular  Singaravelu, 
Arockiamary, Kumar, 
and Govindaraju 
(2007) 

Stoechospermum marginatum Spherical with 
hexagonal and 
triangle 

18.7–93.7 Dried biomass Extracellular Hydroxyl group in 
diterpenoids 

Arockiya Aarthi 
Rajathi, Parthiban, 
Ganesh Kumar, and 
Anantharaman (2012) 

Red Marine algae Galaxaura elongate Spherical 3.85–77.13 Dried biomass 
and ethanolic 
extract of alga 

Extracellular HAuCl4 Abdel-Raouf, Al-Enazi, 
and Ibraheem (2017) 

Gracilaria corticata  45–57 Dried biomass Intracellular HAuCl4 Naveena and Prakash 
(2013) 

Gracilaria spp. Colloidal  Extract Intracellular Algal extract Ramakritinan, 
Kaarunya, Shankar, 
and Kumaraguru 
(2013) 

Lemanea fluviatilis (L.) C. Ag. Spherical 5–15 Dried biomass Extracellular Algal pigments (B. Sharma, 
Purkayastha, Hazra, 
Thajamanbi, et al., 
2014) 

Seaweed Ecklonia cava Spherical and 
triangular 

20–50 Dried biomass Extracellular Primary amines and 
hydroxyl groups in 
the alga 

Venkatesan et al. 
(2014) 

Turbinaria conoides Spherical 6–10 Dried biomass Intracellular Polyphenolic/ 
amide linkages fat 
in the algal extract 

Rajeshkumar et al. 
(2013) 

Diatoms Eolimna minima  5–100 Dried biomass Intracellular KAuCl4 Feurtet-Mazel et al. 
(2016) 

Navicula atomus, 
Diadesmis gallica 

Spherical  Biomass Intracellular HAuCl4 Schröfel, Kratošová, 
Bohunická, Dobročka, 
and Vávra (2011)  
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range of 20–50 nm when exposed to AgNO3 at 60 ◦C for 15 min (Dha-
nalakshmi, Riyazulla, Rekha, & Thangaraju, 2012). A green microalgae 
Chlorococcum sp. was reported to synthesize spherical monodispersed 
iron NPs (FeNPs) in the size range of 20–50 mm when exposed to 0.1M 
FeCl2 for 48 h in dark conditions. These NPs were analyzed at a wave-
length of 293 nm. FeNPs were also evaluated for the removal of heavy 
metals such as chromium as they readily convert Cr (VI) to Cr (III) 
(Subramaniyam et al., 2015). Hexagonal zinc oxide NPs were bio-
synthesized from brown alga S. muticulum by incubating the algal extract 
with zinc acetate dehydrate at 70 ◦C for 3–4 h. The ZnONPs size ranged 
from 30 to 57 mm and their production changed the aqueous solution 
color from brown to white which was assessed at a wavelength (λmax) of 
334 nm (Azizi, Ahmad, Namvar, & Mohamad, 2014). Another example 
of ZnONPs synthesis by Anabaena L31 strain was reported by exposure to 
1 mM ZnNO3 for 12 h in dark at room temperature. The biosynthesized 
ZnONPs were spherically crystalline in shape with a size of 80 nm. The 
zeta potential was 30.25 mV and λmax was 370 nm. These NPs were 
conjugated with UV-B absorbing novel mycosporine amino acid com-
pounds, namely shinorine. This conjugate had a lower zeta potential of 
− 3.75 mV thus forming less ROS by 75% compared to Anabaena thus 
exhibiting potential sunscreen additive properties (G. Singh et al., 
2014). 

Apart from the biosynthesis of NPs, nanotechnology also finds an 
application in improving biomass growth and agglomeration of this 
biomass by nanoparticles assisting in the harvesting of the biomass 
(Chen et al., 2017). Algae-mediated biofuel production has attracted 
much attention as a third-generation biofuel feedstock due to its ability 
to secrete a high concentration of lipids with respect to its cell mass 
(Phillips, 2020). Nevertheless, algal cells in the cultivated medium are 
very dilute and need to be agglomerated to harvest. The current dew-
atering techniques are either time-consuming, expensive, or inefficient 
(Wu & Chang, 2019). Magnetic NPs such as FeONPs not only provide a 
quicker accumulation of algae but also act as a catalyst for chloroform: 

methanol extraction of lipids (Chiang et al., 2015). Iron Oxide (FeO) and 
Magnetite (Fe3O4) NPs also provide another advantage of increased 
biomass production due to the production of reactive oxidative species 
(ROS) in algae upon exposure (Cao et al., 2012). Gracia et al. conducted 
a study by exposing Chlorella vulgaris and Scenedesmus ovalternus to 
FeONPs and observed a 95% increase in harvesting efficiency (Fraga--
García, Kubbutat, Brammen, Schwaminger, & Berensmeier, 2018). Xu 
et al. studied the exposure of B. braunii and C. ellipsoidea cells to Fe3O4 
NPs and observed that at different stirring speeds, microalgae were 
harvested at an elevated level reaching up to 99.9% recovery (Xu, Guo, 
Wang, Zheng, & Liu, 2011). Apart from elevated harvesting and culti-
vation efficiency, NPs also have the ability to pierce through the rigid 
algal cell walls for improved extraction of proteins and carbohydrates 
due to their tiny structure. Razack et al. conducted a study of harvesting 
C. vulgaris by AgNPs and observed an increased yield during the 
extraction of lipids and carbohydrates (Abdul Razack, Duraiarasan, & 
Mani, 2016). The authors concluded that AgNPs were able to penetrate 
the algal cell walls and resulted in higher extraction of these compounds. 
Nanomaterials have also been utilized for enzyme immobilization in the 
production of biofuels but the field is still in infancy (Puri, Barrow, & 
Verma, 2013). 

4. Developments of algal nanotechnology for pigments and anti- 
oxidant compounds extraction 

Algal nanotechnology includes the introduction of nanoparticles as a 
source of oxidative stress on the algal species, as well as the synthesis of 
metal nanoparticles from the original metal. However, the former route 
is sometimes harmful and is applied to tackle algal bloom in water 
bodies (F. Chen et al., 2019). A high concentration of nanoparticles in 
water affects algae growth and damages the cell (Ko, Koh, & Kong, 
2018). Fig. 1 depicts the route of algae cell damage by NPs. Yan et al. 
also conducted studies on two green algae species, C. pyrenoidosa and 

Fig. 1. Effect of NP on the algae cell membrane and internal organelles. NP exposure induces ROS and results in lipid peroxidation. Reproduced with permission (F. 
Chen et al., 2019) 2019, Royal Society of Chemistry. 
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S. obliquus, which were exposed to Cadmium and Selenide quantum dots 
(QDs). The outcome concluded that algae growth and their chlorophyll 
content reduced with high concentration and prolonged exposure to 
QDs (K. Yan et al., 2019). However, when exposed to low concentrations 
for an optimized time, the algal pigment synthesis and secretion were 
enhanced. Taghizadeh et al. reported that the green unicellular algae 
C. vulgaris when exposed to magnetic nanomaterials with a concentra-
tion of <50 μg/mL could overcome the toxic effects and secrete higher 
chlorophyll and carotenoid contents after 6 days of cultivation (Taghi-
zadeh et al., 2020). In addition, Bahadore et al. observed that the 
addition of AgNPs at 25 pM concentration to Dunaliella salina increased 
the accumulation of proteins, chlorophyll, carbohydrates, free amino 
acids, and β-carotene, but reduced the cell division. The study also 
concluded that when algal cells were treated with salicylic acid (SA) 
before exposure to AgNPs, they were able to increase the growth of 
biomass but only resulted in a higher accumulation of β-carotene. The 
authors suggested that AgNPs could induce oxidative stress and trig-
gered pigment accumulation. Whereas, SA provides tolerance to AgNPs 
and thus enhances the mechanisms involved in carbon flux rather than 
antioxidant enzymes (Bahador, Einali, Azizian-Shermeh, & Sangtarash, 
2019). Cheng et al. studied the accumulation of astaxanthin in Haema-
tococcus pluvialis by exposing it to AgNPs. The study reported that 
carotenoid production with AgNPs was 3.5 folds compared to the control 
group at the end of 14 days (Cheng, Wong, Lau, Chong, & Ong, 2020). 
New studies using magnetic nanoparticles such as ferrite doped with Zn 
and Mg have been conducted to induce agglomeration of algae for better 
harvesting (Egesa, Chuck, & Plucinski, 2018). 

The use of algae for the synthesis of metal nanoparticles such as 
silver and gold nanoparticles offer a wide range of benefits and appli-
cations in pharmaceuticals and other biomedicals (H. Chen, Zhou, & 
Zhao, 2018; Y. Wu, Ali, Chen, Fang, & El-Sayed, 2019). This route is 
deemed to be environmentally friendly, economical, and easier to scale 
up without complexity. Algal nanoparticles are considered as potential 
antimicrobial agents compared to antibiotics. Due to their natural syn-
thesis route, algal nanoparticles have fewer side effects as opposed to the 
resistance produced by animals and humans towards antibiotics. Addi-
tionally, humans develop resistance to synthetic antimicrobial drugs. A 
study conducted by Hamed et al. concluded that zinc and selenium 
nanoparticles produced by Sargassum latifolium extract could stabilize 
corn and soybean oils and preserve their antioxidant capabilities. 
Furthermore, it preserves the PUFA content of these oils (Hamed, Ibra-
him, Hamed, & El-Khateeb, 2019). Sinha et al. synthesized AgNPs with 
Pithophora oedogonia (Mont.) Wittrock and noted that AgNPs exhibited 
an inhibitory effect towards seven pathogenic bacteria, which include 
four Gram-negative bacteria (Escherichia coli MTCC 443, Pseudomonas 
aeruginosa MTCC 2581, Vibrio cholerae MTCC 3904, and Shigella flexneri 
MTCC 1457) and three Gram-positive bacteria (Bacillus subtilis MTCC 
441, Staphylococcus aureus MTCC 3160 and Micrococcus luteus MTCC 
1538) (Sinha, Paul, Halder, Sengupta, & Patra, 2015). Hamouda et al. 
also confirmed that the AgNPs biosynthesized by red algae (Corallina 
elongata and Gelidium amansii) possessed anti-bacterial activity towards 
Micrococcus luteus, Escherichia coli ATCC 8739, and Kocuria varians. The 
study also accomplished that the capping of AgNPs with Sodium 
Dodecyl Sulfate (SDS) enhanced the antimicrobial activity towards these 
bacteria (Hamouda, Abd El-Mongy, & Eid, 2019). Uma Suganya et al. 
examined the biosynthesis of AuNPs from a blue-green alga Spirulina 
platensis and their efficacy against two Gram-positive bacteria, namely 
Bacillus subtilis and Staphylococcus aureus. The electron microscopy study 
inferred that AuNPs synthesized by algae were able to penetrate through 
the peptidoglycan layer and destroy the bacterial cells (Uma Suganya 
et al., 2015). Apart from anti-bacterial activity, AgNPs synthesized from 
Gelidiella acerosa, and S. longifolium exhibited intense antifungal effects 
against Candida albicans, Trichoderma reesei, Fusarium sp., Humicola 
insolens, and Aspergillus fumigatus (Schröfel et al., 2014). El-sheekh et al. 
synthesized Silver (Ag2O|AgO) and Gold (Au) nanoparticles with the 
help of Oscillatoria sp. and Spirulina platensis, respectively, and 

investigated its ability to reduce the cytopathic effect (CPE) on Herpes 
Simplex virus (HSV-1) (El-Sheekh, Shabaan, Hassan, & Morsi, 2020). 
These NPs were able to reduce CPE by 90% proving the anti-viral ca-
pabilities of algae synthesized nanoparticles. Apart from pharmaceutical 
applications, algae synthesized nanoparticles are utilized for various 
other applications in the field of medicine. Nanoparticles are used for 
DNA analysis of humans in gene therapy, magnetic resonance imaging 
(MRI), drug delivery system to combat cancer, tissue engineering for 
repairing tumors, immune assay, and various diagnostic applications 
(Rathinavel et al., 2020). These unique capabilities of nanoparticles 
equip them with a bright and potential future in the field of pharma-
ceuticals and overall in the medicinal industry (Dahoumane et al., 
2017). 

5. Challenges hindering algal nanotechnology in food science 
and technology 

Nanoparticles (NPs) have a wide range of applications due to their 
unique and distinguished properties (B. C. Huang, Yi, Chang, & Ng, 
2019). Thus, NPs can be useful in food packaging materials, disinfec-
tants, optical product formulations, fabric cleaners, cosmetics, biology 
and medicine, textile, composites and energy, biosensor and diagnostics, 
electronics, and agricultural products (Sedaghat, Agbolag, & Bagher-
iyan, 2016). Apart from these, nanotheranostics is a huge breakthrough 
for modern medicine with nanomaterials capable of treating a wide 
range of cancer, tumors, neurodegenerative diseases, autoimmune and 
cardiovascular diseases (Wong, Sena-Torralba, Álvarez-Diduk, 
Muthoosamy, & Merkoçi, 2020). Nanoparticles from gold, palladium, 
and platinum are also used in daily human products such as toothpaste, 
soaps, shampoos, creams, and shoes (Khandel & Shahi, 2018). 
Algae-mediated NPs also provide various applications as described in 
the previous section. Nanotechnology in algal research is crucial in 
reducing total production costs by eliminating expensive processes 
involved in harvesting algae. Additionally, controlled exposure also led 
to a higher accumulation of pigments and other metabolites that exhibit 
the pharmaceutical and nutraceutical properties of algae (Taghizadeh 
et al., 2020). Therefore, no doubt that nanotechnology assists in expe-
diting the growth of algae production globally. 

The global algae market stood at $3.72 billion in 2017 and is ex-
pected to grow at a CAGR of 5.3% until 2025. The forecasted algal 
market in 2025 is expected to reach $5.6 billion. It is also stated that the 
U.S. pharmaceutical market alone stood at $446 billion in 2016. The 
global pharmaceutical market is projected to grow by 160% in the next 2 
decades with India being a major contributor (Algae Products Market - 
Global Industry Trends and Forecast to 2025, 2018). The major algal 
market was invested in biofuel production; however, in the last few 
years; there is a shift of focus. The algal protein market is also projected 
to reach $1 billion by 2026 (Algae Products Market - Global Industry 
Trends and Forecast to 2025, 2018). The global nutraceuticals production 
from algae (Chlorella and Spirulina) is projected to reach $278.96 billion 
by 2021. The DHA and EPA market size is also expected to surpass the 
sales figure of $4 billion by 2022 (Jha, Jain, Sharma, Kant, & Garlapati, 
2017). Therefore, from the current market trends, it can be expected that 
algae and algae-derived nutraceuticals have a high potential to take over 
the chemical counterparts. 

Toxicity, socio-ethnological and safety-related issues with algae and 
especially nanomaterials derived from algae are crucial in tackling 
consumer’s acceptance of pharmaceutical and nutraceutical items. The 
contamination of heavy metals and NPs and naturally occurring toxins 
are considered to be the major challenges in industrial-scale production. 
Although an episode of allergy by algae is rare, few anaphylaxis-type 
reactions have been reported after consuming Spirulina tablets (Le, 
Knulst, & Röckmann, 2014). The consumption of wild species contam-
inated by the internally produced neurotoxin causes human poisoning 
episodes (Gellenbeck, 2012). Apart from this, few sea vegetables such as 
Caulerpa sp. and Gracilaria sp. were reported to cause severe illness in 
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the western pacific region owing to the harvesting of toxic species (de 
Gaillande, Payri, Remoissenet, & Zubia, 2017). To combat these toxicity 
issues, current large-scale algae providers should take the necessary 
steps to supply GRAS (generally regarded as safe) products certified by 
the local government bodies (Nicoletti, 2016). 

6. Sustainability and prospects 

The utilization of nanotechnology for algae cultivation for the 
enhanced accumulation of secondary metabolites and biomolecules is an 
attractive option for industries, which look into increasing the produc-
tion of pharmaceuticals currently. Due to the capability of magnetic 
nanoparticles to clog, NPs could reduce the expensive harvesting cost of 
algae. As of now, almost 20–30% of total algae production cost is 
dedicated to algal harvesting, which includes sedimentation, centrifu-
gation, and filtration. This limits the capability of algae as raw materials 
for high value-added products that are required in a low volume but 
provide tremendous economic benefits (Koyande, Chew, et al., 2019). 
The inclusion of nanotechnology will enable a shift of algae as a niche 
raw material to a cheaper alternative of pharmaceuticals and nutra-
ceuticals. It is also expected to reduce the overall cost of popular 
superfoods (Ekesa, 2017). As nanoparticles have exhibited a positive 
effect on algae, future research should be more focused on commer-
cializing algal nanotechnology. The potential of algae to recycle 
anthropogenic CO2, wastewater, and sunlight into useful metabolites 
coupled with enhanced growth due to nanoparticles can be considered 
as a probable and feasible solution to certain pressing issues on the 
planet, such as global warming, climate change, and hunger (Koyande, 
Show, et al., 2019). Apart from this, nanoparticles synthesized from 
algae also need to be crucially observed in terms of their sustainability 
and safety due to their potential human applications. The mechanism of 
nanoparticle synthesis from algae needs to be further scrutinized with a 
different algal source which is yet to be studied (Aziz et al., 2015). 

Apart from the synthesis, the potential application of nanoparticles 
synthesized by algae, numerous challenges need to be addressed. The 
biosynthesized NPs exhibit a wide variety of characteristics such as 
shape and size. Therefore, a better understanding of the biosynthesis 
process is necessary. In addition, the mechanism involved in the 
biosynthesis of NPs is still in the infancy stage. The biosynthesis of NPs is 
usually very slow and thus the optimization of parameters is needed to 
speed up the process (Rana, Yadav, & Jagadevan, 2020). Apart from 
these obstacles, as algae is a natural source of NPs production, there will 
be numerous variations in the same species with changes in location and 
surrounding environment. There are variations in different batches with 
the same species and similar operating conditions (Tehri, Vashishth, 
Gahlaut, & Hooda, 2020). Therefore, identification of the biomolecules 
involved in NPs synthesis is crucial for commercialization. Most of the 
studies carried out are in laboratory or small-scale and further scale-up is 
vital for the success of algal nanotechnology (Ovais et al., 2018). 

The enzymes and route of nanoparticle synthesis can only be deter-
mined with ample research focus. Finally, a low-cost and simple syn-
thesis technique needs to be developed for commercialization. Current 
nanoparticle synthesis from algae is limited to metals; thus, these pro-
tocols need to be implemented to synthesize different nanoparticles such 
as sulfides, carbides, metal oxides, and nitrides. Lastly, nanotechnology 
has huge potential in the field of human medicine and feed; thus 
extensive studies in the field of pharmaceuticals and nutraceuticals are 
obligatory for its acceptance in the consumer market (Barbalace et al., 
2019). The growing importance of nutraceutical and pharmaceutical 
products among the human population means that algal potential will be 
fully harnessed. 

7. Conclusions 

This review focused on the current challenges in incorporating 
nanotechnology in the algal processing industry. There are many aspects 

to consider in the synthesis of nanoparticles (NPs) with algae as the 
resource such as synthesis conditions and its post-production usage, and 
its utilization for the value-added functional food production. Recent 
outcomes in this field with respect to the incorporation of algae and 
nanotechnology have brought sustainable and safer production of 
functional foods and superfoods to the pharmaceutical sector. Further 
developments in this field are promising with huge potential existing for 
commercialization and industrial investment. However, an in-depth 
research is indispensable and would determine its final feasibility in 
making algae-mediated nanotechnology the future of the food and 
pharmaceutical industries. 
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