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ABSTRACT

IMPACT OF SILVER NANOPARTICLES ON THE NUTRITIONAL
PROPERTIES OF Spirulina platensis

SHAROLYNNE LIANG XIAO TONG

Spirulina platensis (S. plateneis) is farmed worldwide due to its nutrient-rich
properties and provides multiple benefits to human health. However, the wide usage
of silver nanoparticles (Ag NPs) causes pollution which may affect the nutritional
quality of S. platensis. Hence, this study aimed to investigate the interaction and
accumulation of Ag NPs on S. platensis, and determine the changes in biomass and
nutritional value of S. platensis due to the exposure to Ag NPs. The cellular
interaction and accumulation of Ag NPs on S. platensis were examined through
Fourier transformed infrared (FTIR) spectroscopy and scanning electron
microscope (SEM). The loss in biomass together with the macromolecules,
pigments, and phenolic compounds of S. platensis was investigated upon treating
with various concentrations of Ag NPs (5, 10, 25, 50 and 100 pg/mL) for 24, 48 72
and 96 h. The EDX analysis confirmed the surface accumulation of Ag NPs on
Spirulina cells, while SEM images evidenced the surface alterations and damage of
the treated cells. The functional groups such as hydroxyl, amine, methyl, amide I,
amide 11, carboxyl, carbonyl, and phosphate groups from the cell wall of the S.
platensis were identified to be possibly involved in the interaction of Ag NPs with
S. platensis. The results showed that the treatment of S. platensis with Ag NPs



caused a dose and time-dependent reduction in biomass, macronutrients, pigments
and phenolic compounds. The highest detrimental effects were found at 96 h with
the reported values of 65.71 + 2.79, 67.21 £+ 3.98, 48.99 + 4.39 and 59.62 + 3.96%
reduction in biomass, proteins, carbohydrates and lipids, respectively, along with
82.99 +7.81, 67.55 + 2.63, 75.03 + 1.55, and 63.43 + 2.89% loss in chlorophyll-a,
carotenoids, C-phycocyanin, and total phenolic compounds of S. platensis for 100
pg/mL of Ag NPs. Hence, the study confirmed that the exposure of Ag NPs is
detrimental to S. platensis where the interaction and accumulation of Ag NPs on S.
platensis caused reduction in biomass, macromolecules, pigments, and total

phenolic compounds.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Nanotechnology involves the study and utilization of atoms or molecules with
dimensions less than 100 nm. Richard Zsigmondy, a chemistry Nobel Prize winner
from 1925, was the one who initially coined the term “nanometer” specifically to
describe particle size. Later, Richard Feynman, the 1965 Nobel Prize Laureate in
physics, introduced modern nanotechnology with the concept of manipulating
matter at the atomic level. Nanotechnology is a fast growing and dynamic field of
study, with utilities across all the other scientific disciplines such as wound
dressings, wood flooring, electronics, biological sensors, water treatments, and also
cosmetic industries. The wide applications and unique features of NPs clearly
explained the huge market potential for nanoparticles (NPs) (Banerjee and
Roychoudhury, 2019). The global nanomaterials market size was predicted to have
$9.68 billion in 2021, and the demand for nanomaterials will likely increase due to
the growing usage of NPs. Precedence Research (2022) estimates that the global
market for nanomaterials would be valued $43.1 billion by 2030, growing at a

spectacular compound annual growth rate of 18.05% between 2022 and 2030.

Among the other manufactured engineered nanomaterials (ENMs) such as gold
platinum, zinc, and others, silver nanoparticles (Ag NPs) are estimated to have a

worldwide production of about 360 to 450 tons per year by 2025 and will increase



to produce around 800 tons per year in the future (Narsing Rao and Dhulappa, 2022).
According to the Allied Market Research report released in 2022, Ag NPs global
market was valued $1.5 billion in the year of 2020, and is expected to reach $6.6
billion by 2030, with a compound annual growth rate of 15.6% from year 2021 to
2030 (Moon et al., 2022), which implies that Ag NPs are widely utilized on a global
scale. Due to the strong antimicrobial property, Ag NPs comprise the largest family
of materials utilised in food, biomedical, and personal care goods (Vance et al.,
2015) and are also rapidly being utilised in wound dressings, textiles, wood flooring,
food storage containers, medicine, cosmetics, electronics, and optical equipment as
a broad-spectrum antimicrobial agent (Karlsson et al., 2015; Panda, 2021;

Tolaymat et al., 2010).

The increased prevalence of ENMs inevitably lead to NPs pollution of soil and
aquatic environment including groundwater (Lohse et al., 2017; Lone et al., 2013).
The effluents from wastewater treatment plants and combustion of waste products
are stated to be the major entry points of NPs into the aquatic environment (Dalai
etal., 2012; Li and Lenhart, 2012; Liang et al., 2020). Typically, about 5 to 95% of
the total quantity of Ag NPs in commercial products may be released into
wastewater treatment plant (Mueller and Nowack, 2008). According to reports, the
Connecticut undeveloped headwaters, rivers from industrial areas, and rivers from
urban areas each contained between 5 to 100 ng/L of Ag NPs (Bilberg et al., 2012).
While, the concentration of Ag NPs in Texas river, Trinity river (Wen et al., 1997)
and Rhine river (Blaser et al., 2008) ranged from 0.01 to 62 ng/L, 0.4 to 6.4 ng/L

and 4 to 40 ng/L, respectively. Syafiuddin et al. (2018) investigated the



concentrations of Ag NP in the water environment in Malaysia and reported to have
the range of 0.13 to 10.16 mg/L and 0.13 to 20.02 mg/L of Ag NPs in rivers and
sewage treatment plants respectively. Ag NPs also were reported to cause toxicity
towards several aquatic organisms including bacteria (Morones et al., 2005; Sondi
and Salopek-Sondi, 2004), algae (Navarro et al., 2008b; Oukarroum et al., 2012;
Park et al., 2010), and fish (Griffitt et al., 2009; Laban et al., 2010; Lee et al., 2007).
The transport and subsequent accumulation of NPs in higher aquatic species
through the food chain may be facilitated by the ingestion of NPs by lower trophic
organisms (Croteau et al., 2011; Miao et al., 2010; Zhao and Wang, 2010). Thus,
the ecosystem as a whole, will likely be influenced by Ag NPs within lower trophic

organisms (Burchardt et al., 2012).

Spirulina, one of the many nutritional supplements that are commercially
accessible, has recently been the subject of extensive food science and biochemistry
research. Spirulina is an unrivalled source of protein, unsaturated fatty acids,
minerals, and vitamins, and is made up of biomass produced by cyanobacteria of
the Arthrospira genus, most typically Arthrospira platensis. As Spirulina can be
produced and harvested very easily, Spirulina has been used largely as a food
supplement by cultures living near alkaline lakes for centuries, including areas like
Lake Texcoco in Mexico and Lake Chad in Africa. Spirulina is harvested in these
areas using tiny nets, and it is then processed to create an appetising blue-green
cake (Reboleira et al., 2019; Wan et al., 2021). The Kanembu people who live
around the shores of Lake Chad are popular in harvesting Spirulina. The harvested

Spirulina are drained with cloth. The drained algae are then sun-dried to enable



longer storage before being sold in neighbourhood markets. Until now, Spirulina
continues to be a significant source of protein in African regions that are deficient
in nutrients and vitamins (Belay, 2007). The strong links between Spirulina
ingestion and therapeutic advantages in a wide range of illnesses have been
demonstrated via considerable research, including cancer, viral infections,
cardiovascular and inflammatory illnesses, hypercholesterolemia, and glycemia
(Deng and Chow, 2010). Spirulina is currently grown in many nations, either in
greenhouses or outside ponds, as a result of growing knowledge of its functional
and nutritional benefits. The cultivated Spirulina is used as a supplement for poultry
and other land animals, as a primary ingredient in fish and shrimp diets, and in

human and animal feed (Habib et al., 2008).

Spirulina is a well-known nutrient microalga that grows in water bodies with high
salt concentration ranging from 8.5 to 200 g/L and alkaline pH (9.5 to 11) which is
also known as marine microalgae (Moraes et al., 2013). Spirulina contains about
55-70% proteins, 15-25% carbohydrates, 6-13% nucleic acids, 5-6% lipids, and
2.2-4.8% minerals (Reboleira et al., 2019). Vitamins such as B1, B2, B3 and B12,
photosynthetic pigments, and minerals like calcium, copper, iron, magnesium,
phosphate, sodium, and zinc are also rich in Spirulina species (Wan et al., 2021).
Among all the Spirulina species, Spirulina platensis is more popular and mostly
used for nutritional and therapeutic purposes (Kameshwari et al., 2020), which
made the cultivation of S. platensis become industrialized in a number of countries
(del Rio-Chanona et al., 2015). S. platensis has been commercially produced for

decades and is used as food coloring, aquaculture, medicines, nutraceuticals, and



vitamin supplements (Abdulgader et al., 2000; de Marco Castro et al., 2019).
Nevertheless, the contamination of NPs on the nutrient microalgae throughout the
development stage in the water bodies may cause negative effects in the nutritional
value of the nutrient rich microalgae through physiological and biochemical
changes, thereby causing deleterious impacts in its nutritional quality and food

chain (Lone et al., 2013).

S. platensis has the capacity to effectively accumulate NPs in its algal biomass (Al-
Dhabi, 2013; Comotto et al., 2014; Dazhi et al., 2003; Djearamane et al., 2018a;
Zinicovscaia et al., 2017). Researches have reported the negative effects of heavy
metals on the nutritional values of S. platensis (Gupta et al., 2014; Zinicovscaia et
al., 2017). Rzymski et al. (2019) highlighted the continuous need to monitor the
microalga supplements in order to fully eliminate those of low quality and to ensure
the consumer safety. Although S. platensis is one of the most popular microalgae
used for diet and supplements, and Ag NPs is one of the most frequently used
ENMs, the detrimental impact of Ag NPs on the nutritional values of S. platensis
are not yet reported. Hence, this study appraised the detrimental effects of Ag NPs
on the nutritional values of S. platensis. Findings of this study will be helpful to
detect the contamination of Ag NPs in the nutrient microalga S. platensis and thus
will help to produce and provide the consumers with high-quality Spirulina
nutritional supplements with uncompromised nutritional values. In other terms, the
consumption of NPs contaminated nutrient microalgae will compromise the supply
of expected nutrients and may also cause health hazards to the consumers due to

the accumulated NPs.



1.2 Research Objectives

The present study designed to evaluate the detrimental effects of Ag NPs on the
nutritional values of S. platensis through investigating the interaction and cellular
accumulation of Ag NPs in S. platensis and the corresponding changes in biomass,
macromolecules (proteins, carbohydrates, lipids), pigments (chlorophyll-a,
carotenoids, C-phycocyanin) and phenolic compounds in S. platensis. The specific

objectives of this study are:

1) To study the cellular interaction and cellular accumulation of Ag NPs in S.
platensis and the subsequent morphological alterations of S. platensis with the

presence of Ag NPs.

2) To evaluate the changes in the biomass of S. platensis due to the presence of

Ag NPs.

3) Toinvestigate the effects of Ag NPs to macromolecules, pigments, and phenolic

compounds of S. platensis.



CHAPTER 2

LITERATURE REVIEW

2.1 Microalgae

Microalgae are unicellular photosynthetic organisms that use light energy to
convert atmospheric carbon dioxide into organic carbon. Microalgae have a quick
generation period and can develop exponentially in optimum environmental
conditions (Devi et al., 2014). Microalgae have been processed for food and
supplements for over a thousand years because of their strong nutritional qualities,
including proteins, vitamins (A, B1, B2, B6, B12, C and E), minerals (potassium,
iron, magnesium, calcium and iodine), and other nutrients (Koyande et al., 2019;
Molino et al., 2018). Some of the widely used microalgae species that are with high
nutritional qualities such as S. platensis, Dunaliella terticola, Chlorella sp.,
Dunaliela saline, Skeletonema, Nannochloris, Nitzschia, Schizochytrium,
Tetraselmis, Haematococcus, Botryococcus, Phaeodactylum, Porphyridium,
Chaetoceros, Crypthecodinium, and Isochrysis (Sathasivam et al., 2019).
Microalgae with rich source of essential nutrient have become a major source of
food, especially in Asian countries such as China, Japan and Korea (Jibri et al.,

2016).



2.2 Spirulina platensis

Arthrospira is generally known as Spirulina due to its spiral or helical shape, is a
type of cyanobacterium species that belongs to the Microcoleaceae family.
Cyanobacteria is a Gram-negative bacterium that has been categorized as blue-
green algae because they produce the blue-green pigment phycocyanin, which
gives them their distinctive colour. Spirulina is an obligate photoautotrophic
filamentous species and is prokaryotic in structure that has a lamellar
photosynthetic system, ribosomes, many inclusions, and a multilayered cell wall.
Natural alkaline waters with high mineral content and temperatures between 25 and
40°C are ideal for cyanobacteria growth. The filament of cyanobacteria can grow
to a length of 0.5 mm, due to its helical shape and the existence of gas vacuoles

inside the cells, floating mats are formed (Ali and Saleh, 2012; Fais et al., 2022).

S. platensis generates filamentous, helicoidal trichomes as it grows and divides by
binary fission and oxygenic photosynthesis (Jung et al., 2021). The blue-green non-
heterocystous filaments of S. platensis which are composed of vegetative cells that
undergo binary fission in a single plane, have clearly discernible transverse cross-
walls under light microscopy. The gliding motility of filaments, which are single
and free-floating, is visible. The trichomes of Spirulina are covered in a thin sheath
and exhibit more or less barely perceptible constrictions at the cross-walls (Ali and
Saleh, 2012). The apices are either barely or completely unattenuated. Apical cells
can be capitated and calyptrate, and they can be broadly spherical or pointy. The
width of the trichomes which ranges from around 6 to 12 pum in a variety of shapes

and is made up of cylindrical cells that are shorter than broad (Ciferri, 1983).



The helix geometry of Spirulina can be impacted by environmental factors,
particularly temperature, physical conditions, and chemical conditions (van
Eykelenburg, 1979). The reversible change from helix to spiral shape when moving
the filaments from liquid to solid medium is one significant modification of this
geometry. Although the degree of helicity can vary significantly across different
strains of the same species and within a single strain, the helical form of the
trichome is thought to be a permanent and constant feature retained in culture
(Mdhling et al., 2003). Variations in trichome geometry may be seen even in
naturally occurring monospecific populations. Furthermore, spontaneous culture
variations that are straight or nearly straight have been observed numerous times
(Venkataraman, 1997; Zeng and VVonshak, 1998). A strain cannot change back to
its helical shape after it has converted to the straight form, whether naturally or as
a result of physical or chemical treatments like UV light or chemicals. This is as a
result of a mutation that occurs in some trichomes under specific growth
circumstances. Straight trichomes are frequently found in Spirulina cultures, which
may indicate that plasmids carry the helicity trait. When a few filaments in a culture
of a helically coiled strain happen to become straight, they often start to dominate

(Ali and Saleh, 2012).

2.3 Nutritional Values of Spirulina platensis

Spirulina platensis has a well-balanced derived composition of various biochemical
properties ranging from vitamins, minerals (8%), proteins (60% - 70%), phenolic
compounds, y-linolenic acid (49%), phycocyanin (15%), and constituent of

9



phytochemicals (Bensehaila et al., 2015; Molino et al., 2018; Stanic-Vucinic et al.,
2018). In addition, the microalgae is well known for its higher content of
carotenoids (456.00 mg/100g of dry weight), about 80% are beta-carotene and
others made up of secondary carotenoids like xanthophyll typically higher than
found in carrots (Bensehaila et al., 2015; Koru, 2012; Shao et al., 2019). S. platensis
is also rich in complete essential amino acids (EAA), gamma linoleic acid (GLA)
(Jaime et al., 2005; Koyande et al., 2019) and antioxidants due to the accumulation
of various types of phytochemicals to neutralize the oxidative stress caused by
reactive oxygen species (ROS) (Richmond, 2003; Siddiqui and Prasad, 2017). High
nutritional values with natural antioxidant properties, and the low production cost
of S. platensis has created the opportunity for S. platensis to be exploited as an
alternative food source and as dietary supplements due to its therapeutic effects
(Molino et al., 2018; Richmond, 2003). As compared to leguminous plant,
Spirulina’s protein content is 20% higher and it can be consumed whole
(Bensehaila et al., 2015). The photosynthetic ability of S. platensis renders
production of valuable nutrients like high levels of essential amino acids, fatty acids,
and carotenoids at an economical level has place S. platensis in the frontline as a
product for commercialization especially in today’s nutraceutical, food supplement,
and pharmaceutical sector as well as for the renewable bioenergy (Koyande et al.,

2019; Shao et al., 2019).

Since Spirulina is regarded as a nutritional supplement in the United States, the
production of Spirulina supplements is not actively regulated, and no purity or

standards that are enforced. Spirulina supplements are graded as “possibly safe”,
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provided they are free of contamination but “likely unsafe” if contaminated (Jung
etal., 2019). Researchers in public health have expressed the concern about the lack
of customer assurance in the purity of Spirulina supplements. Since the likelihood
of contamination in microalgae is higher in open pond systems than in closed
bioreactors, increased quality control for algal products produced in open ponds is
required (Lane, 2022). The heavy metal contamination of Spirulina supplements
has also raised concerns. According to the Chinese State Food and Drug
Administration, Spirulina supplements sold in China were frequently contaminated
with lead, mercury, and arsenic, most likely as a result of water pollution (Al-Dhabi,
2013; Jung et al., 2019). Therefore, it is crucial to only use Spirulina from the
manufacturers who produce the supplements under strict and standardized

guidelines.

2.4  Metallic Nanoparticles (MNPs)

Metallic nanoparticles (MNPs) are objects with a submicron size that are made of
pure metals such as silver (Ag) , gold (Au), zinc (Zn), titanium (Ti), copper (Cu)
and others; or their compounds such as oxides, hydroxides, sulfides, chlorides and
fluorides (Mahana et al., 2021). The antimicrobial, optical characteristics and
biocompatibility properties of MNPs made them to be the widely used in
biomedicine. The nanosized of MNPs enable them to communicate with the
biomolecules on the microalgae cell surfaces and inside the cells in a variety of
ways that may be decoded and assigned to different biochemical and
physiochemical characteristics of the cells (Mody et al., 2010). For example, TiO2
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NPs are commonly used in sunscreens, iron oxide used in magnetic resonance
imaging (MRI), silica used as vaccine adjuvants, and CeO; used in catalyst and

automobile industry (Karlsson et al., 2015).

Depending on the method used, MNPs can be obtained in the shape of nanoparticles,
nanospheres or nano capsules. MNPs can be made from a wide range of materials
including proteins, polysaccharides and synthetic polymers. The choice of matrix
materials will be influenced by elements such as the required size of NPs, surface
characteristics, level of biodegradability, biocompatibility, toxicity, and
antigenicity of the finished product (Mohanraj and Chen, 2007). The three most
popular techniques to produce NPs are ionic gelation or coacervation of hydrophilic
polymers, polymerization of monomers, and dispersion of preformed polymers
(Mohanraj and Chen, 2007). There are further ways to create MNPs, including the
use of supercritical fluid technology and the particle replication in non-wetting
templates (PRINT) technique, which has been claimed to have complete control
over particle size, shape, and content (Rolland et al., 2005). Besides chemically
synthesized, MNP can also be synthesized using living organisms like bacteria,

fungi, and plants (Li et al., 2012).

There are some advantages and disadvantages of MNPs. MNPs have several
benefits, including the ability to improve Rayleigh scattering, surface-enhanced
Raman scattering, high plasma absorption, and the ability to ascertain chemical
information on metallic nanoscale substrates (Li et al., 2007). One of the
disadvantages of MNPs is the particle instability. MNPs can undergo

transformation as they are thermodynamically unstable and lie in the region of high
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energy local minima. This leads to deterioration of quality, poor corrosion
resistance, and the main concern is retaining the structure of MNPs become difficult.
The chance of impurity in MNPs can also be high as NPs are highly reactive. NPs
are synthesized in the form of encapsulation in solution form, where this become a
challenge to overcome impurities in NPs. MNPs are also reported to be toxic,
carcinogenic and cause irritation as they become transparent to the cell dermis

(Grangvist and Buhrman, 1976; Nagasamy Venkatesh et al., 2018).

MNPs can be characterized using different approach like infrared spectroscopy to
obtain information on the organic layers surrounding the MNPs and to understand
the surface structure of MNPs. The size, shape, crystallinity, and interparticle
interaction of the NPs can be studied using a transmission electron microscope
(TEM). The interaction of the incident electron beam with the specimen in a
scanning electron microscope (SEM) results in secondary electrons, which can be
used to determine the purity of MNPs samples. A practical and often used method
for figuring out the crystalline structure of MNPs is X-ray diffractometry (XRD).
The Debye-Scherrer method can also be employed with the XRD line to determine
the particle size. Besides, Fourier transform infrared (FTIR) spectroscopy is
commonly used as compared to IR spectroscopy to determine the functional groups
attached to the surface of MNPs. The oxidation state of the surface of MNPs can
be detected using X-ray photoelectron spectroscopy (XPS) (Kumar and Dixit, 2017;

Nagasamy Venkatesh et al., 2018).

MNPs are generally used in different functions such as optimal, thermal, electrical

and others. Imaging sensors, displays, solar cells, photocatalysts, biomedical
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devices, optical detectors, and lasers are a few examples of MNPs employed in
optical functions. These devices heavily depend on size, shape, surface area, doping,
and interactions of MNPs with the environment. Polymers filled with nanotubes
leads to improvement in the mechanical functions and is highly depends on the
filter type and the way which the nanotubes are conducted. MNPs can be used to
made electronic wiring as they have lower boiling point where the MNPs particle
size less than 10 nm has a lower melting point than bulk materials. MNPs also can
be used to make high temperature superconductivity materials. By combining NPs
with metals or ceramics, the mechanical properties of MNPs can be increased.
Some MNPs such as Pt and Au NPs can have magnetic properties in nanosized but
not in bulk size, provide chances to adjust the physical characteristics of NPs

(Nagasamy Venkatesh et al., 2018).

In short, MNPs are highly demanded in this 21% century as they can be synthesized
in various methods and the process of MNPs synthesis is important as it can affect
the properties of the MNPs being synthesized. MNPs can play a vital role in
individualized medicine although more research is needed, and noble MNPs can be
effective in therapeutic and diagnostic agents as MNPs show new properties at the
atomic and nanosized scale. It cannot be denied the demand of MNPs used in
healthcare, industry and cosmetic is increasing, however, safety measures also need

to be taken to protect human health and the surrounding environment.
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2.5  Silver Nanoparticles (Ag NPs)

Silver nanoparticles (Ag NPs) are tiny Ag particles, ranging in size from 1 to 100
nm. Some materials, despite being widely referred as “Ag”, include a significant
amount of Ag20 due to the large proportion of surface to bulk Ag atoms (Mody et
al., 2010). There is currently work being done to include Ag NPs into a variety of
medical products, such as surgical masks, bone cement, and other items.
Additionally, Ag NPs has been demonstrated that using ionic Ag to cure wounds in
the proper dosages (Atiyeh et al., 2007; Lansdown, 2006; Qin, 2005). Ag NPs have
taken over from silver sulfadiazine as the preferred agent for treating wounds
(Atiyeh et al., 2007). On the surfaces of home appliances, Samsung has also
developed and sold a substance called Silver Nano that contains Ag NPs. Moreover,
Ag NPs have drawn a lot of interest in biological imaging employing surface-
enhanced Raman spectroscopy (SERS) because of their appealing physiochemical
features. In reality, individual Ag NPs are excellent candidates for molecular
labelling due to their surface plasmon resonance and huge effective scattering

cross-section (Schultz et al., 2000).

Ag NPs are typically created by reducing a silver salt with a reducing agent such as
sodium borohydride with the presence of colloidal stabilizer. Polyvinyl alcohol,
polyvinylpyrrolidone, bovine serum albumin (BSA), citrate, and cellulose are the
most often employed colloidal stabilizers. The creation of Ag NPs by ion
implantation requires the use of starch as a stabilizer and p-d-glucose as a reducing
sugar in more recent innovative approaches (Stepanov et al., 2002). All the

produced NPs are not equal, as it has been demonstrated that the effectiveness of
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NPs is influenced by the size and form of the NPs. Elechiguerra et al. (2005)
reported that Ag NPs interact with HIV-1 in a size-dependent manner, with particles
only in the 1-10 nm range adhering to the virus, and, further propose that the
preferential attachment of Ag NPs to the gp120 glycoprotein knobs mediates their
interaction with the HIV-1 virus. Furno et al. (2004) also reported a similar finding
where they created biomaterials by utilizing supercritical carbon dioxide to
impregnate silicone covered with Ag20 NPs. These cutting-edge biomaterials were
created with the intention of lowering antimicrobial infection. Although the
findings were inconsistent, the process permits the first ever Ag impregnation of
medicinal polymers and holds out the prospect of producing an antibacterial

biomaterial.

Ag NPs is likely known for their antibacterial properties in the medical and
healthcare area where in the inclusion of Ag NPs into numerous products has been
studied. Urnukhsaikhan et al. (2021) reported that Ag NPs exhibited antibacterial
activity on both Gram-negative (Escherichia coli) and Gram-positive bacteria
(Micrococcus luteus) with 5.5+0.2mm to 6.5+0.3 mm and 7+0.4 mm to
7.7+ 0.5 mm inhibition zone. Besides, the antibacterial activity of Ag NPs against
different Gram-negative bacteria was also determined. The minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) of Ag NPs
against Salmonella typhimurium, Salmonella enteritidis, E. coli and Klebsiella
pneumoniae were 3.9, 3.9, 7.8, 3.9 and 7.8, 3.9, 7.8, 3.9 ug/mL, respectively (Loo
et al., 2018). Although the exact toxicity mechanism for Ag NPs has not been

completely identified, there are multiple antibacterial actions that have been
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proposed. Firstly, the release of Ag ions can attach to the bacterial cell wall and
cytoplasmic membrane through the electrostatic attraction and affinity to sulfur
proteins, which will lead to the disruption of bacterial envelop due to the enhanced
cytoplasmic membrane permeability (Khorrami et al., 2018). Secondly, the
generation of ROS. The ROS can cause disruption in the bacterial cell membrane
and DNA alteration as sulfur and phosphorous are the vital components of DNA.
The interaction of Ag ions with the components can affect the replication of DNA,
cell reproduction, and subsequently cause cell death (Ramkumar et al., 2017). Ag
ions can also inhibit the synthesis of bacterial proteins by denaturing the ribosomes
in the cytoplasm (Duran et al., 2016). Moreover, Ag NPs can be involved in the
bacterial signal transduction by dephosphorylate tyrosine residues on the peptide
substrates and lead to cell apoptosis and termination of cell multiplication (Li et al.,

2019).

2.6 MNPs in the Aquatic Ecosystem

The anthropogenic revolution began with the agricultural revolution 10,000 years
ago and continued with the industrial revolution in the 1700s and the information
revolution that followed after is consistent with the technological development of
each revolution and era. These revolutions were able to and now are able to meet
the demands of the world’s expanding population, with a cost associated with
pollution and global warming (Al-Homaidan et al., 2014; Anastopoulos and Kyzas,
2015). This has a negative and irreversible impact on the environment, as well as
on the health, economy, and society (Al-Homaidan et al., 2014). However,
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regardless of the difficulties that have yet to discover a long-term solution to the
pollution, microalgae are the front-runners in tackling this situation (Anastopoulos
and Kyzas, 2015). The increased use of metals and MNPs in the commercial
industry is causing metals and MNPs contamination of soil and aquatic
environment (Lohse et al., 2017; Lone et al., 2013). Algae are the most vulnerable
aquatic species to NPs as they are toxicant-sensitive and would have impacts on
those higher organisms through the intake of NPs contaminated biomass (Banerjee

and Roychoudhury, 2019; Neale et al., 2015; Tang et al., 2018; Zhang et al., 2016).

MNPs at low concentrations are non-toxic to microalgae for their cellular functions
as small amount of the MNPs can act as the essential minerals for the growth of
microalgae (Aravantinou et al., 2015). Some of the elements act as the components
for photosynthetic electron transport proteins, photosynthetic water oxidizing
centers, or constituents of vitamins (Andersen, 2005). They also can serve as
cofactors for enzymes in carbon dioxide fixation (Moroney et al., 2001), DNA
transcription and phosphorous acquisition (Sunda, 2012) or N assimilation (Bothe
et al., 2010) and nitrate reduction (Vega et al., 1971). Microalgae has the ability to
withstand high level of nanoparticle despite the increasing toxicity level of
concentrations through its bioaccumulation process (Govindaraju et al., 2008; Li et
al., 2017). This is due to its ability to create a resistance towards such incidence,
which enables for such high level of concentration of chemicals to be accumulated
(Govindaraju et al., 2008; Richmond, 2003). Although low dose of the metals and
MNPs can promote the growth of microalgae, however, high dose of metals and

MNPs can cause toxicity (Liang et al., 2020). Multiple studies had reported the
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toxicity of metals and MNPs to microalgae and subsequently affects their
nutritional values. Although metals and MNPs generally shows negative effects on
microalgae, however, some research also observed stimulatory outcomes during the
cultivation of microalgae, depending on the metals or MNPs used and also the

species used in the study. Table 2.1 shows the effects of MNPs on microalgae.

Lau et al. (2022) studied on different type of NPs (carbon-based, metal oxide based
and noble metal-based) found out that the NPs tested improved the growth and
photosynthesis efficiency of microalgae at low concentrations, ranging between 1
and 15 mg/L, depending on the type of NPs. While, high concentrations caused
inhibition of microalgae growth and reduced photosynthesis efficiency. Sacan et al.
(2007) studied the effect of lead and aluminum on Dunaliella. tertiolecta, and El-
Sheekh et al. (2003) studied cobalt on Monoraphidium minutum and Nitzchia
perminuta; reported that low concentration of the respective metals showed
increased percentage on growth of respective microalgae. The stimulation of
growth on M. minutum and N. perminuta at low concentration of cobalt may be due
to the substitution of cobalt for zinc in some metalloenzymes. Besides the
stimulation of growth, EI-Sheekh et al. (2003) also reported the increased
production of chlorophyll at low concentration of cobalt due to the substitution of
cobalt for zinc and increase production of carotenoids. Moreover, microalgae tend
to adjust their cellular metabolism and store more large molecules such as proteins
and lipids when they are under stress condition (He et al., 2017) which may be the

reason for the increased production of macromolecules at lower NPs concentrations.
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The increased in the carbohydrate production may be a protective mechanism in

response of environmental stress (Bolouri-Moghaddam et al., 2010).

A study by Lone et al. (2013) reported that the treatment of ZnO NPs resulted in
93.5% loss of chlorophyll-a and 50% decrease in carotenoids of S. platensis on day
10 and Mary Leema et al. (2010) reported that the salt stress on S. platensis from
the treatment with sea water resulted in 53.1% fall of chlorophyll-a, 37.5% decrease
in carotenoids and 32.1% loss in phycocyanin during day 25. Gupta et al. (2014)
observed a concentration and time dependent fall in chlorophyll-a of S. platensis
with a significantly maximum reduction of 63.9% at 10 mg/L of chromium (Cr) on
day 9. Treatment with selenium (100 mg/L) resulted in 90% decrease in
phycocyanin pigment of S. platensis on day 3 (Zinicovscaia et al., 2017) and the
treatment of Spirulina cells with 1 mg/L of copper caused 50% decrease in algal
biomass on the day 7 (Deniz et al., 2011). The exposure of TiO2 NPs on S. platensis
resulted in 74.1% decrease in biomass on day 15 with 100 mg/L of TiO2 NPs
(Comotto et al., 2014). ZnO NPs demonstrated the highest level of toxicity among
other metal and metal oxide NPs in Pseudokirchneriella subcapitata with a
significant reduction of growth (ECso) at 42 mg/L (Aruoja et al., 2009) and 4.6
mg/L in Thalassiosa pseudonana (Wong et al., 2010). The ECso values of NiO NPs
on Chlorella vulgaris was reported to be 32.28 mg/L when exposed for 72 h. The
toxicity of NiO NPs caused plasmolysis, disruption of cell membrane, and disarray
in the thylakoid structures of C. vulgaris. It was also reported that the organisms in
the higher food chain that take the NiO NPs contaminated algae were susceptible

to the toxic effects of NiO NPs (Gong et al., 2011).
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Table 2.1: Effects of MNPs on microalgae.

NPs Size Microalgae strain Time Concentration Effects Reference
h L
() ) (gl
C <2  Scenedesmus obliquus 96 40 No significant effect on cell growth; (Heetal., 2017)
Reduction in chlorophyll (28%), proteins
(7%) and lipids (41%); Increased in
soluble sugars (12%)
Co <100 Microcystis sp. 120 5 Reduction in biomass concentration (Anusha et al.,
(69%), chlorophyll (84%) and 2017a)
carotenoids (69%)
Co <100 Oscillatoria sp 120 5 Reduction in biomass concentration (Anusha et al.,
(88%),  chlorophyll (82%)  and 2017a)
carotenoids (73%)
Cu 89 C.vulgaris 192 50 Reduction in chlorophyll-a  (72%), (Sibietal., 2017)
carotenoids (76%), proteins (50%), lipids
(20%) and carbohydrates (38%)
CuO <100 Chlamydomonas 72 1000 ECso = 250.45 mg/L, NOEC <100 mg/L Melegari et al.,

reinhardtii

Reduction in total chlorophyll (74%) and
carotenoids (82%); Increase in ROS level
(190%) and lipid peroxidation (73%)

2013
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Table 2.1: Effects of MNPs on microalgae (continued).

NPs

Size Microalgae strain

(h)

(nm)

Time Concentration
(mg/L)

Effects

Reference

CuO

Fe,Os3

Mg

<100 Nannochloropsis oculata 72

<30 S. obliquus 96

82  C.vulgaris 192

<50 S. obliquus 96

200

100

200

100

MTT assay shows 70% toxicity to cells;
Reduction growth rate (98%), chlorophyll
(52%), carotenoids (46%), LDH activity
(5.7-fold); Increased in H20> level (2.64-
fold), MDA level (6.02-fold), phenolic
compounds (1.79-fold) and oxidative
enzymes (CAT 2.48-fold, APX 2.18-fold
and PPO 4.89-fold)

Reduction in cell density (17%);
Reduction in chlorophyll (10%) and lipids
(21%); Increased in proteins (15%) and
soluble sugars (62%)

Reduction in chlorophyll-a  (32%),
carotenoids (61%) and proteins (36%);
Increment in lipids (52%) and
carbohydrates (36%)

Complete growth inhibition; Reduction in
chlorophyll (88%) and lipids (76%);
Increased in proteins (55%) and soluble
sugars (107%)

(Fazelian et al.,

2019)

(He etal., 2017)

(Sibi et al., 2017)

(Heetal., 2017)
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Table 2.1;

Effects of MNPs on microalgae (continued).

NPs Size Microalgae strain Time Concentration Effects Reference
() )  (mglL)

Pb 76  C.vulgaris 192 100 Reduction in chlorophyll-a (39%) and (Sibi et al., 2017)
carotenoids (78%); Increment in proteins
(23%), lipids (77%) and carbohydrates
(19%)

TiO, 14 C. vulgaris 504 100 Reduction in biomass concentration (Comotto et al.,
(17%) and intracellular phenolic content 2014)
(17%); Extracellular phenolic content
reduced 7% but is not significant

TiO, 14  Haematococcus pluvialis 504 100 Reduction in biomass concentration (Comotto et al.,
(18%) and intracellular phenolic content 2014)
(12%). Slight increase in extracellular
phenolic concentration

TiO, <100 S. platensis 120 100-500 NPs concentration of 100 to 500 mg/L did (Casazza et al.,

not show significant biomass reduction
using cells at stationary phase. While,
74% growth inhibition observed NPs was
exposed since beginning of culture.
Increased production of extracellular
polyphenols with decrease in intracellular
polyphenols, and 66% reduction in lipids

2015a)
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Table 2.1: Effects of MNPs on microalgae (continued).

NPs

Size

(nm)

Microalgae strain

Time Concentration

(h)

(mg/L)

Effects

Reference

TiO2

Zn0O

Zn0O

Zn0O

Zn0O

14

92

45

52

45

S. platensis

C. vulgaris

C. vulgaris

H. pluvialis

S. platensis

504

192

72

96

96

100

200

200

200

200

Reduction in biomass concentration
(74%) and intracellular  phenolic
compounds (24%); Extracellular phenolic
content increased 127%

Reduction in chlorophyll-a (49%) and
carotenoids (69%); Increment in proteins
(17%), lipids (72%) and carbohydrates
(45%)

Reduction in growth rate (62%), biomass
concentration (56%) and chlorophyll-a
(68%)

Reduction in cell viability (53%), biomass
concentration  (49%), chlorophyll-a
(63%), carotenoids (43%) and astaxanthin
(48%)

Reduction in cell viability (87%), algal
biomass (76%), chlorophyll-a (92%),
carotenoids (76%) and phycocyanin
(74%)

(Comotto et al.,
2014)

(Sibi et al., 2017)

(Djearamane et
al., 2019b)

(Djearamane et
al., 2019a)

(Djearamane et
al., 2018a)
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2.7  Effects of MNPs on Microalgae
2.7.1 Growth rate

Growth rate of microalgae is the percentage of change in the biomass concentration
of microalgae in a specific time. Numerous variables, including temperature, light
intensity, carbon dioxide, pH, and the make-up of the culture medium, have an
impact on the growth rate of microalgae (Papapolymerou et al., 2018). The two
main factors among all the environmental factors that are affecting the rate of
growth and biomass concentration of microalgae are the optimal temperature and
the requirement of light for different species of microalgae (Li et al., 2012).
Microalgae that are cultivated under stressful conditions such as inadequate
nutrients in culture medium, and excessively low or high light intensities and
temperatures can cause the decreased production of microalgae biomass and growth
rate (Wijffels et al., 2010). Multiple studies have reported the growth inhibition of
different strains and species of microalgae due to the exposure of MNPs. The
general inhibitory mechanism of MNPs that was proposed by researchers includes
the generation of ROS (Suman et al., 2015; Xia et al., 2015); mechanical damages
induced by MNPs (Castro-Bugallo et al., 2014); release of metal ions (Aravantinou
etal., 2015; Lee and An, 2013); light shading effect (Sadiq et al., 2011); interaction
of MNPs with growing medium (Manier et al., 2013); and the synergistic effects of
all these different factors (Manzo et al., 2013). The concentration of MNPs used
and exposure time interval are also the factors that are affecting the toxicity of
MNPs, where higher concentration and exposure time can result in higher inhibition

in the growth of microalgae. The level of toxicity of MNPs also highly depends on
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the type of MNPs used and species tested (Griffitt et al., 2008). Microalgae treated
with high dose of MNPs may show reduced growth rate, this may be because of the
destruction of cell membrane that result in the uncontrolled intake or release of
electrolytes, which may also affect the photosynthetic apparatus and biological

macromolecules synthesis (Anusha et al., 2017a).

2.7.2 Macromolecules

The macromolecules or macronutrient composition of microalgae is proteins,
carbohydrates and lipids. The production of these macromolecules is highly
influenced by the environmental and cultural conditions like temperature, light
intensity, pH, and nutrient make-up of the culture medium (Metsoviti et al., 2019;
Zhu et al., 2015). In some algae species like B. braunii, the increase of light
intensity caused a higher lipid content and reduced protein and carbohydrate
content (Ruangsomboon, 2012), while, in some other species like Nannochloropsis
sp. (Sukenik et al., 1989) and Ankistrodesmus falcatus (George et al., 2014), low
light intensity resulted in a high lipid content. The toxicity of ions produced in large
concentrations, which results in the oxidation of biological macromolecules, is
frequently linked to the breakdown and destruction of biological macromolecules.
Macromolecules can be degraded when the medium or environment is unsuitable
for the growth of microalgae and therefore unable to support the essential cellular
functions in the cell (Zinicovscaia et al., 2017). The impact of MNPs on the central
cell metabolism can be understood through the total protein, carbohydrate and lipid
concentration of microalgae (Romero et al., 2020). Microalgae might alter their
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biochemical make-up and tend to adjust their cellular metabolism to store more
large molecules such as proteins, carbohydrates and lipids as a physiological
reaction to keep harmful components out of the primary metabolic pathways when
they are under stress condition (Huang et al., 2016; Pham, 2019). Generally, the
techniques used for the determination of total protein concentration in microalgae
are based on the detection of peptide bonds, where the decrease in protein content
denotes the lysing of biomass (Zinicovscaia et al., 2017). The primary
photosynthetic products in microalgae that are stored in the chloroplast as starch
grains are carbohydrates (Huang et al., 2016). The increased concentration of
carbohydrates may be due to the protective mechanism in microalgae when they
are under stress conditions, which will be triggered by the production of specific
ROS scavengers. However, at higher concentrations, carbohydrates can also act
directly as ROS scavengers. Glucose and sucrose are crucial for ROS signaling
(Bolouri-Moghaddam et al., 2010). On the other hand, the reduced level of total
carbohydrates during the exposure of MNPs may be due to the disruption of cell
membrane that caused the uncontrolled release and intake of electrolytes (Anusha
etal., 2017a). Microalgae can withstand toxicant concentrations that are lower most
of the time. Since lipids are the primary constituents of the cell membrane, the
composition of lipids can be altered in response to changes in the physiological

state of cells (Zinicovscaia et al., 2017).
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2.7.3 Pigments

Chlorophylls are primary photosynthetic pigments that are comprised with tetra
pyrrole macrocycle rings and can be found in a variety of forms in distinct
microalgae species (Miazek et al., 2015). The microalgae chlorophyll content is
frequently used to represent the rate of photosynthesis or rate of cell division (Pham,
2019). Low concentrations of metals are necessary for the growth of microalgae;
nevertheless, high concentrations of metals can impact the pace of growth and the
ability of microalgae to produce chlorophyll. This is due to the possibility that too
much metals will inhibit chlorophyll ability to function (EI-Sheekh et al., 2003;
Puspitasari et al., 2018). Majority of research found that low concentrations of
metals and MNPs can enhance chlorophyll synthesis slightly, while, high
concentrations cause the amount of chlorophyll reduced significantly (Djearamane
et al., 2018a; El-Sheekh et al., 2003; Puspitasari et al., 2018). As cobalt and copper
are necessary metals for the metabolism of microalgae cells and their respiration,
the substitution of cobalt for zinc (EI-Sheekh et al., 2003) and the substitution of
copper for magnesium (Puspitasari et al., 2018) may be the cause of the enhanced
chlorophyll synthesis at low NPs concentrations. Chlorophyll concentration
decreases due to an inhibition of the electron transport chain in the donor center,
whereas chlorophyll content increases due to an inhibition in the acceptor center
(Sendra et al., 2017). The auxiliary photosynthetic pigments known as carotenoids
are fat-soluble tetraterpenoids that can be divided into oxygen-containing
xanthophyll (lutein, astaxanthin, and zeaxanthin) and no-oxygen-containing

carotenoids (p-carotene) (Miazek et al., 2015). Water-soluble proteins called
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phycobiliproteins act as auxiliary pigments in blue-green or red microalgae, giving
the microalgae cells a blue or red colour that absorbs light energy and transmits it
to chlorophyll a. (Boussiba and Richmond, 1980; Miazek et al., 2015).
Allophycocyanin and c-phycocyanin are the blue pigments, and b-phycoerythrin
and c-phycoerythrin are the red pigments (Miazek et al., 2015). Depending on the
environmental conditions, the c-phycocyanin concentration present in microalgae

cells may vary (Boussiba and Richmond, 1980).

2.7.4 Phenolic Compounds

Phenolic compounds are a diverse class of secondary metabolites that contain
polyphenol structure consisting of two or more six-carbon aromatic rings (Tibbetts
et al., 2015). Phenolic compounds are one of the most important classes of natural
antioxidants that can mitigate or prevent the effects of oxidative stress (Aliakbarian
et al., 2009; Ben Hamissa et al., 2012; Cardozo et al., 2007; Palmieri et al., 2012)
by donating a hydrogen atom or an electron in order to form stable radical
intermediates (Hajimahmoodi et al., 2010). The total phenolic compound of
microalgae varies in different species and strain, which can be influenced by
environmental factors (Machu et al.,, 2015a) and cultivation conditions like
temperature, light intensity, and the availability of nutrients (Maadane et al., 2015;
Maria N. Metsoviti et al., 2019). When the microalgae cells are subjected to
environmental stress, antioxidant enzymes are produced to protect the algal cells
from free radical damages (Li et al., 2006). In response to a stress state, the strong
photocatalytic activity of titanium dioxide nanoparticles increases the formation of
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phenolic compounds. Free radicals will destroy the generated phenolic compounds
when they are discharged into the media, supporting the idea that the amount of
extracellular phenolic compounds reduced during the exposure of NPs (Comotto et

al., 2014).

2.8 Ag NPs and its Toxicity

Ag NPs are one of the mostly used nanomaterial in commercial applications due to
its antimicrobial properties, where Ag NPs has been widely utilized in different
commercial products across different field (da Costa and Hussain, 2020). The
widespread application of Ag NPs results in the release of the NPs into the
environment. Ag NPs are easily released from the products with NPs during use,
particularly through washing and through waste water effluents (Bolafios-Benitez
et al., 2020) and therefore it is possible that the NPs will eventually be introduced
into the aquatic environment (Li and Lenhart, 2012). Under this context, Ag NP
releases would undoubtedly result in cumulative exposure to the environment and
people (Liu et al., 2018; Sufian et al., 2017). Multiple researches have reported
cytotoxic potentials of Ag NPs in aquatic environment, especially on algae which
serve as the foundation for aquatic biota food web (Kleiven et al., 2019; Ribeiro et
al., 2015; Sgrensen and Baun, 2015). Besides, Dewez and Oukarroum (2012),
Navarro et al. (2008) and Ribeiro et al. (2015) have also stated the cytotoxic effects
of Ag NPs on the photosynthetic process of microalgae. The toxicity of Ag NPs on

some microalgae strains were summarized in Table 2.2.
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Griffitt et al. (2008) reported that Ag NPs caused toxicity to freshwater alga P.
subcapitata, freshwater flea Daphnia pulex and zebrafish Danio rerio with LDsg
values of 0.19, 0.040-0.067 and 7.0-7.2 mg/mL, respectively, when exposed to Ag
NPs for 48 h. C. reinhardtii exposed to 1, 5, and 10 umol/L of Ag NPs under both
light and dark condition for 6 h was reported to have a higher inhibition on the
electron transport activity of photosynthetic system under light exposure, which
may be due to the light-induced production of ROS by Ag NPs directly affecting
the biochemical processes of C. reinhardtii (Dewez and Oukarroum, 2012). Ag ions
released from Ag NPs can caused reduction in the growth of cell, photosynthesis
and production of chlorophyll in Thalassiosira weissflogii (Miao et al., 2009).
Navarro et al. (2008b) also proved the higher toxicity of Ag NPs when compared
to Ag ions on the photosynthetic reaction of C. reinhardtii. Temperature is also one
of the factors affecting the toxicity of Ag NPs. Oukarroum et al. (2012) also
demonstrated that Dunaliella tertiolecta and C. vulgaris treated with Ag NPs
cultivated under 25°C and 31°C respectively, resulted in a higher altering effect on
photosynthetic electron transport in higher temperature. Besides microalgae, Ag
NPs are also reported to be toxic to aquatic vertebrates. Some researches on the
toxicity of Ag NPs on zebrafish embryo showed the penetration of Ag NPs
aggregates into the skin and circulatory system when treated with 10 to 20 mg/L of
Ag NPs for 72 h (Yeo and Yoon, 2009); the deposition of Ag NPs in cell nucleus,
blood and nervous system when treated with 5 to 100 mg/L Ag NPs (Asharani et

al., 2008); and the defects in fin regeneration and infiltration of Ag NPs into
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intracellular organelles when treated with 0.4 to 4 mg/L Ag NPs for 2 to 36 days

(Yeo and Pak, 2008).

Ag in the macroscopic scale does not have adverse effects to human unless there is
abnormal exposure. A review on the interaction of Ag NPs with tissues reported
that Ag NPs can be bioaccumulated in the lungs and detected in the blood and other
organs that proved the penetration and circulation of inhaled Ag NPs. Ag NPs can
also damage the fundamental cellular structures when absorbed through the skin
(Chen and Schluesener, 2008). DNA fragmentation was found in the bone marrow,
spleen, liver, kidneys, and peripheral blood cells of rats (Zhurkov et al., 2017).
Carlson et al. (2008) showed the detrimental effects of Ag NPs to human health
through ingestion or usage of medical devices. Some other researches have also
demonstrated the cytotoxicity of Ag NPs on mammalian cell lines (Hussain et al.,
2005; Marin et al., 2015; Pandurangan and Kim, 2015), revealed the potential of
Ag NPs to have an adverse effect on the reproductive system. The increased number
of studies suggested that NPs may contribute to a number of chronic diseases that
were previously likely to be contributed to the genetic factors. Smaller NPs have
more reactivity, which can affect their ability to penetrate organisms. Blood-brain
barriers can be crossed by NPs measuring 35 nm and less, while, NPs up to 100 nm

can enter cell membranes (Sufian et al., 2017).

Multiple literature have suggested that the physiochemical features of Ag NPs like
the size, shape, charge and surface coating play an vital role on the toxicity, stability,
bio-uptake and the NP-biological interaction (Cho et al., 2018; Y. Li et al., 2015;

Moon et al., 2019). Ag NPs with smaller size has higher dissolution than larger size
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NPs and may be related to the increased reactive surface area per unit mass
(Cunningham et al., 2021). Studies demonstrated that the dissolved Ag ions are
toxic to microalgae and this serves as a point of reference for Ag NPs, which are
known to undergo surface oxidation and release Ag ions (Burchardt et al., 2012;
Navarro et al., 2008b). On the other hand, Cunningham et al. (2021) tested the
toxicity of Ag NPs by blocking the dissolution of Ag NPs to form Ag ions, proved
that the toxicity of Ag NPs is both size and concentration dependent. Burchardt et
al. (2012) also suggested that Ag NPs may exert their toxicity by interacting directly
with intracellular molecules and compartments, or, the Ag NPs uptake in
microalgae encourage the intracellular release of silver ions close to molecular

targets.

As microalgae S. platensis is one the of most popular algae used for diet and
supplements, and also Ag NPs is one of the most frequently used ENPs, the effect
of how Ag NPs will affect the nutritional properties of S. platensis is not widely
reported. Multiple studies have reported that S. platensis has the capacity to
effectively accumulate metals and MNPs in their biomass. However, the
accumulative capacity of S. platensis for Ag NPs and the corresponding detrimental
effects of Ag NPs on the nutritional values of S. platensis have not been reported

yet.
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Table 2.2: Effects of Ag NPs on microalgae.

Microalgae strain

Concentration Time (h) Size (nm)

Effects

References

C. reinhardtii 10-300 pg/L

C. reinhardtii 10 uM

Phaeodactylum tricornutum  10-300 pg/L

ECso value for 4.5 and 16.7 nm = <10 pg/L
while 46.7 nm = >300 pg/L. The 4.5 nm NPs
shows 1.6% reduction in chlorophyll-a at 24
h and 48 h, and 1.4 % reduction for 16.7 nm
at 72 h. The 46.7 nm NPs did not how
significant difference in the chlorophyll
content.

Exposure of 1 h show less toxic (ECso =
3,300 nM and photosynthetic yield 84.68%)
than 2 h exposure (ECso = 1,049 nM and
photosynthetic yield 100%).

ECsofor 16.7 nm is 184 pg/L, while for both
4.5 and 46.7 nm did not reach the ECso
threshold. 1.5% reduction in chlorophyll-a
content found in 4.5 nm NPs and in contrast,
exposure to 16.7 nm NPs shows increased
chlorophyll content. The 46.7 nm NPs did
not how significant difference in the
chlorophyll content.

(Sendra et al.,
2017)

(Navarro et
al., 2008b)

(Sendra et al.,
2017)
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Table 2.2: Effects of Ag NPs on aquatic organisms (continued).

Microalgae strain Concentration Time (h) Size (nm) Effects References
P. subcapitata 1-50 mg/L 72 10-40  NOEC, ECsoand EC1qo values are 0.85, 1.62 (Ksigzyk et
and 5.0 mg/L, respectively, with a 100% al., 2015)
drop in chlorophyll content.
P. subcapitata 1000 pg/L 2 30 Reduction in growth rate (ECso= 710 pg/L). (Sgrensen and
Baun, 2015)
Scenedesmus sp. 200 pg/L 72 6-10 Complete growth inhibition (ECso = 89.92 (Pham, 2019)
pMg/L) with 22 and 5% reduction in
chlorophyll-a and lipids.
Skeletonema costatum 5 mg/L 24 8 EC1i0and ECso values are 48 pg/L and 25.77 (Huang et al.,
mg/L. Increased 30% and 16% of proteinand 2016)
lipid content with limited impact in
carbohydrates.
Synechococcus sp. 10 uM 72 20,40, 100% reduction in all sizes after 72 h (Burchardt et
100 exposure. al., 2012)
T. pseudonana 10 uM 72 20,40, 20 nm and 40 nm Ag NPs inhibit growth by (Burchardt et
100 50% and 60%, while 100 nm inhibit 40% of al., 2012)
growth.
Thalassiosira sp. 200 pg/L 72 6-10 Almost 100% inhibition (ECsop = 107.21 (Pham, 2019)

pg/L) with 15% reduction in chlorophyll-a
and 33% increment in lipid content.
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3.2  Characterization of Ag NPs

Scanning electron microscope (SEM, JSM-6701F, Joel, Japan), energy
dispersive X-ray (EDX, JSM-6701F, Joel, Japan), and X-ray diffractometer
(XRD, XRD-600, Shimadzu, Japan) were used to characterize Ag NPs powder
(particle size <100 nm). The particle size was determined using SEM operated
at acceleration voltage of 4.0 kV with working distance of 6.0 mm. The
chemical composition of Ag NPs was confirmed by using SEM-EDX with an
acceleration voltage of 10kV. The crystalline nature of Ag NPs was analysed
using XRD operated at a voltage of 40 kV and current of 30 mA with Cu

radiation A=1.5406 in the scan range of 26=20-80°.

3.3  Cultivation of Microalgae

The marine microalgae S. platensis stock culture (UTEX Number: LB1926) was
obtained from University of Texas Culture Collection, Austin, Texas, United
States of America. S. platensis was cultured using Spirulina medium and the
algal cultures were maintained in Erlenmeyer flasks under 1200 lux illumination
using cool white fluorescent lamp with 16 h light and 8 h dark at room

temperature (21-23°C).

3.4 Exposure of Microalgae to Ag NPs

Stock culture solution with Ag NPs (200 pg/mL) was used to prepare culture
solution with five different working concentrations of Ag NPs (5, 10, 25, 50,

and 100 pg/mL) by diluting the stock solution using Spirulina culture medium.
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S. platensis cells at exponential phase (Day 7) with initial concentration of 0.6
at ODseo Were exposed to 5, 10, 25, 50, and 100 pg/mL of Ag NPs in 1 L
Erlenmeyer flask for duration of 24, 48, 72, and 96 h. The Spirulina cells

cultured in culture medium without Ag NPs was used as negative control.

3.5  Cellular Interaction and Cellular Accumulation of Ag NPs on Algal
Cells

3.5.1 Attenuated Total Reflectance Fourier Transformed Infrared (ATR-
FTIR) Spectroscopy

ATR-FTIR spectroscopy was carried out to confirm the functional groups from
the microalgal cell wall involved in the attachment of Ag NPs on the cell surface
of microalgal cells. A 25 mL of algal suspension was treated with different
concentration of Ag NPs at different incubation period was centrifuged
(Velocity 14R, Dynamica Scientific Ltd., Australia) at 5,000 rpm for 10 min.
The isolated pellet was then washed twice with 1x PBS and distilled water. The
washed cells were freeze dried to remove moisture and subjected to ATR-FTIR
(Spectrum Two, Perkin-Elmer, United States of America) analysis over the

range of 4000 to 400 cm™* using the reflection technique.

3.5.2 SEM-EDX Analysis

SEM-EDX was carried out to identify the cellular accumulation of Ag NPs in
the biomass of S. platensis and to study the morphological damages on the cells
resulted from the treatment of Ag NPs. A 25 mL of Ag NPs treated algal cell
suspension was centrifuged for 10 min at 5,000 rpm and the pelleted cells were

washed with 0.1X PBS and distilled water for twice and freeze dried. The
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freeze-dried algal cells were subjected to SEM-EDX (JSM-6701F, Joel, Japan)

analysis.

3.6 Effects of Ag NPs on Growth Pattern and Biomass

The algal biomass concentration was estimated by measuring the optical density
at 560 nm using a spectrophotometer (Gynesys 10S UV-Vis, Thermo Scientific,
United States of America) along with the control. An additional control with
only the Ag NPs for each concentration was measured and subtracted from the
test reading to eliminate the interference form Ag NPs (Equation 1). The
medium for algal growth, Spirulina medium, was used as blank for both the
tests and also controls. The percentage change in the test as compared to the
control (Equation 2) was analysed to observe the trend of algal growth after the

treatment with different concentrations of Ag NPs at different time interval.

OD of the culture at 560 nm = OD; — ODyg (Eq. 1)

ODo = OD of the medium with Ag NPs only

ODy = OD of cell culture with Ag NPs

% change in biomass = (ODseo of negative control — ODsgo 0f cell culture x 100)

/ (ODsego of negative control) (Eq.2)
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3.7  Effects of Ag NPs to Proteins, Carbohydrates and Lipids
3.7.1 Proteins

The proteins in microalgae was extracted using alkali method. A 10 mL of
treated and untreated algal suspensions were centrifuged for 10 min at 5,000
rpm and supernatant was discarded. A 4.5 mL of 0.5 N sodium hydroxide
(NaOH) was added to the pellet followed by incubation in an 80°C water bath
(FCE20 Serials, Sastec, Malaysia) for 10 min for the extraction of protein. The
mixture was centrifuged again after incubation and the protein content in the
supernatant was estimated using Lowry method (Anusha et al., 2017b). A 1 mL
of supernatant was transferred into a new tube and 2 mL of Lowry solution
(Lowry reagent A:B:C = 48:1:1) was added and incubated for 10 min at room
temperature. After incubation, 0.2 mL of 1 N Folin-Ciocalteau phenol reagent
(FCR) was added into mixture, vortexed and incubated in dark for 30 min. The
absorbance of the mixture was measured using microplate reader (FLUOstar
Omega, BMG labtech, Germany) at 600 nm (Tan et al., 2020). Bovine serum
albumin (BSA) was used to generate a standard curve to estimate the protein
content in the supernatant. The percentage change in the tests relative to the

control was calculated using Equation 3.

% change in protein content = (Po — P1) x 100 % / Po (EQ. 3)

Po = Proteins in untreated cells

P1 = Protein in treated cells
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3.7.2 Carbohydrates

The extraction of carbohydrates from the microalgae was performed using HCI
extraction. A volume of 10 mL of algal samples were centrifuged at 5,000 rpm
for 10 min and the supernatant was discarded. A volume of 5 mL of 2.5 N HCI
was added to the pellet and incubated in 90°C water bath for 3 h and cooled to
room temperature (Sharma et al., 2019). Sodium carbonate was added to the
samples until no effervescence observed to neutralise the sample. The sample
was then topped up to 50 mL with distilled water and centrifuged at 5,000 rpm
for 10 min to settle down the solid particles (Agrawal et al., 2015). The
carbohydrate content in the supernatant was estimated using the phenol-sulfuric
acid method. A 1 mL of supernatant was transferred into a new tube, 1 mL of
distilled water and 50 pL of 80% phenol was added and the mixture was
vortexed. About 5 mL of concentrated sulphuric acid (96% H2SO4) was added
to the mixture and vortexed. The mixture was then allowed to stand for 10 min
and cooled down in a room temperature water bath for 10 min. The mixture was
vortexed again and the absorbance of the mixture was measured using
microplate reader (FLUOstar Omega, BMG labtech, Germany) at 490 nm
(Nielsen, 2010). The carbohydrate content in the sample was calculated by using
a standard graph plotted with glucose. The percentage change in the tests

relative to the control was analysed using Equation 4.

% change in carbohydrate content = (Co — C1) X 100 % / Co (Eq. 4)

Co = Carbohydrates in untreated cells

C. = Carbohydrates in treated cells
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3.7.3 Lipids

The total lipids in the samples were extracted using a modification of Bligh and
Dyer method. About 40 mL of algal sample was centrifuged for 10 min at 5,000
rpm and 7.6 mL of chloroform/methanol/water (1/2/0.8, v/viv) was added to re-
suspend the pellet. The mixture was then sonicated for 1 min at 200 W and 45
kHz and vortexed for 30 s. About 2 mL of chloroform and water were added to
the mixture to make the final ratio of chloroform/methanol/water to 1/1/0.9
(v/viv). The mixture was vortexed again for 30 s and centrifuged for 5 min at
5,000 rpm to separate the mixture into three layers. The methanol layer at upper
layer was removed and the chloroform layer at the bottom layer that contains
lipid was transferred into a new pre-weighted tube. The extraction process was
repeated twice with the remaining middle layer. The chloroform layers were
combined in the same tube and evaporated at 80°C for 24 h in a drying oven
(Rizwan et al., 2017). The weight of the lipid obtained was measured and

analysed as compared to the control (Eg. 5).

% change in the lipid content = (Lo — L1) X 100 % / Lo (EQ. 5)

Lo = Lipids in untreated cells

L1 = Lipid in treated cells
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3.8  Effects of Ag NPs to Chlorophyll-a, Carotenoids and C-
Phycocyanin

3.8.1 Chlorophyll-a and Carotenoids

Chlorophyll-a and carotenoids were extracted using 90% methanol and
measured spectrophotometrically. A volume of 5 mL of algal suspension was
centrifuged at 5,000 rpm for 10 min and the supernatant was discarded. A5 mL
of 90% methanol was added to the pellet and vortexed. The mixture was then
incubated in a 60°C water bath for 10 min. The mixture was centrifuged at 5,000
rpm for 5 min after incubation to settle down the solid particles. The absorbance
of the supernatant was measured using microplate reader at 470, 652, and 665
nm (Kondzior and Butarewicz, 2018). The chlorophyll-a and carotenoids
content were calculated using Equation 6, 7, 8. The percentage change in
chlorophyll-a and carotenoids in algal suspensions treated with different

concentrations and time intervals as compared to the control was analysed.

Chlorophyll-a (Ca) = 16.82As6s5 — 9.28Aes2 (Mg/mL) (Eq. 6)

Chlorophyll-b (Cb) = 36.92Aes2 — 16.54Aess (Mg/mL) (EQ. 7)

Carotenoid (Ct) = (1000A470 — 1.91Ca — 95.15Cb)/225 (mg/mL) (Eq. 8)

3.8.2 C-Phycocyanin

C-phycocyanin in the samples was extracted using the ultrasonic treatment
method. A 5 mL of algal sample was centrifuged at 5,000 rpm for 10 min and
the collected pellet was washed with 5 mL of distilled water (Akbarnezhad et
al., 2016). About 2 mL of 0.05 M phosphate buffer (pH 6.7) and 3 pieces of

glass pearl were added to the washed pellet. The mixture was then vortexed and
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sonicated in ultrasonic bath for 1 h (Djearamane et al., 2018b). After that, the
mixture was centrifuged at 5,000 rpm for 5 min and the absorbance of the
supernatant was measured at 615 and 652 nm using microplate reader. The C-
phycocyanin content in the samples was calculated using Equation 9 (Bennett
and Bogorad, 1973). The percentage changed relative to the control in the

treated samples was calculated and analysed.

C-Phycocyanin (C-PC) = (Ae1s — 0.474A652)/5.34 (mg/mL) (Eq. 9)

3.9  Effects of Ag NPs to Total Phenolic Compounds

The extraction of phenolic compounds in algal samples was done using distilled
water. A 5 mL of algal sample was centrifuged at 5,000 rpm for 10 min and the
supernatant was discarded. A 5 mL of distilled water was added to the pellet
and incubated in 80°C water bath for 10 min. The mixture was then cooled down
to room temperature and centrifuged at 5,000 rpm for 5 min to settle down solid
particle. The total phenolic content in the supernatant was estimated by the
Folin-Ciocalteau method (Machu et al., 2015b). About 1 mL of supernatant was
transferred into a new tube and 1 mL of Folin-Ciocalteau reagent (FCR) and 5
mL of distilled water were added. The mixture was vortexed and stand for 5 min
in dark at room temperature. A 1 mL of 20% Na>COs3 was added and the solution
was made up to 10 mL with distilled water. The solution was then vortexed and
again incubated in dark for 1 h at room temperature. The absorbance of the
solution was measured using microplate reader at 765 nm (Casazza et al.,

2015b). Gallic acid was used to plot a standard curve to estimate the total
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phenolic content in the algal samples. The percentage change in the tests relative

to the control was calculated and analysed using Equation 10.

% change in total phenolic compounds = (Po — P1) X 100 % / Po (Eq. 10)

Po = Phenolic compounds in untreated cells

P1 = Phenolic compounds in treated cells

3.10 Statistical analysis

Statistical analysis was performed to analyse the variance induced by Ag NPs
on the algal cells. All the exposure tests were conducted in triplicates (n=3) and
the data are presented as mean + standard deviation. Shapiro-Wilk test was used
to test the normal distribution of the data. All the analysis on significant values
(p<0.05) was conducted using one-way analysis of variance (ANOVA)

followed by Tukey’s post-hoc test for multiple comparisons.
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CHAPTER 4

RESULTS

4.1 Characterization of Ag NPs

The size and shape of Ag NPs powder were observed using SEM, the elemental
component of Ag NPs was confirmed using EDX, and XRD was performed to
confirm the crystalline nature of Ag NPs as shown in Figure 4.1. Based on the
SEM observation, cubic shaped NPs were in the agglomerated state and the
average size of Ag NPs was measured to be 43.38 nm with a range of 26.8 nm
to 65.9 nm. The EDX spectrum showed the presence of silver element in Ag
NPs powder studied. The XRD pattern of Ag NPs displayed the strongest peaks
at 34.41°, 38.23° and 44.34° and also the diffraction peaks at 39.91°, 57.71°,
64.58°, 68.91° and 77.53°. The XRD results obtained also confirmed the cubic

structure and the light gray metallic colour of Ag NPs can be confirmed.
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Figure 4.1: Characterization of Ag NPs under (A) SEM with 50,000X
magnification, (B) EDX spectrum and (C) XRD pattern.
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4.2  Cellular Interaction and Cellular Accumulation of Ag NPs on Algal

Cells

421 ATR-FTIR Spectroscopy

The functional groups from the algal cell wall that were involved in the binding

and cellular uptake of Ag NPs into the algal cells was confirmed using ATR-

FTIR spectroscopy as shown in Figure 4.2. The peaks that were shifted between

the algal samples treated with 100 pg/mL Ag NPs and the control at 96 h were

compared and analysed. The possible functional groups that were involved in

the surface binding and cellular uptake of Ag NPs on the algal cell wall are

listed in Table 4.1.

Table 4.1: Possible involvement of functional groups from the cell wall of S.
platensis in the binding of Ag NPs on algal cell surface.

Absorption )
(e Functional group Component
3282 -3279 -OH, -NH Hydroxyl, amine (protein)
2925-2923 -CH:2 Methyl (lipid fraction)
1644 — 1638 C=0 Amide | (protein)
1537 -1535 N-H, C=N Amide Il (protein)
1393 -1387 C=0 Carbonyl (aldehyde, ketone, carboxylate)
1239 -1235 P=0 Phosphodiesters (nucleic acid,
phospholipids)
1157-1152 C-0O,C-C Carbohydrate
1024 C-C, C-0O, C-OH Carboxyl, hydroxyl
524 —520 -PO, -CH Phosphate
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Figure 4.2: ATR-FTIR spectrum of control (black line) and 100 pg/mL Ag NPs treated S. platensis at 96 h (blue line).
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4.2.2 SEM-EDX Analysis

The SEM images of control and 100 pg/mL Ag NPs treated S. platensis cells
are shown in Figure 4.3. Figure 4.3(A and B) shows the smooth cylindrical cells
with intact cell membrane without the treatment of Ag NPs. While, the cells
treated with Ag NPs shows the attachment of NPs on cell surface, agglomeration
of Ag NPs, fragmentation and distortion of Spirulina cells. The EDX spectrum
of Ag NPs treated cells (Figure 4.4) showed the presence of Ag, which was not
present in the control cells, which confirmed the accumulation of Ag NPs on S.
platensis. The carbon and oxygen element signals may be due to the X-ray

emission from S. platensis cell wall (Zinicovscaia et al., 2017).
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Figure 4.3: SEM images of control and 100 pg/mL Ag NPs treated S. platensis
at 96 h. (A) control at 1000X magnification; (B) control at 2000X magnification;
(C, E) 100 pg/mL Ag NPs treated S. platensis at 1000X magnification; (D, F)
100 pg/mL Ag NPs treated S. platensis at 2000X magnification. The
agglomeration of Ag NPs (green arrow), short fragments of S. platensis cells
(blue arrow), the attachment of Ag NPs on S. platensis (purple arrow),
aggregates of distorted cells with Ag NPs (yellow arrow), and the breakage of
S. platensis cells (red arrow) can be clearly observed.
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Figure 4.4: EDX image and spectrum of control (A) and 100 ug/mL Ag NPs
treated S. platensis at 96 h (B).

4.3  Effects of Ag NPs on Growth Pattern and Biomass

The S. platensis cultures and growth pattern of S. platensis treated with different
concentrations of Ag NPs at each time interval can be observed in Figure 4.5
and Figure 4.6. The biomass concentration of S. platensis decreased as the
concentration of Ag NPs and the exposure time increased. Figure 4.7 shows the
percentage loss in biomass concentration of S. platensis relative to control when
treated with different concentration of Ag NPs from 24 to 96 h. The exposure

of Ag NPs caused significant (p < 0.05) loss in the biomass of S. platensis for
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concentrations > 10 ug/mL at 24 and 48 h. While, significant (p < 0.05) loss in
biomass can be observed for all tested concentrations from 5 to 100 pg/mL at
72 and 96 h. The maximum loss in biomass of S. platensis happened in 96 h
with the reported values of 5.86 + 1.21, 7.21 £ 1.51, 33.13 £ 3.30, 50.79 + 3.22,

and 65.71 + 2.79% for 5, 10, 25, 50, and 100 ng/mL Ag NPs, respectively.
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Figure 4.5: S. platensis cultures treated with different concentrations of Ag NPs
at each time interval (24, 48, 72 and 96 h).
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Figure 4.6: Growth pattern of S. platensis treated with different concentrations
of Ag NPs at each time interval
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Figure 4.7: Percentage of loss in biomass concentration of S. platensis relative
to control from 24 to 96 h upon treatment of Ag NPs. The values plotted are in
mean + standard deviation. * indicates the significance difference at p < 0.05
between the control and Ag NPs treated algal suspension for each time interval.
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4.4  Effects of Ag NPs to Proteins, Carbohydrates and Lipids
4.4.1 Proteins

The loss of protein in S. platensis can be observed in Figure 4.8 where the
percentage of loss in protein increased as the dose of Ag NPs and time interval
increased. All the tested concentrations of Ag NPs caused significant (p < 0.05)
loss in the protein of S. platensis from 24 to 96 h. Maximum reduction in protein
content was observed at 96 h with the resultant values of 23.27 +1.43, 27.83
2.10, 34.45 £ 2.40, 52.65 + 2.98, and 67.21 + 3.98% for 5, 10, 25, 50, and 100

png/mL of Ag NPs, respectively.
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Figure 4.8: Percentage of loss in proteins of S. platensis relative to control from
24 t0 96 h upon treatment of Ag NPs. The values plotted are in mean + standard
deviation. * indicates the significance difference at p < 0.05 between the control
and Ag NPs treated algal suspension for each time interval.
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4.4.2 Carbohydrates

Figure 4.9 shows the percentage loss in carbohydrate of S. platensis relative to
control when exposed to Ag NPs. The exposure of Ag NPs caused significant
(p < 0.05) loss in carbohydrate of S. platensis for concentrations > 10 pg/mL at
24 h. While, significant (p < 0.05) loss can be observed in all the tested
concentrations of Ag NPs from 48 to 96 h. Maximum reduction in carbohydrate
content was observed at 96 h with the resultant values of 9.68 +1.39, 14.07
1.77,28.78 £ 2.82, 36.35 £ 2.10, and 48.99 + 4.39% for 5, 10, 25, 50, and 100

png/mL of Ag NPs, respectively.
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Figure 4.9: Percentage of loss in carbohydrates of S. platensis relative to control
from 24 to 96 h upon treatment of Ag NPs. The values plotted are in mean £
standard deviation. * indicates the significance difference at p < 0.05 between
the control and Ag NPs treated algal suspension for each time interval.

56



4.4.3 Lipids

The loss of lipid in S. platensis can be observed in Figure 4.10 where the
percentage of loss in lipid increased as the concentration of Ag NPs and time
interval increased. All the tested concentrations of Ag NPs caused significant (p
< 0.05) loss in the lipid of S. platensis from 24 to 96 h. Maximum reduction in
protein content was observed at 96 h with the resultant values of 14.39 + 0.78,
22.34 £1.88, 42.76 + 2.09, 55.92 + 2.31, and 59.62 + 3.96% for 5, 10, 25, 50,

and 100 pg/mL of Ag NPs, respectively.
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Figure 4.10: Percentage of loss in lipids of S. platensis relative to control from
24 t0 96 h upon treatment of Ag NPs. The values plotted are in mean + standard
deviation. * indicates the significance difference at p < 0.05 between the control
and Ag NPs treated algal suspension for each time interval.
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45  Effects of Ag NPs to Chlorophyll-a, Carotenoids and C-
Phycocyanin

45.1 Chlorophyll-a

The loss of chlorophyll-a in S. platensis can be observed in Figure 4.11 where
the percentage of loss in chlorophyll-a increased as the dose of Ag NPs and time
interval increased. The exposure of Ag NPs caused significant (p < 0.05) loss
in chlorophyll-a of S. platensis for concentrations > 10 pg/mL at 24 h. While,
significant (p < 0.05) loss can be observed in all the tested concentrations of Ag
NPs from 48 to 96 h. Maximum reduction in chlorophyll-a content was
observed at 96 h with the resultant values of 28.63 £+ 0.83, 38.10 £ 0.70, 53.81
+4.83,71.97 £5.94, and 82.99 + 7.81% for 5, 10, 25, 50, and 100 ug/mL of Ag

NPs, respectively.
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Figure 4.11: Percentage of loss in chlorophyll-a of S. platensis relative to
control from 24 to 96 h upon treatment of Ag NPs. The values plotted are in
mean + standard deviation. * indicates the significance difference at p < 0.05
between the control and Ag NPs treated algal suspension for each time interval.

45.2 Carotenoids

The loss of carotenoid in S. platensis can be observed in Figure 4.12 where the
percentage of loss in carotenoid increased as the concentration of Ag NPs and
time interval increased. All the tested concentrations of Ag NPs caused
significant (p < 0.05) loss in the carotenoid of S. platensis from 24 to 96 h.
Maximum reduction in carotenoid content was observed at 96 h with the
resultant values of 22.44 + 2.02, 29.53 + 1.84, 44.67 + 2.94, 60.46 + 4.95, and

67.55 +2.63% for 5, 10, 25, 50, and 100 ug/mL of Ag NPs, respectively.
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Figure 4.12: Percentage of loss in carotenoids of S. platensis relative to control
from 24 to 96 h upon treatment of Ag NPs. The values plotted are in mean +
standard deviation. * indicates the significance difference at p < 0.05 between
the control and Ag NPs treated algal suspension for each time interval.

4.5.3 C-Phycocyanin

The loss of C-phycocyanin in S. platensis can be observed in Figure 4.13 where
the percentage of loss in C-phycocyanin increased as the concentration of Ag
NPs and time interval increased. The exposure of Ag NPs caused significant (p
< 0.05) loss in C-phycocyanin of S. platensis for concentrations > 10 ug/mL at
24 h. While, significant (p < 0.05) loss can be observed in all the tested
concentrations of Ag NPs from 48 to 96 h. Maximum reduction in C-
phycocyanin content was observed at 96 h with the resultant values of 21.97 +
1.57,28.18 £1.44,48.91 + 1.28, 65.85 £ 3.01, and 75.03 + 1.55% for 5, 10, 25,

50, and 100 ug/mL of Ag NPs, respectively.
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Figure 4.13: Percentage of loss in C-phycocyanin of S. platensis relative to
control from 24 to 96 h upon treatment of Ag NPs. The values plotted are in
mean + standard deviation. * indicates the significance difference at p < 0.05
between the control and Ag NPs treated algal suspension for each time interval.

4.6  Effects of Ag NPs to Total Phenolic Compounds

The loss of phenolic content in S. platensis can be observed in Figure 4.14 where
the percentage of loss in total phenolic compound increased as the concentration
of Ag NPs and time interval increased. All the tested concentrations of Ag NPs
caused significant (p < 0.05) loss in the total phenolic compound of S. platensis
from 24 to 96 h. Maximum reduction in phenolic content was observed at 96 h
with the resultant values of 17.27 + 0.65, 24.29 + 1.82, 41.96 + 4.04, 58.10 +
4.99, and 63.43 = 2.89% for 5, 10, 25, 50, and 100 pg/mL of Ag NPs,

respectively.
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Figure 4.14: Percentage of loss in total phenolic compounds of S. platensis
relative to control from 24 to 96 h upon treatment of Ag NPs. The values plotted
are in mean * standard deviation. * indicates the significance difference at p <
0.05 between the control and Ag NPs treated algal suspension for each time
interval.
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CHAPTER 5

DISCUSSION AND CONCLUSION

5.1  Cellular Interaction and Cellular Accumulation of Ag NPs on Algal
Cells

51.1 ATR-FTIR Spectroscopy

ATR-FTIR was done to determine the possible functional groups that are
involved in the attachment of Ag NPs on the surface of the microalgae cell wall.
The functional groups such as hydroxyl, amine, methyl, amide I, amide II,
carboxyl, carbonyl and phosphate groups from the cell wall of S. platensis were
identified to be possibly involved in the interaction of Ag NPs with S. platensis.
The region between 3282 and 3279 cm™ is relative to the symmetric —-OH and
—NH stretching of the hydroxyl and amide functional groups from water and
protein (Ansari et al., 2019; Dotto et al., 2012; Zinicovscaia et al., 2020). The
presence of asymmetric —CH: stretching vibration of methyl group was found
between 2925 and 2923 cm*, which belongs to the long methylenic chains of
lipidic fractions (Ansari et al., 2019; Ferreira et al., 2011). The peaks at 1644
and 1639 cm™ were the symmetric C=0 stretching of protein amide I, while,
the symmetric deformation of N-H bend and C-N stretching of protein amide 11
can be found between 1537 and 1535 cm™ (Ansari et al., 2019; Bataller and
Capareda, 2018). The region between 1393 and 1387 cm could be attributed
to C=0 stretching of aldehydes, ketones, and carboxylate (Celekli et al., 2021,
2010). Peaks at 1239 and 1235 cm* were linked to asymmetrical P=0O stretching
of phosphodiester of nucleic acids and phospholipids (Ansari et al., 2019; Fang

etal., 2011). Also, the region between 1157 and 1152 cm™ was assigned as the
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carbohydrate characteristic bands with C-O and C-C stretching (Bataller and
Capareda, 2018; Ferreira et al., 2011). In contrast to the control cell, the peak at
1078 cm-1 which indicates the CO stretching of alcoholic group (Sheng et al.,
2004) was shifted and formed a new band at 1024 cm™ in the Ag NPs treated
cell representing C-O, C-C, and C-OH stretching of the carboxyl and hydroxyl
groups (Celekli et al., 2021; Zinicovscaia et al., 2020). The peaks between 524
and 520 cm™ were the —PO and aromatic —CH stretching of phosphate

(Zinicovscaia et al., 2020).

Based on the results in Figure 4.2, the decreasing relative intensities of both the
OH bands in the Ag NPs treated cells and also the NH bands, suggesting the
interaction of ions with NH groups through the electron lone pairs of the
nitrogen atom (Ferreira et al., 2011). The decreasing relative intensity of peaks
between 1638 and 1387 cm indicated the involvement of amide and carboxyl
groups in the adsorption of NPs where it may be due to the amide group and
cation interaction, which is characterized by electron lone pairs over oxygen and
nitrogen atoms. The regions corresponding to the carbohydrate and phosphate
functional groups did not appear be appreciably impacted by the adsorption of

NPs (Ferreira et al., 2011).

5.1.2 SEM-EDX Analysis

SEM-EDX analysis was conducted to determine the cellular accumulation of
Ag NPs in the biomass and he subsequent morphological changes in S. platensis
cells caused by the treatment of Ag NPs. Similar findings were reported on S.

platensis treated with zinc oxide nanoparticles (ZnO NPs) (Djearamane et al.,
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2018a) and S. costatum treated with Ag NPs (Huang et al., 2016). The physical
barrier formed during the surface attachment of NPs on the cells was reported
to inhibit the growth of photosynthetic microbes. The adsorption and
accumulation of multiple layers of NPs on the cell surface might affect the
transfer of nutrients and induce physical stress to the photosynthetic microbes
(Metzler et al., 2011). The pore diameter in the cell wall of microalgae was
found to be ranging from 5 to 20 nm (Navarro et al., 2008a), which is much
smaller than the Ag NPs size used in this study and hence it is assumed that the
Ag NPs were mainly adsorbed on the surface of S. platensis. The agglomeration
of Ag NPs on the cell surface of microalgae was found to show a vital role in
the toxicity of Ag NPs to the photosynthetic microbes grew in salt water (Sendra
et al., 2017). The adsorption and aggregation of NPs on the cell surface can
cause mechanical damage and affect the cellular metabolism (Hazeem et al.,
2016) and thus can cause the growth inhibition and the corresponding drop in

biomass concentration and photosynthetic pigments (Metzler et al., 2011).

5.2  Effects of Ag NPs on Growth Pattern and Biomass

The changes of S. platensis biomass due to the exposure of Ag NPs over 96 h
was estimated through spectrophotometric method to study the effects of Ag
NPs on the growth pattern and biomass of S. platensis. A concentration- and
time-dependent loss was observed in the biomass concentration of S. platensis
due to the exposure of Ag NPs. Researches conducted by Lone et al. (2013) and
Comotto et al. (2014) confirmed the loss of biomass of S. platensis using

different NPs. It was reported that 10 ug/mL of 50 nm ZnO NPs caused 41%
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loss in biomass concentration of S. platensis when exposed for 10 days (Lone
et al., 2013), and 74% loss in biomass concentration when treated with 100
ug/mL of 14 nm TiO2 NPs for 15 days (Comotto et al., 2014). Previous studies
have presented the growth inhibitory effect of Ag NPs on different
photosynthetic microbes. For instance, 200 ug/mL of Ag NPs can cause a
complete inhibition in Scenedesmus sp. and almost 100% inhibition in
Thalassiosira sp. at 72 h with the ECso values of 89.92 and 107.21 pg/L for
Scenedesmus sp. and Thalassiosira sp., respectively (Pham, 2019). Smaller size
Ag NPs was found to cause higher growth inhibition on C. reinhardtii and as C.
reinhardtii treated with 10 ug/L of Ag NPs with size of 4.5 and 16.7 nm showed
more than 50% growth inhibition at 72 h with the ECso value of < 10 pg/L for
Ag NPs, whereas the ECsg value of > 300 pg/L was reported for Ag NPs with
46.7 nm (Sendra et al., 2017). Djearamane et al. (2019b) evidenced a significant
reduction in the cell viability and the corresponding biomass concentration of

C. vulgaris when exposed to ZnO NPs.

The growth rate of photosynthetic microbes exposed to Ag NPs might be
affected by the shape, size, concentration, surface charge and also surface
coatings (Cepoi et al., 2020). Many researchers suggested that the growth
inhibition of cells was because of the production of ROS (Djearamane et al.,
2020; Suman et al., 2015; Xia et al., 2015) or the mechanical damage caused by
NPs on the cells (Castro-Bugallo et al., 2014). Other factors such as the light
shading effect (Sadiq et al., 2011), release of metal ions (Aravantinou et al.,
2015; Lee and An, 2013; Suman et al., 2015), interaction with the culture
medium (Manier et al., 2013), and the synergistic effects of these different

factors (Manzo et al., 2013) were also reported to affect the growth of the cells.
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The destruction of cell membrane upon exposure to NPs is one of the factors
that cause the growth inhibition, which leads to the uncontrolled release and
intake of electrolytes and subsequently affect the photosynthesis apparatus and
also the synthesis of macronutrients (Anusha et al., 2017a). The interaction of
metal ions with the functional groups present on the surface of the cells would

affect the growth rate as well (Balaji et al., 2014).

5.3  Effects of Ag NPs to Proteins, Carbohydrates and Lipids

The total proteins, carbohydrates and lipids of S. platensis were tested to
determine the effect of the treatment of Ag NPs to the production of
macronutrients of S. platensis. A dose and time-dependent decrease in the
protein, carbohydrate and lipid content observed from this study may be due to
the stress caused by Ag NPs present in the culture medium (Holan and Volesky,
1994). Similar results were shown when S. platensis was treated with different
heavy metals and NPs. S platensis treated with 10 ug/mL ZnO NPs was reported
to have a 79% reduction in protein content when exposed for 10 days (Lone et
al., 2013), while 32, 64 and 69% reduction was observed when treated with 100
ug/mL of Se metal at 24, 48 and 72 h (Zinicovscaia et al., 2017). Balaji et al.
(2014) reported that the exposure of 42 mg/L of Ni and 48 mg/L of Zn to S.

platensis for 18 days led to the highest reduction in protein content.

Similar to proteins, a dose and time-dependent reduction in the carbohydrates
of A. platensis was observed in this study. A study by Zinicovscaia et al. (2017)
reported 76% reduction in the carbohydrate content of S. platensis when treated

with 100 pg/mL of Se at 72 h. However, another study on S. costatum using
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0.05 to 50 ug/mL of Ag NPs evidence only a limited impact on the carbohydrate

content when exposed for 24 h (Huang et al., 2016).

Finding of Zinicovscaia et al. (2017) stated that 100 pg/mL of Se metal caused
23, 50 and 80% reduction in lipid content of S. platensis when exposed to 24,
48 and 72 h, respectively. S. platensis treated with 100, 250 and 500 pg/mL of
TiO2 NPs stated to have 44, 53 and 66% reduction in lipid yield was reported in
S. platensis when treated with 100, 250 and 500 pg/mL of TiO2 NPs at Day 5
(Casazza et al., 2015a). On the other hand, Pham (2019) reported that Ag NPs
at the concentrations of 5 to 200 pg/mL would raise the lipid yield from 11 to
17% at 72 h for Thalassiosira sp.. The lipid content in Scenedesmus sp. also
showed increment of 8.1 and 7.6% with the presence of Ag NPs at the
concentrations of 5 and 20 pg/mL, and then decreased at higher concentrations

of 100 and 200 pg/mL.

The oxidation of the functional groups and structural elements of cyanobacteria
is caused by the production of ROS and the release of metal from the treatment
of NPs. The proteins, lipids, and carbohydrates are then broken down into
smaller molecules up to monomers, small inorganic molecules, and water,
which leads to the degradation of biomass (Khalifeh et al., 2022; Zinicovscaia
et al., 2017). ROS can also lead to subsequent lipid peroxidation which will
interrupt the cell metabolism (Wang et al., 2019). Cyanobacteria have the
propensity to modify cellular metabolism by reducing the biosynthesis of
metabolites under stress condition when exposed to NPs (Khalifeh et al., 2022;

Pham, 2019).

68



The reduction in all these biological macromolecules of photosynthetic
microbes may be because of the oxidative stress induced by the heavy metals or
NPs that are present in the culture medium. A study reported that the cells that
are growing under stress conditions were observed to have a lower protein
synthesis capacity (Zeng and Vonshak, 1998). The high concentrations of NPs
used during the exposure to the cells caused the damage in the cell membrane
that led to the reduction in the synthesis of carbohydrates, which subsequently
caused the uncontrolled release and intake of electrolytes (Anusha et al., 2017a).
The decrease in carbohydrates may also be affected by the production of
chlorophyll as carbohydrates are the main photosynthesis products that are kept
in the chloroplasts (Huang et al., 2016). The change in the lipid content was due
to the response to stress based on the condition and alteration in the
physiological state of the cells as the phospholipids in the cell membrane play

an important role in metabolism (Zinicovscaia et al., 2017).

Further, the researchers have also explained the mechanism for the depletion of
macronutrients at the molecular level. A study investigated the gene expression
of C. reinhardtii when exposed to Ag and reported that majority of the protein
were significantly regulated but only observed at the transcriptome and not the
proteome level, which may be the reason for the reduced synthesis of protein in
microalgae (Pillai et al., 2014). The treatment of TiO2 NPs was also reported to
disrupt the material and energy metabolism in Chlorella pyrenoidosa at the
molecular level, where the gene expression of lipid synthesis, carbohydrate
synthesis and cell division were down regulated (Middepogu et al., 2018),
indicating the inhibition of biosynthesis of lipid and carbohydrate and also the

cell division of C. pyrenoidosa at the gene expression level. In short, the
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attachment of NPs on the cell membrane leads to the damage in the cell
membrane which poses a vital role in reducing the production of proteins,

carbohydrates and lipids in the photosynthetic microbes.

54  Effects of Ag NPs to Chlorophyll-a, Carotenoids and C-
Phycocyanin

Besides macronutrients, the effects of Ag NPS on the pigments (chlorophyll-a,
carotenoids and C-phycocyanin) of S. platensis was also studied. A
concentration and dose-dependent reduction in the chlorophyll-a content of S.
platensis is related to the stress caused by Ag NPs (Holan and Volesky, 1994).
Similar to the present study, study by Djearamane et al. (2018) stated 63, 75, 86,
88 and 93% reduction in chlorophyll-a of S. platensis when treated with 10, 50,
100, 150 and 200 pg/mL of ZnO NPs, respectively at 96 h. A study by Pham
(2019) showed 21.5 and 14.5 % reduction in chlorophyll-a of Scenedesmus sp.
and Thalassiosira sp. respectively, when exposed to 200 pg/mL Ag NPs at 72
h. Another study reported that the treatment of 0.05 pg/mL Ag NPs significantly
increased the production of chlorophyll-a in S. costatum by 4.7% at 24 h, and
decreased by 2.4% when the dose of Ag NPs was increased to 5 pg/mL. The
maximum reduction in chlorophyll-a content of S. costatum was reported to be

35% when treated with 500 pg/mL of Ag NPs for 24 h (Huang et al., 2016).

Like chlorophyll-a, the carotenoids and C-phycocyanin of S. platensis cells
exhibited a concentration and time-dependent reduction when exposed to Ag
NPs. Similar to the present results, Djearamane et al. (2018) reported a
maximum reduction of 76.2% in carotenoids and 74.1 % in C-phycocyanin

when exposed to 200 pg/mL of ZnO NPs, respectively, at 96 h. Another study
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stated that 10 pg/mL of ZnO NPs caused 50% reduction in S. platensis when
exposed for 10 days (Lone et al., 2013). While, Zinicovscaia et al. (2017) stated
that the C-phycocyanin concentration of S. platensis reduced from 6.9 to 2.4%
at 24 h when exposed to Se ions. The lowest C-phycocyanin content was
observed at 72 h with 0.66% C-phycocyanin in Spirulina biomass, which

contained only about 10% of the original amount.

Chlorophyll-a is a useful indicator to determine the efficiency of photosynthesis
and growth status of photosynthetic microbes. The inhibition of the biosynthesis
of the key protein for photosynthesis might further affect the photosynthesis
products (Huang et al., 2016). The reduction of chlorophyll-a might be due to
the destruction in chloroplast ribosomes (Sendra et al., 2017), increased activity
of chlorophyllase, the disruption of membrane system, and also the inactivation
of electron transport functions in the photosystem (Holan and Volesky, 1994).
The effective quantum vyield of PSII was decreased in cyanobacteria when
treated with NPs marks the decreased efficiency of the photochemical energy
conversion process (Sendra et al., 2017). Carotenoids are the accessory
photosynthetic pigments that primarily absorbs light in the blue-green region
(Miazek et al., 2015). While, C-phycocyanin is a type of phycobilins that are
present in cyanobacteria which helps to absorb the wavelengths of light between
595 and 640 nm to supplement the light-capturing ability of chlorophyll (Frank
and Cogdell, 2012). The reduction in the accessory photosynthetic pigments
(carotenoids and C-phycocyanin) under stress conditions affects the light-
absorbing ability of chlorophyll which subsequently leads to the inhibition of
growth. The exposure of NPs to cyanobacteria also leads to the destruction of

thylakoids that causes the decrease in photosynthetic pigments which affects the
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photosynthesis of cyanobacteria, resulting in the inhibition of growth and cell
death (Arunakumara and Zhang, 2009). The attachment of Ag NPs on the
surface of the cells can cause the physical shading and act as a photosynthesis
barrier which in turn can result in the loss of biomass (Huang et al., 2016) and

thus the macronutrients.

55  Effects of Ag NPs to Total Phenolic Compounds

The total phenolic compounds of S. platensis after the exposure of Ag NPs was
estimated to determine the intracellular phenolic compound production which
may be linked to the antioxidant activity of microalgae. A typical dose-
dependent and time-dependent reduction was observed for the total phenolic
contents of S. platensis when treated with Ag NPs. Earlier study by Fazelian et
al. (2020) reported a significant decrease in phenolic compounds of N. oculate
when exposed to 25 to 50 mg/L of Ag NPs, although all the concentrations
tested in the study showed decrease in the phenolic compound even from 1 mg/L
of Ag NPs. In another study, C. vulagris cells treated with 2 to 6 mg/L of
microwave synthesized silver-reduced graphene oxide nanocomposites (Ag-
rGO) were also reported to have significant decrease in the phenolic contents at
24 h as compared to the control (Nazari et al., 2020). Similar reduced production
of phenolic content was also found when using hydrothermal synthesized Ag-
rGO (Nazari et al., 2018). Casazza et al. (2015) reported that the S. platensis
exposed to 100, 250 and 500 ug/mL of TiO2 NPs caused 34.9, 27.9 and 24.5%
reduction in intracellular phenolic content at Day 5. While, another study

reported 12, 17 and 24% reduction in the intracellular phenolic content of H.
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pluvialis, C. vulgaris and S. platensis, respectively when treated with 100
ug/mL of TiO2 NPs at Day 15 as compared to the control (Comotto et al., 2014).
Zaidi et al. (2014) also reported a decrease in the total phenolic compounds of

Chlorella sp. when treated with 5 and 10 ppm of Ag NPs.

Photosynthetic microbes under stress conditions are likely to excrete
compounds such as phenolic compounds which can detoxify the surrounding
environment and act as an antioxidant. When microalgae are under ideal
conditions, phenolic compounds are the secondary plant metabolites that are
produced by the phenyl propanoid metabolism and the shikimic acid pathway.
However, varied environmental challenges to the cells may alter the amount of
phenolic content (Vogt, 2010). The increased production of phenolic
compounds is stimulated by the cells in response to the stress conditions and
released to the culture medium with a decrease in the intracellular concentration
of phenolic compounds and increase in the extracellular phenolic content
(Comotto et al., 2014). The reduction in total phenolic compounds in the
photosynthetic microbes under the exposure of heavy metals may be due to the
inhibition of photosynthesis which results in the reduced production of new
phenolic compounds (Connan and Stengel, 2011). The decreased production of
the total phenolic compounds can lead to a decreased antioxidant activity which
can cause reduction in the biomass (Bello-Bello et al., 2017; Fazelian et al.,

2020).
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5.6  Toxicity Mechanism of NPs

Most researchers suggested that the physical constraints and oxidative stress are
the primary cause of NPs to exhibit toxicity to microalgae. Large NPs
aggregates trapping algal cells not only limits the amount of light accessible for
photosynthesis but also hinders the intake of nutrients (Li et al., 2015; Li et al.,
2018). Through the excessive accumulation of intracellular ROS caused by NPs
exposure, oxidative stress is caused (Costa et al., 2016; Hazeem et al., 2016).
According to Chen et al. (2019), which explore the mechanism of NPs through
meta-analysis, revealed that the ROS remarkably increased by 90% in the
presence of NPs, showing the buildup of excess ROS in microalgae cells which
leads to subsequent oxidative stress. The ROS accumulation in microalgae
induced by NPs is not remarkably influenced by NPs surface modification,
however, is strongly related to the type of NPs and the microalgae species, and
the dose of NPs used. As the exposure of NPs caused the formation of ROS, the
defense mechanism of microalgae will be triggered, where the antioxidative
enzymes superoxide dismutase (SOD) and peroxidase (POD) were synthesized
to scavenge ROS. When the capacity of antioxidant enzymes was unable to
remove the excessively generated ROS, the cell membrane of microalgae cells
would be damaged by the excessive ROS, where membrane lipid peroxidation
occurs. Lipid peroxidation may lead to an increase cell membrane permeability,
which results in the loss of membrane selectivity, fluidity, and integrity (Lei et
al., 2016). The damage to the microalgae cell membrane and the alteration in
photosynthetic activity are the most frequent biological markers to determine
the toxicity of NPs in microalgae (Sendra et al., 2018). Through a change in the

lipid-to-protein ratio of the pigment-protein complexes, the built up ROS in
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chloroplast could lower the amount of chlorophyll present in microalgae cells
(Du et al., 2016; Huang et al., 2016; F. Li et al., 2015). The energy transfer in
light responses is interrupted by a fall in chlorophyll level brought on by NPs,
which also results the reduction in cell density and a delay in algal growth (Chen

etal., 2019).
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Figure 5.15: Toxicity mechanism of NPs to algal cell membrane and organelles
(Chen et al., 2019).

5.7 Conclusion

The objectives of this study have been achieved. The results of the present study
identified the possible involvement of the functional groups such as hydroxyl,
amine, methyl, amide I, amide Il, carboxyl, carbonyl, and phosphate groups
from S. platensis cell wall in the interaction and accumulation of Ag NPs in S.

platensis, causing surface alterations and damage of the Ag NPs treated S.
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platensis. The exposure of Ag NPs to S. platensis lead to a dose and time-
dependent reduction in the biomass, proteins, carbohydrates, lipids,
chlorophyll-a, carotenoids, C-phycocyanin, and phenolic compounds.
Significant results were observed even from the treatment of Ag NPs at lowest
concentration of 10 pg/mL at 24 h, and the maximum effects were found at 100
pg/mL Ag NPs treated S. platensis for all the parameters tested. The interaction
between Ag NPs and the functional groups on the cell wall can form a physical
barrier and block the photosynthesis activity, the transfer of nutrients, and
induced stress to the cells, which led to the growth inhibition and the
corresponding reduction in biomass, macromolecules, pigments, and phenolic
compounds. The findings of this study may be useful to design methods to
detect the contamination of Ag NPs with S. platensis and thus will help to
produce and provide the consumers with high-quality Spirulina nutritional
supplements with uncompromised nutritional properties. Otherwise, the
consumption of Ag NPs contaminated S. platensis supplements may not offer
the consumers with the desired nutritional benefits and may even cause health

risks due to Ag NPs contamination.

5.8 Limitation and Recommendation

There are some limitations in this study where firstly, inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was not able to be conducted
to investigate the cellular accumulation of Ag NPs in S. platensis. Hence, ICP-
OES is recommended to be carried out in the future study to quantify the amount

of Ag NPs that has been absorbed by S. platensis. The internalization of Ag NPs
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in S. platensis cells through TEM analysis was not able to confirm in this study.
The toxicity of Ag ions to S. platensis was not tested in this study. Multiple
literature claimed that Ag ion released from Ag NPs also exert toxicity to
microalgae, although Ag NPs itself also can cause significant toxicity to aquatic

organisms.

Since S, platensis has the ability to adsorb and absorb NPs in their biomass,
methods to eliminate Ag NPs in NPs contaminated microalgae can be
investigated to reverse the contamination of NPs in contaminated microalgae.
Also, the toxicity of Ag NPs to human body can be carried out in the future to
investigate the minimum concentration of Ag NPs that can exert toxicity effects

to human cells.
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due to their high nutritional properties such as proteins,
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APPENDIX A

Chemical and Reagent Preparation

Culture medium for Spirulina

Culture medium for Spirulina was prepared according to Table 3.1 to Table 3.4.
Working culture medium for Spirulina was prepared by combining Solution 1
and Solution 2 in 1:1 ratio, producing 1 L of the medium. Stock culture medium

was autoclaved (HVE-50, Hirayama, Japan) at 121°C for 30 minutes under 15

psi.

Table 1: Recipe for Solution 1.

Component Amount

NaHCOs3 (Gene Chemicals, Malaysia) 13.61g/0.5L
Na>COs (QRec, Malaysia) 4.03g/05L
K2HPO4 (QRec, Malaysia) 0.509/05L
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Table 2: Recipe for Solution 2.

Component Amount
NaNO3z (Gene Chemicals, Malaysia) 2.509/0.5 L
K2SO4 (Merck, Malaysia) 1.009/0.5L
NaCl (Merck, Malaysia) 1.00g/0.5L
MgSOs-7H20 (Merck, Malaysia) 0.20g/0.5L
CaCl2-2H,0 (Sigma-Aldrich, Malaysia) 0.04g/05L
P-IV metal solution 6 mL/0.5 L
Chu micronutrient solution 1mL/05L
Table 3: Recipe for P-1V metal solution.
Component Amount
Na;EDTA-2H,0 (Merck, Malaysia) 0.750 g/L
FeCls-6H20 (Merck, Malaysia) 0.097 g/L
MnCl2-4H,0 (Merck, Malaysia) 0.041 g/L
ZnCl> (Sigma-Aldrich, Malaysia) 0.005 g/L
CoCl2-6H20 (Sigma-Aldrich, Malaysia) 0.002 g/L
Na:Mo04-2H20 (Merck, Malaysia) 0.004 g/L
Table 4: Recipe for Chu micronutrient solution.

Component Amount
CuSos-5H20 (Merck, Malaysia) 0.020 g/L
ZnS04-7H20 (Sigma-Aldrich, Malaysia) 0.044 g/L
CoCl3-6H20 (Sigma-Aldrich, Malaysia) 0.020 g/L
MnCl2-4H,0 (Merck, Malaysia) 0.012 g/L
Na:Mo0s-2H20 (Merck, Malaysia) 0.012 g/L
H3:BO3 (R&M Chemicals, Malaysia) 0.620 g/L
Na;EDTA-2H,0 (Merck, Malaysia) 0.050 g/L
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Culture medium with silver nanoparticles (Ag NPs)

Ag NPs was purchased from Sigma-Aldrich, Malaysia. Stock culture solution
with Ag NPs (200 pg/mL) was prepared by adding 0.16 g of Ag NPs powder
into 800 mL of Spirulina medium and ultra-sonicated (Tru-Sweep Ultrasonic
Cleaner, Crest Ultrasonics, Malaysia) at 40 kHz until the NPs were
homogenously dispersed in the medium. The stock solution was then diluted
with Spirulina medium to prepare the working concentrations of 100 pg/mL
(1:2 dilution), 50 pug/mL (1:4 dilution), 25 pg/mL (1:8 dilution), 10 pg/mL (1:20

dilution), and 5 pg/mL (1:40 dilution) of Ag NPs.

Phosphate buffered saline (PBS), 1x

Phosphate buffered saline stock solution (10x) was purchased from Sigma-
Aldrich, Malaysia. A 10-fold dilution was done to prepare 1x PBS from 10x

PBS by diluting 100 mL of 10x PBS with 900 mL of distilled water.

Protein Assay

Bovine serum albumin (BSA, 100 pg/mL) powder was obtained from Sigma-
Aldrich, Malaysia. NaOH and NaK tartrate-4H>O were purchased from Sigma-
Aldrich, Malaysia and Fisher Chemical, Malaysia, respectively. Folin-Ciocalteu
phenol reagent was provided by R&M Chemicals, Malaysia. Stock solution of
bovine serum albumin (BSA, 100 pg/mL) was prepared by dissolving 5 mg of
BSA powder in 50 mL of distilled water. The stock solution of BSA was then

diluted with distilled water to perpare the working concentrations of 10, 20, 30,

108



40 and 50 pg/mL. Sodium hydroxide (NaOH, 0.5 N) solution was prepared by
dissolving 20 g of NaOH pellet in 1000 mL distilled water. Lowry solution was
made up freshly for every use using Lowry reagents A (2% (w/v) Na,CO3in 0.1
N NaOH), B (1% (w/v) NaK tartrate-4H20), and C (0.5% (w/v) CuSO4-4H20)
with the ratio of reagent A:B:C =48:1:1. The preparation for Lowry reagent A,
B, and C were as follows: Lowry reagent A: 2 g of sodium carbonate (Na2CO3)
and 0.4 g of NaOH in 100 mL of distilled water; Lowry reagent B: 1 g of
potassium sodium tartrate tetrahydrate (NaK tartrate-4H>0) in 99 mL of
distilled water; Lowry reagent C: 0.5 g of copper sulphate (CuSQOa4) in 99.5 mL
distilled water. Folin-Ciocalteu phenol reagent (FCR, 1 N) was prepared freshly

by dissolving FCR with distilled water in 1:1 ratio.

Lipid Assay

Chloroform was purchased from Fisher Chemical, Malaysia and methanol was
purchased from RCI Labscan, Malaysia. Chloroform/methanol/water (1/2/0.8,
v/viv) was prepared by mixing 200 mL of chloroform, 400 mL of methanol and

160 mL of distilled water to produce 760 mL of the solution.

Carbohydrate Assay

Glucose and hydrochloric acid (HCI, 2.5M) were obtained from Fisher
Chemical, Malaysia and QRé&, Malaysia. Stock solution for glucose (100 pg/mL)
was prepared by dissolving 5 mg of glucose powder in 50 mL of distilled water.
The stock solution was diluted with distilled water to obtain the working
concentrations of 10, 20, 30, 40 and 50 pg/mL. Hydrochloric acid (HCI, 2.5 N)
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was prepared by dissolving 41 mL of 37% HCI in 159 mL of distilled water.
Phenol (80%, w/w) was prepared by dissolving 40 g of phenol in 10 g of

distilled water.

Chlorophyll-a and Carotenoid Assay

A 900 mL methanol was diluted in 100 mL of distilled water to obtain 1 L of

90% methanol solution.

C-phycocyanin Assay

Sodium phosphate dibasic heptahydrate (Na:HPO.-7H20) and sodium
phosphate monobasic monohydrate (NaH2POs-H.0) are supplied by R&M
Chemicals, Malaysia. Phosphate buffer (0.05 M, pH 6.7) was prepared by
adding 5.971 g of sodium phosphate dibasic heptahydrate (Na,HPO4-7H20) and
3.826 g of sodium phosphate monobasic monohydrate (NaH2PO4-H20) into 800
mL of distilled water. The pH of the solution was adjusted using NaOH/HCI to

6.7 and topped up to 1 L with distilled water.

Total Phenolic Compound Assay

Gallic acid powder was obtained from R&M Chemicals, Malaysia. Stock
solution of gallic acid (100 ug/mL) was prepared by dissolving 5 mg of gallic
acid powder in 50 mL of distilled water. The stock solution was diluted with

distilled water to obtain the working concentrations of 10, 20, 30, 40 and 50
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pug/mL. Sodium carbonate (Na2COgz, 20%) was prepared by dissolving 20 g of

Na>,CO3 powder in 100 mL of distilled water.
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