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Nanoparticles (NPs) are innovative, high-throughput materials that have revolutionized nearly every area of human
life. Microalgae represent a highly favorable eco-conscious choice in the pursuit of biofuel production. The synthesis
of biofuels such as biodiesel, bioethanol, bio-hydrogen, bio-methane, and syngas can utilize microalgal biomass as a
feedstock. Microalgae cannot currently be used to produce large-scale biofuels due to a lack of economic viability. The
addition of NPs to microalgal cultures can boost light conversion in the microalgae photobioreactor and increase CO,
absorption yield. This study provides an in-depth review of the current trends and prospects of NPs applied to microalgae.
It delves into how NPs can influence the metabolic pathways of microalgae and examines potential morphological
toxicity. The research conducted in this area has revealed that the toxicity of NPs is influenced by various factors,
including their nature (size, oxidation state, crystal structure), concentration, the composition of the cultivation media,
and the specific microalgae species being used. This study suggested that the mechanism of nanoparticle internalization
with microalgae via endocytosis, ion release (absorption through an ionic channel), shading influence, adsorption, and
absorption by the pore route are all mechanisms by which NPs interact with microalgae. Moreover, the addition of NPs
has demonstrated a significant positive impact on intracellular compound accumulation and overall growth.
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1. INTRODUCTION Biodiesel is nontoxic and perishable and is created by combining
alcohol with edible fat, animal fat, or used cooking oil. Considering
the food issues, microalgae gain the utmost attention to be used as
biofuel producers. According to the study, biomass-based biofuels
offer excellent potential to address energy scarcity in a sustainable

manner [3]. The environmentally beneficial method of producing

The environment protection agency (EPA) plan calls for advanced
biofuel volume mandates to be set at 5.82 billion gallons in 2023, 6.62
billion in 2024, and 7.43 billion in 2025. The average American uses
2.5 gallons of oil, 8.86 pounds of coal, and 246 cubic feet of natural

gas every day [1]. The world is eagerly anticipating a time when
all energy sources will be used. Fuels are crucial since they are the
main source of energy. Over the past few decades, concern over the
depletion of traditional fuel supplies and a desire for biofuel production
has grown. The products generated by using biomass are using a
carbon-neutral path and absorb the maximum amount of CO, [2].
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biodiesel has attracted the interest of scientists worldwide [4]. The
effectiveness and cost-reduction of microalgal biodiesel synthesis
continue to be major barriers to its optimal development because it is
a sequential process [5]. The costliest of the four production processes
is cultivation (>40% of the overall cost). Among the four production
methods, cultivation stands out as the most expensive (>40% of the
total expenses). To achieve a significant biomass concentration, it is
essential to gather microalgae [6]. Consequently, substantial quantities
of water need to be acquired from the production procedures, which
entails financial expenditure and energy consumption. It is estimated
that around 30% of the overall production cost could be attributed to
the expenses related to harvesting [7]. To accomplish energy-effective
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microalgae harvesting, novel functional materials have been created
due to the substantial energy consumption during these harvesting
methods. Harvesting with bare nanoparticles (NPs) has become
a popular method in recent years for separating cyanobacteria,
microalgae, and algae from biofuel perspectives [8]. The ability of
NPs to influence cell fate, cause or stop mutations, start cell—cell
communication, and modify cell structure is largely determined by
processes at the nano-bio interface. Although adding nano-additives
to microalgae cultures has certain benefits. There are a number of
factors relating to the properties and concentration of the NPs that
must be taken into account. Recently, nanomaterials primarily based
on magnetic activity have been introduced as quick, easy, and effective
techniques for microalgae harvest. NPs have special physicochemical
features that have the potential to improve agricultural products, food
processing, fortification, and packaging. In addition to shielding
plants against biotic and abiotic challenges, many metal NPs (e.g., Cu,
Fe, Zn, Mg, Mn, Se, etc.) also serve as micronutrients for crop plants
[9]. A thorough investigation is needed to determine the most crucial
factor relating to the toxic effects of NPs on various microalgae
species, specifically from substances such as oxides of iron, zinc
oxide, zero-valent iron (ZVlIs), aluminum oxide, graphene oxide,
and titanium dioxide, etc. Different species such as algae, microalgae
nitzschia, chlorella, and schizochytrium have suitable potential for
biodiesel production. The main objective of the review is to provide
a thorough understanding of the mechanism of NPs, impacts of NPs
on microalgae and their real-world use, and potential future research.
The current review synthesized the previously published work, which
includes different channels of NP inoculation with microalgae. Future
applications of engineered and non-engineered nanomaterials to
strengthen microalgae’s ability for biodiesel production are also taken
into consideration.

2. NP INCORPORATION IN ALGAL CELLS

Nanoscience primarily deals with the synthesis, characterization,
exploration, and exploitation of nanostructured materials. By utilizing
the methodological facts, manipulation, and control of matter on
the nanoscale, known as Nanotechnology. According to their sizes,
NPs can be classified into different dimensions - 0, 1, 2, and 3 [10].
Depending on the chemical composition, morphological structure, and
origin, particles can be further classified.

A range of nanoparticle sizes, from 5 to 100 nm, have been reported
in the literature for use in biofuel generation [11]. The effect of NPs
on algae has been extensively studied during the last 20 years [12].
Prokaryotic cyanobacteria and eukaryotic micro- and macroalgae make
up the enormous and varied group of microorganisms that produce
oxygen through photosynthetic processes. Algae are thought of as a
renewable bioenergy source due to their capacity for photosynthetic
growth [13]. Algae have long been recognized for their promise in
the fields of carbon sequestration, bioremediation, and wastewater
treatment. They are a priceless source of important substances such
as polyunsaturated fatty acids, carotenoids, carbohydrates, proteins,
amino acids, astaxanthin, glutathione, phycotoxins, etc., that are used
in medicine, bioactive compounds, and other high-value products [14].
Several methods exist for introducing NPs into algal cells, including
passive uptake, chemical transformation, electroporation, sonication,
and microinjection. The choice depends on nanoparticle type,
algae species, and intended application. Passive uptake involves
natural absorption over time, while chemical transformation uses
functionalization to enhance uptake. Electroporation creates temporary
pores, and sonication disrupts the cell membrane temporarily.

Microinjection involves direct injection into algal cells using
micropipettes or microfluidic devices [83].

Studies have suggested that NPs may be used because of their high
biomass yield, ease of synthesis, stability in nature, easy removal,
and reused. It is critical to meticulously study the mechanisms of NP
internalization in algal cells and subsequent toxicity for risk assessment
of NPs in the aquatic ecosystem. For NPs to accumulate, they must
first be adsorbed onto the functional groups of the algal cell wall.
The charged NPs (positive or negative) in the nearby environment
or medium will stick to the negatively charged cell surface through
electrostatic contact [15].

3. MECHANISM OF NPs UPTAKE IN MICROALGAE

Modification and uptake of NPs are understood in plant and animal
cells [16], while internalization processes in cyanobacteria and algae
remain largely speculative. Interactions involve shade, ion release,
adsorption, absorption, and cell-wall rupture [17]. Algal cell walls, like
in green algae, comprising cellulose, homogalacturonan, etc. [18,19],
are initial contact points. NPs adhere to functional groups on the wall
for accumulation. Blue—green algae release Extracellular Polymeric
Substances (EPS) in response to NPs, altering EPS composition [20].
Algal wall proteins tied to polysaccharides create functional
groups [21]. EPS, with exopolysaccharides and glycoproteins,
aids uncharged NP adsorption, and broken cell walls enable NP
diffusion [22]. EPS influences NP adsorption due to electrostatics,
bonds, and hydrophobicity. As per the study, an activated sludge
derived-extracellular polymeric substance (ASD-EPS) was added to
Chlorella vulgaris culture medium, and 87.24% harvesting efficiency
was achieved [84]. Similarly, the highest flocculation effectiveness
reached 91.8% when employing 30 mL/L of EPS (with an EPS-
to-biomass ratio of 0.40 g EPS/g). This EPS was extracted using
formaldehyde-NaOH [85].

Cell wall thickness and composition impact NP internalization.
Algal walls differ from higher plants [23]. NPs cross membranes via
diffusion or unknown protein-mediated systems. Hydrophobic traits
are necessary, largely unobserved in NPs.

Proteins on the membrane act as carriers, with positive NPs penetrating
cells more than negatives in the protein corona. pH impacts protein-
NP affinity due to electrostatic forces; positively charged proteins and
lower pH favor binding [24]. NP protein corona is observed in animals,
not well in blue-green algae or cyanobacteria. Ion transfer occurs
actively and passively across membranes. Integral membrane proteins,
ionophores, or carriers are vital for facilitated diffusion, aiding ion
transport [25].

The process of endocytosis causes NPs to be engulfed in membrane
invaginations, followed by their budding and pinching off to create
endocytic vesicles, which are then transported to specialized intracellular
sorting/trafficking compartments [26]. The five primary endocytosis
mechanisms — phagocytosis, clathrin-mediated endocytosis, caveolin-
mediated endocytosis, clathrin/caveolae-independent endocytosis,
and micropinocytosis were broadly discussed for plant cells [27]. The
incorporation of metallic and non- metallic NPs in various microalgal
species has been demonstrated in numerous investigations. It was
investigated that at the microalgae cell wall, zero-valent iron NPs
(nZV]) electrochemically interact with exopolymeric substances (EPS),
and the microalgae then internalize these NPs through endocytosis [28].
The endocytotic mechanism of NPs uptake in algae and cyanobacteria is
mostly unexplored. Although, it has been reported that the internalization
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of iron oxide NPs through endocytosis pathways improved the lipid
yields in Chlorella pyrenoidosa [29]. The introduction of La3+ expedited
endocytic processes in E. gracilis, enhancing nutrient uptake (glucose,
macro/micro elements). In adduition, La3+ elevated paramylon
production in E. gracilis along with fatty acid methyl ester (FAME)
content [86]. According to reports, the efficiency of biodiesel production
in Scenedesmus obliquus was enhanced by 80% through the utilization
of an immobilized enzyme system. This system involved Candida
rugosa lipase being bound to magnetic nickel ferrite NPs (NiFe O,) that
were coated with graphene oxide (GO) [87].

Cellular ~ structure, wall composition/thickness, = membrane
characteristics, and particle properties affect NP uptake and
accumulation, requiring further study [30]. NP-cell interactions can
be influenced by variations in NP qualities or membrane properties.
NPs are increasingly used in commercial and personal care products,
entering aquatic environments [31]. Agglomeration of NPs can
synergistically impact aquatic ecosystems, alone or with other
pollutants like metals [31]. Algae represent aquatic ecosystems,
necessitating close observation of NP mechanisms due to their
importance [Figure 1].

4. EFFECTS OF NPs ON MICROALGAE

A thorough assessment is given on the impact of various NPs on the
metabolic pathways of microalgae, light conversion, toxicity, cellular
damage, and accumulation of intracellular chemicals. It is advised to
focus on process optimization for better microalgae development. In
order to promote the energy-efficient commercialization of microalgae
for a wide range of application channels, it is intended that this review
would stimulate research on the effective application of NPs to
microalgae cultivation and harvesting.

4.1. Effect of NPs on Microalgae Growth

To investigate their impact on the growth rate, biomass production,
and accumulation of intracellular chemicals, metal NPs have been
incorporated into microalgae culture at various concentrations. To enhance
the development and lipid production of photosynthetic microalgae cells,
these substances have been utilized as nutritional supplements.

The impact of different concentrations of ZnO NPs on the growth
of Chlorella sp. was measured, and studies revealed that at a lower
concentration of 50 mgL!, no aggregation was found, but at 100 mgL"!

accumulation of microalgae was observed [32]. The significant
slowdown in growth rate is inversely related to the rise in NPs
concentrations. Metal salt (Cu**), nano-metal (nano-Cu), and nano-
metal oxide (nano-CuO) prohibit the growth of marine phytoplankton
Skeletonema costatum and Nitzschia closterium. It has been observed
that Cu** and nano-Cu EC, values from 0.356 to 0.991 mgL"' and
0.663 to 2.455 mgL"' affect the secretion of extracellular polymeric
substances and amino acids in S. costatum and N. closterium [33].
Attheya ussuriensis (Bacillariophyceae), Chaetoceros muelleri
(Bacillariophyceae), Heterosigma akashiwo (Raphidophyceae) and
Porphyridium purpureum (Rhodophyceae) were exposed to two types
of multiwalled silica nanotubes SNT-1 and SNT-2 for 96 h (7 days)
and reported that the growth rate was affected for only C. muelleri
and P. purpureum [34]. Scanning electron microscope observation
of filamentous green microalgae Klebsormidium flaccidum showed
morphological changes when treated with 100 mgL"' multi-walled
carbon nanotubes (CNT) for 48 h of contact [35].

Accordingly, based on the aforementioned investigations, some
microalgae species were favored by lower nanoparticle concentrations,
whilst larger concentrations had a negative impact on the density and
growth of microalgae. The sensitivity of microalgac to NPs largely
depends on the kind of nanoparticle and the species of microalgae, as well
as other parameters such as culture media, pH, shape, and size of the NPs;
hence, the limit of “low” or “high” concentrations cannot be defined. It
has been proved that inoculation of NPs in several microalgal species like
Chlorella, Scenedesmus, and Nannochloropsis, etc, results in an increase
in total biomass, and accumulation of carbohydrate and lipid content.

4.2. Effect of NPs on Microalgae Biomass

Using NPs in the culture of microalgae is an applicable technique to
customize biomass output and generating high-value products like
biofuels. Chlorella, Scenedesmus, and Nannochloropsis spp. are affected
by NPs in a way that causes an increase in total biomass and also
improves the accumulation of carbohydrate and lipid content. Although
the effects of NP treatment on the aforementioned types of algac were
generally good, there may be variations in the way certain metabolites
accumulate and how much of them are produced depending on the
physiology of the various algae species. Da costa et al., reported that
exposure to Cr,0,-NP dramatically reduced the amount of chlorophyll
a in the cells and impeded culture growth of unicellular green alga
Chlamydomonas reinhardtii. After 24 and 72 h of exposure, respectively,
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Figure 1: Proposed interactions between nanoarticles and microalgae include endocytosis, ion release (absorption through ionic channel), shading impact,

adsorption (which prevents ionic exchange), and absorption by pore pathway.
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EC,, values of 2.05 £ 0.20 and 1.35 + 0.06 gL' Cr,0,-NP were
determined from assessments of cell density [36]. It is investigated the
effects of copper and selenium nano aqua chelate carboxylated with citric
acid on biomass accumulation on the green algae Chlorella vulgaris. In
addition, by measuring chlorophyll a fluorescence, the effectiveness of
the processes during the light stage of photosynthesis was calculated.
Chlorella biomass increased by around 20% with the addition of 0.67—
4 mg L' of Cu nano carboxylates, but after the 12" day of incubation,
concentrations of 2040 mg L' substantially reduced algal development.
Se nanocarboxylates at concentrations of 0.4—4 mg L also promoted the
development of C. vulgaris, with a 40-45% rise in biomass [37]. Similar
study carried out on microalgae Dunaliella salina by Hassanpour et al.,
Fe,WO, nps synthesized by ultrasound method incorporated in the strain
at 20, 40 and 80 ppm respectively. Result showed that on 80 ppm the
level of lipid peroxidation was higher [58]. It has been reported that the
optimum dosages of Fe,O, and Y,Fe O, to harvest microalgal biomass in
Chlorella vulgaris were 10 and 2.5 g/L, while the suitable pH values were
6.2 and 7.3, respectively. As the pH level dropped, Fe,O, and Y Fe.O ,
nanoparticle harvesting efficiency rose. The experimental results also
showed that Fe,O, NPs could be isolated from flocs considerably more
readily than Y Fe O , under conditions of higher pH. When the pH of
the floc reached 12.3, 62.9% of the Fe,O, NPs could be detached from
the aggregates [38]. Effects of nano Fe O, were studied on two species
of Chlorella pyrenoidosa and Chlorella sorokiniana. At 20 mg L
concentration C. pyrenoidosa showed 33.75% enhancement in biomass
on the other hand C. sorokiniana showed toxicity even on the lower dose
[29]. Similar studies were conducted on Scenedesmus obliquus to improve
microalgal growth, by using three NPs; CNT, nano Fe,0, and MgO and
it was determined that low dose 0-20 mg L' of nano Fe O, promoted
the growth. It has been suggested that elevated nanoparticle exposure
had a restricted impact on biomass productivity, potentially attributed to
the inhibition of cell growth triggered by nanoparticle-induced reactive
oxygen species (ROS) generation. Consequently, this led to a decrease in
biomass and lipid production [40]. Studies indicate that the incorporation
of SiC NPs along with xenon lamp illumination presents a hopeful
approach for enhancing both microalgal growth and lipid accumulation.
Under the conditions of an ideal SiC NPs concentration set at 150 mg/L
and a photoperiod of 6:18 h, the Scenedesmus sp. attained a peak
biomass concentration of 3.18 g/L [41]. Magnetic nano particles (MNPs)
exhibited a remarkable ability to capture Nannochloropsis maritima,
achieving a high harvesting efficiency of 99.5% when used at a dosage of
0.33 g MNPs/g of dry biomass. Furthermore, the harvesting performance
was found to be relatively unaffected by pH values within the range of
5.0-9.0. The efficiency of magnetic harvesting depends on the interface
interaction between microalgae and MNPs [42]. In another study, on
Chlamydomonas reinhardtii, Ag+ ions are released from Ag NPs, and the
way these dissolved Ag+ ions are distributed is a critical aspect affecting
the toxicity of metallic NPs in aquatic ecosystems [39] [Table 1].

It was shown in the study that NPs such as Fe, Mg, Zn, Si, and Pb,
among others, may be ideal for inducing biomass. Future biofuel
production from algal biomass may benefit from an NP that causes
greater lipid accumulation, but further research is necessary to fully
grasp this potential benefit because there is little data and unambiguous
evidence on the proper roles of size and concentration of various NPs.

4.3. Effect of NPs on Microalgal Lipid Production

Lipids are the main source of biofuel production [43]. Lipids are non-
polar, insoluble in water and soluble in fatty solvents such as chloroform,
benzene, methanol, etc. They can be further classified into polar (i.e.,
glycolipids, phospholipids) and neutral lipids (i.e., triglycerides). The

biosynthetic pathways of lipids are completed in four steps, namely,
carbohydrate accumulation in the cell; formation of acetyl CoA and
Malonyl CoA; synthesis of palmitic acid and; synthesis of higher fatty acid
by chain elongation. Two enzymes Acetyl-CoA carboxylase (ACCase)
and fatty acid synthase are involved in the fatty acid synthesis [44].

Inoculation of NPs in the culture media can enhance their growth
and lipid accumulation. It has been reported that ZnO-NP-treated
Chlorella sp. showed a higher accumulation of triglyecerols [32].
The effect of iron oxide on microalgal growth and enhancement of
biofuel were tested on species Chlorella pyrenoidosa and Chlorella
sorokiniana [29]. Employing metal NPs to promote metal resistance
in C. vulgaris leads to a boost in valuable products such as biomass,
cellular pigments, and lipids derived from microalgae. Preliminary
tests exhibited the development of metal resistance with metal NPs,
and subsequent experiments validated their beneficial impact on
microalgae growth, biomass production, and lipid synthesis in the
presence of metal salts [47,57]. a-Fe,O, showed up conflicting effects
20 mgL' dose of iron NPs enhanced the biomass concentration by
33.75% in C. Pyrenoidosa and at 30 mgL"' dose, the highest lipid
accumulation was shown (16.89 wt%), in contrast, at the lower dose
iron NPs showed toxicity to C. sorokiniana. Similar studies were
conducted on Scenedesmus obliquus and reported that o-Fe,O, at
20 mg L' concentration enhanced lipid production by 39.6% [40].
Bio iron nano catalysts are also suggested to improve lipid production
efficiency [48]. Low concentrations of the acquired NPs increased the
biomass and lipid production of C. vulgaris, with 50 mgL" of ZnO
NPs showing the greatest ability to increase [46]. According to the
report, the presence of SiC and g-C3N4 NPs resulted in enhanced
lipid accumulation, whereas the biomass recovery from TiO, and TiC
did not meet the desired level of performance. SiC NPs increased the
absorption of light on Scenedesmus sp. under a xenon lamp, enhancing
the lipid content by 32.07% [41]. Xenon lamp acts as solar simulators
because they can create a wide illumination spectrum that is identical
to that of solar radiation [45]. It is observed that eco-friendly NPs are
cheaper, low on toxicity, and cost-effective [Table 2].

Thus, research has shown that the type and quantity of NPs utilized on
the microalgae species have a significant impact on the lipid increase
in microalgae. It is noteworthy that NPs, which have a beneficial
impact on cellular activity, were used to accomplish the lipid rise.

4.4, Effect of NPs on Microalgal Toxicity

Over the past 10 years, nanoparticle applications have grown. A surge
in applications indicated worry over their fate and actions in the
environment. Particularly toward aquatic habitats, as aquatic bodies
are where these NPs ultimately sink [49]. Due to their harmful effects
on aquatic life, NP use has a significant negative influence on the
environment. These NPs are more physiologically active than bigger-
sized materials of the same chemistry because they have a larger
surface area per mass. Assessing their ecotoxicological influence on
aquatic ecosystems is crucial [50].

It is studied by Rana et al., that a lower dose of 2 mgL"' of a-Fe,0,
IONPs caused toxicity to Chlorella sorokiniana. When Chlorella sp.
were grown in conditions enriched with Cu, Pb, Mg, and Zn NPs, a
comparable decline in their populations was also seen [51]. Chlorella
vulgaris growth and biomass (dry weight, Chlorophyll A, and total
chlorophyll) were drastically reduced by titanium oxide. Due to
surface adsorption of the NPs on the algal cell, which promotes growth
inhibition, TiO, NPs can adsorb Zn and P from the algal growth media.
The oxidative damage caused by TiO, NPs to the algal cells was greatly
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Table 1: Effects of NPs on microalgal biomass.
Microalgal species NP Size (nm) Concentration Effect on growth (Biomass %) References
Chlamydomonas reinhardtii Cr,0, NR 100 NR [36]
Chlorella vulgaris Cu 100 0.67-4 20 [37]
Chlorella vulgaris Se 100 0.4-4 4045 [37]
Chlamydomonas reinhardtii AgNP 30-50 0.15 NR [39]
Scenedesmus obliquus a-Fe, O, <30 0-20 NR [40]
Chlorella vulgaris Y, Fe,O, <100 2.5 90 [38]
Chlorella vulgaris Fe,0, 50-100 10 90 [38]
Chlorella pyrenoidosa Fe O, <30 20-30 33.75 [29]
Scenedesmus SiC 25-100 150 23.53 [41]
Nannochloropsis maritima MNPs@Ag 0.33 99.5 [42]
NPs: Nanoparticles
Table 2: Effects of NPs on lipid productivity.
Microalgal species NPs Size Concentration (mgL™) Lipid (%) References
S. obliquus Fe,O, <30 5 39.6 [40]
S. obliquus CNTs <2 5 8.9 [40]
S. obliquus MgO <50 40 18.5 [40]
C. vulgaris Mg 82 150-200 393.33 [47]
C. vulgaris Cu 89 10-20 86.67 [47]
C. vulgaris Zn 92 150 333.33 [47]
C. vulgaris Pb 76 50-100 206.67 [47]
C. pyrenoidosa Fe,O, <50 20-30 15.29 [29]
Dictyococcus sp. VSKA18 bio-iron (Sargassum polycystum) 3.347 NR 44 [48]
Coelastrella sp. M-60 bio-iron (Sargassum polycystum) 3.347 NR 52 [48]
Scenedesmus sp. SiC 25-100 2900 32.07 [41]
C. vulgaris ZnO 50 NR 59 [46]

S. obliquus: Scenedesmus obliquus, C. vulgaris: Chlorella vulgaris, C. pyrenoidosa: Chlorella pyrenoidosa, NPs: Nanoparticles

worsened by the acidity [52]. The divalent form of Ni (II) is very high in
the aquatic environment. The biotoxicity of nickel oxide NPs on Chlorella
vulgaris was caused by their unavoidable effects on the development
of aquatic photoautotrophs, cellular toxicity, morphological alteration,
cell deterioration, and oxidative stress. These effects were related to the
concentration of NPs and the production of ROS [53]. Silver NPs (Ag-
NPs) are widely used in a variety of applications and have antimicrobial
properties. Chlorella vulgaris, a marine microalga, was studied for Ag
NP toxicity. Microalgae were exposed to different concentrations of
Ag NPs (50 and 100 nm) for 96 h during exponential growth. Ag NPs
negatively affected viable cell concentration, showed varied impacts on
chlorophyll a, and increased ROS generation. Transmission electron
microscopy revealed Ag NPs inside cells and forming large aggregates.
Ag NPs disrupted carbon uptake, photosynthesis, and respiration,
altering the growth kinetics and metabolism of C. vulgaris [54]. By
causing cells to aggregate more readily, especially at higher doses,
Ag NPs may have harmful effects on C. vulgaris [55]. The interaction
between the protein-pigment complexes of the thylakoid membrane was
thought to be affected by the Co NPs, which was hypothesized. It was
notified by Chen et al., in marine microalgae Platymonas subcordiforus,
Chaetoceros curvisetus and Skeletonema costatum that the release of
Co?" is the reason for CoNPs toxicity [56].

Cell structure, wall composition/thickness, membrane traits, and
particle properties impact NP uptake, needing more research [30]. NP-

cell interactions vary with NP qualities or membrane features. NPs
are in commercial products, entering water systems. NP agglomeration
affects aquatic ecosystems synergistically with pollutants like
metals [31]. Algae exemplify ecosystems, demanding focused NP
mechanism study due to their significance.

4.5. Effect of NPs on ROS

ROS are generated in algae when the equilibrium between the creation
and suppression of ROS is disrupted by abiotic stressors, leading to
an increase in ROS. In high quantities, ROS are extremely toxic and
can cause oxidative damage [59]. Through excessive ROS generation,
abiotic stressors produce oxidative stress. Biomolecules can interact
with ROS and become inactive or altered, which can lead to organelle
failure, changes in cellular structure, and mutagenesis [60]. Algae
contain antioxidant defense mechanisms that counteract the negative
effects of ROS and keep them alive during oxidative stress [61,62].
Zang et al., discovered that silver nanoclusters (AgNCs) and their
released Ag+ affected the Calvin cycle and interrupted electron transfer
in light reactions [63]. The toxic effect of Ag NPs was examined
on two different habitat species Scenedesmus sp. (freshwater) and
Thalassiosira sp. (marine diatom) by Pham [64]. The EC, values of
AgNPs, assessed after 72 h in Scenedesmus sp. and Thalassiosira sp
which were 89.92 + 9.68 and 107.21 + 7.43 ng/L, respectively. A fter
analyzing some points, such as half maximal effective concentration
(E.0), algae growth inhibition, algae cell size, chlorophyll-a content,



22 Pahariya, et al.: Journal of Applied Biology & Biotechnology 2024;12(3):17-25

and total lipid accumulation, it has been concluded that Ag particles
have different toxicity mechanisms for marine and freshwater.
Compared to marine environments, freshwater has higher levels of Ag
toxicity. It has been observed that results may vary from species to
species. The microalgal cell wall is made up of lipids, polysaccharides,
and glycoproteins, and depending on the type of metal ions and donor
atoms in biomolecules, it can create various chemical interactions
with semiconductor NPs [65-67]. It was observed in Chlamydomonas
reinhardtii that the presence of 1000 mg/L CuO led to anincrease in ROS
concentration, which was coupled with lipid membrane peroxidation
[68]. It was examined the toxicity of cadmium sulfide (CdS) and Zinc
Sulphide (ZnS) NPs on Attheya ussuriensis, Chaetoceros muelleri,
Porphyridium purpureum and Heterosigma akashiwo species [67].
A study reported that CdS NPs changed the biochemical composition,
growth pattern, morphological pattern changes in the cell wall, and
esterase activity in C. muelleri and P. purpureum while ZnS affected H.
akashiwo and A. ussuriensis species. P. purpureum cell wall contains
the phycoerythrin protein cell wall which is resistant to Zn>* cations.
The increased photoactivity of CdS NPs under visible light irradiation
and lower dissociation in water, which enable them to produce more
ROS and increase the risk of oxidative stress to aquatic animals, is
the basis for their toxicity [69]. Iron NPs, via Fenton-type reactions,
create diverse ROS that damage cells by oxidizing proteins and DNA
thiol groups, causing lipid peroxidation and cell demise. ROS-induced
toxicity, linked to cellular issues like membrane fluidity loss and lipid
oxidation, must be controlled to avert cell death. NPs’ substantial
surface area and electron density drive reactivity with biomolecules;
their size significantly influences ROS formation.

4.6. Effect of NPs on Carbon Dioxide Sequestration

One of the biggest threats to humanity in the twenty-first century is the
global risk posed by anthropogenic carbon dioxide (CO,) emissions.
The growing interest in CO, biodegradation as an environmentally
acceptable method. Microalgae, known for adaptability, rapid growth,
and cost-effectiveness, are globally recognized for this purpose.
Through photosynthesis, they convert CO2 into biomass, usable for
biofuels and valuable products. Enhanced cultivation techniques further
boost microalgae’s ability to convert gases into biomass, elevating
productivity [70]. The physiological state of the microalgal species,
as well as environmental factors, including CO, concentrations, pH,
light intensity, and dissolved oxygen, can affect how effectively CO,
is captured by microalgae [71]. In the study, Graphene oxide quantum
dots (GOQDs), excited by UV light (380 nm) and emitting blue light
(465 nm), incorporated into Chlorella pyrenoidosa culture medium.
It has been shown that the chlorophyll, in the GOQDs- combination
efficiently received and used UV light, leading to considerably higher
photosynthetic activity. In addition, the system showed a 34% increase
in bioenergy accumulation and a 20% improvement in carbon dioxide
fixing. In order to identify the biological response mechanism with
GOQDs, further investigated the metabolic pathways of microalgae.
Results showed that the GOQDs improved the photosynthesis of
microalgae by facilitating photosystem II (PSII) energy transfer and
upregulating the metabolites of lipid biosynthesis, leading to a larger
biomass and lipid content [72].

Recent research on the physical adsorption technology using
nanomaterials has produced encouraging findings in terms of boosting
CO, bio fixation by microalgae [71]. Among them, nanomaterials
could significantly increase the amounts of ROS in microalgae and the
rates of relative electron transfer in photosynthetic system II, hence
enhancing the overall photosynthesis toward carotenoids.

4.7. Effects of NPs on the Environment

After NPs are released into the environment, they undergo various
transformation processes that ultimately alter their destiny and
interactions with other organisms [73]. Rapid commercialization is the
main source of NPs release in the environment. NP, either individually
or in conjunction with other contaminants like metals present in
sediment and water phases, have the potential to form agglomerates
and can collectively impact the structure, composition, and functioning
of aquatic ecosystems through synergistic effects [74,75].

In agriculture, the use of NPs aims to enhance plant growth and
development by facilitating the controlled release of agrochemicals.
In the study, at the dosage of 1000 mg/kg, the utilization of ZnO
NPs resulted in a notable enhancement in maize growth and grain
yield compared to the untreated control [76]. On the other hand, the
utilization of Astaxanthin NPs led to a substantial improvement in
wheat plant growth, physiological functions, and nutritional attributes
by alleviating the adverse effects of cadmium toxicity [77]. To achieve
the commercialization of nano pesticides and nano fertilizers for
global use, considerations of societal acceptance, economic viability,
sustainability, and safety perspectives are crucial.

The higher concentration of NPs triggers the production of ROS,
leading to damage in macromolecular structures such as nucleic acids,
proteins, and lipids, as well as cellular organelles, ultimately reducing
microbial cellular viability, causing toxicity to microbial communities
including bacteria, fungi, protozoa, algaec [78]. Research has
demonstrated that titanium oxide NPs, when present at concentrations
ranging from 1 to 100 mg/kg, did not exhibit toxicity to the soil
microbial community. However, NPs of copper oxide, zinc oxide,
and silver were found to be toxic to the soil microbial community at
comparable concentrations [79]. Numerous in vitro and in vivo studies
have provided evidence that NP exposure poses significant health
hazards to humans, triggering inflammatory responses, myocardial
infarction, oxidative stress, and thrombosis [80]. Cells internalize
NPs through mechanisms such as macropinocytosis, endocytosis,
phagocytosis, and passive penetration [81]. Prolonged exposure and
accumulation of NPs within cells can lead to neurotoxicity through
several mechanisms, including the buildup of autophagosomes,
membrane damage, the formation of ROS, and interference with the
cell cycle [82].

Understanding the fate and impacts of NPs in diverse contaminated
environments is crucial for setting contamination prevention
guidelines. In-depth in vivo studies are required for assessing the long-
term effects, efficacy, reliability, fate, and toxicity of metallic NPs.
Analytical and modeling advancements are needed to detect, estimate,
and characterize NPs in environmental systems and consumer products.
NPs’ multi-functional roles as micronutrients and protective agents
in agriculture should be explored for improved sustainability. Life
cycle assessments and economic analyses will further determine the
viability of nanoparticle-enhanced biodiesel production. These efforts
collectively pave the way for efficient, eco-friendly, and economically
feasible microalgae-based biodiesel systems. Future research should
optimize dosing and safe NP delivery for their potential in agriculture,
environment, and medicine. Emphasis should shift to biocompatible,
biodegradable NPs to curb environmental accumulation.

5. CONCLUSION

In summary, enhancing microalgal growth and intracellular chemical
accumulation could involve introducing NPs into microalgal cells.
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Current research mainly examines nanoparticle toxicity in microalgae
cultivation, but the focus should shift toward leveraging NPs to
augment growth and yield for effective biorefinery practices. Recent
studies show interest in incorporating NPs for microalgal biofuel
production. Algae are vital to aquatic food webs, meaning pollutants
affecting them can impact other organisms. Proper assessment of
nanoparticle risks in aquatic environments requires distinguishing
between internalization in algal cells and subsequent harm. While NPs
might boost lipid accumulation for future algal biomass-based biofuel
production, further research is needed to grasp this potential due to
limited data on NP size and concentration effects.
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