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HIGHLIGHTS

e Bioactive Nanoparticles modulate algal
metabolism taking part in redox
processes.

e Understanding NP-microalgae interac-
tion will develop technology to enhance
biofuel.

e Nanoparticles interacting with the
enzyme AGPase may block its activity.
e Chlorella vulgaris has great potential in
biofuel industry for high lipid content.
o Establishing biodiesel industries at rural

sites will help unemployed fellows.
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ABSTRACT

Nanoparticle application in microalgae for enhanced lipid production is an ongoing work that leads towards the
contribution in biodiesel production. During this decade, metal nanoparticles are constantly being reported to
have numerous applications in diverse fields, because of their unique optical, electrical, and magnetic properties.
They can interact with the biomolecules of cells and thereby alters cellular metabolisms, which in turn reflects
their ability to regulate some primary or secondary metabolic pathways. Nanoparticles derived from metals like
Fe, Cu, and Se are taking part in redox processes and their presence in many enzymes may modulate algal me-
tabolisms. Besides by upregulating or downregulating the expression of several genes, nanoparticle exposure can
alter gene expressions in many organisms. In microalgae such as Chlorella vulgaris, C. pyrenoidosa, Scenedesmus
obliquus, S. rubescens, Trachydiscus minutus, Parachlorella kessleri, and Tetraselmis suecica; metal nanoparticle
exposure in different environmental conditions have impacts on various physiological or molecular changes,
thereby increasing the growth rate, biomass and lipid production. The present mini-review gives an insight into
the various advantages and a future outlook on the application of nanoparticles in microalgae for biofuel pro-
duction. Also, it can be proposed that nanoparticles could be useful in blocking or deactivating the AGPase
enzyme (involved in the glucose to starch conversion pathway), binding to its active site, thereby increasing lipid
production in microalgae that could be utilized for enhanced biodiesel production.

1. Introduction

Nanotechnology is currently the most flourishing sector in recent
times due to its various applications and prospects. Nanoparticles (NPs)
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have been found in a varying range of applications in the past decade,
and their unique optical, electrical and magnetic properties making them
more penetrable, easy vectors and less toxic in nature; furthermore, a few
NPs are also reported to be capable of activating water channels of cells
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(Eszenyi et al., 2011; Achuthan et al., 2014). Several NPs are already
proved to interact with plant cells thereby increasing antioxidant enzyme
activity (Khan, 2016; Latef et al., 2017) or by upregulating or down-
regulating specific genes (Almutairi, 2016; Wu et al., 2018). Having
unique physical and chemical properties, the highly bioactive biogenic
nanocrystallines viz., Fe, Mn, Zn, Cu, Co and Se due to their participation
in different redox processes and their presence in many enzymes and
complex proteins, may certainly modulate algal metabolism. Some
studies have revealed that NP exposure alters the expression of the su-
peroxide dismutase (SOD) gene along with other enzymes in plants
(Mosa et al., 2018; Hossain et al., 2015; Alharby et al., 2016). Moreover,
engineered NPs can also transport DNA and chemicals into an algal cell
and it has been found that the size of NP is inversely proportional to the
number of molecules present at the particle's surface (De Jong and Borm,
2008; Zhang et al., 2020b). The size, shape, surface area, and size dis-
tribution of NPs are the important deciding factors controlling their up-
take by cells as it is highly dependent on cell wall pores. Nanotechnology
has excellent potential in creating advanced systems for monitoring
environmental conditions and improving the nutrient absorption of cells
(Farooqui et al., 2016). Metal NP exposure in different microalgae
(including C. vulgaris); might induce physiological, biochemical, or mo-
lecular changes thereby stimulating the growth, quality of biofuel or
some defense mechanism may become active resulting in the formation
of various pharmaceuticals, nutraceuticals such as pigments, exopol-
ymers, peptides, and phytohormones. Moreover understanding the role
of NPs in the alteration of conventional cellular processes of microalgae
may develop technology to enhance both the quality and quantity of
valuable cellular products including biofuel, pharmaceuticals and
nutraceuticals. Few previous reports have showed that application of
various NPs having a size range below 100 nm, can improve the growth
and lipid production of a few microalgae as discussed in Table-1, how-
ever, the appropriate application of nanomaterials to facilitate algal
cultures is still in its nascent phase and the mechanisms at large extent
are not well understood. When fossil fuels have innumerable drawbacks
and cause severe pollution and toxicity in the environment, biodiesel
from algal lipid have been reported to be non-toxic, highly biodegrad-
able, and contains no sulfur (Schenk et al., 2008). Several NPs can
interact with different enzymes involved in the algal metabolic pathway
thereby altering the normal metabolic pathway of cells (Phogat et al.,
2018). The enzyme AGPase (ADP-glucose pyrophosphorylase) taking
part in the starch biosynthesis process (Zabawinski et al., 2001), acts as a
bottleneck in lipid production in microalgae. Hence blocking this starch
synthesis pathway by inactivating AGPase enzyme (Li et al., 2010;
Sharma et al., 2018) that catalyzes the conversion of glucose-1-phos-
phate to ADP-glucose; the precursor of starch biosynthesis, through the
application of engineered NP could be an effective way to enhance lipid
production in microalgae to a greater extent. This approach could be
promising towards the enhancement of biodiesel production. Here in this
present mini-review, the advantages of the application of engineered NPs
in microalgae for enhanced lipid production and its future outlook has
been discussed along with a proposed hypothesis on enhanced lipid
production through blocking AGPase enzyme in microalgae.

2. Impacts of nanoparticles on microalgae species

Several NPs with specific features when applied in algal cultures,
their impacts on algal cells have been reported to be associated with the
growth and physiology; thereby increasing biomass, carbohydrate, or
lipid content in the treated algal species.

From Table 1, it can be seen that the effects of NPs induce an increase
in the total biomass, accumulation of carbohydrate and lipid content in
Chlorella, Scenedesmus, Tetraselmis, and Parachlorella spp. Even though
the overall effects of NP treatment in the above species of algae showed
positive results but the difference in the accumulation of specific me-
tabolites and their quantity may be due to differences in the physiology of
the algae species. Among studied NPs, Fe based NPs have been most
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studied in the entire above species but, showed to be solely limited for
only induction of the biomass with the highest being 51% in P. kessleri
but these Fe based NPs are low inducers of lipids as compared to other
NPs like Mg, Zn, and Pb that induces higher accumulation of lipids and
the maximum effect being 393% in C. vulgaris. Besides, MgNP also in-
duces a higher accumulation of carbohydrates in C. vulgaris. It can be
inferred that FeNPs could be suitable for induction of biomass and other
NPs like Mg, Zn, and Pb for induction of lipids and only MgNP for the
induction of carbohydrates in algae in the future. A NP inducing higher
accumulation of lipid might be helpful in the future for biofuel genera-
tion from algal biomass but further study is required to understand
clearly since there is no clear evidence and enough data regarding the
appropriate roles of size and concentration of different NPs.

3. Technical feasibility of NP mediated biodiesel enhancement in
microalgae

3.1. Feasibility of enhanced lipid production in microalgae

Having great propensity to interact with different biomolecules, NPs
can control different cellular metabolisms. The application of nano-
materials extensively increases the microalgal growth and carbon di-
oxide absorption (Vargas-Estrada et al., 2020). Several studies on the
application of nanomaterials viz., Mg, Cu, Pb, Se, Fe, Zn, C and Si in
certain microalgae such as C. vulgaris, C. pyrenoidosa, S. obliquus,
S. rubescens, T. minutus, P. kessleri, and T. suecica revealed that NP
application can enhance the microalgal growth, biomass production,
carbohydrate and lipid contents (as documented in Table 1). This in-
crease in the accumulation of lipids after application of the NPs could
lead to an enhancement of biofuel production. Therefore, understanding
the appropriate in-depth molecular mechanisms of NP-microalgae
interaction leading towards the efficient enhancement of lipid produc-
tion, will make the process of biofuel production feasible.

3.2. Large scale production of NPs and its cost

Since the synthesis of NP is becoming progressively straightforward,
shortly large-scale production of NPs will be feasible at minimum cost
and application of these engineered NPs for enhanced biodiesel pro-
duction will be possible at a commercial scale (Chintagunta et al., 2021).
Several microorganisms (bacteria, fungi) and plants extracts are already
been identified which can easily synthesize NPs (through
environment-friendly and inexpensive procedures) of desired character-
istics with excellent activity in the biological field (Husen and Siddiqi,
2014; Sasidharan and Balakrishnaraja, 2014; Peralta-Videa et al., 2016;
Fang et al., 2019). Soil bacteria viz., Rhizobium sp. (Jayavarthanan and
Nanda, 2015), Lactobacillus sp. (Xu et al., 2018), Escherichia coli
(El-Shanshoury et al., 2011) have been reported to possess great potential
for synthesizing NPs of desired structure at large scale and quickly at a
reasonably low cost. However, the extraction of synthesized NPs from
bacterial cells is still a tough challenge (Xu et al., 2018) since they mostly
produce NPs in intracellular compartments. Though various techniques
and protocols (Sonkusre et al., 2014; Forootanfara et al., 2014; Cruz
et al., 2018) are described by a few Nanotechnologists but none of them
are highly efficient for such a large-scale production and are highly
expensive. Due to these limitations the process of extraction of NPs from
bacterial cell are needed to be optimized aiming maximum yield of NPs at
a minimum cost or there is a need of a bacterial species which can pro-
duce extracellular NPs at a large scale. On the other hand, the process of
synthesis of NPs using plant extracts as reducing/capping agent don't
have any complications, and it is faster than other processes as well as
inexpensive (Saravanakumar et al., 2017; Zhang et al., 2020a; Kalita
et al.,, 2021). During this decade the low-cost and commercial-scale
production of NPs has been addressed by several researchers by adapt-
ing many other techniques (Schaidle et al., 2017) such as for the upscaled
synthesis of CuNP, sputter deposition in ionic liquids was done
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Table 1. Impacts of several NPs on different Algal species.

NP (size in nm) Conc. (mg/L) Algae species Impacts (% increments) References
Bio-mass Carbo-hydrates Lipids
Fe (50) 100 T. suecica - 41.9 Kadar et al. (2012)
Fe (-) 5.1 T. minutus 31.73 33.58 Padrova et al. (2015)
Fe (-) 5.1 P. kessleri 51 14 Padrova et al. (2015)
Fe,03 (<30) 5 S. obliquus - 39.6 He et al. (2017)
Fe,03 (<50) 20-30 C. pyrenoidosa 33.75 15.29 Rana et al. (2020)
MgSO,4 (100) 1000 C. vulgaris - 118.23 Sarma et al. (2014)
Mg (82) 150-200 C. vulgaris - 187.5 393.33 Sibi et al. (2017)
MgO (<50) 40 S. obliquus - 185 He et al. (2017)
Cu (100) 0.67-4 C. vulgaris 20 - Mykhaylenko and Zolotareva. (2017)
Cu (89) 10-20 C. vulgaris - 87.5 86.67 Sibi et al. (2017)
Zn (92) 150 C. vulgaris - 36.875 333.33 Sibi et al. (2017)
ZnO (50-70) 0.081 S. rubescens - 27.27 Aravantinou et al. (2020)
Se (100) 0.4-4 C. vulgaris 40-45 - Mykhaylenko and Zolotareva. (2017)
Pb (76) 50-100 C. vulgaris - 56.25 206.67 Sibi et al. (2017)
C(<2) 5 S. obliquus - 8.9 He et al. (2017)
SiC (25-100) 150 Scenedesmus. sp. 23.53 36.46 Ren et al. (2020)

NP (Nanoparticle); - (data not available); Conc. (Concentrations).

(Meischein and Ludwig, 2021). In another work, to enhance the yield of
AgNPs, synthesis was done by precipitation in a high-aqueous phase
content reverse microemulsion (Sosa et al., 2010). Synthesis of Ce-Zn
oxide NPs in continuous hydrothermal flow synthesis reactor has pro-
vided 17.5 times scale-up (on flow) over the existing laboratory-scale
process (Tighe et al., 2013). In another case, a high throughput 16-chan-
nel millifluidic reactor has been developed that uses a multiphase
gas-liquid flow to continuously produce colloidal Cesium Lead Bromide
(CsPbBr3) quantum dots and it avoids the cost of a liquid carrier by using
a gas carrier phase which is easier to separate and recycle (Wang et al.,
2020). This is how with advancements in technology for bioactive NP
synthesis, the availability and cost of NPs will certainly go down very
soon in near future. Hence more extensive research is required in tech-
nology advancement for large scale production of NPs with specific
features at very low-cost for application in microalgae culture for the
purpose of enhanced biofuel production.

3.3. Biofuel industry growth

With the growing demand for cheaper, reliable, and sustainable en-
ergy sources to alleviate acute vulnerability to the fossil fuel supply chain
and reach the increasing fuel demand, it is predicted to possess a positive
impact on the microalgal biofuel industry growth. This algal biofuel in-
dustry has three main problems-maintaining algae culture across various
climates, high water demand, and lack of technology for commerciali-
zation. As a result, the market is predicted to foresee regional partner-
ships and collaborations to maximize the assembly and technology
exchange for giant scale productions (Grand View Research Report,
2017). It seems probable that global climate change, greenhouse emis-
sion effects, depleting freshwater resources in some regions, growth in
human population, and shortages of agricultural land will favour the use
of third-generation biofuel production system such as microalgae and
Sarpal et al. (2016) revealed that Chlorella sp. oil is promising feedstocks
for biodiesel. Though maintaining axenic culture is a challenge with
raceway ponds (Bell et al., 2016) for biomass production, it can be
minimized by regular cleaning and taking proper care of the culture.
Producion of approximately 5,000-15,000 gal of biodiesel is possible
from microalgae per acre per year (Spolaore et al., 2006; Chisti, 2007;
Behera et al., 2015), but yet this is insufficient for replacement of fossil
fuel, hence application of NPs, shifting the biodiesel production to a
greater extent from different highly efficient microalgal species, are

going to be more beneficial. Besides the production of primary product
(biodiesel), several valuable co-products such as algal meal, omega-3
fatty acids, glycerin from these biorefineries may also improve the eco-
nomics of the entire system (Peters et al., 2019) thereby contributing to
the industry growth.

3.4. Advantage of NP application over the transgenic approach

Though different genetic engineering strategies applied in Chlorella
sp. for biodiesel improvement such as regulon engineering (manipulation
of a regulatory gene or transcription factor that regulates a group of
gene), optimizing light harvesting efficiency, enhancing carbon capture,
manipulating precursor building pathways, blocking starch synthesis,
modulating fatty acid synthesis, blocking lipolysis, stimulating TAG
(triacylglycerol) synthesis, overexpression of acetyltransferases, manip-
ulation of Calvin cycle are in progress but the impact on human health
and environmental risks are the major concerns with transgenic micro-
algae if exposed to natural ecosystems (Sharma et al., 2018) as they are
the primary producers in aquatic ecosystems and may cause catastrophe
in the ecosystem. Although a study proposed that the risk of genetically
modified algae could be reduced by coupling the expression of both, the
transgene of interest and antisense or RNAi of a gene that increases
robustness in natural systems (Gressel et al., 2013) but this approach
might induce the excess transgene-load in the genetically modified algae.
Moreover, the stability of transgene in genetically modified microalgae is
also a major concern, and due to the burden of excess transgene and
specific nutritional need, they are also mostly unable to adapt well to
natural systems (Kumar, 2015). A case study has reported that the
transgenic microalgae Acutodesmus dimorphus could not survive in nat-
ural pond in presence of other native strains of algae (Szyjka et al., 2017).
In addition to this, the disposal of residual substances of transgenic algae
is also a major concern for the environment (Abdullah et al., 2019) which
reflects that the engineered transgenic algae may not be an efficient
strategy for enhanced biofuel production; however NP-mediated
enhancement of biodiesel production will have an advantage over all
these strategies.

3.5. NP-enzyme interaction for enhanced biofuel production

NPs can alter cellular metabolic pathways by interacting with bio-
molecules including enzymes (Phogat et al., 2018; Baimanov et al.,
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2019), besides, immobilization of enzymes are also possible by nano-
materials (Chen et al., 2017). To control certain enzyme functions, NPs
can be selected to interact with those enzymes specifically and their in-
teractions are mainly dependent upon the specific features of NPs
including size, shape, surface properties and the oxidation state of the
NPs (Wu et al., 2009). NPs can selectively inhibit enzyme activities by
competitive inhibition, non-competitive inhibition or denaturation
(Kopp et al., 2017). Therefore, fabrication of such NPs with specific
features to bind certain enzymes or proteins could make it possible to
regulate their activity. Further, it has also been reported by a research
group that ZnO NPs with shapes pyramids (base 15 nm, side edges 18
nm), plates (diameter 18.4 nm), and sphere (diameter 4.4 nm) having
electrokinetic zeta potential of +30.8, +-27.6 and +33.7 mV respectively,
successfully inhibited the activity of p-galactosidase (GAL) enzyme of
Escherichia coli (Cha et al., 2015). SiO5 NPs with diameter 4, 20 and 100
nm and surface area per particle 50, 1257 and 31416 nm? respectively,
when bind with the enzyme lysozyme in its surface, provoke structural
changes in the enzyme resulting in the reduction of enzyme activity in a
size-dependent manner (Vertegel et al., 2004). Functionalizing NPs by
modifying its large surface area with organic molecules through covalent
or non-covalent interactions has been discussed to prevent non-specific
bindings and helps in recognizing specific enzymes or biomolecules
(Wu et al., 2009). In this circumstance, an extensive research work is
necessary to document and establish the molecular mechanism of bind-
ing of a particular NP (having specific features) with AGPase enzyme
(Figure 1), so that it could be applicable in blocking or inhibiting its
activity to inhibit starch synthesis pathway. This approach in turn will
help in overcoming the bottleneck of lipid production in microalgae
thereby contributing in enhanced biofuel production.

4. Challenges in the enhancement of biodiesel production from
microalgae by NP mediated strategy

Though a high-quality biofuel generated from several microalgae, the
production rate is insufficient to replace fossil fuel; here in this circum-
stance, nanotechnology is expected to shift the biofuel production rate to
a greater extent. Few evidences are available where the application of
several NPs at certain concentrations improved the quantity of lipid
content extensively in several microalgae (as discussed in Table 1)
however, the appropriate application of nanomaterials to facilitate algal
cultures is still in its primitive phase and the molecular mechanisms at
large extents are not well understood. Targeting and blocking of starch

&
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Blocks
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Metal NPs

Figure 1. A hypothetical model on blocking AGPase by engineered NPs to block
Starch Synthesis pathway. (Engineered NPs with specific features may bind the
active site of AGPase, thereby blocking its activity, and hence blocking of
glucose to starch synthesis pathway may occur. This is how the glucose mole-
cules are expected to undergo lipid synthesis, which will enhance bio-
diesel production).
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synthesis pathway by NP application will also need an extensive research
(Rawat et al., 2018). Many metal NPs have great bioactivity (Rai et al.,
2015), but which one has the best activity (at minimum cost) and targets
which metabolic pathways of microalgae such as C. vulgaris, C. pyr-
enoidosa, S. obliquus, S. rubescens, T. minutus, P. kessleri; under normal
growth conditions are needed to be determined by extensive research.
Currently maintaining axenic culture in raceway ponds, easy and
low-cost processing of biofuel and maintaining high quality are also big
challenges in this field. Many bacteria have great potential in synthe-
sizing bioactive NPs of desired quality on large scale (Sasidharan and
Balakrishnaraja, 2014) however; extraction of NPs from the bacteria is a
tough challenge which is required to be optimized aiming maximum
yield of NPs at a minimum cost, and at the same time conserving the
bioactivity of the NPs. A minor drawback regarding algal biofuel is that
they are less stable because of their highly unsaturated and volatile na-
ture, and thus more prone to degradation however this problem has been
addressed in some research works by generating potential solutions
(Rawat et al., 2018).

5. Social implications of algal biodiesel production

Since the algal culture doesn't require much expertise hands in this
field, establishing biodiesel industries at rural sites could help unem-
ployed fellows to earn their livelihood by cultivating algae at the do-
mestic level. Moreover, these microalgae can be grown on non-arable
land and saline water which is not suitable for other purposes (Batterton
and Van Baalen, 1971). Besides, the waste algal biomass generated after
isolating the biodiesel, can be used to feed fishes. Since the algal growth
rate is so slow in comparison to the demands for biodiesel production,
hence the use of algae in biodiesel production has become inefficient, but
once the concept of application of nanotechnology in algal culture is
properly established, it will shift the growth rate and biodiesel produc-
tion to a greater extent so as to use as a potent alternative to fossil diesel
fuel. Since biodiesel is a source of green energy, its harmful effects in the
environment will be minimum (Chauhan and Shukla, 2011). Microalgae
are the fastest growing photosynthetic organisms, requiring 1.8 tons of
CO;, for the production of 1 ton of algal biomass (Sudhakar et al., 2011),
thereby reducing the main factor of climate change. Being a
non-renewable source, fossil fuels are depleting rapidly and expected to
be diminished by the middle of this century, besides they are directly
related to air, water and soil pollution. In these drastic situations, biofuel
from renewable sources can be a potential alternative towards reducing
our dependency on fossil fuel and assist to maintain a healthy global
environment and economic sustainability.

6. Conclusion

Microalgae have been used as feedstock for the production of biofuel
since they have many advantages like fast growth, higher lipid accu-
mulation and photosynthetic yield at low cost. Microalgae-NP interaction
provides an opportunity for enhancement of lipid production in an
extensive proportion that could lead towards significant contribution in
biofuel production. In health or agriculture sector, NP applications are
already proved to be affordable and during this decade constant work is
going on in technology advancement for low-cost and large-scale pro-
duction of NPs, which reflects the probability of its application in biofuel
production soon in near future. Even though the exact mechanisms of the
activity of NPs in biological field is not appropriately known, however
engineered NPs with specific characteristics have been proved to have
the ability to selectively block or inhibit the activity of certain enzymes.
Applications of engineered NPs on microalgal culture to selectively
induce the inhibition or inactivity of the AGPase enzyme that is involved
in the starch biosynthesis pathway, may lead to the diversion of the
metabolic intermediates towards the enhanced biosynthesis of lipids.
Understanding the NP-microalgae interaction mechanisms at the mo-
lecular level will strengthen our current hypothesis and its promising
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applications ensuring our control on algal biodiesel production. Future
investigations should target understanding the in-depth molecular
mechanisms behind the enhancement of lipid production in microalgae
through NP application.
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