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PREFACE

The ominous shadow of heavy metal contamination in our water resources looms ever
larger, posing a significant threat to human health and ecological well-being. Industrial
activities, agricultural practices, and even natural geological processes can all
contribute to the accumulation of these toxic elements in water bodies. These heavy
metals, unlike organic pollutants, are not readily biodegradable and persist in the
environment, entering the food chain and causing detrimental effects at various levels.

This thesis delves into the exciting realm of bioremediation, a burgeoning field
that harnesses the power of living organisms to cleanse contaminated environments.
Specifically, it explores the potential of cyanobacteria, a diverse group of
photosynthetic microorganisms, as nature's warriors in the fight against heavy metal
pollution. The research focuses on two promising cyanobacterial strains: Microcystis
aeruginosa and Anabaena doliolum.

This study goes beyond simply establishing the efficacy of these cyanobacteria
in removing heavy metals. It delves deeper, meticulously dissecting the underlying
mechanisms governing this metal removal process. By unravelling these mechanisms,
we can not only optimize bioremediation strategies but also gain a deeper
understanding of the fascinating interplay between cyanobacteria and heavy metals.
The research investigates the effectiveness of both live cyanobacteria (biomass) and
their intriguing biomolecules, Exopolysaccharides (EPS), in capturing specific heavy
metal ions, namely Cu?*, Ni**, and Cd*".

Furthermore, the research extends its focus by examining the impact of these
very metals on the cyanobacteria themselves. It analyzes the tolerance mechanisms
employed by these microorganisms and their response to the cellular stress caused by
metal exposure. Understanding how cyanobacteria cope with these environmental
stressors is crucial for developing robust bioremediation strategies that can withstand
the harsh realities of contaminated water bodies.

The thesis is organized for optimal comprehension. Chapter 1, the
“Introduction”, lays the groundwork by outlining the problem of heavy metal
contamination and the promise of bioremediation using cyanobacteria. Chapter II,
“Materials and Methods”, serves as a blueprint, meticulously detailing the
experimental design, the materials employed, and the analytical techniques used to
gather the data. Chapter III, “Results”, presents the findings of the research in a clear
and concise manner, often utilizing figures and tables for enhanced visualization.
Finally, Chapter IV, “Discussion”, interprets the results within the context of existing
scientific knowledge, highlighting the most significant findings and their implications
for the field of bioremediation. An abstract precedes the main body of the thesis,

Vii



providing a concise overview of the research objectives, methodology, key findings,
and conclusions. Following Chapter IV, a “Summary” recapitulates the major research
questions, summarizes the key findings, and reiterates the significance of this work in
the fight against water pollution.

The research journey documented in this thesis has been both intellectually
stimulating and profoundly rewarding. It is my sincere hope that the findings presented
here contribute to the development of sustainable and effective bioremediation
strategies that can help us reclaim our water resources from the clutches of heavy metal
contamination. By harnessing the power of nature's warriors, the cyanobacteria, we
can move towards a future with cleaner water and a healthier planet.

Date: Sengjrang Ch Momin

Mizoram University
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biomass (A) Cd?* biosorption, (B) Cu?* biosorption and (C) Ni?* biosorption.
Experimental data points are denoted by symbols, while model predictions are

depicted by the corresponding curves.



Figure.25. Intraparticle diffusion analysis for metal sorption by A. doliolum biomass
(A) Cd?* biosorption, (B) Cu?* biosorption and (C) Ni* biosorption. Experimental data
points are denoted by symbols, while model predictions are depicted by the

corresponding curves.

Figure.26. Intraparticle diffusion analysis for metal sorption by isolated EPS of M.
aeruginosa. (A) Cd?* biosorption, (B) Cu?* biosorption and (C) Ni?* biosorption.
Experimental data points are denoted by symbols, while model predictions are

depicted by the corresponding curves.
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Experimental data points are denoted by symbols, while model predictions are

depicted by the corresponding curves.
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Figure.29. Van't Hoff plot for the biosorption of Ni** (A), Cu?" (B), and Cd** (C) ions
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parameters (AG®, AH®, and AS®) for each metal ion can be found in Table 13.

Figure.31. Van't Hoff plot for the biosorption of Ni** (A), Cu?* (B), and Cd** (C) ions
onto isolated EPS of A. doliolum. The data points represent the experimental values of
In ke at different temperatures. The corresponding thermodynamic parameters (AG°,

AH?, and AS°®) for each metal ion can be found in Table 14.
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Figure.32. Equilibrium isotherms for the biosorption of Ni?* (A), Cu?* (B), and Cd**
(C) ions onto M. aeruginosa biomass. The curves represent the fitting of the Langmuir,

Freundlich, and Temkin isotherm models to the experimental data points.

Figure.33. Equilibrium isotherms for the biosorption of Ni** (A), Cu?* (B), and Cd**
(C) ions onto A. doliolum biomass. The curves represent the fitting of the Langmuir,

Freundlich, and Temkin isotherm models to the experimental data points.

Figure.34. Equilibrium isotherms for the biosorption of Ni?* (A), Cu?*" (B), and Cd*
(C) ions onto M. aeruginosa EPS (Extracellular Polymeric Substances). The curves
represent the fitting of the Langmuir, Freundlich, and Temkin isotherm models to the

experimental data points.

Figure.35. Equilibrium isotherms for the biosorption of Ni?* (A), Cu?* (B), and Cd**
(C) ions onto A. doliolum EPS. The curves represent the fitting of the Langmuir,

Freundlich, and Temkin isotherm models to the experimental data points.

Figure.36. Influence of Ni?* Co-existence on Cu?" Biosorption. This figure depicts the
biosorption behavior of Cu? ions onto M. aeruginosa and A. doliolum biomass (A and
B) and their respective EPS (C and D) in the presence of co-existing Ni** ions. The
initial concentration of Cu?* varied from 0 to 10 mg L', while a constant concentration
of Ni** (§ mg L") was introduced in the binary systems. The solid lines represent the
fitting of the Langmuir (blue), Freundlich (red), and Temkin (green) isotherm models

to the experimental data points (symbols).

Figure.37. Influence of Cu?* Co-existence on Ni?* Biosorption. This figure depicts the
biosorption behavior of Ni?* ions onto M. aeruginosa and A. doliolum biomass (A and
B) and their respective EPS (C and D) in the presence of co-existing Cu?" ions. The
initial concentration of N1** varied from 0 to 10 mg L™, while a constant concentration
of Cu** (5 mg L") was introduced in the binary systems. The solid lines represent the
fitting of the Langmuir (blue), Freundlich (red), and Temkin (green) isotherm models

to the experimental data points (symbols).



Figure.38. Desorption of Cd?**, Cu?*, and Ni** from M. aeruginosa biomass and EPS.
This figure illustrates the desorption efficiency of de-ionized water for Cd?*, Cu?*, and
Ni?* ions previously adsorbed onto M. aeruginosa biomass (A-C) and its EPS (D-F).
A-C: Depict the desorption percentage of Cd*" (A), Cu** (B), and Ni** (C) from M.
aeruginosa biomass. D-F: Show the desorption percentage of Cd** (D), Cu?* (E), and
Ni?* (F) from M. aeruginosa EPS.

Figure.39. Desorption of Cd**, Cu?*, and Ni** from A. doliolum biomass and EPS. This
figure illustrates the desorption efficiency of de-ionized water for Cd?*, Cu?*, and Ni?*
ions previously adsorbed onto A. doliolum biomass (A-C) and its EPS (D-F). A-C:
Depict the desorption percentage of Cd?** (A), Cu?* (B), and Ni?* (C) from A. doliolum
biomass. D-F: Show the desorption percentage of Cd** (D), Cu?** (E), and Ni** (F) from
A. doliolum EPS.

Figure 40. Growth patterns of M. aeruginosa and A. doliolum. Absorbance of culture
at 663 nm was measured every other day to monitor growth over a 36-day period. Error

bars represent the standard error of the mean (n=3).

Figure 41. Effect of Cu?*, Ni?*, and Cd?* on the specific growth rate of M. aeruginosa.
The specific growth rate of M. aeruginosa treated with copper (Cu?*), nickel (Ni*"),
and cadmium (Cd?*") is shown. Vertical bars represent the standard error of the mean

(n=3).

Figure 42. Effect of Cu?*, Ni**, and Cd?" on the specific growth rate of A. doliolum.
The specific growth rate of M. aeruginosa treated with copper (Cu?*), nickel (Ni*"),

and cadmium (Cd?**) is shown. Vertical bars represent the standard error of the mean

(n=3).

Figure 43. Total protein content (ug ml™!) of M. aeruginosa treated with Cu?*, Ni?*,
and Cd** for 96 h. Protein content showed statistically significant differences
compared to the untreated control according to a two-tailed Student's T-Test. Asterisks

indicate significance level: * (p = 0.05).



Figu re.\44. Total protein content (ug ml™) of A. doliolum treated with Cu?*, Ni?*, and
Cd>* for 96 h. Total protein content (ug ml™") of M. aeruginosa treated with Cu?*, Ni?*,
and Cd*" for 96 h. Protein content showed statistically significant differences
compared to the untreated control according to a two-tailed Student's T-Test. Asterisks

indicate significance level: * (p = 0.05).

Figure.45. Total carbohydrate content of M. aeruginosa treated with Cu?*, Ni**, and
Cd** for 96 h. Vertical bars represent the standard error of the means (n=3). Total
carbohydrate content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate

significance level: * (p = 0.05)

Figure.46. Total carbohydrate content of A. doliolum treated with Cu?*, Ni?*, and Cd**
for 96 h. Vertical bars represent the standard error of the means (n=3). Total
carbohydrate content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate

significance level: * (p = 0.05).

Figure.47. Chlorophyll-a (Chl-a) content of M. aeruginosa treated with Cu?*, Ni?*, and
Cd** for 96 h. Vertical bars represent the standard error of the mean (n=3). Total
chlorophyll-a content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate

significance level: * (p = 0.05).

Figure.48. Chlorophyll-a (Chl-a) content of A. doliolum treated with Cu?*, Ni?*, and
Cd?+ for 96 h. Vertical bars represent the standard error of the mean (n=3). Total
Chlorophyll-a content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate

significance level: * (p = 0.05).

Figure.49. Carotenoid content of M. aeruginosa treated with Cu?*, Ni**, and Cd?*" for
96 h. Vertical bars represent the standard error of the mean (n=3). Total carotenoids

content showed statistically significant differences compared to the untreated control
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according to a two-tailed Student's T-Test. Asterisks indicate significance level: * (p
=0.05).

Figure.50. Carotenoid content of A. doliolum treated with Cu?*, Ni**, and Cd>* for 96
h. Vertical bars represent the standard error of the mean (n=3). Total carotenoids
content showed statistically significant differences compared to the untreated control
according to a two-tailed Student's T-Test. Asterisks indicate significance level: * (p
=0.05).

Figure.51. Malondialdehyde (MDA) content of M. aeruginosa treated with Cu?*, Ni*",
and Cd?" for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd>" resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in MDA content compared to the untreated control.

Figure.52. Malondialdehyde (MDA) content of A. doliolum treated with Cu?*, Ni?*,
and Cd** for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in MDA content compared to the untreated control.

Figure.53. Hydrogen Peroxide (H202) production in M. aeruginosa treated with Cu?",
Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3).
All treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05,
Two-tailed Student's T-test) increases in H20: levels compared to the untreated

control.

Figure.54. Hydrogen Peroxide (H20:) production in A. doliolum treated with Cu?*,
Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3).
All treatments with Cu?, Ni**, and Cd** resulted in statistically significant (P > 0.05,
Two-tailed Student's T-test) increases in H2O. levels compared to the untreated

control.

Figure.55. Superoxide radical production in M. aeruginosa treated with Cu?*, Ni?",

and Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3). All
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treatments with Cu?*, Ni?*, and Cd?* resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in O™ levels compared to the untreated control.

Figure.56. Superoxide radical production in A. doliolum treated with Cu?*, Ni**, and
Cd>* for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd?" resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in O™ levels compared to the untreated control.

Figure.57. Hydroxyl radical production in M. aeruginosa treated with Cu?*, Ni?*, and
Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in OH" levels compared to the untreated control.

Figure.58. Hydroxyl radical production in A. doliolum treated with Cu?*, Ni**, and
Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in OH" levels compared to the untreated control.

Figure.59. SOD enzyme activity in M. aeruginosa treated with Cu?*, Ni**, and Cd**
for 96 h. Vertical bars represent the standard error of the mean (n=3). All treatments
with Cu?*, Ni**, and Cd?* resulted in statistically significant (P > 0.05, Two-tailed

Student's T-test) increases in SOD levels compared to the untreated control.

Figure.60. SOD enzyme activity in A. doliolum treated with Cu?*, Ni?*, and Cd?*" for
96 h. Vertical bars represent the standard error of the mean (n=3). All treatments with
Cu?*, Ni?*, and Cd?" resulted in statistically significant (P > 0.05, Two-tailed Student's

T-test) increases in SOD levels compared to the untreated control.

Figure.61. Catalase enzyme activity in M. aeruginosa treated with Cu?*, Ni?*, and Cd**
for 96 h. Vertical bars represent the standard error of the mean (n=3). All treatments
with Cu?*, Ni?*, and Cd?* resulted in statistically significant (P > 0.05, Two-tailed

Student's T-test) increases in CAT levels compared to the untreated control.
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Figure.62. Catalase enzyme activity in A. doliolum treated with Cu?*, Ni**, and Cd**
for 96 h. Vertical bars represent the standard error of the mean (n=3). All treatments
with Cu?*, Ni**, and Cd?* resulted in statistically significant (P > 0.05, Two-tailed

Student's T-test) increases in CAT levels compared to the untreated control.

Figure.63. Ascorbate peroxidase (APX) enzyme activity in M. aeruginosa treated with
Cu?', Ni?*, and Cd?>* for 96 h. Vertical bars represent the standard error of the mean
(n=3). All treatments with Cu?*, Ni?*, and Cd** resulted in statistically significant (P >
0.05, Two-tailed Student's T-test) increases in APX levels compared to the untreated

control.

Figure.64. Ascorbate peroxidase (APX) enzyme activity in A. doliolum treated with
Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean
(n=3). All treatments with Cu?*, Ni**, and Cd?*" resulted in statistically significant (P >
0.05, Two-tailed Student's T-test) increases in APX levels compared to the untreated

control.

Figure.65. Glutathione reductase (GR) enzyme activity in M. aeruginosa treated with
Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean
(n=3). All treatments with Cu?*, Ni?*, and Cd** resulted in statistically significant (P >
0.05, Two-tailed Student's T-test) increases in GR levels compared to the untreated

control.

Figure.66. Glutathione reductase (GR) enzyme activity in A. doliolum treated with
Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean
(n=3). All treatments with Cu?*, Ni**, and Cd?*" resulted in statistically significant (P >
0.05, Two-tailed Student's T-test) increases in GR levels compared to the untreated

control.
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CHAPTER-1

INTRODUCTION

1.1. HEAVY METAL POLLUTION

1.1.1 Water and Its Importance

Water is precious and indispensable habitat for a wide range of organisms,
serving as the cornerstone of life on Earth. Water ecosystems must be protected and
preserved in order to sustain biodiversity, provide ecosystem services, and ensure the
health and well-being of both natural and human societies. Moreover, clean water is
critical for sustaining life and enhancing human health, as well as supporting
ecosystems and driving economic growth.

Drinking water is an integral element of our lives and is critical for our health.
Clean water is utilized for a variety of purposes, including cooking, personal hygiene,
and agriculture. It can assist to avoid water-borne infectious illnesses, keep the body
functioning normally, and encourage a healthy lifestyle. It is essential for good
sanitation and hygiene habits including handwashing, bathing, and waste disposal.
Improved sanitation facilities, together with access to clean water, help to reduce the
transmission of infectious illnesses and promote general health.

Clean water is necessary for agricultural production, such as irrigation,
livestock farming, and aquaculture. Adequate water quality and availability are vital
for agricultural and farm animals, maintaining food security and providing livelihoods
for millions of people throughout the world.

The Earth's water cycle is a complicated system that includes evaporation,
precipitation, groundwater, rivers, lakes, and the ocean. Clean water is an important
component of this cycle since it acts as an evaporator and precipitator. When water
quality deteriorates, contaminants in precipitation rise, which can have a severe
influence on ecosystems and the climate.

Clean water is crucial for climate regulation. First, clean water maintains

atmospheric humidity and promotes precipitation. Second, bodies of water like lakes
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and rivers retain a lot of fresh water, which helps to regulate temperatures (Cosgrove
and Loucks 2015). Most significantly, aquatic bodies, such as wetlands, serve as vital
sites for carbon sequestration. Wetlands and other aquatic ecosystems have the ability
to absorb and retain significant amounts of carbon. These ecosystems retain organic
matter from plants and soil, lowering the quantity of carbon dioxide in the atmosphere
and contributing to lower greenhouse gas emissions, delaying climate change (Villa
and Bernal 2018; Were et al. 2019).

Providing access to clean water is a worldwide requirement that necessitates
collective efforts from governments, communities, corporations, and people to protect

human health, ecosystems, and promote sustainable development.
1.1.2. Heavy Metals

The term "heavy metal” lacks a universally accepted definition and can vary based on
density, atomic weight, or toxicity. One definition considers density, classifying
metals exceeding 5 g/cm? as heavy metals (Tchounwou et al. 2012). However, Duffus
(2002) argues that this definition is problematic as it may include non-toxic elements
and excludes metalloids, which often exhibit similar environmental behaviors.
Another approach defines heavy metals based on atomic mass greater than 23 or
atomic number exceeding 20. This method, however, is prone to errors and confusion
due to the inclusion of non-metals (Koller and Saleh 2018).

Despite the lack of a single, agreed-upon definition, certain elements are
widely recognized as heavy metals due to their high density and potential
environmental risks. These include titanium, vanadium, chromium, manganese, iron,
cobalt, nickel, copper, zinc, arsenic, molybdenum, silver, cadmium, tin, platinum,
gold, mercury, and lead (Briffa et al. 2020). This research specifically investigates the
biosorption of three prevalent heavy metals: nickel (Ni), copper (Cu), and cadmium
(Cd). These elements are frequently encountered in various environmental settings and
pose significant ecological concerns.

Heavy metals are divided into two types i.e. essential and non-essential heavy
metals. Essential heavy metals such as cobalt (Co), copper (Cu), iron (Fe), manganese
(Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn) plays an important role in growth
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and development of plants (Arif et al. 2016). In low concentrations, essential heavy
metals are regarded less harmful and function as co-enzymes in the biological process.
For example, iron is found in hemoglobin and myoglobin, whereas cobalt is found in
vitamin B12 (Rama Jyothi 2021). Essential heavy metals, although necessary for some
biological functions, can also become hazardous to health and physiological function
at high cellular concentrations. In extreme cases, they may even be carcinogenic (Kim
et al. 2019). Unlike essential heavy metals, chromium (Cr), lead (Pb), arsenic (As),
cadmium (Cd), and mercury (Hg) pose a significant threat to living organisms. These
non-essential metals are highly toxic even at low concentrations, non-biodegradable,
and have a multitude of harmful impacts (Slobodian et al. 2021). Essential elements
can be further classified into three distinct categories: major elements, macrominerals,
and trace elements. The fundamental building blocks of most living organisms are
constituted by the major elements: hydrogen, carbon, nitrogen, and oxygen (Mitra
2015).

Macrominerals, on the other hand, comprise integral elements crucial for
maintaining ionic balance within structural compounds, amino acids, and nucleic
acids. These include sodium, magnesium, phosphorus, sulfur, chlorine, potassium, and
calcium, with their categorization often based on atomic number (Ali 2023). Trace
elements, encompassing thirteen elements identified by their atomic number,
encompass silicon, vanadium, chromium, manganese, iron, cobalt, nickel, copper,
zinc, arsenic, selenium, molybdenum, and iodine. Notably, essential elements play a
multifaceted role in biological processes, including fostering skeletal structure
formation, regulating acid-base equilibrium, and maintaining colloidal systems. They
further serve as vital constituents of key enzymes, structural proteins, and hormones
(Nimbalkar et al. 2018). For example, zinc is a component of numerous enzymes, iron
is a critical element in hemoglobin, and selenium is essential for the enzyme
glutathione peroxidase (Sedighi et al. 2014; Jeng and Chen 2022). Conversely, non-
essential heavy metals lack any known beneficial role within the human body.
However, they can still exert detrimental effects through their potential to disrupt the
homeostasis of essential elements within the body (Ali et al. 2019; Briffa et al. 2020).
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1.1.3. Sources of Heavy Metal Pollution

Since the planet's formation, heavy metals have been constituents of Earth's crust. The
exponential increase in heavy metal use has led to a concomitant rise in their
bioavailability within aquatic and terrestrial ecosystems, resulting in heavy metal
pollution. This pollution primarily stems from anthropogenic activities, including
mining, metal processing facilities (foundries and smelters), and other metal-based
industries. Additionally, various sources contribute to heavy metal leaching into the
environment, such as improperly disposed waste (garbage and landfills), animal waste
(urine, manure), agricultural runoff, vehicle emissions, and road construction activities
(Zhou et al. 2020; Masindi et al. 2021; Rama Jyothi 2021).
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Fig.1.1. Different sources of heavy metal pollution discharge into the environment.

Agriculture fields are also a secondary source of heavy metal contamination
from herbicides, insecticides, fertilizers, and other chemicals. Heavy metals can also
be released into the environment through natural processes such as volcanic activity,

metal corrosion, metal evaporation from soil water and sand, soil erosion, and
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geological weathering (Mohammed et al. 2011; Srivastava et al. 2016; Masindi et al.
2021; Alengebawy et al. 2021; Sodhi et al. 2022; Wu et al. 2022).

Heavy metals may travel large distances in the atmosphere and may be
deposited on land and water surfaces by precipitation (rain, snow, and dust) (He et al.
2023). Industrial emissions, automobile exhaust, and natural occurrences such as
volcanic eruptions and wildfires all contribute to atmospheric heavy metal levels
(Malik and Kaur Sandhu 2023).

1.1.4. Growing Threat of Heavy Metal Contamination in Water Resources

Heavy metal contamination is a major threat to the environment and human
health, particularly in developing nations. Heavy metals can infiltrate the food chain
through plants' roots, contaminating crops, vegetables, and soil. These metals can also
interact with DNA and nuclear proteins, causing DNA damage and affecting the cell
cycle (Agbemafle et al. 2019). This poses the greatest risk for the land, crops, and
communities surrounding dumpsites. Heavy metal-polluted soil poses health concerns
to humans, pollutes groundwater, causes phytotoxicity in plants, and reduces crop and
soil output. Plant roots act as the primary pathway for heavy metal uptake, leading to
their subsequent bioaccumulation within the food chain, posing a significant threat to
animal and human health (Nyiramigisha et al. 2021). Unlike biodegradable
contaminants of biological origin, heavy metals persist in the environment for
extended periods, potentially lasting for decades or even centuries. This persistence is
compounded by their ability to bioaccumulate within living organisms. Through this
process, heavy metals progressively concentrate in tissues and are magnified as they
move up the food chain, ultimately posing a significant threat to higher trophic levels,
including humans (Uddin et al. 2021).

Heavy metal pollution in aqueous environments poses significant threats to
both ecosystems and human health due to the non-degradability, bioaccumulation, and
biomagnification of these heavy metals in organisms, either directly or indirectly
through the food chain (Fu and Wang 2011; Ali and Khan 2018). These heavy metals
can adversely affect various organs, including the kidneys, central nervous system, and
lungs (Gybina and Prohaska 2008; Reglero et al. 2009), with the majority being

reported as carcinogenic (Afroze and Sen 2018; Leong and Chang 2020). Furthermore,
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heavy metal ions can be hazardous to plants and animals in the soil environment as
they are absorbed by plants and eventually find their way into humans and other

organisms (Mallampati et al. 2013; Dubey et al. 2018).

The escalating threat posed by heavy metal contamination in water resources
demands a holistic approach encompassing pollution prevention, rigorous monitoring
programs, robust regulatory frameworks, and effective remediation strategies.
Sustainable water management practices, including stringent pollution control
measures, watershed conservation efforts, and ecological restoration initiatives, are
crucial for safeguarding water quality and ensuring the health of both human

populations and the environment for present and future generations.
1.2. HEAVY METAL ACCUMULATION IN ALGAE AND CYANOBACTERIA

The process of metal accumulation in algae and cyanobacteria is a complex interplay
between uptake mechanisms and detoxification strategies. These microorganisms have
evolved a range of sophisticated mechanisms to fight with challenge of acquiring

essential elements while avoiding the detrimental effects of heavy metals.
1.2.1. Mechanism of Heavy Metal Uptake in Algae and Cyanobacteria

The detrimental effects of heavy metal pollution on aquatic ecosystems are well-
documented. Algae and cyanobacteria, being primary producers at the base of the food
chain, play a crucial role in these ecosystems. Understanding their mechanisms of
heavy metal uptake is essential for assessing their tolerance and potential

bioremediation applications.
I. Intracellular Uptake

Intracellular uptake refers to the movement of heavy metals across the cell membrane
and into the cytoplasm of algae and cyanobacteria. This process can be further divided

into two main categories:

a. Active Transport:
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This is a highly regulated and energy-dependent mechanism. Specific transport
proteins embedded in the cell membrane play a crucial role. These proteins recognize
and bind to specific metal ions or complexes containing metal ions. The binding
triggers a conformational change in the protein, facilitating the translocation of the
metal ion across the membrane and into the cytoplasm (Dhir 2021; Radzyminska-
Lenarcik et al. 2022). This process requires energy derived from the hydrolysis of ATP
(adenosine triphosphate), the cell's primary energy currency. The selectivity of these
transporters is crucial, as they often have some affinity for essential elements with
similar chemical properties to certain heavy metals. This can lead to the unintentional
co-transport of essential elements alongside heavy metals, highlighting the delicate
balance algae and cyanobacteria must maintain (Tangahu et al. 2011).

Recent research has shed light on a team of membrane transport proteins
crucial players in management of metal ions across the cell membrane system. These
proteins act like specialized gatekeepers embedded in the plant's cell membrane. Just
like a symphony relies on various sections, plants including algae and cyanobacteria
utilize a diverse array of these transport protein families, including the CDF (cation
diffusion facilitators), ZIP (Zrt-, Irt-like proteins), CAX (cation exchangers), COPT
(copper transporters), HMA (heavy-metal P-type ATPases), NRAMP (natural
resistance-associated macrophage proteins), and ABC (ATP-binding cassette)
transporters (Paulsen and Jr. 1997; Bowers and Srai 2018; He et al. 2020, 2022; Rekha
et al. 2021; Wang et al. 2021; Bozzi and Gaudet 2021). Interestingly, these families
are quite extensive. For instance, the Arabidopsis plant boasts 15 ZIP genes, 12 MTP
(metal tolerance protein) genes, and 8 HMA genes (Zheng et al. 2018; Zhang et al.
2021; Wang et al. 2022). Despite this impressive lineup, much remains to be
discovered about their specific roles. Studies are still deciphering the exact metals each
transporter handles, how their activity is regulated, and where within the cell they

operate.

b. Membrane Transport Mechanisms
Specific transport proteins located in the cell membrane play a critical role in
facilitating the uptake of essential elements (Pizzagalli et al. 2021). These

transmembrane proteins are highly selective and utilize ATP to actively transport
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nutrients against their concentration gradient, ensuring a sufficient supply for cellular
processes (Ryu et al. 2019). Examples of such transporters include those specific for
phosphate (P), iron (Fe), and nitrogen (N). These essential elements often share similar
chemical properties with certain heavy metals. For instance, some phosphate
transporters exhibit unintended affinity for arsenic (As), which has a similar structure
to phosphate (Blaby-Haas and Merchant 2012; Gill et al. 2021). This can lead to the
unintentional co-transport of As into the cell, even though it is not essential and can be
detrimental. Similarly, iron transporters may take up other divalent metal ions like
cadmium (Cd) or copper (Cu) if they are present in the environment (Shcolnick and
Keren 2006; Huertas et al. 2014). This non-specific uptake highlights the challenge
faced by algae and cyanobacteria in maintaining a balance between acquiring essential
nutrients and avoiding harmful heavy metals.

Channel proteins also play a significant role in heavy metal uptake, particularly
for smaller ions. These transmembrane proteins form pores that allow the passage of
ions and molecules across the cell membrane. The size and charge selectivity of these
channels are determined by their specific amino acid composition and conformation.
Channel-mediated uptake of heavy metals can be passive, relying on the concentration
gradient across the membrane, or facilitated by chelating molecules that bind to the
metal ion and influence its passage through the channel (Pasricha et al. 2021;
Witkowska et al. 2021). Tight regulation of channel opening and closing is crucial for
maintaining cellular homeostasis. Overly permissive channels can lead to excessive
uptake of heavy metals, while overly restrictive channels can hinder the uptake of
essential nutrients. Understanding the specific mechanisms of channel-mediated heavy
metal uptake and its regulation is an essential area of research in this field (Ma et al.
2009; Bird 2015).

c. Facilitated Diffusion:

Facilitated diffusion offers a rapid and efficient way for plants to acquire essential
metal ions across their cell membranes. Unlike active transport, which requires energy
input in the form of ATP, facilitated diffusion relies solely on the concentration
gradient across the cell membrane. Embedded within the cell membrane are

specialized channel proteins. These proteins act like selective pores, allowing the
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passage of specific ions and molecules based on size, charge, and sometimes even
specific chemical properties. In the case of metal transport, certain channel proteins
have evolved to recognize and facilitate the movement of essential metal ions like iron
(Fe), copper (Cu), and zinc (Zn) across the membrane (Puckett et al. 2010; Jain et al.
2018; Briffa et al. 2020).

Facilitated diffusion relies on the principle of diffusion, where molecules move
from an area of high concentration to an area of low concentration. This passive
movement continues until equilibrium is reached, where the concentration of the metal
ion is equal on both sides of the membrane. While channel proteins facilitate the influx
of essential metal ions, their selectivity isn't always perfect. Factors like size and
charge similarity can sometimes lead to the unintentional passage of non-essential
heavy metals. For instance, a channel protein designed for copper (Cu?*) might also
allow the passage of cadmium (Cd?*) due to their similar ionic charge (Thévenod et al.
2019). Various factors, such as the presence or absence of specific signal molecules or
changes in environmental conditions, can influence the opening and closing of these
channels (Briffa et al. 2020).

Energy Requirements for Intracellular Uptake: As mentioned earlier, active
transport mechanisms involve significant energy expenditure in the form of ATP
hydrolysis. This energy cost ensures that the uptake process is tightly regulated and
allows the algae/cyanobacteria to prioritize the acquisition of essential elements while

minimizing the influx of potentially toxic heavy metals.
I1. Extracellular uptake

Extracellular uptake refers to the accumulation of heavy metals on the outer surface of
the cell, primarily on the cell wall and the surrounding EPS (extracellular polymeric
substances) layer. This process is passive and does not require energy input. Functional
groups present on the cell wall (e.g., carboxyl, hydroxyl, sulfate, phosphate) can
interact with metal ions through electrostatic interactions, chelation, or ion exchange
(Pagliaccia et al. 2022; Raji et al. 2023). These interactions lead to the non-covalent
binding of metal ions to the cell wall, effectively sequestering them outside the cell.

The EPS layer also plays a significant role in biosorption. The complex carbohydrates
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present in the EPS can bind metal ions through similar mechanisms, reducing their
bioavailability in the surrounding environment (Vijayaraghavan and Yun 2008). This
extracellular accumulation serves as a first line of defense, preventing the heavy metals
from directly entering the cell and minimizing the need for energy-intensive

intracellular uptake processes.
1.3. CELLULAR DETOXIFICATION MECHANISMS
I. Role of Cell Wall and Extracellular Polymeric Substances (EPS):

Algae and cyanobacteria possess cell walls that act as the first barrier against heavy
metal influx. The composition of the cell wall varies considerably among different
algal and cyanobacterial species (Woitzik et al. 1988; Popper et al. 2014; Spain and
Funk 2022). For example, diatom cell walls are primarily composed of silica (SiOz)
frustules (Kroger and Poulsen 2008), while green algae often have cell walls rich in
cellulose and hemicellulose (Domozych et al. 2012). These polysaccharides can
contain functional groups like carboxyl, hydroxyl, sulphate, amino and phosphate,
which can interact with metal ions through electrostatic interactions, chelation, or ion
exchange (Okajima et al. 2008). Proteins embedded within the cell wall can also play
a role in heavy metal binding. The specific composition and structure of the cell wall
thus influence its affinity for different heavy metals and can determine the initial extent
of metal ion interaction and potential uptake.

Extracellular Polymeric Substances (EPS) are complex secretions produced by
algae and cyanobacteria that surround the cell wall and form a mucilaginous layer.
This layer is composed of a variety of biopolymers, including carbohydrates (such as
polysaccharides), proteins, nucleic acids, and lipids (Kawaguchi and Decho 2000;
Ramirez-Mora et al. 2018). The specific composition of EPS can vary depending on
the algal/cyanobacterial species and environmental conditions. However,
carbohydrates are generally the most abundant component, and they play a significant
role in heavy metal interactions (Jiao et al. 2010). The functional groups present on
these carbohydrates, like carboxyl, hydroxyl, sulfate, and phosphate, can form
complexes with metal ions through chelation, adsorption, or ion exchange (Olenska et

al. 2021). This EPS layer acts as a biosorption matrix, reducing the bioavailability of
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free metal ions in the surrounding environment. By binding metals to its EPS, algae
and cyanobacteria can limit their uptake and potential toxicity. Additionally, EPS can
influence the speciation of heavy metals, affecting their mobility and transport in

aquatic systems.
Il. Role of Redox Transformations

Heavy metals can undergo redox transformations at the cell surface, altering their
charge and potentially influencing their uptake. This process is mediated by enzymes
on the cell surface cyanobacteria. For instance, some cyanobacteria can reduce toxic
Cr(VI), the chromate ion, to the less toxic Cr(lll), the chromic ion (Barakat 2011;
Reddy et al. 2024). This reduction changes the chromium's oxidation state, making it
less soluble and bioavailable. As a result, the chromium is less likely to be taken up by
the cyanobacteria. Similarly, some microbes can oxidize As (111) to As (V), which is
less toxic and more easily sequestered (Cavalca et al. 2013; Drewniak and Sklodowska
2013). These redox transformations are a crucial detoxification mechanism employed

by algae and cyanobacteria to protect themselves from heavy metal exposure.
I11. Intracellular Detoxification Strategies

Once heavy metals cross the initial barriers of the cell wall and membrane, algae and
cyanobacteria face the challenge of minimizing their intracellular toxicity. They have

evolved a sophisticated detoxification strategies to neutralize these threats.
a. Chelation with Ligands: A Molecular Cage

Chelation is an important detoxification strategy employed by algae and
cyanobacteria. It involves the binding of heavy metal ions with specific organic
molecules called ligands (Sears 2013; Chugh et al. 2022). These ligands act like
molecular cages, sequestering the metal ion within their structure and reducing its
interaction with vital cellular components. Common ligands used in this process

include:

i.  Glutathione: This low-molecular-weight thiol (sulfhydryl group-containing)

peptide is ubiquitous in most living organisms and plays a vital role in
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detoxification. In algae and cyanobacteria, glutathione can bind to various
heavy metals, including Cu, Cd, Pb, and Hg (Burford et al. 2005; Rubino
2015). The thiol group on the glutathione molecule readily forms strong
covalent bonds with the metal ion, effectively neutralizing its potential for

cellular damage.

ii.  Metallothioneins (MTs): These are small, cysteine-rich proteins with a high
affinity for heavy metals. The cysteine residues in MTs contain thiol groups
that form strong complexes with metal ions, effectively sequestering them
(Carpené et al. 2007; Ruttkay-Nedecky et al. 2013). MTs offer several
advantages for detoxification (Amiard et al. 2006; Yu et al. 2019): (i) Their
high affinity for heavy metals allows them to bind even low concentrations
effectively; (ii) The cysteine residues can participate in redox reactions,
potentially transforming the metal ion to a less toxic form; (iii) MTs can be
localized in specific cellular compartments, further isolating the metals from

sensitive cellular processes.
b. Compartmentalization: Cellular Segregation

Plant cell and certain algae can compartmentalize heavy metals within the cell, further
minimizing their potential for disrupting cellular functions (De Caroli et al. 2020). This
primarily involves sequestering the metals in vacuoles, which are membrane-bound
sacs within the cytoplasm. These vacuoles act as storage compartments for various
unwanted substances, including heavy metals. By transporting metals into vacuoles,
plant cells can isolate them from the rest of the cell's essential machinery. This not
only reduces the potential for direct interaction between the metal ions and sensitive
cellular components but also allows for the accumulation of high metal concentrations
within the vacuole without disrupting the overall cellular homeostasis. The transport
process is mediated by specific transport proteins located in the vacuolar membrane
(Etxeberriaetal. 2012; Sharmaet al. 2016). These proteins recognize and bind to metal
ions or complexes containing metal ions, facilitating their translocation across the
membrane and into the lumen (internal space) of the vacuole. The vacuolar membrane

can also contain ATP-dependent pumps that actively transport metal ions against their
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concentration gradient, ensuring efficient sequestration (Martinoia et al. 2000; Collins
and Forgac 2020). Additionally, vacuoles may contain enzymes that can further
modify or detoxify the sequestered metals (Nowicka 2022). This comprehensive
compartmentalization strategy allows plant cell to effectively mitigate the threat posed

by heavy metals.
c. Active Efflux Pumps: Pumping Out the Threat

Some algae and cyanobacteria possess active efflux pumps embedded in their cell
membrane (Kato et al. 2015). These pumps are transmembrane proteins that utilize the
energy derived from the hydrolysis of ATP to transport heavy metal ions out of the
cytoplasm and across the cell membrane. This active transport process is crucial for
eliminating excess metal ions that may have entered the cell inadvertently through
passive diffusion or non-specific transporters. The specific type and efficiency of these
efflux pumps can vary across different species. Some efflux pumps are specific for a
particular metal ion (Hajiagha and Kafil 2023), while others can transport a wider
range of metals (Hasani et al. 2019). Additionally, the expression and activity of these
pumps can be influenced by various environmental factors, such as the concentration
of the metal ion in the surrounding environment, pH, and nutrient availability (Blanco
et al. 2016; Nové et al. 2020). Understanding the regulation of these efflux pumps is
an important area of research, as it could provide insights into how algae and

cyanobacteria adapt to different environmental metal burdens.

1.4. REMOVAL OF HEAVY METALS BY ALGAE AND CYANOBACTERIA
AND REGENERATION

Heavy metal removal by algae or cyanobacteria can be carried out through two main
mechanisms, i.e. bioaccumulation and biosorption. Bioaccumulation is a metabolically
driven active process that requires living cells, whereas the biosorption is a passive
process that can be performed by both dead or living cells (Bloch and Ghosh 2022;
Pandey et al. 2022).

Biosorption is a main method for removing heavy metals from wastewater,

including a variety of processes such as ion exchange, adsorption, surface
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complexation, precipitation, and chelation (Volesky and Holan 1995; Kanamarlapudi
et al. 2018). Metal ions can be rapidly sorbed to the surface of cyanobacteria in the
first stage because their cell walls are generally rich in negatively charged groups that
can serve as heavy metal binding sites. As a result, metal ions can be transferred into
cells via active transporters and carriers, where they are converted into less harmful

forms and stored in vacuoles (Cui et al. 2020; Nowicka 2022).

Biosorption has been considered as a more viable strategy for heavy metal
removal from wastewater than bioaccumulation because it has faster kinetics and does
not harm cells when heavy metal concentrations are high enough to be harmful
(Yaashikaa et al. 2021). Another advantage of biosorption is the capacity to reuse the
cells for several desorption and adsorption cycles, increasing shelf life and, as a result,
economic value (Ciani and Adessi 2023). Various solutions may be employed during
desorption, including strong acid or base, EDTA, and water, depending on the strength
of the binding between metal ions and binding groups, as well as the mechanical and
physical strength of the biosorbents.. (Chatterjee and Abraham, 2019; Agarwal et al.,
2020; Satya et al., 2021). However, numerous parameters are known to influence the
biosorption process, such as pH, temperature, biosorbent dosage, and pretreatment,
which require attention to optimise adsorption capability (Al-Amin et al. 2021).

Algae and cyanobacteria biosorption is generally recognised as an effective,
rapid, low-cost, and eco-friendly treatment method because to the huge surface-to-
volume ratio, the strong anionic character of EPS, and the potential to renew, reuse,
and simply recover the biosorbents (Singh et al. 2016; Agarwal et al. 2022).

1.4.1 Types of Biosorbent

A wide range of biomaterials available in nature has been employed as biosorbent for
the desired pollutant removal. All kinds of microbial, plant and animal biomass and
their derivative products, have received great interest in a variety of ways and in
relation to a variety of substances (VVolesky and Holan 1995). Various microorganisms,
including bacteria, fungi, microalgae, and protozoa, have been studied for their
potential in bioremediation of heavy metals. Certain bacterial that contribute in heavy
metals removal include Bacillus sp., Pseudomonas sp, Arthrobacter sp, Alcaligenes
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sp, Azotobacter sp, Rhodococcus sp, and methanogens (Girma 2015). Among those
bacteria, Bacillus sp. is considered to be a most potential organism for removing
various heavy metals, particularly Gram-positive bacteria (Alotaibi et al. 2021). Fungi
such as Auricularia polytricha, Flammulina velutipes (Li et al. 2018) has been
employed for removal of heavy metals. Chlorococcum humicola (Borah et al. 2020),
Scenedesmus almeriensisis (Saavedra et al. 2018), Phormidium ambiguum (Shanab et
al. 2012), Cladophora glomerata (Al-Homaidan et al. 2018), and Chlorella vulgaris
(Saavedra et al. 2018) are some of the microalgae that has been utilized for the removal
of heavy metals.

Various cyanobacteria species such as Anabaena, Cyanobium, Nostoc,
Cyanothece, Arthrospira, Microcystis , Synechocystis, Spirulina platenis and
Leptolyngbya, have shown effective results on Cu, Cd, Zn, Cr, Pb, Ni, Co or Hg
removal (Zinicovscaia et al. 2015; Mota et al. 2015; Yadav et al. 2021; Bloch and
Ghosh 2022; Pandey et al. 2022). Furthermore, the use of consortia of several
cyanobacteria species or microalgae and other microorganisms might potentially aid
to achieve improved metal tolerance and increased metabolite synthesis, favourably
contributing to metal removal. (Anand et al. 2023).

Besides from the aforementioned natural biosorbents, the following
biomaterials have garnered significant attention in the literature: rice husk (Chuah et
al. 2005), coconut shell (Pino et al. 2006), plant barks (Ighalo and Adeniyi 2020),
leaves (Dey et al. 2023), sawdust (Meez et al. 2021), sugarcane bagasse (Raj et al.
2022), and peat moss (Brown et al. 2000).

EPS derived from various organisms such as bacteria (Tsuneda et al. 2003;
Marvasi et al. 2010; Costa et al. 2018; Angelin and Kavitha 2020), cyanobacteria and
microalgae (Parikh and Madamwar 2006; Boonchai et al. 2015; Xiao and Zheng 2016;
Babiak and Krzeminska 2021), yeasts (Rahbar Saadat et al. 2021; Hamidi et al. 2023),
fungi (Osinska-Jaroszuk et al. 2015; Op De Beeck et al. 2021; Breitenbach et al. 2022),
and protists (Jain et al. 2005; Lee Chang et al. 2014). EPS plays an important role in
metal sequestration because it contains negatively charged groups such as sulphate,
phosphate, carboxyl, and hydroxyl, which can function as chelating agents for
positively charged heavy metals (De Philippis et al. 2011; Olenska et al. 2021). It has

been widely demonstrated using molecular and biophysical approaches such as
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mutagenesis, X-ray spectroscopy, Fourier transformed infrared spectroscopy (FTIR),
and scanning or transmission electron microscopy (Kawaguchi and Decho 2000).

1.4.2 Biosorption by Live and Dead Cells

The biosorption process can occur in either living or dead cells. However, dead
biomass is more often employed since it offers several advantages than living algae
cells. Indeed, dead cells require no nutrition or special environmental conditions and
may be employed with a wide variety of experimental variables (temperature, pH, and
so on). Dead biomass may readily be kept for extended periods of time without losing
efficacy (Huang et al. 2013; Hasyimah et al. 2021). Unlike non-living material, live
algae cells may bioaccumulate heavy metals. This has a significant impact on their
metabolism and is often very poisonous to the cells (Leong and Chang 2020).
Furthermore, since enzymatic activity is sustained in live cells, enzymes may
modify the pollutant through biotransformation or biodegradation, making pollutant
recovery more challenging (Torres 2020). Other often stated benefits of employing
dead biomass over living cells include the ability to renew and reuse the biomass,
simple immobilisation of the dead cells, and easier mathematical modelling of the
kinetics (Chu and Phang 2019). Finally, and most crucially, dead microalgal cells have
been shown to absorb heavy metals more efficiently than living cells (Aksu and Kutsal
1990). Sibi (2014) demonstrated that the biosorption rate of As(l1l) by several types

of microalgae was much greater when dead biomass was used rather than active cells.
1.4.3 Cell Wall Components

Algae and cyanobacteria's cell walls are mostly made up of carbohydrates,
proteins, and lipids, all of which have negatively charged functional groups on their
surfaces. These groups can capture and hence remove metal ions from their
surroundings through counter-ion interactions, making the cell wall the primary

participant in heavy metal removal (Pradhan et al. 2022).

Cell walls are classified based on the layers that make up their structure. Three
unique conformations have been identified: the cell wall can be made up of a single

microfibrillar layer or both an inner and exterior layer. Depending on the species, the
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outer layer can have one of two structures: a mono-electron-dense layer or three sub-
layers, the latter of which typically contains algaenan (Hoiczyk and Hansel 2000). The
outermost layer of the Chlorella trilaminar layer is made up of sporopollenin, the
middle layer of mannose and chitin-like polysaccharides, and the innermost layer of a
phospholipid bilayer (Dixon and Wilken 2018). The biochemical makeup of
microalgal cell walls varies substantially not only across genera but also between
strains, and it is not consistently comparable to higher plants, where carbohydrates are
always and by far the most important component of the cell wall (Siegel and Siegel
1973).

The functional groups on the outer layer of the algal cell wall interact with the
surrounding environment and can serve as binding sites for positively charged metal
ions that interact with negatively charged groups on the cell wall surface.
Understanding processes like biosorption requires understanding of their
characteristics. Biosorption is the fast and reversible binding of ions from aqueous

solutions to functional groups present on the surface of (Spain et al. 2021).
1.4.4 Biosorption Mechanism

Heavy metals are absorbed by the biosorbent through a variety of ways, various studies
propose different mechanisms dependent on the kind of biosorbent and categorization
criteria. Furthermore, most processes are not completely known due to complexities
in chemical composition of biosorbents. The processes are either defined according to
(@) their dependency on cell metabolism or (b) the site within the cell where the metal
iIs accumulated, which is separated into three types: extracellular
accumulation/precipitation, cell surface sorption/precipitation, and intracellular
accumulation (Aquino et al. 2011).

Cell metabolism-dependent biosorption or bioaccumulation involves transport
across the cell membrane and precipitation, whereas cell metabolism-independent
biosorption involves precipitation, physical adsorption, ion exchange, and
complexation (Javanbakht et al. 2014; Priya et al. 2022).

Physical adsorption
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Physical adsorption occurs on the surface of biosorbent, may be with the cell walls
when dealing with microorganisms, and is facilitated by electrostatic interactions such
as van der Waals forces. The surface area of the biosorbent, as well as the pH of the

solution, influence the physical adsorption mechanism. (Raji et al. 2023).
lon exchange

The ion exchange mechanism involves replacing an ion bonded to the solid phase that
is easily exchanged with another ion in solution. Considering the biosorption in
microorganisms such as bacteria and fungi, it has been discovered that Gandoderma
lucidium biosorbs copper ions by ion exchange mechanism, this is possible in
microorganisms due to the composition of their cell walls, which have polysaccharides
that can ion exchange with their counter ions (Chang et al. 2020). Spirulina, a
cyanobacteria, was capable of biosorbing chromium(l1l), cadmium(ll), and copper(l1)
by ion exchange through identified functional groups including carboxyl, phosphate,
and hydroxyl groups (Kanamarlapudi et al. 2018).

Complexation

Complexation is the process of forming complexes by electrostatic attraction or
covalent bonding between metal ions and organic molecules that act as electron
donors. Chelation is a more complicated sort of complexation in which the organic
ligand forms coordination bonds with the metal ion from many places at the same time,
resulting in a more stable complex. (Nickisch et al. 2023). The affinity of metal ions
and organic ligands which is the most significant factor in complexation is based on
the Hard and soft acids and bases (HSAB) theory, which implies that elements are
classified into hard or soft acids (mainly metals) and hard or soft bases (mainly
nonmetals), hard acids have stronger affinity to hard bases, and so the weak acids and
bases (Lawson et al. 1984; Melnikov et al. 2020). .

Precipitation

Precipitation is the generation of insoluble metal in the form of precipitate, which is

one of the few processes involved in metabolism-dependent biosorption; however,
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precipitation may also be used for metabolism-independent biosorption. In
metabolism-dependent biosorption, precipitation occurs as a reaction by the
microorganisms' active defence mechanism in the presence of an environment
containing hazardous metal ions (Benalia et al. 2022). In metabolism-independent
biosorption, precipitation occurs because of chemical interactions between the
functional groups of the cell wall of the biosorbent and the metal ion; the processes

could involve oxidation-reduction reactions (Abid et al. 2011).
Transport across cell membrane

Heavy metal ion transport across cell membranes is mostly found in microorganisms.
This mechanism consists of two stages: in the first stage, the metal ion binds to binding
sites on the microorganism's cell wall, which is referred to as independent binding
metabolism, and in the second stage, the metal ion is transported across the cell
membrane into the cell, which is referred to as metabolism dependent intracellular
uptake (Foulkes 2000). The mechanism replicates the process of absorption of vital
ions by the cell; it has been suggested that cellular metal transport systems are misled
by heavy metal ions with the same ionic radius and charge as the essential metal ions;

nevertheless, the process is not yet well understood (Kerkhove et al. 2013).
1.4.5 Factors Affecting Biosorption

Various different factors can contribute in controlling the mechanisms that include
chemical, stereochemical and coordination characteristics of the metal of interest
which involves the ion mass, ionic radius and the oxidation state of the metal ion
(Kanamarlapudi et al. 2018). The number of reactive binding sites, accessibility and
availability of binding sites, type of binding site, and affinity between the biosorbent's
binding site and the metal ion of interest all have an impact on the biosorption
mechanism (Shamim 2018; Salam 2019). Other parameters that influence biosorption
include pH, temperature, and the complexity of the solution containing the metal ion
(Kanamarlapudi et al. 2018). In certain circumstances, many mechanisms may occur

in a multi-step process. For example, the biosorption of uranium by Aloe vera waste
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comprised physical adsorption, ion exchange, complexation, and precipitation (Ali
Redha 2020).

The surface area of the biosorbent material also affects its biosorption ability, a
larger surface area would boost biosorption under same circumstances. A research
evaluated the biosorption of lead, copper, and zinc ions by (a) dried lettuce leaves and
(b) powdered lettuce leaves (in dry form). Under all circumstances, powdered lettuce
leaves removed more metal than dried ones (Shartooh et al. 2014). .

The presence of more than one metal ion in the same media might affect the
removal of one metal ion on another, since one metal ion may have stronger affinity
to the binding sites of the biosorbent, resulting in competition for the availability of

binding sites (Morales-Barrera et al. 2020).
1.4.6 Kinetics of Biosorption

There are two distinct kinetic models, pseudo-first and pseudo-second order, that are
used to describe biosorption under nonequilibrium conditions. The equations contain
the first and second order constants, ki (min™!) and k2 (gmg ! min™!), as well as the
quantity of heavy metal adsorbed g at time (t) and the maximum amount of heavy
metal adsorbed ge at equilibrium. The huge number of chemical groups within the algal
cell wall allows for a wide range of interactions. The pseudo-first order equation given
by Lagergren (Tseng et al. 2010) describes biosorption in the liquid phase. It discusses
the relationship between solid capacity and the adsorption of liquid solid systems. As
a result, the various microalgal surfaces will have an effect on the kinetics and
parameters.

The pseudo-second order kinetic was proposed by Blanchard et al. (Plazinski
et al. 2013) and has been developed further (Ho 2000). Like the pseudo-first-order
equation, it is heavily dependent on solid capacity, but the presence of two surface
sites is required for the theory to work. The pseudo second order equation also involves
adsorption on the surface inside the first phase and the inclusion of the second phase
(Bullen et al. 2021).

Both equations are often used in tandem to explain the kinetics of biosorption.
Based on the data, these equations have slightly different regression (r?) values.
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Because many of these models are based on empirical data, the kinetic constants will
vary and must be calculated by study-specific curve fitting. Despite being one of the
most feasible techniques, nonlinear regression frequently replaces linear regression
because it permits the use of multiple error functions for the best possible predictions.
(Wang and Guo 2020; Hegazy et al. 2023).

The Intraparticle Diffusion Model is another important kinetic model that
describes the rate-limiting step in the adsorption process, which is frequently the
intraparticle diffusion of adsorbate molecules within biosorbent particles (Das et al.
2014). This model sheds light on the function of intraparticle diffusion in regulating
the overall adsorption kinetics. The model assumes that the rate-limiting stage in the
adsorption process is the diffusion of adsorbate molecules within biosorbent particles.
Intraparticle diffusion is the migration of adsorbate molecules from the bulk solution
into the interior of biosorbent particles. The model takes into consideration the
boundary layer or film diffusion, which happens when mass transfers between the bulk

solution and the biosorbent particles' surfaces (Wu et al. 2009; Wang and Guo 2022).
1.4.7 Biosorption Isotherm

Heavy metal biosorption isotherms can utilized various models, each with a different
number of dependent factors (Chen et al. 2022). These models may explain the amount
of metal ions adsorbed at equilibrium (ge mg g™!) corresponding to their concentration
in the solution (Ce mg L™'). Langmuir and Freundlich equations are two main
parameter isotherm models that are often used to estimate heavy metal adsorption on
algal surfaces (Raji et al. 2023).

The Langmuir empirical model for gas adsorption on a monolayer surface was
created over 100 years ago (Langmuir 1918). The Langmuir model describes the
equilibrium adsorption of molecules on a surface with a finite number of identical
binding sites. It is assumed that adsorption occurs in a single layer on the surface of
the adsorbent material, with no interaction between the adsorbed molecules. The
model assumes that the adsorbent's surface is uniform and homogeneous, with all

binding sites having identical energies. According to the Langmuir model, once a
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molecule has occupied a binding site, no more adsorption may occur (Swenson and
Stadie 2019).

The Freundlich Isotherm (Freundlich 1907) model is another important
equation used to describe the adsorption of molecules onto a surface, especially in
biosorption processes involving pollutants and biological materials. Unlike the
Langmuir model, the Freundlich model depicts multilayer adsorption, which occurs
when adsorbate molecules form multiple layers on the adsorbent's surface. The model
considers a heterogeneous surface with varying adsorption energies and surface
locations, allowing for non-uniform adsorption behaviour. Adsorption is considered to
have an exponential connection between the concentration of the adsorbate in solution
and the amount adsorbed on the surface. The Freundlich model applies to non-ideal
adsorption systems in which the adsorbate-adsorbent interactions are not specifically

monolayer and uniform (Vigdorowitsch et al. 2021; Kalam et al. 2021).

The given models may be used to characterise the interaction of heavy metal
ions with the microalgal surface, as well as to make inferences about the quantities of
heavy metals that are adsorbed. Several alternative isotherm models (e.g., Dubinin-
Radushkevich, Temkin, Flory-Huggins, Hill, Elovich, Sips, Redlich Peterson, etc.)
concentrate on other characteristics, such as the adsorption of aromatics by activated
carbon or the structure of the adsorbent (A.O 2012; Tzabar and Ter Brake 2016;
Ayawei et al. 2017; Hu and Zhang 2019; Chu et al. 2023).

1.4.8 Desorption or Regeneration of Biosorbent

If the biosorption process is employed as an alternative to wastewater treatment, the
regeneration of the biosorbent may be critical for lowering process costs and opening
up the prospect of recovering metals removed from liquid phase. For this, it is
preferable to desorb the sorbed metals and renew the biosorbent material for a
subsequent application cycle. The desorption process should produce concentrated
metals, return the biosorbent to near to its original condition for successful reuse, with
no reduction in metal absorption and no physical changes or damage to the biosorbent
(Park et al. 2010; Bayuo et al. 2020).
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While the biosorbent can be regenerated by washing it with a suitable solution,
the type and strength of this solution are determined by the amount to which the
deposited metal is bound. Dilute solutions of mineral acids, such as hydrochloric,
sulphuric, acetic, and nitric acid, can be employed for metal desorption from biomass
(Pagnanelli et al. 2002; Sudha Bai and Abraham 2003).

Desorbing agents are typically classified into three types: acids (hydrochloric
acid, sulphuric acid, nitric acid, and acetic acid), alkalis (sodium hydroxide, sodium
hydrogen carbonate, sodium carbonate, and potassium hydroxide), and chelating
agents (ethylenediaminetetraacetic acid) (Lata et al. 2015). In terms of speed and
desorption %, acidic desorbing agents outperformed basic and neutral agents. A
suitable desorbing agent should not change the chemical or physical characteristics of
the biosorbent (Patel 2021).

Deionized water (DI water) is utilised in desorption, a step in capacitive
deionization (CDI) systems when electrodes are regenerated. In CDI, a potential
difference is provided between electrodes to adsorb ions from water during adsorption,
and the electrodes are regenerated during desorption. DI water has a higher stripping
capacity than other kinds of water, which helps improve desorption (Al-Juboori et al.
2022; Li et al. 2024). Deionized water contains no trace of ions and pollutants; thus, it
does not introduce new contaminants during the desorption process. This is critical for

ensuring the desorbed substances' integrity and purity.

1.5. HEAVY METAL-INDUCED OXIDATIVE STRESS AND TOLERANCE
MECHANISMS IN ALGAE AND CYANOBACTERIA

In response to heavy metals, algae or cyanobacteria produce a variety of antioxidants,
including superoxide dismutase, catalase, glutathione peroxidase, and ascorbate
peroxidase, as well as low molecular weight molecules like carotenoids and
glutathione. High, or acute, quantities of metal pollution induce harm to algal cells
because ROS (reactive oxygen species) levels surpass the cell's ability to cope. At
lower or chronic levels, algae collect heavy metals and can transfer them on to
creatures at other trophic levels such as molluscs, crustaceans, and fishes (Pinto et al.
2003; Cassier-Chauvat and Chauvat 2014).
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ROS generation in response to heavy metal stress

Aerobic organisms produce a variety of ROS, such as superoxide anion (O2),
hydrogen peroxide (H20>), singlet oxygen (*O2), and hydroxyl radical (OH") (Juan et
al. 2021). These substances are natural byproducts of oxidative metabolism and
constitute an ongoing hazard to all aerobic organisms. Although some of them may
work as key signalling molecules, altering gene expression and modulating the activity
of certain defence proteins, all ROS may be exceedingly toxic to organisms at large
doses (Sharma et al. 2012; Xie et al. 2021). ROS may oxidise proteins, lipids, and
nucleic acids, causing cell structural changes and mutations (Halliwell 2006; Juan et
al. 2021). Many environmental factors can cause oxidative stress in cells by producing
0O2". Thus, modulating antioxidant levels is a key adaptive response to enduring
unfavourable environments. Indeed, maintaining a high antioxidant capacity in cells
has been associated to enhanced resistance to several types of environmental stress
(Xie et al. 2019).

ROS are constantly generated as byproducts of several metabolic processes
that are localised in distinct cellular compartments such as chloroplasts, mitochondria,
and peroxisomes. (Mandal et al. 2011). Photosynthesis occurs in chloroplasts of algae
and higher plants, which feature a highly organised thylakoid membrane system that
includes all components of the light-capturing photosynthetic apparatus and offers all
structural qualities for effective light harvesting. During photosynthesis, O2 is
produced in the chloroplasts and can receive electrons flowing through the
photosystems, resulting in the formation of superoxide radicals (O27). Normally,
electron flow in the PSI is directed to NADP+ from the activated photosystem, which
is then reduced into NADPH. Then it enters the Calvin cycle, reducing the terminal
electron acceptor CO2. However, when ETC is overloaded (due to different stressors),
a portion of the electron flow from ferredoxin is redirected to O2, which is then reduced
to superoxide via the Mehler reaction. PSII additionally supplies electron transfer sites
(QA, QB) for Oz (Kozuleva et al. 2020; Foyer and Hanke 2022).

Finally, the chloroplast contains CuZn-SOD, which converts superoxide into
H202. As a result, triplet chl, ETC in PSI and PSII make the chloroplast a primary
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source of ROS generation. In darkness, mitochondria appear to be the primary ROS
generators. It is believed that 1-5% of the O, consumed by isolated mitochondria
results in ROS generation (Pilon et al. 2011). In mitochondria, complex I, Il, and
ubiquinone of the electron transport chain (ETC) are the primary sites for Oy
production. Furthermore, SOD reduces it to superoxide. In the presence of appropriate
transition metals, particularly Fe, O> converts superoxide and hydrogen peroxide to

OH at neutral pH and ambient temperature-driven Fenton reaction (Asada 2006).
Cellular defense mechanisms against ROS

Organisms have evolved a diverse set of defensive mechanisms to eliminate ROS
before they may harm sensitive areas of the cellular machinery. These are classified as
low molecular weight molecules such as GSH, phenolics, ascorbate, flavonoids,

tocopherols, and carotenoids, as well as high molecular weight enzymatic catalysts.
Superoxide dismutase (SOD)

Superoxide dismutase (SOD) is a metalloprotein that catalyses the dismutation of
superoxide radicals into hydrogen peroxide and molecular oxygen (Sheng et al. 2014).
It serves as the first line of defence against ROS, which are formed in various
organelles such as chloroplasts, mitochondria, and peroximes. It is the most efficient
intracellular enzymatic antioxidant in all aerobic species and subcellular compartments
susceptible to ROS-mediated oxidative damage. It eliminates superoxide radical (02"
), lowering the danger of the most effective OH" through a metal-catalyzed Haber-
Weiss type reaction (Wang et al. 2018; Fuijii et al. 2022).

The enzyme activity of SOD has been observed to increase in response to
numerous environmental factors, indicating a defence mechanism. Choudhary et al.
(2007) investigated the effect of heavy metals (Pb, Cu, and Zn) on Spirulina platensis
and discovered increased SOD activity with increasing metal concentration, indicating
the presence of a ROS scavenging mechanism (O2°) and improving Spirulina platensis
resistance. SOD activity was also elevated in the nitrogen-fixing Cyanobacterium

Anabaena variabilis in the presence of metals (Aftab and Ahmad 2013).

Catalase (CAT)
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Catalase (CAT) is a very important antioxidant enzyme and it is found in nearly all
aerobic organisms. Catalase degrades two hydrogen peroxide molecules into one
molecule of oxygen and two molecules of water in a two-step process (Yuzugullu
Karakus 2020). The chemical pathway begins with the reduction of one hydrogen
peroxide molecule, resulting in the creation of a spectroscopically distinctive
intermediate compound I, a covalent oxyferryl species (FeIVO) with a porphyrin 7-
cation radical. In the second step process, component | is reduced by redox reactions
with a two-electron transfer from an electron donor (the second molecule of hydrogen
peroxide) to create free enzyme, oxygen, and water (Heck et al. 2010; Napolitano et
al. 2021) .

It is produced in peroxisomes by oxidases engaged in B-oxidation of fatty acids,
photorespiration, and purine catabolism. When cells are under energy stress, they
rapidly produce H20> through catabolic mechanisms. Then, catalase offers an energy-
efficient method for degrading H>O>. Thus, Catalase eliminates H>O> without utilising
cellular reducing equivalents, such as NADPH (Kirkman et al. 1999; Lismont et al.
2019).

Ascorbate Peroxidase (APX) and Glutathione reductase (GR)

Ascorbate peroxidase and glutathione reductase are the key enzyme antioxidants of
the Ascorbate-Glutathione cycle, commonly known as the Halliwell-Asada pathway.
The ascorbate-glutathione cycle includes the oxidation and reduction of ascorbate,
glutathione, and NADPH by the enzymes APX, GR, and dehydroascorbate reductase.
APX and GR are critical in the detoxification of ROS produced in a subcellular
compartment of higher plants, algae, and other organisms (Foyer and Noctor 2011;

Hasanuzzaman et al. 2019).

APX is a heme-containing protein that converts H20> to H-O in the chloroplast
through Oz dismutation. To avoid inhibition of calvin cycle enzymes, H.O2 must be
decomposed in chloroplasts (Caccamo et al. 2023). APX degrade H2O; into H>O
molecules by utilising ascorbate as an electron donor and oxidising it to

monodehydroascorbate (MDHA). MDHA can spontaneously dismutase into
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dehydroascorbate (DHA). Dehydroascorbate reductase regenerates ascorbate by
converting NAD(P)H into reducing equivalents. Ascorbate regeneration occurs
through the oxidation of GSH (reduced glutathione) to GSSG (oxidised glutathione).
Finally, GR regenerates GSH from GSSG, utilising NADPH as a reducing equivalent
(Karyotou and Donaldson 2005; Zhang et al. 2023).

Glutathione reductase (GR) is a flavoprotein oxidoreductase present in both
eukaryotic and prokaryotic cells. It is mostly present in chloroplasts, although a small
amount has also been discovered in mitochondria and the cytosol. It is an essential
enzyme in the ascorbate-glutathione cycle that maintains the Glutathione (GSH) pool,
which is particularly important for many metabolic regulatory and antioxidative
activities in plants. Glutathione peroxidase, like Ascorbate peroxidase, decomposes
H>0> to H20 by directly reducing it with GSH (Bashir et al. 2007; Harshavardhan et
al. 2017). GR expression is elevated during stress such as changes in salinity, drought,
high light intensity, mechanical wounding, cold, and exposure to heavy metals
(Romero-Puertas et al. 2006).

1.5. BASIS FOR RESEARCH EXPLORATION

Recent interest has turned towards harnessing the potential of biological materials,
such as plants and microorganisms, and their byproducts, for heavy metal removal
(Nnaji et al. 2023). Of particular interest are native biomass and (EPS) derived from
microorganisms, which have demonstrated promising capabilities as effective sorbents
for a wide range of heavy metals (Sudhakar et al. 2020; Yadav et al. 2020; Zeng et al.
2022).

In comparison to conventional heavy metal removal methods, cyanobacteria-
mediated heavy metal removal shows promise as a cost-effective, in vitro operable,
and environmentally friendly approach. Cyanobacteria, such as M. aeruginosa and A.
doliolum predominantly harness EPS for the biosorption of metal ions due to the
prevalence of negatively charged functional groups within their structure. This
distinctive attribute renders them highly promising chelating agents, particularly well-
suited for targeting and removing positively charged heavy metal ions from aqueous
solutions (De Philippis 1998; Al-Amin et al. 2021).
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Extensive research investigations have elucidated the efficacy of EPS derived
from diverse microorganisms, encompassing cyanobacteria and bacteria, in their
capacity to adsorb and subsequently eliminate heavy metal contaminants from aqueous
solutions (Pal and Paul 2008; Gupta and Diwan 2017; Concordio-Reis et al. 2020).
Microbial EPS contain a variety of functional groups that contribute to their metal-
binding capacity. Commonly identified functional groups within EPS include
carboxyl, phosphate, amine, sulfhydryl and hydroxyl groups (Huang et al. 2022).
These functional groups serve as binding sites for heavy metal ions, forming
coordination complexes through chemical interactions such as ion exchange,
chelation, and electrostatic interactions.

M. aeruginosa and A. doliolum, a commonly occurring and bloom forming
cyanobacterium, exhibits substantial EPS production and metal-binding properties
(Pradhan et al. 2007). While previous studies have explored the metal-binding
potential of EPS derived from various bacterial and cyanobacterial species, limited
research has been specifically conducted on the EPS of M. aeruginosa and A. doliolum
(De Philippis 1998; Gupta and Diwan 2017). Therefore, further investigation is needed
to explore the sorption and removal efficiency of cadmium, copper and nickel using
native biomass and EPS derived from these cyanobacteria in aqueous solutions. This
study aims to comprehensively investigate the sorption and removal of cadmium,
copper and nickel using native biomass and EPS derived from M. aeruginosa and A.
doliolum in aqueous solutions. The underlying research hypothesis postulates that the
EPS derived from both cyanobacteria will demonstrate a notable affinity towards
cadmium, copper and nickel, consequently leading to the proficient extraction of these
metals from the aqueous phase. The proposed mechanisms of sorption encompass the
coordination of metal ions with the functional groups inherent to the EPS structure,
alongside electrostatic interactions and complexation processes (Duan et al. 2020).

1.5. OBJECTIVES OF THE RESEARCH
i) Identification and quantification of cell surface associated proteins, sugars,
amino acids and other metal binding ligands and functional groups in the test

cyanobacterium.
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1) To estimate the densities of the proton binding site in the intact cell and
isolated sheath.

iii) To study the kinetics and mechanisms of metal binding on to intact
cyanobacterial cell and isolated sheath.

Iv) To study the defence mechanism against heavy metal toxicity on live cells of

cyanobacteria.
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CHAPTER 2
MATERIAL AND METHODS

SECTION I. BIOSORPTION EXPERIMENTS

2.1. Organism and Growth Condition

The freshwater cyanobacterium, Anabaena doliolum and Microcystis aeruginosa were
selected for the present study. In this study the cyanobacteria samples were collected
from a paddy field located in Aizawl, Mizoram, India. To ensure purity, the collected
sample underwent a purification process using the agar-plating method. Subsequently,
the purified cyanobacterial strains were cultured and maintained in CHU-10 growth
medium (Table 1.1). The pH of the growth medium was carefully maintained at 7.2 +
0.2 to create an optimal environment for the growth and development of the

cyanobacteria culture.

Table 2.1.1 Composition of Chu-10 Medium for Cyanobacteria Culture:

Macronutrients gLt Micronutrients gL?
KNOs 0.04 MnCl2.4H,0 0.5

K2HPO4 0.01 NaxMo004.2H,0 0.01
MgS0s.7H20 0.04 H3BO3 0.5

NazSiOs 0.02 CuS04.5H,0 0.02
Ferric citrate 0.003 CoCl: 0.04
Citric acid 0.003 ZnS0Oq4 0.05

The culture was subjected to a controlled light-dark photoperiod of 10-14 h, simulating
natural day-night cycles, within a specially designed culture room equipped with air
conditioning. The culture room was maintained at a temperature range of 30-35°C, as
it is conducive to the optimal growth of Cyanobacteria. These culture conditions were
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implemented to provide the ideal growth conditions for Cyanobacteria and ensure the
reliability and consistency of the experimental results obtained in this study.

2.2. Chemical and Reagents

All the chemicals used in the studies were analytical grade from Merck, India. Milli-
Q ultrapure water was used throughout the investigation. Heavy metals (Copper,
Cadmium and Nickel) were selected for this study and stock solutions of 1000 mg L™
concentrations were prepared by dissolving copper chloride (CuCly), cadmium
chloride (CdCl2.H20) and nickel chloride (NiCl..6H20) in Milli-Q water.

2.3. Extrapolymeric Substances (EPS) production

To induce EPS production in cyanobacteria, a 250 mL aliquot of sterilized Chu-10
medium is added to a sterilized 1.0 L Erlenmeyer flask. Following aseptic transfer, 50
mL of prepared cyanobacterial culture inoculum is introduced into the flask containing
the growth medium. The contents are then gently hand-shaken to ensure proper mixing
and aeration. This inoculated flask is subsequently placed in an incubator set at the
optimal temperature for the specific cyanobacterial species, mimicking the light
conditions described earlier (refer to "Culture of cyanobacteria for both species"”
section). To maintain culture homogeneity and prevent settling, the flask is shaken
twice daily using a shaker. The culture is then allowed to grow and produce EPS under
these controlled conditions for a period of 30 days, although this duration may require

optimization depending on the chosen species and desired EPS yield.
2.4. Extraction of EPS

This section describes the extraction of EPS from cyanobacterial cultures with minor
modifications to the method established by Parikh and Madamwar (2006).

The process involves following steps:

i.  Cell Separation: The cyanobacterial culture supernatant containing EPS is first
separated from the cells. This is achieved by centrifugation at 15,000 g for 40
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Vi.

min at 15°C. After centrifugation, the cell pellet is discarded, and the

supernatant containing the EPS is retained.

Volume Reduction: The collected supernatant is then concentrated to reduce its
volume by approximately 75%. This is accomplished by heating the
supernatant on a magnetic stirrer at 60°C for 10-12 h. The evaporation process

concentrates the EPS present in the solution.

EPS Precipitation: Cold acetone, equal in volume to the concentrated
supernatant, is added to induce EPS precipitation. The mixture is kept at 4°C

overnight, allowing the EPS to precipitate out of solution.

Purification by Re-dissolution and Precipitation: The precipitated EPS is
resuspended in Milli-Q water. This re-dissolution step helps remove any non-
EPS contaminants. The precipitation with cold acetone is then repeated at least
twice to further purify the EPS. Each re-dissolution and re-precipitation cycle
enhances the purity of the extracted EPS.

Dialysis: Following the final precipitation, the crude EPS is further purified by
dialysis against Milli-Q water for 20 h at 4°C. Dialysis removes any remaining

low molecular weight contaminants present in the EPS solution.

Freeze-drying: Finally, the dialyzed EPS solution is subjected to freeze-drying.
This process removes the water content, resulting in concentrated, powdered

EPS for further analysis or storage.

2.5. Chemical Analysis of Cyanobacterial Biomass and EPS

This section details the chemical analysis methods employed to quantify various

components of the cyanobacterial biomass and extracted EPS.

Preparation of sample solution

ii.

The 100 mg of dry biomass was weight and dissolved in 100 mL Milli Q water
making the concentration Img mL™".
Similarly, 100 mg of EPS were taken and dissolved in 100 Milli Q water

making the concentration 1 mg mL"".
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2.5.1 Total Saccharide Content

The Anthrone method (Yemm and Willis, 1954) was employed to estimate the total

carbohydrate content within the cyanobacterial cultures. Glucose served as the

standard for carbohydrate quantification.

Procedure:

A 0.2 mL aliquot of cyanobacterial culture was dispensed into test tubes. The

volume was then adjusted to 1 mL using ultrapure water (Milli-Q water).

Five milliliters of 0.2% Anthrone reagent prepared in concentrated sulfuric
acid (H2SO4) was added to each tube, followed by thorough mixing using a

vortex mixer.

After cooling the tubes, the mixtures were incubated in a water bath at 90°C

(boiling water) for 10 min.

Following incubation, the tubes were cooled to room temperature, and the

absorbance was measured spectrophotometrically at 620 nm against a blank.

The total carbohydrate content was estimated using the previously generated
standard curve prepared with glucose.

2.5.2 Total Protein Content

The protein content of both M. aeruginosa and A. doliolum cultures was quantified

using Lowry's method (Lowry et al., 1951). Bovine Serum Albumin (BSA) served as

the standard for calibration.

Procedure:

A 0.2 mL aliquot of cyanobacterial culture was added to test tubes, followed

by volume adjustment to 1 mL with distilled water.
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Vi.

5 mL of alkaline copper solution (prepared with 2% sodium carbonate in 0.1
N NaOH, 0.5% CuSOa+5H-0, and 1% potassium sodium tartrate) was added to

each tube.
The mixture was incubated for 10 min at 60°C in a water bath.

After incubation, 0.5 mL of 0.1 N Folin-Ciocalteu reagent was added, and the

tubes were incubated in the dark for 30 min at room temperature.

Following incubation, the developed dark blue color was measured

spectrophotometrically at 660 nm absorbance against a blank.

Protein content was determined quantitatively using the previously generated

standard protein calibration curve.

2.5.3 Total Amino Acid Content

The amino acid content of both M. aeruginosa and A. doliolum biomass, and their

extracted EPS was quantified by using Ninhydrin method (llyas et al. 2020). Leucine

was served as the standard for calibration.

Principle

Ninhydrin is a powerful oxidizing agent that decarboxylates the alpha amino acids and

yields an intense bluish purple colour which is measured colorimetrically at 570 nm.

Materials

Cyanobacteria biomass and EPS solution

ISEE

8% Ninhydrin reagent
c. 50% ethanol

Distilled water

i

Reagent preparation

a. Ninhydrin reagent (8%)
4 g of Ninhydrin was dissolved in 50 mL of distilled water.
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b. Lecine standard solution
50 mg of Leucine was dissolved in 50 mL of distilled water in

volumetric flask.

Procedure:

ii.

iil.

1v.

Vi.

Vil.

Viil.

1X.

0.1 ml-1.0 mL of standard amino was pipette out to the test tubes and the
volume was adjusted to 4 mL by adding distilled water for standard solution.
For unknown concentration of sample, 0.2 mL of biomass sample and EPS
solution was taken in the test tube and similarly, volume was adjusted to 4 mL
by distilled water.

4 mL of distilled was added to the test tube which was used as a blank.

Then 1 mL of Ninhydrin reagent was added to all the test tubes including blank
and unknown concentration.

Mixed the solution properly by using the vortex mixture.

After covering the mouth of test tube, they were place in the boiling water bath
for 15 min.

Then the test tube was kept in the cold water and 1 mL of ethanol was added
to each test tube and shaken properly.

The absorbance was recorded at 570 nm in colorimeter.

The amino acid content was quantitatively determined by using the standard

protein calibration curve generated.

2.6. Scanning Electron Microscopy (SEM) Imaging

SEM is another effective imaging technique for studying the surface morphology and

topography of materials at high resolution. SEM works by scanning a concentrated

electron beam across the surface of a specimen and detecting the numerous signals

produced by the electron beam’s interaction with the material.

Sample preparation

100 mL of M. aeruginosa and A. doliolum culture was taken in a separate flask, two

of which were centrifuge at 6000 g then the supernatant was discarded and the biomass
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was dry freeze to obtained powder form of biomass. The other two flask of culture was
centrifuged at 15000 g for 40 min at 15°C and the supernatant was further process for

EPS extraction as described in section 2.13.

Sample loading

The powder biomass and EPS were subjected to SEM (JSM 6390LV, Tezpur

University) to obtained micrograph image of the biomass and EPS.
2.7. Energy Dispersive X-ray (EDX) Spectroscopy

EDAX is an analytical method widely used in combination with scanning electron
microscopy (SEM) to determine the elemental composition of materials. The primary
premise of EDX is the production of X-rays from a specimen using an electron beam.

X-rays are created based on the properties and nature of the elements in the sample.
Sample loading

The powder biomass and EPS obtained for both heavy metals treated and untreated
onto M. aeruginosa and A. doliolum were further subjected to EDX for compound
analysis. The sample were evaporated with carbon fiber or rod (carbon coating) and

the thickness of the film was kept between 5-20 nm.

2.8. Transmission Electron Microscopy (TEM)

TEM is an effective technology for visualised the interior structure of materials at very
high resolution, down to the atomic level. The primary principle of TEM is to record
a photographic picture of the electron flux after it passes through a tiny sample of the

specimen being studied.
Sample preparation

The 100 mL culture of M. aeruginosa and A. doliolum was taken in a different flask
and four flask each from the culture was treated with 5 mg Lt of Cd?*, Cu?* and Ni?*
for 12 h and the two flask of untreated culture were then centrifuge at 6000 g for 10

min after that the supernatant was discarded and the biomass was freeze dried. For
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EPS, again 100 mL of culture from the flask, similarly, it was taken in a separate flask
and treated with Cd?*, Cu?* and Ni?* for 12 h then it was centrifuge at 15000 g for 40
min at 15°C including the two flask of untreated culture. The biomass was discarded
and supernatant was process for isolation of EPS as mentioned in extraction method
(Section 2.13).

Sample Loading

The powder biomass of M. aeruginosa and A. doliolum, and their powder EPS was
further analyzed in TEM (TECNAI G2 20 S-TWIN-200KV; Resolution: 2.4A°,
Tezpur University) for micrograph image where the powder sample was loaded on the
carbon coated copper grid within a thinned (electron transparency) central area (3 mm

diameter).
2.9 FTIR Analysis of Biomass and EPS
Sample Preparation:

1. EPS:

a. The extracted EPS was first dissolved in Milli-Q water to create a

solution with a concentration of 1 mg mL™.

b. This EPS solution was then subjected to a 12-hour treatment with three
different heavy metals: Cu?*, Cd?*, and Ni?*. The concentration of each

heavy metal was 5 mg L.

2. Cyanobacterial Cells:

a. The cyanobacterial culture was centrifuged at 6,000 g for 10 min to

separate the cells from the culture medium.

b. The cell pellet was then washed three times with Milli-Q water to

remove any residual culture medium components.
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c. After washing, the cyanobacterial cells were re-suspended in Milli-Q
water and subsequently treated with the same heavy metals (Cu?*, Cd?*,

and Ni?*) at a concentration of 5 mg L™ for 12 h.

d. After the treatment the cyanobacterial cells were centrifuged at 6000 g

for 10 min and the biomass pellets was re-suspended in distilled water.

Measurement:

i. Both the treated and untreated samples (EPS and cyanobacterial cells) were

analyzed using FTIR spectroscopy.

i. The instrument employed for this analysis was an IRAffinity-1S

spectrophotometer from Shimadzu.

Analysis:

i. FTIR analysis provides information about the functional groups present within
a sample based on the characteristic absorption patterns of different chemical

bonds.

ii. By comparing the FTIR spectra of treated and untreated samples, researchers
can identify potential changes in the functional groups of the EPS and
cyanobacterial cells caused by exposure to heavy metals. These changes
might indicate interactions between the heavy metals and specific functional

groups within the samples.

2.10. Liquid Chromatography Mass Spectrometry

LC-MS is a sophisticated analytical method that separates, identifies, and quantifies
chemical components in complicated mixtures. The basic principle behind LC-MS is
that Liquid Chromatography (LC) separates the components of a sample depending on
their affinity or retention strength during the stationary and mobile phases, and then

Mass spectrometry (MS) generates and detects charged ions.

Sample preparation
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20 mg of EPS powder from both M. aeruginosa and A. doliolum were taken in a flask
then hydrolyzed using 30 ml of 2M Trifluoroacetic acid (TFA) at 100 °C in water bath

till it dries into powder again. Then the hydrolysates was suspended in the same

amount of methanol. The suspension was process in LCMS instruments (Thermo

Fischer Scientific Pte. Ltd; Q-Exactive Plus Biopharma-High Resolution Orbitrap, IIT
Bombay SAIF).

Sample loading

The sample was loaded into the instrument by injecting the liquid sample into the

column.

2.11 Adsorption Study of Heavy Metals by Cyanobacterial Biomass and EPS

Materials:

a. Dried cyanobacterial biomass

b. Extracted EPS solution (1 mg mL™)

c. Milli-Q water

d. Heavy metal solutions (Cd?*, Cu?*and Ni?*) with varying

concentrations (1-10 mg L)

Procedures:

1. Biomass Adsorption:

100 mg of dried cyanobacterial biomass was added to 10 mL of Milli-Q
water in glass vials.

The vials were then treated with varying concentrations of heavy metal
solutions (Cd?*, Cu?* and Ni?*) ranging from 1 mg L™ to 10 mg L.

The vials were agitated on an orbital shaker at 120 rpm for 1 h at room
temperature (28 = 2.0 °C). This shaking step ensures proper mixing and

contact between the biomass and the heavy metal solution.

2. EPS Adsorption:
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i. 10 mL of the EPS solution (1 mg mL?) was mixed with varying
concentrations of heavy metal solutions (Cd?*, Cu?* and Ni?*) similar to the
biomass experiment (1-10 mg L™).

ii.  The mixture was incubated for 1 hour to allow for heavy metal adsorption
onto the EPS.

3. Sample Preparation for AAS Analysis:

i. Biomass: After shaking, the heavy metal concentration remaining in the
supernatant (Ce, mg L) was directly measured using Atomic Absorption
Spectroscopy (AAS). This determines the amount of metal adsorbed by the
biomass.

ii.  EPS: Following the 1-hour incubation, an equal volume of cold ethanol (80%
v/v) was added to the EPS-metal mixture to precipitate the EPS. This
separation step is necessary because directly analyzing the mixture with AAS
would be challenging due to the presence of EPS.

iii.  The mixture was then centrifuged at 6,000 g for 10 min to pellet the
precipitated EPS.

iv.  The supernatant containing the remaining free heavy metal ions was
collected and passed through a Whatman filter paper no. 1 to remove any
residual EPS particles.

v.  Finally, the filtered supernatant was analyzed using AAS (Shimadzu, Model:
AA-7000F) to determine the equilibrium concentration (Ce, mg L!) of heavy

metals in the presence of EPS.

Calculations:
1. Amount of Adsorbed Metal (ge, mg g™%):
The amount of heavy metal adsorbed per unit weight of biomass or EPS at equilibrium

(qe, mg gt) was calculated using Equation (1):

(Ci_ce)V
qQe == 1)

Where:

Ci (mg L) - Initial concentration of the heavy metal solution
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Ce (mg L) - Equilibrium concentration of the heavy metal in the supernatant (for

biomass) or after EPS separation (for EPS)
V (L) - Volume of the solution (10 mL in this case)
W (g) - Amount of dried biomass (0.1 g in this case) or the amount of EPS in 10

mL of the 1 mg ml-1 solution (which can be calculated based on the concentration

and volume)

2. Percentage Removal of Heavy Metals:

The percentage removal of heavy metals by the biomass or EPS was calculated using
Equation (2):

% removal = (@) x 100 (2)

1

Here, Ci and Ce have the same definitions as in Equation (1).

2.12. pH Optimization for Enhanced Heavy Metal Biosorption

Procedure

il.

1il.

1v.

V.

vil.

The 100 mg dried biomass was suspended in 100 ml Milli-Q water and 100
mg of EPS also suspended in 100 ml Milli-Q water making 1 mg ml"' EPS
solution.

The pH of the solution was adjusted from 2.0 to 9.0 using 0.1N HCI or NaOH
for both the biomass and EPS.

After pH adjustment, the solution was treated with Cu**, Cd**and Ni** (5 mg
L") for 1 hour to facilitate biosorption.

After the treatment the biomass suspension was centrifuged at 6000 g for 10
min and the biomass was discarded.

Cold ethanol was added to the EPS solution after the treatment to precipitate
the EPS and centrifugation at 6000g for 10 min separated the EPS
precipitates.

Then the supernatant was filtered with No. 1 Whatman filter paper for a clear
solution.

Concentration of heavy metals in the filtrate was determined by Atomic

Absorption Spectroscopy (AAS).
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2.13. Kinetic Study

Experimental Design:

In this experiment, Cd?*, Cu?* and Ni2* adsorption by cyanobacterial biomass and EPS
were investigated, along with the kinetic aspects of this process. For both biomass and
EPS, varying concentrations of heavy metals (1-10 mg L) were added and the
remaining metal content (Ce) was measured after shaking to assess adsorption
capacity. A separate experiment was conducted to study the metal removal over time
(0-240 min) using AAS analysis following the separation of the biomass/EPS from the
solution at different time intervals. The data was then used to calculate adsorption
capacity (ge) and % removal efficiency. Kinetic models were subsequently applied to
gain insights into the rate-limiting factors affecting heavy metal uptake by both

biomass and EPS.

Procedure:

i.  Each test tube contained 100 mg of dried biomass mixed with 10 mL of
Milli-Q water.
ii.  The mixture was then treated with 10 mL of the heavy metal solution (Cd?*,
Cu?* or Ni%").
iii.  Forthe EPS experiment, the procedure mirrored the biomass experiment, but
instead of biomass, 10 mL of the EPS solution (1 mg mI) was used.
iv.  Ateach designated time interval (0, 30, 60, 120, 180, and 240 min), samples
were collected from the corresponding test tubes.
v.  The samples were filtered to separate the biomass or EPS (biosorbent) from
the remaining solution.
vi.  Thefiltrate from the biomass experiment was directly analyzed using Atomic
Absorption Spectroscopy (AAS) to determine the equilibrium concentration
(Ce) of the heavy metals in the solution. This indicates the amount of metal
adsorbed by the biomass at that specific time point.
vii.  The filtrate from the EPS experiment required additional processing before
AAS analysis. Cold ethanol was added to precipitate the EPS, followed by
centrifugation (6000 g) to separate the precipitated EPS pellet. Finally, the
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remaining supernatant was passed through a filter to remove any residual
EPS particles. This filtrate was then analyzed using AAS to determine the

Ce of heavy metals in the presence of EPS.

Data Analysis:

The AAS data, representing the Ce of heavy metal ions at different time points, was

used to fit well-established kinetic models:

a. Pseudo-first-order model
b. Pseudo-second-order model
c. Intra-particle diffusion model

2.14. Thermodynamic Analysis of Heavy Metal Biosorption Experimental Design

i. A 10 mL solution containing a specific heavy metal (Cu**, Cd*", or Ni*") at
a concentration of 5.0 mg L' was used.

ii.  Two separate experiments were conducted:

a. Biomass Experiment: 100 mg of cyanobacterial dried biomass was
added to the heavy metal solution.

b. EPS Experiment: 1 mL of EPS solution (1.0 mg mL™) was added to
the heavy metal solution.

1ii.  The temperature was varied from 283 K to 332 K (10°C to 60°C) over a
period of 1 h. The temperature was monitored using a glass rod mercury
thermometer.

iv.  After the 1 h incubation at a specific temperature, the samples were
centrifuged at 6,000 g for 10 min to separate the biomass or EPS from the
solution.

v.  The supernatant was then filtered to obtain a clear solution for analysis.

vi.  The concentration of remaining heavy metal ions (Ce, mg L-1) in the solution

was measured using Atomic Absorption Spectroscopy (AAS).

Thermodynamic Parameter Calculations:
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Vant Hoff's equations (SenthilKumar et al. 2011; Sargin and Arslan 2015) were

employed to calculate key thermodynamic parameters:

a. Enthalpy (AH®): Represents the heat change associated with the biosorption

process.

b. Entropy (AS°): Represents the change in randomness or disorder during

biosorption.

c. Gibbs Free Energy (AG®): Indicates the spontaneity of the biosorption reaction
under specific conditions.

These parameters provide insights into the energetic favorability and spontaneity of
heavy metal removal by the biomass or EPS, highlighting the influence of temperature

on the process.

Following Equations (3), (4), and (5) were used to calculate the enthalpy
(AH®), entropy (AS®), and Gibbs free energy (AG®):

_ e

ke=7¢ 3
AS° AH°

Inke = ——— 4)

AG® = AH® — TAS® (5)

Where ge (mg g?): Equilibrium concentration of adsorbed heavy metal ions, Ce (mg
L?): Concentration of heavy metal ions remaining in the solution and kc Equilibrium

constant
2.15. Kinetic Models

(i) Pseudo first order Kinetics

The expression below represents the pseudo-first-order rate kinetics (Moussout et al.
2018):
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qe = qe(1 —e™¥1b) (6)

Where, ge (Mg g1) is the quantity of heavy metals adsorbed at equilibrium, g: (mg g™)
represents adsorption at time t (min), ki (g mg™® min) is the rate constant, and n
denotes the number of order of reaction. The values of the parameters ge and ki were

derived through non-linear curve fitting of time-course data employing equation 6.
(ii) The pseudo second order kinetics

The pseudo-second-order rate kinetics, as proposed by Ho (2000), can be expressed
by the following equation:

q; = Qezkzt
t qek2t+1

(7)

Where, k2 is the pseudo-second-order rate constant (mg g min?). The values of
constant k> and ge were calculated from non-linear curve fitting of time-course data

using equation 7.
(iii) Intra-particle diffusion

The time course adsorption data were analyzed using the intraparticle diffusion
model, introduced by Das et al. (Das et al. 2014).

qt = kat®® +1 (8)

Where, q: (mg g) is the equilibrium heavy metals sorption at time (t), ka (Mg
g* min*?) represents the intraparticle diffusion rate constant, and | is the intercept. The
values of Kq and | were calculated from the non-linear curve fitting of kinetic data

employing the above equation.
2.16. Assessment of Interference from Other Metals
An investigation was conducted to assess how the presence of additional heavy metal

ions affects the adsorption of Cu?* and Ni?* by cyanobacterial biomass and EPS.
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Experimental Design:

i. Binary solutions were prepared containing varying concentrations of Cu?* (1-
10 mg L) and Ni?* (1-10 mg L.

ii. To achieve binary mixtures, a constant concentration of 5 mg L of either Cu?*
or Ni%* was added to solutions with varying concentrations of the other metal
ion (1-10 mg L%). For instance, for solutions with varying Cu®

concentrations, a fixed concentration of 5 mg L™ Ni?* was considered.

iii. Subsequently, biomass (100 mg) and EPS (10 ml) were added to these binary

solutions.

iv. The adsorption of Cu?* in the presence of Ni%* and vice versa was studied for
a duration of 1 h at room temperature.

This experiment aimed to determine if the presence of one heavy metal ion (Cu?* or

Ni2*) affects the adsorption of the other by the cyanobacterial biomass and EPS.
2.17. Adsorption Models

This section describes three mathematical models commonly used to analyze

adsorption processes: Langmuir, Freundlich, and Temkin isotherm models.
(1) The Langmuir Isotherm Model

Developed by Irving Langmuir (1918), this model describes a scenario where
adsorption occurs as a single layer on a uniform surface. It assumes no interaction

between adsorbed molecules. The Langmuir equation is represented as::

— QmKLCe
e 1+k1Ce (9)

where,
de (Mg g1): Equilibrium adsorption of heavy metals

Ce (mg L™): Equilibrium concentration of heavy metals
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kL (L mg™): Constant related to the free adsorption energy
Qm (Mg gY): Maximum adsorption potential

The values of Qm and ki are determined by fitting experimental data to the Langmuir

equation using non-linear curve fitting techniques.
(if) The Freundlich Isotherm Model

The Freundlich model, introduced by Herbert Freundlich in 1907, is an empirical
equation used to describe adsorption onto heterogeneous surfaces. This model assumes

multilayer adsorption can occur. The Freundlich equation is expressed as:
1
qe = kaen (10)

Where:

de (Mg g1): Amount of solute adsorbed per unit mass of adsorbent at
equilibrium

ks: Freundlich constant related to the adsorption capacity

n: Freundlich exponent indicating adsorption intensity or surface

heterogeneity

The values of ks and n are determined by fitting equilibrium adsorption data to the
Freundlich model using non-linear curve fitting.

(iii) The Temkin Isotherm Model

The Temkin isotherm model, proposed by Aharoni and Ungarish (1977), accounts for
interactions between the adsorbed molecules and the surface. It assumes the heat of
adsorption decreases as the surface coverage increases. This model is suitable for

scenarios with non-uniform binding energies on the adsorbent surface. The Temkin

isotherm model is represented by the equation below:

RT
Ge = Z In (ATCe) (11)
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Where:

de (Mg g1): Amount of solute adsorbed per unit mass of adsorbent at
equilibrium

R: Universal gas constant (8.314 J mol 'K ™)

T: Absolute temperature (K)

br: Temkin isotherm constant related to the heat of adsorption (J mol™?)
Ar: Equilibrium binding constant corresponding to the maximum binding
energy (L mol™?)

Ce: Equilibrium concentration of the solute in the solution (mg L)

2.18. Potentiometric Titration Sample Preparation:

Sample preparation

Cyanobacterial cultures were harvested using a centrifuge during their

exponential growth phase.

. The cells and EPS were treated with 5 mg L™ Cd?*, Cu?* and Ni?* for

60 min.

Harvested cells were rinsed with 20 mL of 1.25 mM sodium nitrate

(NaNO3) solution to remove any residual growth media components.

. The washed cells and EPS were suspended in 50 mL of fresh 1.25 mM

sodium hydroxide (NaOH) solution.

The pH of the suspension was adjusted to a specific value of 11.21
using 0.1 N sodium hydroxide (NaOH). This high pH environment

likely promotes deprotonation of acidic groups on the cell surface.

Titration Procedure:
The suspension was titrated with a 0.02 M hydrochloric acid (HCI) solution.

The titration was performed by adding small increments (0.1 mL) of the HCI

solution to the cell suspension at 1 min intervals.
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lii. The pH of the suspension was measured after each HCI addition using a pH

meter.

iv. A magnetic stirrer was used to ensure proper mixing of the cell suspension

during the titration.
Data Analysis:

Gran's method was employed to determine the equivalence point of the titration. This
method involves analyzing the relationship between the volume of titrant added (HCI)
and the second derivative of the pH curve. The equivalence point corresponds to the

inflection point in the second derivative curve (Wang et al., 2011).
Interpretation:

By analyzing the volume of HCI required to reach the equivalence point, we can
estimate the total concentration of acidic functional groups like carboxylic groups on

the surface of cyanobacterial cells.

2.19. Desorption
An experiment was conducted to investigate desorption of heavy metals (Cd?*, Cu?*

and Ni?*) from cyanobacterial biomass and EPS.

Procedure

I. 100 mg of dried A. doliolum biomass and EPS were each exposed to 100 mL
of a heavy metal solution (Cd?*, Cu?* or Ni?*) with a concentration of 5 mg
L-1.

ii.  After a 1h incubation period, the biomass was separated from the solution.
iii.  Forthe EPS, cold ethanol was added to precipitate the EPS from the solution.

iv.  The supernatant (remaining solution) and the residues (biomass or

precipitated EPS) were collected after separation.
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v. An aliquot of 10 mL Milli-Q water was used to wash the biomass/EPS

residues containing the adsorbed heavy metals.

vi.  The washing process involved continuous shaking for 60 min to facilitate the

release of adsorbed metals from the biomass/EPS.

vii.  The wash solution (eluent) containing the desorbed heavy metals was

separated from the biomass/EPS using centrifugation at 6,000 x g for 10 min.

viii.  The amount of heavy metals desorbed from the biomass/EPS was measured

using Atomic Absorption Spectroscopy (AAS) analysis of the eluent.

A previously described equation (Pellegrini et al., 2006) was used to calculate
the percentage of heavy metals desorbed from the biomass/EPS based on the initial

amount of metal adsorbed and the amount recovered in the eluent after washing.

Heavy metals concentration in eluent (mgL™?1)
Heavy metals removal (mg L~1)

Desorption % = X 100 (12)

SECTION II: LIVE CELLS EXPERIMENTS

2.20. Measurement of Survival and Growth

The impact of heavy metals on cyanobacterial growth was assessed by monitoring
changes in optical density (OD) using a UV/VIS spectrophotometer (Systronics-117,
India) at a wavelength of 663 nm. 10 mL of cyanobacterial culture were transferred to
test tubes and supplemented with varying concentrations (0-100 mg L") of the heavy
metals cadmium (Cd?**), copper (Cu?*), and nickel (Ni**). Cultures were incubated for
96 h, with OD measurements taken at 24-hour intervals (0-96 h). Specific growth rate
(ud ™) was calculated using the following equation:
Specific growth rate (%) = =" (13)
274
Where, u stands for specific growth rate, and ni and n, are absorbance of culture

suspension at the beginning (t1) and the end (t2) of the selected time interval.
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2.21. Protein Content Determination

The protein content of both the culture of M. aeruginosa and A. doliolum was
quantified using Lowry's method (Lowry et al. 1951) following the same procedure
describe in section 2.5.2 Bovine Serum Albumin (BSA) served as the standard for

calibration.

2.22. Total Carbohydrates Content

The total carbohydrates content was estimated by following the Anthrone method
(Yemm and Willis 1954) as describe in the section 2.5.1 for both the culture of M.
aeruginosa and A. doliolum. The glucose was used as the standard for saccharide

quantification.
2.23. Photosynthetic Pigment Quantification
Pigment Extraction:

5 ml of cyanobacterial culture were centrifuged at 10,000 rpm for 20 min to collect the
cell pellets. The pellets were then re-suspended in 5 mL of 95% ethanol and incubated
overnight at 4°C in the dark. Following incubation, the suspension was centrifuged
again, and the resulting supernatant was used for pigment quantification (Mimuro and
Fujita, 1977; Kirk and Allen, 1965).

Quantification:

Chlorophyll-a (Chl-a) and Carotenoid (CAR) content were determined
spectrophotometrically using a UV/VIS spectrophotometer.  Absorbance
measurements were taken at specific wavelengths (Chl-a: 665 nm and 649 nm; CAR:
470 nm and 652 nm

Chl-a and CAR concentrations were calculated using the following equations:
Chl-a = 13.7 Aees — 5.76 Asag (14)

CAR = (1000 As70 — 0.474 Aes2)/ 5.34 (15)
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2.24. Oxidative Lipid Damage Assessment

The extent of oxidative lipid damage was evaluated by measuring the total content of

2-Thiobarbituric acid reactive substances (TBARS), expressed as a Malondialdehyde
(MDA) equivalent using the method described by De Vos and Schat, (1991).

Procedure:

1l

1il.

1v.

V.

Cyanobacterial cultures exposed to heavy metals were harvested by
centrifugation at 10,000 rpm for 10 min.

The resulting pellets were treated with 4 mL of a reaction mixture containing
0.25% thiobarbituric acid (TBA) in 10% trichloroacetic acid (TCA) to
homogenize the sample.

The homogenate was then incubated at 95°C for 30 min to induce the
formation of a TBA-MDA adduct.

To terminate the reaction, the mixture was immediately cooled in an ice bath.
Following cooling, the mixture was centrifuged again at 10,000 rpm for 10
min to pellet any cellular debris.

The absorbance of the clear supernatant was measured
spectrophotometrically at 532 nm and 600 nm using a UV/VIS

spectrophotometer.

MDA Equivalent Calculation:

The MDA equivalent, indicative of TBARS content, was calculated using the

following equation:

MDA (mM mg? protein) = (Assz — Asoo)/ 155 (16)

Where, (155 mM* cm™ is Extinction Co-efficient.)

2.25. Hydrogen Peroxide (H.O:) Measurement

The H:0: concentration within cyanobacterial cultures was determined using the

method outlined by Okuda et al. (1991) (Okuda et al. 1991).
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Procedure:

I. Heavy metal-treated cyanobacterial cultures were centrifuged at 10,000 rpm

for 10 min to collect the cell pellets.

Ii. The pellets were then resuspended in 5 mL of 50% trichloroacetic acid (TCA)

and incubated for 10 min at room temperature.

ii. Following incubation, the suspension was centrifuged again. The supernatant

was collected for H.O. measurement, and the cell pellets were discarded.

iv. From the collected supernatant, 1.6 mL was transferred to a new tube and
mixed with 0.8 mL of 50% TCA, 0.8 mL of ferrous ammonium sulfate, and

0.4 mL of 2.5 M potassium thiocyanate. The solution was then shaken well.

v. The absorbance of the mixture was measured spectrophotometrically at 480

nm using a UV/VIS spectrophotometer.

vi. The H20: content was quantitatively estimated using a pre-generated standard

curve relating absorbance at 480 nm to known H20: concentrations.
2.26. Estimation of Superoxide (O2") Radicals

The generation of superoxide radicals (O:") within cyanobacterial cultures was

evaluated using the method described by Achary et al. (2012) .

Procedure:

i. 1.0 mL of cyanobacterial culture was mixed with 6.0 mL of a reaction

mixture containing:
a. 50 mM TRIS-HCI buffer (pH 6.4) to maintain a stable pH environment.

b. 0.2 M NADH (Nicotinamide Adenine Dinucleotide - Reduced) as an

electron donor for superoxide generation.

c. 250 mM sucrose as an osmotic protectant for the cells.
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Ii.  The mixture was then vacuum infiltrated for 15 min to facilitate the entry of

reagents into the cyanobacterial cells.

ii.  Following infiltration, the mixture was illuminated with artificial light at an

intensity of 200 umol m™2 s™! for 24 h to stimulate superoxide production.

iv.  During illumination, a characteristic purple colour developed due to the

formation of a blue formazan precipitate.

v. After incubation, the absorbance of the blue formazan was measured

spectrophotometrically at 530 nm using a UV/VIS spectrophotometer.

Superoxide Radical Quantification:

The O2 content was calculated using the following equation:

Oz (umol g protein) = (A530 x dilution factor) / (¢ x path length x protein content
mg/mL)

Where, As3o is Absorbance at 530 nm, ¢ is Extinction coefficient of formazan (12.8

mM™ cm™), Path length is Cuvette path length (typically 1 cm).
2.27. Hydroxyl Radical (OH-) Activity Assessment

Due to the highly reactive and transient nature of hydroxyl radicals (OH"), direct
measurement within living cells is currently not feasible. However, the method
described by Halliwell and Gutteridge (1984)(Halliwell and Gutteridge 1984) can be

employed to assess the cellular damage caused by OH" radical activity.

Procedure:
1. Sample Preparation:

a. Homogenize 10 mL of cyanobacterial culture in a buffer solution
containing 10 mM sodium phosphate (pH 7.4) and 15 mM 2-

deoxyribose. 2-deoxyribose acts as a substrate for OH- radicals.
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b. Centrifuge the homogenate at 12,000 g for 15 min to separate cell

debris. Collect the supernatant for further analysis.

2. OH Activity Assessment:

a. Take a 0.2 mL aliquot of the collected supernatant and add it to a
reaction mixture containing 3 mL of 0.5% thiobarbituric acid (TBA)

and 1 mL of glacial acetic acid.

b. Incubate the reaction mixture at 37°C for 2 h to allow for the formation
of a coloured product due to the reaction between TBA and products of

OH™ mediated damage to 2-deoxyribose.
3. Quantification:

a. Heat the reaction mixture in a water bath at 200°C for 30 min to further

enhance colour development.
b. Cool the mixture down in an ice bath for 10 min.

c. Measure the absorbance of the cooled solution using a UV/VIS
spectrophotometer at 532 nm. Higher absorbance indicates greater OH-

activity (increased damage to 2-deoxyribose).

2.28. Antioxidative Enzyme Assays
2.28.1 Extraction of Antioxidative Enzymes

Growing cyanobacterial cultures were harvested by centrifugation at 10,000 rpm for
10 min. The resulting pellets were resuspended in a lysis buffer containing:
i. 50 mM Potassium Phosphate buffer (pH 7.0) to maintain a stable pH

environment.

ii. 1 mM Ethylenediaminetetraacetic acid (EDTA) to chelate metal ions that may

interfere with enzyme activity.

iii. 1% (w/v) Polyvinylpyrrolidone (PVP) to prevent protein aggregation during
extraction.

70



The suspension was then sonicated at 350 mA for 2 min under ice-cold conditions to
disrupt the cell walls and release the enzymes. The sonicated lysate was centrifuged at
12,000 rpm for 30 min at 4°C. The resulting supernatant containing the extracted

antioxidant enzymes was used for further assays.

2.28.2 Estimation of Superoxide Dismutase (SOD)

Assay Principle:

This assay measures SOD activity by monitoring its ability to inhibit the reduction of
Nitro Blue Tetrazolium (NBT) (Stewart and Bewley 1980).. NBT is a blue formazan
that turns yellow upon reduction. SOD competes with NBT for superoxide radicals,

preventing its reduction and color change.

Materials:

a. Enzyme extract (supernatant from Section 2.11.1)
b. Reaction mixture containing:

50 mM Phosphate buffer (pH 7.8)

13 mM Methionine

75 UM NBT

2 UM Riboflavin

MM EDTA

Procedure:

i. A reaction mixture was prepared by combining 50 mM phosphate buffer (pH
7.8), 13 mM methionine, 75 uM NBT, 2 uM riboflavin, and 0.1 uM EDTA
in a suitable test tube. The final volume was determined based on the number

of samples being analyzed.

ii. Enzyme extract (prepared in Section 2.11.1) was added (0.2 mL) to 3 mL of

the reaction mixture prepared in step 1. The solution was then mixed gently.
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Iii. Toinitiate the reaction, 2 uM riboflavin was added to the mixture, and the tubes
were shaken gently to ensure proper mixing. As riboflavin is light-sensitive,

this step initiated the generation of superoxide radicals.

iv. The reaction mixture was then incubated under illumination from a minimum
15W fluorescent lamp for 10 min. Light exposure was necessary for

superoxide radical generation.

v. After the 10-min incubation, the light source was turned off immediately. To
prevent further NBT reduction, the tubes were covered with a black cloth or

aluminum foil to block light exposure.

vi. The absorbance of the reaction mixture was measured at 560 nm using a
UV/VIS spectrophotometer. Higher absorbance indicated less SOD activity
(more NBT reduction).

Unit Definition and Calculation:

One unit (U) of SOD activity was defined as the amount of enzyme extract that
inhibited 50% of the initial NBT reduction rate in the absence of the enzyme (Weydert
and Cullen 2010). The amount of enzyme extract producing 50% inhibition was
estimated from a calibration curve generated using different enzyme extract volumes

and plotting the resulting absorbance values.
2.28.3 Catalase (CAT) Activity Assay
Principle:

The activity of catalase (CAT) was determined by its ability to decompose hydrogen
peroxide (H20-) into water and oxygen (Jiang and Zhang 2001). This assay measured
the rate of H20. disappearance by monitoring the decrease in absorbance at 240 nm
using a UV/VIS spectrophotometer. Hydrogen peroxide has a characteristic
absorbance peak at 240 nm, and a decrease in absorbance at this wavelength reflected
CAT activity.
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Materials:
a. Enzyme extract (supernatant from Section 2.11.1)
b. 50 mM Potassium Phosphate buffer (pH 7.0)

c. 10.5 mM Hydrogen peroxide (H20-)

Procedure:

i. A reaction mixture was prepared by combining 50 mM potassium phosphate
buffer (pH 7.0) and 10.5 mM H:0: in a suitable cuvette.

ii. The reaction was initiated by adding 0.2 mL of the enzyme extract (prepared
in Section 2.11.1) to the reaction mixture in the cuvette. The solution was

then mixed gently.

iii. The initial absorbance of the reaction mixture at 240 nm was measured using

a UV/VIS spectrophotometer (Ao).
iv. The reaction mixture was then incubated at room temperature for 2 min.

v. After incubation, the absorbance of the reaction mixture was measured again
at 240 nm (A.).

Calculation of Activity:

The rate of H20- disappearance, directly proportional to CAT activity, was calculated

using the following equation:
Activity (U mg™! protein min™") = [(Ao - A1) / (¢ X t X v)] X protein concentration

where:
Ao = Initial absorbance at 240 nm
Ai = Final absorbance at 240 nm after incubation
¢ = Extinction coefficient of H20: at 240 nm (39.4 mM ' cm™)
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t = Incubation time (min.)
v = Volume of enzyme extract added (mL)

Protein concentration = Amount of protein in the enzyme extract (mg mL™,

determined separately, refer to Section 2.21)
Unit Definition:

One unit (U) of CAT activity was defined as the amount of enzyme that decomposes
1 umol of H202 per min under the assay conditions. The final result was expressed in

units per milligram of protein (U mg™* protein min™).
2.28.4 Ascorbate Peroxidase (APX) Activity Assay
Principle:

Ascorbate peroxidase (APX) activity is determined by its ability to catalyze the
oxidation of ascorbate (ASC) by hydrogen peroxide (H20:) (Jiang and Zhang, 2001).
This assay monitors the decrease in absorbance at 290 nm due to the consumption of
ASC using a UV/VIS spectrophotometer. Ascorbate has a characteristic absorbance

peak at 290 nm, and its decrease reflects APX activity.

Materials:
a. Enzyme extract (supernatant from Section 2.11.1)
b. 50 mM Potassium Phosphate buffer (pH 7.0)
c. 0.5 mM Ascorbate (ASC)

d. 0.1 mM Hydrogen peroxide (H20:)

Procedure:

i. A reaction mixture was prepared by combining 50 mM potassium phosphate
buffer (pH 7.0), 0.5 mM ascorbate (ASC), and 0.1 mM hydrogen peroxide

(H202) in a suitable cuvette. The total volume was adjusted to 1 mL.
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ii.  The reaction was initiated by adding 0.2 mL of the enzyme extract (prepared
in Section 2.11.1) to the reaction mixture in the cuvette. The solution was then

mixed gently.

iii.  Immediately after adding the enzyme extract, the absorbance of the reaction
mixture was measured at 290 nm using a UV/VIS spectrophotometer (initial

absorbance, Ao).
iv.  The reaction mixture was incubated for 1 min at room temperature.

v.  After incubation, the absorbance of the reaction mixture was measured again
at 290 nm (final absorbance, A.).

Calculation of Activity:

APX activity is directly proportional to the rate of ASC disappearance. The activity
can be calculated using the following equation:

Activity (U mg™ protein min') = [(Ao - A1) / (¢ X t X v)] X protein concentration

where:

Ao = Initial absorbance at 290 nm
A = Final absorbance at 290 nm after incubation
¢ = Extinction coefficient of ascorbate at 290 nm (2.8 mM ' cm™)
t = Incubation time (min)
v = Volume of enzyme extract added (mL)
Protein concentration = Amount of protein in the enzyme extract (mg mL™,

determined separately, refer to Section 2.21)
Correction for Non-Enzymatic Oxidation:

A blank control lacking the enzyme extract was included in the assay. The decrease in
absorbance measured in the blank reflects the non-enzymatic oxidation of ASC by
H:0:. This value was subtracted from the decrease in absorbance observed in the

presence of the enzyme extract to obtain the APX-specific activity.
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Unit Definition:

One unit (U) of APX activity is defined as the amount of enzyme that consumes 1
umol of ascorbate per min under the assay conditions. The final result is expressed in

units per milligram of protein (U mg™! protein min').
2.28.5 Glutathione Reductase (GR) Activity Assay
Principle:

Glutathione reductase (GR) activity is determined by its ability to oxidize nicotinamide
adenine dinucleotide phosphate (NADPH) to nicotinamide adenine dinucleotide
phosphate (NADP*) (Schaedle and Bassham 1977). This assay monitors the decrease
in absorbance at 340 nm due to NADPH consumption using a UV/VIS
spectrophotometer. NADPH has a characteristic absorbance peak at 340 nm, and its

decrease reflects GR activity.

Materials:
a. Enzyme extract (supernatant from Section 2.11.1)
b. 0.05 M Tris-HCI buffer (pH 7.5)
c. 0.15mM NADPH

d. 3 mM MgCl.

Procedure:

i. A standard reaction mixture was prepared by combining 0.05 M Tris-HCI
buffer (pH 7.5), 0.15 mM NADPH, and 3 mM MgCl: in a suitable cuvette.

The total volume was adjusted to 1 mL.

ii. The reaction was initiated by adding 0.2 mL of the enzyme extract (prepared
in Section 2.11.1) to the reaction mixture in the cuvette. The solution was

then mixed gently.
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ii. Immediately after adding the enzyme extract, the absorbance of the reaction
mixture was measured at 340 nm using a UV/VIS spectrophotometer (initial

absorbance, Ao).
iv. The reaction mixture was incubated for 5 min at room temperature.

v. After incubation, the absorbance of the reaction mixture was measured again
at 340 nm (final absorbance, A:).

Calculation of Activity:

GR activity is directly proportional to the rate of NADPH disappearance. The activity

can be calculated using the following equation:
Activity (U mg™! protein min™") = [(Ao - A1)/ (¢ X t X v)] X protein concentration

where:

Ao = Initial absorbance at 340 nm

Ai = Final absorbance at 340 nm after incubation

¢ = Extinction coefficient of NADPH at 340 nm (6.2 mM ' cm™)

t = Incubation time (min)

v = Volume of enzyme extract added (mL)

Protein concentration = Amount of protein in the enzyme extract (mg mL"™",

determined separately, refer to Section 2.21)

Unit Definition:

One unit (U) of GR activity is defined as the amount of enzyme that oxidizes 1 umol
of NADPH per min under the assay conditions. The final result is expressed in units

per milligram of protein (U mg™! protein min™).
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CHAPTER 3

RESULTS

SECTION I. BIOSORPTION EXPERIMENTS

3.1. Extra Polymeric Substance (EPS) Extraction

The EPS was extracted from both the M. aeruginosa and A. doliolum which was
obtained in a powder form and stored it under 4°C for further studies and application.

Figure 1 provides a visual flowchart outlining the EPS extraction steps.
3.2. Biochemical Content of Cyanobacterial Biomass and Isolated EPS

This study investigated the presence of metal-binding biomolecules in M. aeruginosa
and A. doliolum, focusing on saccharides, proteins, and amino acids. These molecules
play a critical role in regulating metal ion concentrations within cells (homeostasis)
and have potential applications due to their metal-chelating abilities. The research
quantified the content of these biomolecules in both the cellular material (biomass)
and the surrounding EPS (extracellular polymeric substances).

The results shown in table 1, revealed a higher abundance of all three
compounds in the biomass compared to the EPS for both organisms. M. aeruginosa
biomass contained 36.5 mg g ' of saccharides, 88.3 mg g! of proteins, and 18 mg g*
of amino acids, compared to 21.4 mg g, 52.2 mg g', and 6.8 mg g’ in the EPS,
respectively. A. doliolum displayed a similar trend, with the biomass containing 42.33
mg g of saccharides, 95.5 mg g' of proteins, and 22.9 mg g of amino acids, while
the EPShad 21.3mg g™, 53.4mg g!, and 9.8 mg g, respectively. This suggests these
biomolecules primarily function in maintaining metal homeostasis within the cells.
However, their presence in the EPS indicates a potential role in interacting with and

immobilizing metal ions from the environment.
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Cyanobacteria culture at Mature culture after 30 days Supernatant Volume reduction by magnetic
growing phase (After centrifugation at 15000 g stirrer at 60°C for 12 h

for 40 min at 15°C)

Acetone precipitation
(kept at 4° C for 12 h)

EPS powder Dry-freezing at -51° C for 48 h

Figure.l. Flowchart diagram of the Extracellular Polymeric Substance (EPS)
extraction process from cyanobacterial cultures (M. aeruginosa and A. doliolum). The
purified EPS was freeze-dried and stored at a low temperature (e.g., 4°C) for further

analysis or applications.
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Table.1. Biochemical Content of M. aeruginosa and A. doliolum and its Isolated EPS

Biosorbent
M. Microcystis  A. doliolum Anabaena
aeruginosa EPS EPS
Saccharides (mg g?) 36.5+2.19 2144139  42.33+1.51 21.3+1.09
Protein (mg g}) 88.3+5.29 52.2+3.18 95.5+6.26  53.4+3.31
Amino acids (mg g?) 18+1.08 6.8+0.46 22.9+#1.56  9.8+0.68

3.3. Scanning Electron Microscopy (SEM) Image Analysis

This section analyzes the structure and potential functions of M. aeruginosa and A.
doliolum and EPS (extracellular polymeric substances) isolated from them using
Scanning Electron Microscopy (SEM) (Fig. 29).

Microcystis EPS (Figure.1. A-D):

The EPS exhibits strong and well-defined three-dimensional structures. A key feature
is the presence of interconnected voids and channels throughout the EPS matrix. This
porosity facilitates efficient diffusion and transport of substances within the EPS,
crucial for nutrient exchange and waste management within microbial communities.
The surface of the EPS appears smooth and glistening, suggesting the presence of
specific surface compounds or functional groups contributing to the observed
glittering effect. The combination of intricate 3D structures, porous framework,
distinct surface properties, and branching arrangements likely contributes to the

exceptional metal-binding potential of Microcystis EPS.
A. doliolum EPS (Figure.1. E-H):

The EPS displays a solid surface with irregular shapes, resembling a flowery structure.
This suggests the presence of specific molecular interactions that are critical for their

formation and resilience.
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Similar to Microcystis EPS, porosity is a significant feature within the A. doliolum EPS
structure. The surface appears smooth and shining, indicating distinct visual
properties. This suggests the presence of specific surface compounds or functional
groups contributing to the observed glistening effect. The presence of crystalline rod-
like structures reveals another important feature of A. doliolum EPS. This ordered and
repeating atomic arrangement suggests properties like stability and durability,

highlighting the complexity and diversity of EPS produced by cyanobacteria.

M. aeruginosa (Figure.2. A-D)

The surface of M. aeruginosa displayed robust and consistent 3D structures,
reminiscent of flowers or mushrooms. The porous structure was also observed within
the surface structures which was a salient feature, indicating interconnected voids and
channels across the matrix. The open tubular structures were evident, further
enhancing the complex architecture (Baulina 2012). These tubules potentially
facilitate the movement of fluids, gases, and even microbial cells within the EPS,
contributing to the overall structural robustness of Microcystis aggregates. The
glittering features were also observed potentially indicating the presence of particular

compounds or functional groups on the surface.

A. doliolum (Figure.2. E-H)

The micrograph SEM image of Anabaena doliolum shown to have a fibular structure,
web-like, and the porous structure are clearly visible and it also display some sporadic
structure. The glittering surface is also a salient features of the surface of A. doliolum

indicating the presence of functional group.

3.4. Elemental Composition of M. aeruginosa and A. doliolum using EDX

Energy-Dispersive X-ray analysis (EDX) served as a powerful tool to explore the
elemental composition of the biomass and EPS isolated from M. aeruginosa and A.
doliolum (Figure 4, 5 and Tables 2, 3). This analysis sheds light on the key elements
present and their potential contributions to the overall structure and function of these

components.
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M. aeruginosa biomass and its EPS:

As expected, carbon (C) and oxygen (O) remained dominant in both biomass (C:
69.32%, O: 28.92%) and EPS (C: 54.29%, O: 39.07%), forming the backbone of
essential biomolecules. Interestingly, the biomass displayed a slightly higher
abundance of these fundamental elements compared to the EPS. The analysis revealed
the presence of several cations and trace elements in both fractions. Microcystis
biomass contained potassium (K) at 0.37% and magnesium (Mg) at 0.40%, potentially
contributing to cellular functions and enzyme activity. Trace elements like iron (Fe)
(0.14%) were also detected, possibly playing a role in specific metabolic processes.
The EPS of Microcystis presented a distinct elemental profile compared to the
biomass. Notably, it showed a significantly higher presence of sodium (Na) (9.76%)
compared to the biomass (1.39%). This suggests a potential role for Na+ ions in the
EPS structure or interactions with the surrounding environment. Additionally, the
exclusive presence of copper (Cu?*) and chlorine (Cl) in the EPS hints at their specific

functionalities within this extracellular matrix.

A. doliolum biomass and its EPS:

Similar to Microcystis, C (61.05%) and O (38.13%) dominated the elemental
composition of both A. doliolum biomass and EPS (C: 31.39%, O: 38.69%). This
dominance reflects the prevalence of organic compounds essential for cellular
structure and function. A striking difference between A. doliolum and Microcystis was
the significant amount of nitrogen (N) (24.94%) detected in the EPS. Nitrogen is a
crucial element for protein and nucleic acid synthesis, and its presence in the EPS
suggests its potential role in specific metabolic processes or interactions occurring
within the extracellular matrix. It is remarkable that A. doliolum is known for its
nitrogen fixation characteristics, while M. aeruginosa a non-nitrogen fixing

cyanobacteria.
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Figure.4. SEM-EDX elemental analysis of Microcystis biomass and isolated EPS. (A)
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The analysis identified various cations and trace elements in A. doliolum's
biomass and EPS. The biomass contained magnesium (Mg) (0.22%) and silicon (Si)
(0.27%), which might contribute to structural stability and enzymatic functions. The
EPS displayed a broader spectrum of elements, including phosphorus (P), sulfur (S),
chlorine (CI), potassium (K), and even trace amounts of bromine (Br) and calcium
(Ca). The presence of these elements, particularly Na at a considerably higher level
(4.75%) compared to the biomass (absent), warrants further investigation into their

potential roles within the EPS.

Table 2. Elemental Composition of Microcystis Biomass and its EPS Determined by
SEM-EDX Analysis

Elements Microcystis Biomass EPS

Weight (%) Atomic%  Weight (%)  Atomic %

CK 61.97 69.32 45.38 54.29
OK 34.44 28.92 43.50 39.07
Na K 1.39 0.81 9.76 6.10
Mg K 0.40 0.22 - -

SiK 0.37 0.18 0.23 0.12
PK 0.46 0.20 - -

SK 0.46 0.19 0.21 0.09
KK 0.37 0.13 0.52 0.19
Fe K 0.14 0.03 - -

CIK 0.22 0.09
CukK 0.19 0.04

Note: Values are presented as both weight percentage and atomic percentage.
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Table 3. Elemental Composition of Anabaena Biomass and its EPS Determined by
SEM-EDX Analysis

Elements Anabaena Biomass EPS
Weight (%) Atomic % Weight (%) Atomic %

CK 53.50 61.05 34.66 43.56
OK 4451 38.13 49,52 46.72
Mg K 0.22 0.12 - -

Na K - - 13.40 8.80
Si K 0.27 0.13 0.57 0.31
PK 0.42 0.18 - -

SK 0.21 0.09 0.22 0.10
CIK 0.17 0.07 0.24 0.10
KK 0.46 0.16 0.54 0.21
CuK - - 0.28 0.07
Zn K - - 0.26 0.06
CoK 0.00 0.00 - -

BrL 0.15 0.03 0.17 0.03
CaK 0.11 0.04 0.12 0.05

Note: Values are presented as both weight percentage and atomic percentage.

3.5. Surface Image Characterization of EPS Extracted by Transmission Electron
Microscopy (TEM)

The TEM image of the heavy metal ions absorbed on the surface of the EPS are given
in the figure 6 (Microcystis EPS) and figure 7 (Anabaena EPS). The entry or
accumulation of heavy metal ions into the cell were partially prevented by the presence
of EPS envelope because of its binding affinity to heavy metal ions which may leads

to metals homeostasis (Baptista and Vasconcelos 2006).
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Figure.6. TEM micrograph image of Microcystis EPS: (A-C) Untreated, (D-F) Cd?*
treated, (G-1) Cu?* treated and (J-L) Ni?* treated.
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The micrograph images of EPS from untreated Microcystis aeruginosa shows
a smooth surface with various small dark spot. The transformation of the surface is
clearly visible for Cd?* treated Microcytis EPS. The surface was rough and the porous
structure of irregular shape and size can be observed. The peculiar transformation in
the Cu?* treated in Microcystis EPS was the formation of several big and small,
spherical or oval shapes. The surface structure of Ni%* treated Microcystis EPS show
some web-like structure, it has very irregular structure.

The TEM micrograph 2D image of untreated EPS from Anabaena doliolum
shows wrinkle and robust surface. From the TEM image of Cd?* treated Ana-EPS we
can observe the various dark spot which may be the Cd?* ions deposition, one part of
surface shows complete dark which may be because of Cd?* ions accumulation. There
is no abnormality in the surface can be observe. Cu?* is important micronutrients for
all organisms, but the excess amount of Cu?* have caused severe damage (Ma et al.
2009). Cu?* treated Anabaena EPS image shows visible ultra-structural change in the
surface of EPS. The surface shows to have spiny shape with several porous structures
of irregular shape and size. Anabaena EPS Ni?* treated also shows the structural
change on the EPS surface. A transparent small circular round spot can be observed
from the surface which may be the deposition of Ni?* on EPS.

From the TEM image analysis, it has been found that the surface images of
both the Anabaena EPS and Microcystis EPS are not similar. All the heavy metal-
treated EPS shows changes in the surface structure differently for each heavy metal
treated. The heavy metal-scavenging activity of EPS produced metal precipitation in
polymeric aggregates from contaminated environments, followed by metal

complexation and chelation.
3.6. Functional Group lIdentification by FTIR Analysis

In this study, we employed Fourier Transform Infrared (FTIR) spectroscopy to
unveil the intricate molecular alterations occurring in Microcystis native biomass/EPS
during interactions with Cu?*, Cd?* and Ni?* (Figure 8). Our FTIR spectra presented
distinctive absorption peaks, providing valuable insights into the underlying
mechanisms of metal adsorption. At 450.1 cm™, a peak associated with metal-oxygen
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(M-0) bonds, attributed to metal oxides or hydroxides. The peak at 766.2 cm™, linked
to aromatic C-H bending vibrations, exhibited reduced absorption after Cu?*, Cd®* and
Ni2* biosorption, suggesting interactions with aromatic structures. This points to the
likely binding of Cu?*, Cd?* and Ni** with aromatic rings through n-electron
interactions, causing a decrease in absorption intensity.

Furthermore, the peak at 1220.8 cm™, corresponding to C-O stretching
vibrations (Cheah et al. 2023), exhibited a slight decrease after Cu?*, Cd?* and Ni%*
biosorption, indicating coordination of metals with C-O bonds and potential alterations
in the electronic environment of associated functional groups. The peak at 1640.3 cm"
! linked to C=0 stretching vibrations, displayed lowered absorption, suggesting
binding of Cu?*, Cd?* and Ni?* to carbonyl oxygen atoms (Smjecanin et al. 2023),
potentially impacting electronic and vibrational properties or it might be attributable
to N-H bending vibrations linked with protein compounds found in EPS. An
unexpected peak at 2348.2 cm™, related to atmospheric CO; stretching vibrations
(Tkachenko and Niedzielski 2022), decreased, implying Cu?* and Ni?* interaction with
CO- on the biomass surface, potentially involving electrostatic forces. Lastly, the peak
at 3297.5 cmt, associated with O-H stretching vibrations in hydroxyl groups (Kavita
et al., 2014), decreased after Cu?*, Cd** and Ni?* biosorption, indicating potential
binding to hydroxyl groups and suggesting alterations in hydrogen bonding patterns
and electronic properties.

FTIR has also been utilised to identify the molecular interaction of Cu?*, Cd?*
and Ni%* with A. doliolum biomass and EPS as it provides information on the sample's
chemical composition and functional group. Figure 9 shows the various absorption
peaks, which provide useful details into the underlying mechanism of metal adsorption
onto A. doliolum biomass and EPS. The prominent peak at 450.1 cm™ correspond to
metal-oxygen (M-O) bond, attributed to metal oxides or hydroxides that’s indicates
the binding of Cu?* ions to hydroxyl or oxide groups present on the biomass. Metal
ions such as Cu?* can create metal-oxygen bonds with hydroxyl or oxide functional

groups in biomass, resulting in visible alterations of FTIR spectrum.
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The decreased value in absorbance at this peak indicates a decrease in the
strength of M-O bonds caused by metal ion binding to these functional groups. The
peak at 766.5 cm™ corresponds to C-H bending vibration, which might be caused by
the existence of an aromatic ring in the biomass. After biosorption of Cu?*, Cd?* and
Ni%*, there was a significant shift in the spectrum intensity, which suggests that is due
to the interaction of metal ions with the aromatic rings in the biomass. Metal ions can
attach to aromatic rings via m-electron interactions, resulting in a shift in vibrational
characteristics in the spectrum.

The peak at 1220.8 cm™ can be attributed to C-O stretching vibration in the
glycosidic linkages of polysaccharide chains. This spectrum reveals the presence of
carbohydrate-based components, such as polysaccharides and glycoproteins, which
constitute vital extracellular matrix components that have essential functions in
microbial biofilms. A sharp peak at 1640.5 cm™ relates to C=0 stretching vibrations
associated with amide bonds, or it might be attributable to N-H bending vibrations
linked with protein compounds found in EPS. The peak at 2348.2 cm™ correspond to
O-C-O stretching vibration which is typically associated with absorption of
atmospheric carbon dioxide gas (CO2). A broad spectrum at 3297 cm corresponds to
O-H stretching which is particularly associated with hydroxyl groups. The presence of
hydroxyl groups determines the hydrophilic nature and potential interaction with water

and other polar compounds.
3.7. Liquid Chromatography-Mass Spectrometry (LCMS) Compounds Analysis

Liquid Chromatography-Mass Spectrometry (LCMS) analysis offers a powerful tool
to examine the intricate composition of EPS (extracellular polymeric substances)
isolated from Microcystis and A. doliolum (Tables 3 and 4). By dissecting these
complex mixtures, we can gain valuable insights into the building blocks that define

these essential components.
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Figure.10. Liquid Chromatography- Mass Spectrometry (LCMS) chromatogram of
isolated EPS from M. aeruginosa.
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Table 4. LCMS Compound Analysis of Microcystis EPS

Compound names Formula Annotation Molecular Retention
delta mass  weight time (min)
(ppm)
ile-val-val-lys C22HasNs O -4.77 457.32424 13.769
ile-val-val-lys C22HazNs Os  -4.77 457.32424 14.222
asn-lys-lys Ci6H2Ng Os  -1.16 388.24297 14.393
Gly-Gly-Arg Ci0 H20 N6 O -0.69 288.15441 9.396
thr-ala-arg CisHx N Os -1 346.19612 11.276
ile-ile-pro-val C22Hao N4 Os  -4.75 440.29778 14.461
DL-Valine CsHiiNO2 1.39 117.07914 0.075
ser-pro CsH1aN20O4 -1.07 202.09514 7.98
DL-Valine CsHuNO, 1.39 117.07914 0.681
DL-Valine CsHi1NO> 1.33 117.07913 1.15
Leucine CeHizNO2> -0.29 131.09459 1.449
Pro-Leu C11HoN203 -0.83 228.1472 3.078
Leucine CeHizsN O, -0.29 131.09459 1.106
DL-Proline CsHoNO2 1.24 115.06347 1.057
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Table 5. LCMS Compound Analysis of Anabaena EPS

Compound names Calculated Annotation  Molecular Retention
Formula deltamass  weight time (min)
(ppm)
thr-ala-arg Ci3 H2s Ng Os -1.17 346.19606 10.781
Gly-Gly-Arg Ci0 Ha0 Ng O4 -0.47 288.15447 9.392
thr-ala-arg Ci13 H2s Ng Os -1.17 346.19606 11.222
Pro-Leu Ci1 Hao N2 O3 -0.96 228.14717 3.349
Phenylalanylproline C1a Hig N2 O3 -0.86 262.13152 5.233
his-glu-glu C16 H23 N5 Og -4.09 413.15297 2.63
Val-pro Ci0His N2 O3 -0.62 214.13161 1.544
Leucine Cs HizsN O -0.17 131.09461 1.48
Phe-pro-ala C17 H23s N3 O4 -1.33 333.16841 5.854
Pro-Pro Ci0 His N2 O3 -1.09 212.11586 1.394
ALA-PRO Cs H14 N2 O3 -0.45 186.10036 1.315
ser-pro Cs Hia N2 O4 -0.84 202.09519 8.179
MFCD00025555 Co Hig N2 O3 -0.36 202.13167 1.674
asp-gly-lys C12 H22 N4 Os -0.92 318.15364 2.111
gly-gly-gly-pro C11 Hig N4 Os -0.81 286.12749 1.636
DL-Phenylalanine CoHi1 N O, -0.91 165.07883 2.163
Gly-DL-Phe C11 Hia N2 O3 -1.06 222.10021 2.833
Pro-Leu Ci1 Hao N2 O3 -0.96 228.14717 2.77
gly-pro-pro C12 Hig N3 O4 -1.12 269.13725 1.353
MFCD00025555 Co Hig N2 O3 -0.36 202.13167 2.589
n-Glycyl-DL-leucine Cs His N2 O3 -0.66 188.11597 1.747
glu-pro Ci10 His N2 Os -0.72 244.10575 1.303
DL-Proline Cs Ho N O2 1.24 115.06347 1.067
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Microcystis EPS (Table 4)

Dipeptides (2 amino acids linked together) appear to be the most abundant component
in Microcystis EPS, with examples like ile-val-val-lys and ile-ile-pro-val. Tripeptides
(3 amino acids) are also present, as evidenced by thr-ala-arg. Several individual amino
acids were identified. Leucine, an essential amino acid crucial for protein synthesis
and cellular function, is present. Valine and isoleucine (present within dipeptides)
belong to the BCAA group, potentially contributing to stress tolerance in Microcystis.
The presence of phenylalanine (aromatic, potentially from a degraded protein) in some
dipeptides hints at the diverse range of molecules incorporated into the EPS. Serine
(part of ser-pro) is a polar amino acid that might contribute to interactions with water
molecules and nutrient acquisition. Glycine (present in tripeptides and potentially
other structures) is the smallest amino acid and can provide flexibility within the EPS

matrix.

A. doliolum EPS (Table 5):

Compared to Microcystis, A. doliolum EPS exhibits a greater diversity of identified
compounds. This suggests a more complex EPS structure in A. doliolum. Histidine
(his-glu-glu) introduces a histidine group with an imidazole ring, potentially
contributing to metal binding or pH regulation within the EPS. The presence of gly-
gly-gly-pro suggests the presence of tetrapeptides (4 amino acids) in A. doliolum EPS,
adding another layer of complexity compared to Microcystis.

The LCMS data from both organisms showed a detailed picture of the EPS
composition. Microcystis EPS appears to be rich in dipeptides, potentially favoring a
more rigid structure. In contrast, A. doliolum EPS exhibits a wider variety of
molecules, including longer peptides and potentially unique components, suggesting a
more intricate and adaptable EPS structure. These variations likely influence the
physical properties, interactions with the environment, and overall functions of the
EPS in each organism.

Understanding the specific functions of the identified amino acids and their
arrangements within the EPS matrix would provide deeper insights into their

ecological significance.
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3.8. Probing Surface Chemistry of A. doliolum with Acid-Base Titration

This study utilized acid-base titration to quantify the surface proton binding sites of A.
doliolum and M. aeruginosa (Figure 12). This technique sheds light on the surface
properties of these cells. When cyanobacterial cells were suspended in an acidic
solution, surfaces become exposed to an influx of hydrogen ions (H*). These H* ions
can interact with functional groups on the cell wall, leading to a process called
protonation. Protonation can alter the surface charge of cell, potentially impacting
other surface properties as well. Figure 12 likely depicts titration curve obtained during
the acid-base titration experiment. As more acid is added to the culture suspension
(increasing H* concentration), the solution's pH gradually decreases. The initial
portion of the curve represents the buffering capacity of the cell surface functional
groups as they progressively bind H" ions. A plateau or inflection point in the curve
could indicate the saturation of these binding sites with H* ions, reducing the solution's

ability to hold additional acid.

Table.6: Equivalence Point of pH Titration

Biosorbents

Heavy metals Miccrocystis Anabaena Microcytis Anabaena
(mg L-1) aeruginosa doliolum EPS EPS
0 4.08+0.27 4.10+0.26 3.18+0.23 3.21+0.21
5 (Cd?") 3.23+0.22 3.99+0.25 3.13+0.26 3.16+0.16
5 (Cu?") 3.21+0.20 3.97+0.21 3.12+0.21 3.14+0.20
5 (Ni%") 3.21+0.22 3.91+0.19 3.12+0.25 3.06+0.23
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Figure 12. Surface protonation of cyanobacterial biomass and EPS assessed by acid-
base titration. (A) Microcystis biomass untreated, Cd?*, Cu?* and Ni?* treated, (B)
Anabaena biomass untreated, Cd?*, Cu®* and Ni?* treated, (C) Microcystis -EPS
untreated, Cd?*, Cu?* and Ni?* treated and (D) Anabaena EPS untreated, Cd?*, Cu?*

and Ni?* treated.
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Figure.13. Equivalence point of pH titration for M. aeruginosa, A. doliolum, and EPS
with and without metal treatment. (A) Microcystis biomass untreated, Cd?*, Cu?* and
Ni2* treated, (B) Anabaena biomass untreated, Cd?*, Cu?* and Ni?* treated, (C)

Microcystis EPS untreated, Cd?*, Cu®" and Ni?" treated and (D) Anabaena-EPS
untreated, Cd?*, Cu?* and Ni?* treated.
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Figure.14. Gran’s plot. (A) pH titration of untreated M. aeruginosa biomass, (B) pH

titration of Cd?* treated biomass (C) pH titration of Cu?* treated biomass, and (D) pH
titration of Ni?* treated biomass.
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Figure.15. Gran’s plot. (A) pH titration of untreated A. doliolum biomass, (B) pH

titration of Cd?* treated biomass (C) pH titration of Cu?* treated biomass, and (D) pH
titration of Ni?* treated biomass.
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Figure.16. Gran’s plot. (A) pH titration of untreated Microcystis EPS, (B) pH titration

of Cd?* treated EPS (C) pH titration of Cu?* treated EPS, and (D) pH titration of Ni?*
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Table 6 and Figure 13 show the equivalence point (the point where all acid is
neutralized) during the pH titration of M. aeruginosa, A. doliolum biomass and their
EPS, with and without exposure to Cu?**, Cd**, and Ni*". The equivalence point for
metal-treated samples is generally lower compared to untreated samples. This suggests
that metal binding might alter the surface properties of A. doliolum, potentially
affecting the availability of functional groups for binding H* ions during the titration.

The experiment revealed that metal treatment (Cu**, Cd**, and Ni**) affects the
surface properties of A. doliolum. This is evident from the changes in the equivalence
point observed during the pH titration (Table 6, Fig 13). A lower equivalence point for
metal-treated samples suggests alterations in the availability of functional groups for
binding protons (H*). This implies that metal binding might influence the surface
charge or overall surface chemistry of biosorbent.

Gran’s Plot (Figure 14-17) for M. aeruginosa, A. doliolum, Microcystis EPS
and Anabaena EPS has been utilized for the determination of equivalence point in
acid-base titration method which used linear approximation of the relationship
between the pH and the titrant volume. On addition to basic graph plots of the pH
against the volume of titrant supplied, Gran's plots logarithm of the titrant
concentration (or volume) provides accurate measurement. It predicts on the basis that
the potential and logarithm of titrant concentration exhibit a linear relationship around
the equivalence point. The equivalency point was determined to be the point at which
the plot shows a linear part. This linear part corresponds to the region where the change
in potential with respect to the logarithm of the titrant concentration is most significant

which is generally around the equivalence point.

3.9. Adsorption Studies

3.9.1 pH Optimization

This study investigated how pH influences the removal efficiencies of copper
(Cu?"), cadmium (Cd?*), and nickel (Ni?") by M. aeruginosa, A. doliolum biomass, and

their isolated EPS (extracellular polymeric substances) (Figure 18 and 19). For M.
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aeruginosa, copper (Cu?*) removal is most efficient (reaching 98%) at a pH of 6.5, but
decreases at higher pH. Nickel (Ni*") removal is less affected by pH, staying relatively
constant around 84% across the tested range (pH 2-9). Cadmium (Cd?") removal shows
a unique trend, increasing significantly from 38% at pH 2 to a peak of 81% at pH 7,
with a slight decline at even higher pH. A. doliolum exhibits a relatively stable copper
(Cu?") removal efficiency across a range of pH values (2 to 9) (Figure 18 B). The
removal efficiency remains fairly consistent, ranging from 70% to 76% with some
slight fluctuations. This suggests that A. doliolum might have a broad range of
functional groups or binding sites that can interact with Cu?** ions regardless of the
solution's pH within this range (2-9). Nickel (Ni?*) removal by A. doliolum follows a
somewhat increasing trend with respect to pH. There is a gradual increase in Ni**
removal efficiency from 70% at pH 2 to 78% at pH 7.5, followed by a slight decrease
at pH 9 (73%). A. doliolum might have functional groups that become more favorable
for Ni** binding at higher pH values (up to pH 7.5). It is possible that at pH 9, a portion
of the removed Ni?* precipitates instead of remaining bound to the A. doliolum. Cd**
removal efficiency exhibits a significant rise from 20% at pH 2 to a peak of 91% at
both pH 7 and 8. This dramatic increase suggests a strong pH dependence on the
binding of Cd?** by A. doliolum. Cd*" removal efficiency exhibits a significant rise from
20% at pH 2 to a peak of 91% at both pH 7 and 8. This dramatic increase suggests a
strong pH dependence on the binding of Cd*" by A. doliolum. At lower pH (2-4), some
functional groups on A. doliolum's surface might be protonated (carrying a positive
charge) and repel positively charged Cd?** ions. As the pH increases (reaching 7 and
8), these functional groups may become deprotonated (carrying a negative charge),
creating a more favorable electrostatic attraction for Cd** ions, leading to the observed
surge in removal efficiency.

The investigation examined how pH influences metal removal by isolated EPS
(extracellular polymeric substances) from M. aeruginosa (Figure 19 C) and A.
doliolum (Figure 19 B). Both EPS displayed impressive initial removal efficiencies for
copper (Cu?*) and nickel (Ni?") at a low pH of 2.0 (around 90% and 80% for M.
aeruginosa EPS and 80% and 90% for A. doliolum EPS, respectively). However, their
behaviors diverged at higher pH. For M. aeruginosa EPS, Cu?*" removal remained

stable up to pH 4 but then significantly decreased, suggesting a potential shift in
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binding mechanisms or surface properties at higher pH. In contrast, Ni** removal by
M. aeruginosa EPS exhibited a steady and consistent increase across the entire pH
range (2-8), indicating a robust and pH-independent binding process. Cadmium (Cd>")
removal by M. aeruginosa EPS followed a different trend, starting with a low removal
rate (50%) at pH 2 and then rising significantly to a peak of 91% at pH 7 before a slight
decrease at pH 9.

A. doliolum EPS also showed high initial removal efficiencies for Cu?" and Ni?*
at pH 2.0. Unlike M. aeruginosa EPS, Cu?* removal by A. doliolum EPS steadily
increased with increasing pH, reaching a maximum at pH 6.0. This suggests a potential
enhancement of binding sites or interactions favorable for Cu?* at higher pH for this
specific EPS. Ni?* removal by A. doliolum EPS also showed a gradual increase,
reaching its peak at a slightly higher pH (7.5) compared to Cu?*. This indicates a
progressive improvement in Ni** binding with increasing pH, but to a lesser extent
than Cu?". Interestingly, Cd** removal by A. doliolum EPS mirrored the trend observed
for M. aeruginosa EPS, starting low (56%) at pH 2 and reaching a maximum removal
efficiency of 96% at pH 7 before a slight decrease at even higher pH (pH 9).

Overall, the isolated EPS from both M. aeruginosa and A. doliolum exhibited
distinct pH-dependent removal patterns for Cu?*, Ni?*, and Cd?*. While Ni?* removal
showed a more stable and consistent trend across the pH range, Cu** and Cd** removal
efficiencies were more variable, suggesting a complex interplay between metal

speciation, EPS surface properties, and binding mechanisms.
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Figure.18. Impact of pH on metal removal efficiency (A) Native biomass of the
cyanobacteria M. aeruginosa and (B) Native biomass of cyanobacteria A. doliolum.
The experiments were carried out with an initial concentration of 5 mg L for both
Ni%* and Cu?*, maintaining a consistent incubation period of 1 h. The values shown
represent the mean results from three replicates, accompanied by their corresponding
standard deviations (SD).
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Figure.19. Impact of pH on metal removal efficiency. (A) EPS isolated from M.
aeruginosa and (B) EPS isolated from A. doliolum. The experiments were carried out
with an initial concentration of 5 mg L™ for both Ni?* and Cu?*, maintaining a
consistent incubation period of 1 h. The values shown represent the mean results from

three replicates, accompanied by their corresponding standard deviations (SD).
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3.9.2 Kinetic of Biosorption

This section describes the rate of metal uptake by M. aeruginosa and A. doliolum
biomass, along with their isolated EPS (extracellular polymeric substances), through a
time course study (Figures 20-23). The data is analyzed using two kinetic models:
Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO). In figures the symbols
represent data points and curves represent model predicted curve. We performed the
non-linear curve fitting of the experimental data.

Sorption of all three tested metals (Cu?*, Ni?*, Cd*") was rapid, with over 90%
occurring within the first 30-45 min. This suggests a quick initial binding of metal ions
to the cell wall, likely through a passive extracellular process. Following the rapid
initial uptake, the rate of sorption slowed down. This second phase might represent the

active transport of metal ions into the cells.

Table.7. Kinetic Model Comparison for Ni2*, Cu?* and Cd?* Biosorption using Native

Biomass of M. aeruginosa

Kinetic Parameters
models Ni2* Cu?* Cd?*
Pseudo first e (mg g%) 0.28+0.02 0.26+£0.02 0.18+0.01
order ki (min™) 0.16+0.01 0.18+0.01 0.11+0.01
r? 0.929 0.939 0.9257
Pseudo de (Mg g?) 0.28+0.02 0.27+£0.01 0.19+0.02
second order k2 (g mg™* mint) 2.22+0.12 3.09+0.19 1.37+0.09
r? 0.980 0.971 0.9841
Intraparticular kg (mg g min ¥2)  0.0047+0.000 0.0033+0.000 0.0164+0.0
diffusion 3 2 01
I 0.096+0.01 0.096+0.01  0.123+0.01
r? 0.749 0.732 0.8088

Note: Qe represents equilibrium adsorption capacity, ki and k: are rate constants, kd
signifies intraparticle diffusion rate constant, and r? indicates coefficient of

determination.
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Figure 20 shows the kinetics of metal sorption by the living biomass of M.
aeruginosa. Table 7 presents the parameters obtained by fitting the time-course data
for M. aeruginosa to both Pseudo-First-Order and Pseudo-Second-Order models. The
high R-squared (r?) values (> 0.92) for both models suggest good agreement between
the model predictions and the experimental data. However, the Pseudo-Second-Order
model exhibited slightly higher R? values for all three metals, indicating a potentially
better fit for this specific case. Overall, the time course study along with Kinetic

modeling suggests a two-phase sorption process for heavy metals by M. aeruginosa.

Table 8: Kinetic Model Comparison for Ni?*, Cu?* and Cd>* Biosorption using Native

Biomass of A. doliolum

Kinetic Parameters
models Ni2* Cu?* Cd?*
Pseudo first e (mg g?) 0.28+0.02 0.27£0.02  0.1793%+0.01
order ki (min™) 0.17+0.01 0.16+£0.01  0.1594+0.02
r? 0.9322 0.9100 0.9106
Pseudo de (Mg g}) 0.29+0.02 0.28+0.018 0.1816+0.01
second order k2 (g mg™* min™) 2.40£0.38  2.20+0.334  2.2154+0.36
r? 0.9627 0.9873 0.9847
Intraparticular kg (mg g™ min ¥?)  0.016+0.001 0.014+0.001 0.0013+0.0001

diffusion
I 0.24+0.02
r2 0.7242

0.2327+0.02 0.1628+0.02
0.7350 0.7484

Note: Qe represents equilibrium adsorption capacity, ki and k. are rate constants, kq
signifies intraparticle diffusion rate constant, and r? indicates coefficient of

determination.

Figures 21, 22, and 23 depict similar trends for metal sorption by native
biomass of A. doliolum, M. aeruginosa EPS, and A. doliolum EPS. Tables 8-10 present

the results of fitting the time-course data for A. doliolum biomass and its isolated EPS,
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along with M. aeruginosa EPS, to the same kinetic models used for M. aeruginosa
(Pseudo-First-Order, Pseudo-Second-Order, and Intraparticle Diffusion).

Table 9: Kinetic Model Comparison for Ni?*, Cu?* and Cd** Biosorption using EPS

of M. aeruginosa

Kinetic models Parameters
Ni2+ Cu2+ Cd2+

Pseudo first e (mg g%) 9.79+0.44 9.49+0.46 7.21+0.59
order ki (min?) 0.17+0.01 0.19+0.02 0.12+0.01

r? 0.937 0.912 0.9384
Pseudo second g (Mg g™?) 9.20+0.46 9.64+0.51 7.4510.64
order k2 (g mgt min?) 0.07+0.01 0.09+0.01 0.04+0.01

r? 0.971 0.981 0.9797

Intraparticular kg (mg g* min ¥2)  0.36+0.02 0.28+0.01 0.55+0.04

diffusion
I 8.59+0.46 8.58+0.52 5.31+0.41

r? 0.761 0.742 0.7800

Note: ge represents equilibrium adsorption capacity, ki and k: are rate constants, kq
signifies intraparticle diffusion rate constant, and r? indicates coefficient of

determination.

The R? values for both Pseudo-First-Order and Pseudo-Second-Order models
remain high (>0.90 for most cases) across all tables, suggesting good agreement
between the models and the experimental data. Similar to M. aeruginosa, Pseudo-
Second-Order models generally exhibit slightly higher R? values for A. doliolum and
EPS, indicating a potentially better fit.

For the A. doliolum, the R? values for the intraparticle diffusion model are
slightly lower (Table 8) compared to the other two models, suggesting it might play a

less significant role compared to M. aeruginosa.
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The R2 values for the Intraparticle Diffusion model are generally higher for
EPS compared to A. doliolum and M. aeruginosa biomass, suggesting that diffusion
within the EPS structure might be a more prominent factor influencing metal uptake
Table 9, 10).

Table 10: Kinetic Model Comparison for Ni?*, Cu?* and Cd?* Biosorption using EPS

of A. doliolum.

Kinetic Parameters
models Ni2* Cu?* Cd?*
Pseudo first  de (mg g™b) 9.80+0.60  9.40+0.55  7.1551+0.49
order ki (mint) 0.16+0.01 0.14+0.01 0.1334+0.01
r? 0.9278 0.9043 0.9270
Pseudo Qe (mgg?) 10.03+0.62  9.69+0.53  7.3515+0.51
second order  kz(gmg?mint)  0.06+0.004 0.04+0.003  0.0534+0.01
r? 0.9791 0.988 0.9835

Intraparticular kg (mg g™* min ¥?)  0.44+0.03 0.55+0.04 1.7109+0.01

diffusion
I 8.33+0.48 7.55+0.47 0.8841+0.05

r? 0.7718 0.7733 0.7524

Note: Qe represents equilibrium adsorption capacity, ki and k- are rate constants, kq
signifies intraparticle diffusion rate constant, and r? indicates coefficient of

determination.

Overall, the Kkinetic study suggests a two-phase sorption process for heavy
metals by M. aeruginosa and A. doliolum, and potentially their EPS. The rapid initial
phase reflects passive binding, followed by a slower phase that might involve active
transport of metals into the cells. The specific contributions of these processes and the
role of diffusion within the EPS structure vary depending on the metal and the

biosorbent type.
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Figure.20. Kinetic profile of metal sorption by living biomass of M. aeruginosa. (A)

Cd?*, (B) Cu?* and (C) Ni?*. The curves correspond to the predicted values from the

PFO and PSO models. Kinetic parameters for each metal can be found in Table 7.
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Figure.21. Kinetic profile of metal sorption by living biomass of A. doliolum (A) Cd?*,

(B) Cu?* and (C) Ni?*.The curves correspond to the predicted values from the PFO and

PSO models. Kinetic parameters for each metal can be found in Table 8.
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Figure.22. Kinetic profile of metal sorption by isolated EPS of M. aeruginosa. The

curves represent the predicted sorption trends based on the PFO and PSO. Kinetic

parameters for each metal can be found in Table 9.
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Figure.23. Kinetic profile of metal sorption by isolated EPS of M. aeruginosa. The
curves represent the predicted sorption trends based on the PFO and PSO. Kinetic

parameters for each metal can be found in Table 10.
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Intraparticle diffusion analysis:

The figures 24-27 shows the role of intraparticle diffusion in metal sorption by M.
aeruginosa and A. doliolum biomass, along with their isolated EPS, using the
intraparticle diffusion model.

The plots of amount of metal sorbed versus the square root of time (t*0.5)
exhibit multiple linear portions, appearing as curved lines. This suggests that
intraparticle diffusion might not be the sole rate-limiting step for metal uptake.

In case of M. aeruginosa (Figure 24, Table 7), the intraparticle diffusion rate
constant (kq) is higher for Ni>* compared to Cu?* and Cd?*", indicating faster diffusion
of nickel ions within the biomass. Similar to M. aeruginosa, kd values in case of A.
doliolum biomass follow the trend Ni** > Cu?* > Cd?*', suggesting faster diffusion of
nickel (Figure 25, Table 8).

For M. aeruginosa EPS (Figure 26, Table 9), the kd trend remains consistent,
with Ni** exhibiting the highest diffusion rate within the EPS structure. Similar to the
other cases, Ni?* displays the fastest diffusion within A. doliolum EPS, as indicated by
the highest kq value (Figure 27, Table 10).

While the intraparticle diffusion model provides insights into the diffusion
process, the presence of multiple linear portions in the plots suggests that other
mechanisms besides diffusion might also be influencing the rate of metal uptake.
These additional mechanisms could involve factors like surface adsorption and pore
diffusion within the biomass or EPS structure.

The kq values (intra-particle diffusion rate constant) (Figure 25) were found to
be higher for Ni?* biosorption than Cu?* and Cd?*, indicating faster diffusion. The plot
of the amount of metal sorbed versus the square root of time (I) indicated multiple
linear portions (curved line), suggesting that intraparticle diffusion might not be the
sole rate-controlling step.

The kq values (intra-particle diffusion rate constant) (Figure 26) were found to
be higher for Ni?* biosorption than Cu?* and Cd?*, indicating faster diffusion onto
Microsystis EPS. The plot of the amount of metal sorbed versus the square root of time
() indicated multiple linear portions (curved line), suggesting that intraparticle

diffusion might not be the sole rate-controlling step.
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3.9.3 Thermodynamic Analysis

Experiments were conducted to analyzes the thermodynamic favorability of metal ion
adsorption by various biosorbents (M. aeruginosa, A. doliolum biomass, EPS from M.
aeruginosa and A. doliolum) for Ni?*, Cu?", and Cd>" ions using the van't Hoff plot.

The van't Hoff plots for each biosorbent-metal ion combination are presented
in Figures 28-31. These plots depict the relationship between inverse temperature (1/T)
and the natural logarithm of the equilibrium constant (In kc).

Tables 11-14 summarize the thermodynamic parameters derived from the van't
Hoff plots for each biosorbent-metal ion system. These parameters include:

e AG° (Gibbs free energy change): Indicates the spontaneity of the adsorption
process.
— Negative AG® suggests a spontaneous process (favorable).
— Positive AG® suggests a non-spontaneous process (unfavorable).
e AH° (enthalpy change): Indicates the heat transfer during adsorption.
— Negative AH® indicates an exothermic process (releases heat).
— Positive AH® indicates an endothermic process (absorbs heat).
e AS° (entropy change): Indicates the randomness or disorder of the system.
— Negative AS° suggests a decrease in randomness.
— Positive AS° suggests an increase in randomness.

The analysis of thermodynamic parameters reveals interesting trends for the
biosorption of Ni**, Cu**, and Cd** ions by different biosorbents. The adsorption of all
three metals onto the biomass of M. aeruginosa and A. doliolum was exothermic (AH®
< 0), indicating that the process releases heat. However, despite the heat release, the
adsorption was nonspontaneous (AG® > 0) under the studied conditions, suggesting the
system requires external energy input to favor metal uptake.

In contrast to the biomass, the EPS (Extracellular Polymeric Substances)
isolated from M. aeruginosa and A. doliolum displayed spontaneous (AG® < 0)
adsorption for all three metal ions. These processes were also exothermic (AH® < 0)
for Ni** and Cu?*', but interestingly, Cd** adsorption remained endothermic (AH® > 0)

despite being spontaneous.
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onto M. aeruginosa biomass. The data points represent the experimental values of In

kc at different temperatures. The corresponding thermodynamic parameters (AG°,

AH?®, and AS®) for each metal ion can be found in Table 11.
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Figure.29. Van't Hoff plot for the biosorption of Ni** (A), Cu?* (B), and Cd?* (C) ions

onto A. doliolum biomass. The data points represent the experimental values of In kc

at different temperatures. The corresponding thermodynamic parameters (AG®, AH®,

and AS°) for each metal ion can be found in Table 12.
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Figure.30. Van't Hoff plot for the biosorption of Ni** (A), Cu?" (B), and Cd?* (C) ions

onto isolated EPS from M. aeruginosa. The data points represent the experimental
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parameters (AG®, AH®, and AS®) for each metal ion can be found in Table 13.
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The results indicate the dependence of biosorption favorability on both the type of
biosorbent and the specific metal ion. While M. aeruginosa and A. doliolum biomass
might require further optimization for efficient metal removal, their isolated EPS show
promise for spontaneous metal uptake. The endothermic adsorption of Cd** by EPS
suggests a different mechanism compared to Ni** and Cu?*", warranting further

investigation.

Table 11. Thermodynamic Parameters for Ni?, Cu?* and Cd®* Biosorption onto M.

aeruginosa Biomass from the VVan't Hoff Plot

Model Parameters

r? Temp (K) ke AG®
Metal ions As* ARP (kJ mol™)
(kJ mol?)  (kJ mol?)

NiZ* 0.9216 283 0.204 -0.085 -20.39 3.71
303 0.112 5.41

323 0.089 7.11

333 0.048 7.96

Cu* 0.9165 283 0.178 -0.056 -11.99 3.86
303 0.160 4.98

323 0.103 6.10

333 0.084 6.66

Cd* 0.9061 283 0.195 0.025 10.93 3.72
303 0.317 3.21

323 0.330 2.70

333 0.425 2.45
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Table 12. Thermodynamic Parameters for Ni%, Cu?* and Cd?* Biosorption onto A.

doliolum biomass from the Van't Hoff Plot

Model Parameters

r? Temp (K) Ke AG°
Metal ions A" ARP (kJ mol?)
(kJ molt)  (kJ mol?)

Ni2* 0.9528 283 0.22 -0.040 -8.04 3.48
303 0.19 4.29

323 0.15 5.10

333 0.13 5,51

Cu? 0.9614 283 0.21 -0.061 -13.83 3.55
303 0.17 4,77

323 0.11 6.0

333 0.09 6.61

Cd? 0.9098 283 0.180 0.030 12.27 3.72
303 0.324 3.21

323 0.368 2.70

333 0.404 2.45
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Table 13. Thermodynamic Parameters for Ni2, Cu?* and Cd?" Biosorption onto
Microcystis EPS from the Van't Hoff Plot

Model Parameters

r? Temp (K) Ke AG°
AS° AH®
(kJ mol?)
Metal ions (kJ mol?)  (kJ mol?)
Ni2* 0.9761 283 177.2 -0.057 -28.26 -11.99
303 62.0 -10.85
323 40.7 -9.70
333 26.9 -9.12
Cu? 0.9525 283 21.03 -0.0036 -6.14 -7.35
303 17.34 -7.31
323 16.04 -71.24
333 13.70 -7.17
Cd?* 0.9342 283 3.128 0.31 5.320 -3.37
303 4.289 -3.99
323 4.536 -4.60
333 5.299 -4.91
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Table 14. Thermodynamic Parameters for Ni2, Cu?* and Cd?" Biosorption onto
Anabaena EPS from the Van't Hoff Plot

Model Parameters

r2 Temp (K) ke AG®
AS® AH®
(kJ mol™?)
Metal ions (kImol)  (kJ mol)
Ni2* 0.9233 283 2220 0046 2598 1292
303 126.0 111.99
323 79.45 111,07
333 36.29 110.62
cue* 0.9134 283 2345 0006  -9.14 7.43
303 17.50 7.30
323 16.18 7.18
333 12.14 7.12
Cae* 0.9339 283 4211 0036  7.553 -2.76
303 4.896 -3.49
323 5.246 -4.21
333 6.130 -4.58
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3.9.4. Biosorption Quantification

The biosorption of Ni?*, Cu?*, and Cd** ions by M. aeruginosa and A. doliolum
biomass, and their respective EPS (Extracellular Polymeric Substances), was
investigated using batch equilibrium experiments. The data were analyzed using three
isotherm models: Langmuir, Freundlich, and Temkin. The experiment investigated
biosorption across a concentration range of 0 to 10 mg L for the three metal ions. The
data were fitted to the aforementioned isotherm models, presented in Figures 32-35
and Tables 15-18.

Table 15: Langmuir, Freundlich, and Temkin Isotherm Parameters for Biosorption of

Ni?*, Cu?*, and Cd?*" onto M. aeruginosa Biomass

Isotherm Model

models Parameters Ni2* cu?t Cq2+
Qmax 2.4910.14 1.07+0.040 0.7420.05
ki 0.57+0.03 0.57+0.03 1.2120.06

Langmuir 2 0.9982 0.9894 0.9641
K 0.48+0.02 0.3740.02 0.39+0.03
1/n 0.8740.05 0.69+0.04 1.7920.11

Freundlich 2 0.9995 0.9967 0.9886
Br 0.14+0.01 0.080.01 0.12+0.008
Ar 2021+121 7253435  27.01£1.91

Temkin 2 0.8451 0.7522 0.8930

Note: Values were determined using non-linear curve fitting techniques in accordance
with the Langmuir, Freundlich, and Temkin isotherm. gmax (Mg g%); K. (L mg™); Br (J
mol.1); Ar (L molY).
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Table 16: Langmuir, Freundlich, and Temkin Isotherm Parameters for Biosorption of

Ni?*, Cu?", and Cd?*" onto A. doliolum Biomass

Isotherm Model
models Parameters Ni2* cu2t Ca2+
Qmax 1.620.13 1.4920.11 0.77+0.05
ki 0.36+0.03 0.40+0.03 1.63+0.01
Langmuir 2 0.9992 0.9948 0.9840
ke 0.42+0.03 0.41+0.02 0.48+0.03
1/n 0.80+0.06 0.77+0.03 1.730.12
Freundlich (2 0.9997 0.9989 0.9914
Br 0.13+0.01 0.20+0.01 0.14+0.01
Ar 21.41+1.46  25.861.78  27.40+1.92
Temkin 2

0.8567 0.8698 0.8603

Note: Values were determined using non-linear curve fitting techniques in accordance

r

with the Langmuir, Freundlich, and Temkin isotherm. gmax (Mg g%); K. (L mg?); Br (J
mol.1); Ar (L mol™).
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Table 17: Langmuir, Freundlich, and Temkin Isotherm Parameters for Biosorption of
Ni?*, Cu?*, and Cd?*" onto M. aeruginosa EPS

Isotherm Model
models Parameters N2+ cu* Cd2*
Qo 44813269  37.06£222  26.63tL71
ke 3.37+0.17 6.70+0.34 1.48+0.11
Langmuir 2 0.9711 0.9972 0.9966
ke 51814311 6557328  15.60+1.15
1n 0.67+0.04 0.67+0.04 1.78+0.14
Freundlich (2 0.9883 0.9984 0.9911
Br 3.16+0.19 4.25+0.24 4.3240.21
Ar 545.68+16.37  284.13+11.37  31.77+2.28
Temkin ?

0.8163 0.8745 0.8932

Note: Values were determined using non-linear curve fitting techniques in accordance

r

with the Langmuir, Freundlich, and Temkin isotherm. gmax (Mg g%); K. (L mg?); Br (J
mol.1); Ar (L mol™).
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Table 18: Langmuir, Freundlich, and Temkin Isotherm Parameters for Biosorption of
Ni?*, Cu?", and Cd?** onto Anabaena EPS

Isotherm Model

models Parameters N2+ cu* Cd2*
Qmax 64.37+4.51 42.08+2.73  31.19+2.25
ki 2.31%0.16 4.03+0.35 1.3240.1

Langmuir 2 0.9905 0.9974 0.9861
ke 71.63+4.36 58.07+3.28  18.01%1.28
1/n 0.7820.04 0.7040.05 1.65+0.12

Freundlich 2 0.9966 0.9985 0.9913
Br 3.94+0.22 3.5320.26 4.20+0.28
Ar 263.61+17.13  338.97422.03  43.00£3.04

Temkin 2 0.8197 0.7842 0.8964

Note: Values were determined using non-linear curve fitting techniques in accordance

with the Langmuir, Freundlich, and Temkin isotherm. gmax (Mg g%); K. (L mg?); Br (J
mol.1); Ar (L mol™).

IL.

Langmuir Isotherm: The Langmuir isotherm assumes monolayer adsorption on
a homogeneous surface. This model provided a good fit for most biosorbent-
metal ion combinations, with r* values exceeding 0.96 in most cases (Tables
15-18). The Langmuir model quantified the maximum adsorption capacity
(gmax) for each metal ion onto the biosorbents (Tables 15-18). Notably, the qmax
values were consistently higher for EPS compared to their corresponding
biomass, indicating a greater binding capacity for metal ions. For example, the
gmax for Ni** adsorption on M. aeruginosa EPS was 2.49 mg/g, whereas the
biomass only reached 0.74 mg/g (Table 15). This trend was observed for all
three metal ions across both types of EPS.

Freundlich Isotherm: The Freundlich isotherm model describes multilayer
adsorption on heterogeneous surfaces. Similar to the Langmuir model,

Freundlich isotherm fitting yielded good results with r*> values exceeding 0.98
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Figure.32. Equilibrium isotherms for the biosorption of Ni?* (A), Cu?* (B), and Cd?*
(C) ions onto M. aeruginosa biomass. The curves represent the fitting of the Langmuir,

Freundlich, and Temkin isotherm models to the experimental data points.

139



0.6

0.5

0.4

Ly

0.3 1

qe (mg g

0:24

0.1 4

0.0

Langmuir Isotherm Model
Freundlich Isotherm Model
Temkin Isotherm Model

@ Cd” treated
Ay tracted
B NP treated

0.6

0.6 0.8 1.0 1.2
C, (mg L-l)

0.5

0.4

0.3/

q,(mggh)

0.2 1

0.1

0.0 1

0.0

0.4

0.6 0.8 1.0 1.2 1.4

C, (mgL™"

0.6

0.5 4

0.4

0.3

q, (mgg")

0.1

0.0

0.0

0.4

0.6 0.8 1.0 1.2 1.4
. -1
C,(mgL")

Figure.33. Equilibrium isotherms for the biosorption of Ni?* (A), Cu?* (B), and Cd?"

(C) ions onto A. doliolum biomass. The curves represent the fitting of the Langmuir,

Freundlich, and Temkin isotherm models to the experimental data points.
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141



20
15~
_'E‘) Langmuir Isotherm Model
éo 10 Freundlich [sotherm Model
f=g Temkin Tsotherm Model
o
[ Cdf+ treated
54 A Cu' treated
B Ni* treated
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
C, (mg L’l)
20 A
1S
"o
o0 10 A
o
5 o
0 1 B
0.00 0.05 0.10 0.15 0.20
C (mgL™h
“an
o
E
o’

f T T T

0.00 0.05 0.10 0.15 0.20
C, (mgL™
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for most cases (Tables 15-18). The Freundlich constant (kg) reflects the
adsorption intensity, with higher values indicating stronger adsorption. EPS
consistently exhibited higher kr values compared to the biomass for both Cu*
and Ni** ions, suggesting stronger adsorption onto EPS (Tables 15-16, 17-18).
The heterogeneity factor (1/n) close to unity (between 0.67 and 0.87 for most
cases) implies favorable biosorption with relatively consistent affinities across
binding sites on the biosorbent surface.

.  Temkin Isotherm: The Temkin isotherm accounts for the influence of
adsorption heat on the process. While the fit of the Temkin model was moderate
compared to the other two models (r* values ranging from 0.75 to 0.89), it
provided insights into the adsorption energetics. The Temkin adsorption
constant (AT) reflects the overall force of interaction between the adsorbate
(metal ion) and the adsorbent (biosorbent). Interestingly, the AT values were
consistently higher for EPS compared to the biomass for all three metals
(Tables 15-18). This suggests stronger adsorption forces for metal ions on EPS
compared to the biomass.

Overall, the Freundlich isotherm best described the biosorption process for most cases,
indicating a heterogeneous surface with multilayer adsorption. The Langmuir isotherm
also provided valuable information, particularly the qmax values highlighting the
superior binding capacity of EPS. The Temkin isotherm, despite a moderate fit, offered

insights into the adsorption energetics.

3.9.5. Biosorption of Ni and Cu in binary systems

This section describes the individual and combined biosorption behavior of Ni** and
Cu?' ions using M. aeruginosa biomass and EPS (Extracellular Polymeric Substances)
derived from the same source. Langmuir, Freundlich, and Temkin isotherm models
were employed to analyze the biosorption dynamics. The corresponding model
parameters can be found in Tables 19 and 20 for M. aeruginosa biomass and EPS,
respectively. Figure 36 visually depicts the biosorption isotherms for Cu?" and Ni?* in

binary metal systems.
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Figure.36. Influence of Ni?* co-existence on Cu?" biosorption. This figure depicts the
biosorption behavior of Cu?* ions onto M. aeruginosa and A. doliolum biomass (A and
B) and their respective EPS (C and D) in the presence of co-existing Ni** ions. The
initial concentration of Cu?* varied from 0 to 10 mg L', while a constant concentration
of Ni** (§ mg L) was introduced in the binary systems. The solid lines represent the
fitting of the Langmuir (blue), Freundlich (red), and Temkin (green) isotherm models
to the experimental data points (symbols).
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Figure.37. Influence of Cu?" co-existence on Ni?* biosorption. This figure depicts the

biosorption behavior of Ni?* ions onto M. aeruginosa and A. doliolum biomass (A and

B) and their respective EPS (C and D) in the presence of co-existing Cu?" ions. The

initial concentration of Ni** varied from 0 to 10 mg L', while a constant concentration

of Cu** (5 mg L") was introduced in the binary systems. The solid lines represent the

fitting of the Langmuir (blue), Freundlich (red), and Temkin (green) isotherm models

to the experimental data points (symbols).
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M. aeruginosa

The presence of coexisting metal ions significantly impacted the biosorption of both
Ni?* and Cu?'. In single metal systems (Tables 18 and 19), the Langmuir isotherm
model revealed a higher gmax for Ni** (2.49 mg g' for M. aeruginosa biomass and
44.81 mg g ' for EPS) compared to Cu*" (1.09 mg g for biomass and 29.06 mg g’
for EPS) for both biosorbents. This suggests a greater binding capacity for Ni**.

Introducing a co-existing metal ion resulted in a decrease in the qmax for the
other metal ion in both biomass and EPS (Tables 19 and 20). For example, M.
aeruginosa biomass: qmax for Ni?* decreased from 2.49 mg g!' to 1.07 mg g! with
Cu?* co-existence. In case of EPS, the gmax for Ni?* decreased from 44.81 mg g! to
37.06 mg g ! with Cu?* co-existence. This indicates competitive inhibition, where the
presence of one metal ion hinders the adsorption of the other due to shared binding
sites.

The Freundlich model parameters (kr) also support this competitive behavior.
A decrease in kr values within the binary systems signifies a compromised biosorption
capacity due to competition between metal ions for binding sites (Tables 19 and 20).
For instance, in case of M. aeruginosa biomass kr for Ni?* decreased from 0.48 to 0.37
with Cu?* co-existence.

The Temkin isotherm model, though providing a slightly less favorable fit
compared to the other two models, showed a similar trend. The decrease in BT values
in binary systems suggests reduced binding energies between metal ions and the
biosorbent (Tables 19 and 20).

In conclusion, the findings demonstrate competitive adsorption between Ni**
and Cu?" ions for binding sites on both M. aeruginosa biomass and EPS. The presence
of one metal ion inhibits the adsorption of the other, leading to a decrease in the overall
biosorption capacity. The quantitative data from the isotherm models (gmax and k)

provides a clear picture of this competitive effect.

A. doliolum

The same investigation was repeated using A. doliolum biomass and EPS (Tables 21

and 22, Figure 37). The results mirrored the observations with M. aeruginosa. Co-
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existing metal ions significantly affected the biosorption of both Ni** and Cu**. Single
metal systems displayed a higher gmax for Ni** compared to Cu?* in both biomass and
EPS (Tables 21 and 22). For example, in case of A. doliolum biomass: qmax for Ni?*
was 1.62 mg g and for Cu?* it was 1.49 mg g '. Introducing a co-existing metal ion
resulted in a decrease in the gmax for the other metal ion (Tables 21 and 22), indicating
competitive inhibition. The Freundlich model (ke values) and Temkin model (BT
values) further supported the competitive adsorption phenomenon within the binary
systems (Tables 21 and 22).

Above results suggested that the presence of co-existing metal ions (Ni** and
Cu?") significantly affected their individual biosorption onto both M. aeruginosa and
A. doliolum biomass and EPS. Competitive inhibition was observed, where the
presence of one metal ion hindered the adsorption of the other. This highlights the
importance of considering co-existing contaminants when evaluating biosorption for

metal removal from complex environmental samples.

Table 19: Biosorption Isotherm Parameters for Ni** and Cu?" onto M. aeruginosa

Biomass (single and binary systems)

Isotherm Model Ni biosorption Cu biosorption
model parameters Cu0.0(mg Cu50(mg Ni0.0(mg Ni5.0(mg
L7 L L LY
Qmax 2.49+0.14  1.09+0.05  1.07+0.040 1.82+0.09
KL 0.57+0.03  0.65+0.04  0.574+0.03  0.23+0.01
Langmuir
r? 0.9982 0.9884 0.9894 0.9984
Kr 0.48+0.02  0.42+0.02  0.3740.02  0.33+0.02
1/n 0.87+0.05 0.68+0.05 0.69+0.04  0.81+0.04
Freundlich
r? 0.9995 0.9979 0.9967 0.9996
Br 0.14+0.01  0.13+0.01  0.08+0.01  0.16+0.01
At 20.21+1.21 21.27+0.85 72.53+4.35 10.04+0.52
Temkin
r? 0.8451 0.8826 0.7522 0.8876

Note: These parameters were obtained through non-linear curve fitting procedures.
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Table 20: Biosorption Isotherm Parameters for Ni** and Cu?* onto Microcystis EPS

(Single and Binary Systems)

Isotherm  Model Ni biosorption Cu biosorption
model parameters "¢ 00(mg  Cu5.0(mg Ni0.0(mgL Ni5.0 (mg
L) L) Y L)

Qmax 44.81+2.69  29.06+1.59  37.06+2.22 38.86+1.98

) kL 3.37+£0.17 3.53+0.17 6.70+0.34 0.92+0.06
Langmuir
r2 0.9711 0.9411 0.9972 0.9971
Ke 51.81+3.11 27.22+1.42 65.57+3.28  15.80+0.79
] 1/n 0.67+0.04 0.53+0.04 0.67+0.04 0.65%0.04
Freundlich
r? 0.9883 0.9818 0.9984 0.9988
Bt 3.16+0.19 3.47+0.15 4.25+0.24 5.70+0.27
) AT 545.68+16.37 221.96+7.54 284.13+11.37 15.91+0.76
Temkin

r? 0.8163 0.8756 0.8745 0.8396

Note: Parameters were calculated by the non-linear curve fitting procedure.
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Table 21: Biosorption Isotherm Parameters for Ni** and Cu?' onto A. doliolum

Biomass (Single and Binary Systems)

Isotherm Model Ni biosorption Cu biosorption
model parameters Cu0.0(mg Cu5.0(mg Ni0.0(mg Ni5.0(mg
L) LY LY L)
Qmax 1.6240.13  0.74+£0.05  1.49+0.11  1.23+0.09
KL 0.36£0.03  2.99+0.19  0.40+0.03  0.60+0.04
Langmuir
r? 0.9992 0.9915 0.9948 0.9930
Kr 0.42+0.03  0.59+0.03  0.41+0.02  0.45+0.02
1/n 0.80+0.06  0.49+0.02  0.77+0.03  0.71+0.05
Freundlich
r? 0.9997 0.9982 0.9989 0.9949
Br 0.13+0.01  0.12+0.01  0.20£0.01  0.18+0.01
At 21.41+146 66.27+4.47 25.86+1.78 12.58+1.02
Temkin
r? 0.8567 0.8396 0.8698 0.8350

Note: These parameters were obtained through non-linear curve fitting procedures.

149



Table 22: Biosorption Isotherm Parameters for Ni?* and Cu?" onto A. doliolum EPS

(Single and Binary Systems)

Isotherm  Model Ni biosorption Cu biosorption
model parameters “c, 00 (mg  Cu5.0(mg Ni0.0(mgL Ni5.0 (mg
L) L) Y L)
Qmax 64.37+4.51  26.13+1.64  42.08+2.73 61.89+3.57
_ KL 2.31+0.16 6.46+0.41 4.03+0.35 0.46+0.03
Langmuir
r? 0.9905 0.9929 0.9974 0.9975
ke 71.63+4.36  31.32+1.93  58.07£3.28 19.72+1.25
_ 1/n 0.78+0.04 0.51+0.03 0.70+0.05 0.79+0.05
Freundlich
r? 0.9966 0.9968 0.9985 0.9983
Br 3.94+0.22 4.20£0.25 3.53+0.26 5.50+0.35

) AT 263.61+17.13 157.82+9.91 338.97+22.03 21.19+1.33
Temkin

r? 0.8197 0.8325 0.7842 0.8748

Note: Parameters were calculated by the non-linear curve fitting procedure.

3.10. Desorption Study

Experiments were conducted to investigate the reusability and regeneration potential
of M. aeruginosa and A. doliolum biomass, along with their EPS (Extracellular
Polymeric Substances), for metal removal. Desorption efficiency is crucial for
assessing the cost-effectiveness and recyclability of biosorption systems. De-ionized
water was used as the desorbent for Cd?*", Cu?", and Ni*" ions adsorbed onto the
biomass and EPS (Figures 38 and 39).

The results revealed a significantly higher desorption percentage for all three

metal ions (Cd**, Cu**, and Ni*") from EPS compared to their respective native biomass
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Figure.38. Desorption of Cd?**, Cu?**, and Ni** from M. aeruginosa biomass and EPS.
This figure illustrates the desorption efficiency of de-ionized water for Cd?**, Cu?*, and
Ni?* ions previously adsorbed onto M. aeruginosa biomass (A-C) and its EPS (D-F).
A-C: Depict the desorption percentage of Cd** (A), Cu** (B), and Ni** (C) from M.
aeruginosa biomass. D-F: Show the desorption percentage of Cd*" (D), Cu?* (E), and
Ni?* (F) from M. aeruginosa EPS.
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Figure.39. Desorption of Cd**, Cu?*, and Ni** from A. doliolum biomass and EPS. This
figure illustrates the desorption efficiency of de-ionized water for Cd?*, Cu?*, and Ni?*
ions previously adsorbed onto A. doliolum biomass (A-C) and its EPS (D-F). A-C:
Depict the desorption percentage of Cd?** (A), Cu?* (B), and Ni?* (C) from A. doliolum
biomass. D-F: Show the desorption percentage of Cd** (D), Cu?** (E), and Ni** (F) from
A. doliolum EPS.
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(Figures 38 and 39). This suggests that EPS might be a more suitable substrate for
metal desorption due to its unique structural and chemical properties.

Desorption efficiency varied across the metal ions. Ni** consistently exhibited
a lower desorption percentage compared to Cu?* and Cd?** on both M. aeruginosa and
A. doliolum biomass, as well as their EPS. This indicates a stronger binding affinity

between Ni1*" and the biosorbents.

SECTION II: LIVE CELLS EXPERIMENTS

3.11. Growth Pattern and Specific Growth Rate

Figure 40 depicts the growth patterns of M. aeruginosa and A. doliolum. Both
organisms exhibited a lag phase in the first few days (around 5-6 days after
inoculation). This was followed by an exponential growth phase between days 10-12
and 30, where their populations rapidly increased. After day 30, they entered a
stationary phase, where their growth slowed and cell numbers remained relatively
constant. The results suggest that M. aeruginosa had a higher growth rate than A.
doliolum under the given conditions. Interestingly, both species appeared to have
similar lag phases. However, during the exponential phase, their growth rates diverged,
leading to M. aeruginosa reaching a higher final population density.

The specific growth rate of M. aeruginosa treated with copper (Cu?*), nickel
(Ni?"), and cadmium (Cd?") for 96 h is shown in Figure 41. The results reveal that all
three heavy metals have a detrimental effect on growth compared to the untreated
control (0 uM). As the concentration of heavy metals increases, the specific growth
rate of M. aeruginosa decreases. Interestingly, low concentrations (0-1.5 pM) of Ni?*
and Cu?" resulted in a slight increase in specific growth rate compared to the control.
M. aeruginosa treated with Cd*" exhibited the strongest inhibition of growth at all
concentrations tested, followed by Cu?" and then Ni*".

Effect of Cu?’, Ni?*, and Cd?" on the specific growth rate of A. doliolum (ud™)
is shown in Figure 42. Similar to M. aeruginosa (Fig. 41), the specific growth rate of
A. doliolum treated with copper (Cu?*), nickel (Ni?*), and cadmium (Cd?*) for 96 h
shows a general decrease with increasing heavy metal concentration. A. doliolum

treated with Cd** exhibited the lowest specific growth rate at all concentrations,
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Figure.40. Growth patterns of M. aeruginosa and A. doliolum. Absorbance of culture
at 663 nm was measured every other day to monitor growth over a 36-day period. Error
bars represent the standard error of the mean (n=3).

154



0.5

—h— Cu*' treated
—@— Ni" treated

04 1 —l— Cd* treated

0.3

0.2 1

0.1 -

Specific growth rate (nd” l)

0.0 1

0 20 40 60 80 100
Metal concentration (M)

Figure.41. Effect of Cu?*, Ni**, and Cd?* on the specific growth rate of M. aeruginosa.
The specific growth rate of M. aeruginosa treated with copper (Cu?*), nickel (Ni*"),

and cadmium (Cd?**) is shown. Vertical bars represent the standard error of the mean
(n=3).
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Figure.42. Effect of Cu?", Ni**, and Cd?* on the specific growth rate of A. doliolum.
The specific growth rate of M. aeruginosa treated with copper (Cu?*), nickel (Ni?"),
and cadmium (Cd?**) is shown. Vertical bars represent the standard error of the mean

(n=3).
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indicating the strongest inhibition by cadmium. Copper (Cu?') had a stronger
inhibitory effect than nickel (Ni**) on A. doliolum growth.

3.12. Protein Content

Proteins are essential for all organisms, including cyanobacteria, as they play a crucial
role in responding to stress. They help cells adapt to changing environmental
conditions such as temperature, nutrient availability, light intensity, and various other
stressors. Figure 43 illustrates the significant impact of Cu?*, Ni**, and Cd** on the
protein content of M. aeruginosa treated for 96 h. As the concentration of heavy metals
in the external medium increases, the total protein content shows a clear decrease.
Compared to the untreated control, Cu?" treatment resulted in a 2.7-fold decrease, Ni**
in a 2.2-fold decrease, and Cd?" in the most dramatic decrease of 3.4-fold. These results
indicate that Cd** has the most severe impact on protein content, followed by Cu?** and
then Ni**.

Similar to M. aeruginosa, the total protein content of A. doliolum treated with
Cu?*, Ni*, and Cd?* for 96 h (Figure 44) also shows a decreasing trend with increasing
metal concentration. Compared to the control, Cu?* treatment resulted in a 4.4-fold
decrease, Ni*" in a 3.0-fold decrease, and Cd?" in the most significant decrease of 7.9-
fold. These results confirm that Cd*" has the strongest inhibitory effect on protein
content, followed by Cu** and then Ni**.

However, the untreated control group of A. doliolum exhibited a higher total

protein content compared to untreated M. aeruginosa.
3.13. Total Carbohydrates Content

Carbohydrates play a vital role in how cyanobacteria respond to heavy metal stress.
They are involved in various processes like energy metabolism, maintaining cell
structure, and even detoxifying metals. This allows cyanobacteria to adapt and survive
in environments contaminated with heavy metals. Figure 45 demonstrates the
significant (P=0.05) impact of Cu?**, Ni**, and Cd** on the total carbohydrate content

of M. aeruginosa treated for 96 h. As the concentration of heavy metals in the
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Figure.43. Total protein content (ug ml) of M. aeruginosa treated with Cu?*, Ni?*,
and Cd*" for 96 h. Protein content showed statistically significant differences
compared to the untreated control according to a two-tailed Student's T-Test. Asterisks

indicate significance level: * (p = 0.05).
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Figure.44. Total protein content (ug ml™) of A. doliolum treated with Cu?*, Ni**, and
Cd?* for 96 h. Total protein content (ug ml™) of M. aeruginosa treated with Cu?*, Ni?*,
and Cd*" for 96 h. Protein content showed statistically significant differences
compared to the untreated control according to a two-tailed Student's T-Test. Asterisks

indicate significance level: * (p = 0.05).
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Figure.45. Total carbohydrate content of M. aeruginosa treated with Cu?*, Ni?*, and
Cd?* for 96 h. Vertical bars represent the standard error of the means (n=3). Total
carbohydrate content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate
significance level: * (p = 0.05)
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Figure.46. Total carbohydrate content of A. doliolum treated with Cu?*, Ni?*, and Cd?*
for 96 h. Vertical bars represent the standard error of the means (n=3). Total
carbohydrate content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate

significance level: * (p = 0.05).
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medium increases, the total carbohydrate content shows a clear reduction. Compared
to the untreated control, Cu?* treatment resulted in a 3.2-fold decrease, Ni*" in a 2.6-
fold decrease, and Cd*" in the most dramatic decrease of 3.8-fold. These results
indicate that Cd** has the strongest inhibitory effect on carbohydrate content, followed
by Cu?" and then Ni*",

Similar to M. aeruginosa, the total carbohydrate content of A. doliolum treated
with Cu?*, Ni?*, and Cd?>* for 96 h (Figure 46) also exhibits a decreasing trend with
increasing metal concentration in the medium. Compared to the control, Cu** treatment
resulted in a 2.7-fold decrease, Ni*" in a 2.1-fold decrease, and Cd?*" in the most
significant decrease of 3.3-fold. These results confirm that Cd** has the strongest
inhibitory effect on carbohydrate content, followed by Cu®" and then Ni**.

Interestingly, untreated A. doliolum exhibited a higher total carbohydrate

content compared to untreated M. aeruginosa.
3.14. Photosynthetic Pigment Content

Photosynthetic pigments, including chlorophylls and carotenoids, are essential
components within cyanobacteria that enable them to capture sunlight and convert it
into energy. They play a crucial role in light absorption, energy transfer, and protecting
cells from excessive light. However, heavy metal stress can significantly impact these
pigments, affecting photosynthetic efficiency, pigment biosynthesis, and the
mechanisms by which cells respond to oxidative stress and detoxify themselves.

Figure 47 illustrates the impact of Cu?", Ni?*, and Cd?*" treatment on the
chlorophyll-a (Chl-a) content of M. aeruginosa after 96 h. All three metals caused a
reduction in Chl-a content as their concentration increased in the medium. However,
Cd>" had the most dramatic effect, with a 64-fold decrease at the highest concentration
(5.0 uM) compared to the control. Cu?" and Ni*" treatments resulted in lower but still
significant reductions of 3.62-fold and 3.37-fold, respectively. These results indicate
that Cd** has the most severe inhibitory effect on Chl-a content, followed by Cu** and
then Ni?".
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Figure.47. Chlorophyll-a (Chl-a) content of M. aeruginosa treated with Cu?*, Ni?*, and
Cd** for 96 h. Vertical bars represent the standard error of the mean (n=3). Total
chlorophyll-a content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate
significance level: * (p = 0.05).
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Figure.48. Chlorophyll-a (Chl-a) content of A. doliolum treated with Cu?*, Ni?*, and
Cd>* for 96 h. Vertical bars represent the standard error of the mean (n=3). Total
Chlorophyll-a content showed statistically significant differences compared to the
untreated control according to a two-tailed Student's T-Test. Asterisks indicate
significance level: * (p = 0.05).
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Figure.49. Carotenoid content of M. aeruginosa treated with Cu?*, Ni**, and Cd?" for
96 h. Vertical bars represent the standard error of the mean (n=3). Total carotenoids
content showed statistically significant differences compared to the untreated control
according to a two-tailed Student's T-Test. Asterisks indicate significance level: * (p
=0.05)
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Figure.50. Carotenoid content of A. doliolum treated with Cu?*, Ni**, and Cd>* for 96
h. Vertical bars represent the standard error of the mean (n=3). Total carotenoids
content showed statistically significant differences compared to the untreated control
according to a two-tailed Student's T-Test. Asterisks indicate significance level: * (p
=0.05).

166



Similar to M. aeruginosa, the chlorophyll-a content of A. doliolum treated with
Cu?*, Ni?*, and Cd*" for 96 h (Figure 48) also showed a significant decline with
increasing metal concentration. Cd?" again displayed the strongest inhibitory effect,
causing a 66.4-fold decrease in Chl-a content at the highest concentration compared to
the control. Cu?* and Ni?* treatments resulted in reductions of 4.72-fold and 4.56-fold,
respectively. These results confirm that Cd** has the strongest inhibitory effect on Chl-
a content in A. doliolum, followed by Cu?" and then Ni?*. Figure 49 depicts the impact
of Cu?', Ni?*, and Cd?* treatment on the carotenoid content of M. aeruginosa after 96
h. All three metals caused a reduction in carotenoid content as their concentration
increased in the medium. Similar to Chl-a, Cd** had the most significant effect, with a
47.33-fold decrease at the highest concentration compared to the control. Cu*
treatment resulted in a 5.14-fold decrease, while Ni*>* showed a less pronounced
decrease of 4.73-fold. These results indicate that Cd*" has the strongest inhibitory
effect on carotenoid content, followed by Cu?* and then Ni**. A similar trend was
observed for the carotenoid content of A. doliolum treated with Cu?", Ni**, and Cd?**
for 96 h (Figure 50). All three metals caused a reduction in carotenoids; however, Cd**
again exhibited the strongest inhibitory effect, with a 44.6-fold decrease at the highest
concentration compared to the control. Cu?* and Ni?* treatments resulted in reductions
of 5.7-fold and 5.5-fold, respectively. These results confirm that Cd?* has the strongest
inhibitory effect on carotenoid content in A. doliolum, followed by Cu?* and then Ni?".

Chlorophyll-a (Chl-a) appears to be more sensitive to the tested metals (Cu?,

Ni?*, and Cd?") compared to carotenoids in both M. aeruginosa and A. doliolum.
3.15. Malondialdehyde (MDA) Content

Malondialdehyde (MDA) is a product of lipid peroxidation, a process that damages
cell membranes due to oxidative stress. Measuring MDA content is a common way to
assess the level of oxidative stress in cells. Figure 51 shows the impact of Cu?*, Ni?",

and Cd?** treatment on the MDA content of M. aeruginosa after 96 h.
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Figure.51. Malondialdehyde (MDA) content of M. aeruginosa treated with Cu?*, Ni?",
and Cd** for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in MDA content compared to the untreated control.
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Figure.52. Malondialdehyde (MDA) content of A. doliolum treated with Cu?*, Ni?*,
and Cd** for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in MDA content compared to the untreated control.
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As the concentration of heavy metals increases, the MDA content also
increases steadily. All treatments with Cu?*, Ni**, and Cd?** resulted in statistically
significant (P > 0.05, Two-tailed Student's T-test) increases in MDA content compared
to the untreated control. This indicates that all three metals induced oxidative stress
in M. aeruginosa cells.

Compared to the control, Cd** treatment resulted in the highest increase in
MDA content, with a 4.97-fold increase. Cu?** and Ni** treatments also caused
significant increases of 2.58-fold and 3.38-fold, respectively. These results suggest
that Cd*" is the most potent inducer of oxidative stress among the tested metals,
followed by Cu?*" and then Ni*".

Similar to M. aeruginosa, the MDA content of A. doliolum treated with Cu?',
Ni?*, and Cd?* for 96 h (Figure 52) also showed a continuous rise with increasing metal
concentration. This indicates a progressive increase in oxidative stress within the cell.
Compared to the control, all treatments with Cu?", Ni**, and Cd*" caused statistically
significant increases (P > 0.05, Two-tailed Student's T-test) in MDA content.
Compared to the control, Cd** treatment again resulted in the most significant increase
in MDA content, with a 4.97-fold increase. Cu?" and Ni*" treatments caused increases
of 2.88-fold and 3.50-fold, respectively. These results confirm that Cd?* is the strongest

inducer of oxidative stress in A. doliolum, followed by Cu?* and then Ni?*.

3.16. Hydrogen Peroxide (H202) Level

Hydrogen peroxide (H20:) is a simple molecule consisting of two hydrogen atoms and
one oxygen atom. Despite its seeming simplicity, H-O: plays a complex role in cellular
biology. It is classified as a reactive oxygen species (ROS). At low concentrations,
H:0: acts as a signaling molecule within cells. It can trigger various cellular responses,
including gene expression changes, cell growth regulation, and defense mechanisms
against pathogens. When H-O: production becomes excessive, it can overwhelm the
cell's antioxidant defenses. This leads to a state called oxidative stress, where ROS like

H20. damage various cellular components like proteins, DNA, and membranes,
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Figure.53. Hydrogen Peroxide (H20:) production in M. aeruginosa treated with Cu?*,
Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3).
All treatments with Cu?*, Ni?*, and Cd>' resulted in statistically significant (P > 0.05,
Two-tailed Student's T-test) increases in H20: levels compared to the untreated

control.
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Figure.54. Hydrogen Peroxide (H202) production in A. doliolum treated with Cu?*,
Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3).
All treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05,
Two-tailed Student's T-test) increases in H2O. levels compared to the untreated
control.
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Figure 53 shows the impact of Cu?*, Ni**, and Cd** treatment on the H20:
production in M. aeruginosa after 96 h. As the concentration of heavy metals in the
medium increases, the H2O: level also increases steadily. This indicates a dose-
dependent response, where higher metal concentrations lead to greater oxidative stress.
Compared to the control, Cd** treatment resulted in the highest increase in H20: level,
with a 2.31-fold increase. Cu?" and Ni?* treatments also caused significant increases of
1.96-fold and 1.78-fold, respectively. The vertical bars represent the standard error of
the mean (n=3). These results suggest that Cd>" is the most potent inducer of oxidative
stress among the tested metals, followed by Cu?* and then Ni?*.

Similar to M. aeruginosa, the H.0: level of A. doliolum treated with Cu?*, Ni?*,
and Cd>* for 96 h (Figure 54) also exhibited a continuous rise with increasing metal
concentration. This indicates a progressive increase in oxidative stress within the cells.
Notably, A. doliolum displayed a higher overall increase in H2O: production compared
to M. aeruginosa. Compared to the control, Cd** treatment again resulted in the most
significant increase in H20: level, with a remarkable 5.95-fold increase. Cu** and Ni**
treatments also caused increases of 5.0-fold and 2.93-fold, respectively. These results
confirm that Cd?" is the strongest inducer of oxidative stress in A. doliolum, followed
by Cu?" and then Ni?*. Interestingly, A. doliolum appears to be more sensitive to
oxidative stress induced by heavy metals compared to M. aeruginosa.

The increases in H20: production observed in both M. aeruginosa and A.
doliolum treated with Cu?*, Ni**, and Cd*" were statistically significant (P > 0.05)
compared to the untreated controls, as determined by a Two Tailed Student's T-test.
This statistically significant increase supports the conclusion that these heavy metals

induce oxidative stress in these cyanobacteria.
3.17. Superoxide Radicals (02°)

Superoxide radicals produced in reaction to metal stress can cause oxidative stress and
cellular damage in cyanobacteria by interacting with other molecules such lipids,
proteins, and nucleic acids. An imbalance between ROS production and antioxidant
defence systems can cause oxidative damage, disruption of cellular functioning, and,

eventually, cell death. At low concentrations, superoxide radicals can act as signaling
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molecules within the cell, participating in processes like immune response activation
and wound healing. Oxidative stress occurs when the production of ROS, including
superoxide radicals, exceeds the antioxidant defenses of cells.

Figure 55 shows the impact of Cu?*, Ni?>*, and Cd>* treatment on the superoxide
radical production in M. aeruginosa after 96 h. As the concentration of heavy metals
in the medium increases, the level of superoxide radicals also increases. This indicates
a dose-dependent response, where higher metal concentrations lead to greater
oxidative stress. Interestingly, Cu?** treatment resulted in the highest increase in
superoxide radical production (2.81-fold) compared to the control, followed by Cd**
(2.25-fold) and Ni** (1.93-fold). All increases in superoxide radical production
compared to the control were statistically significant (P > 0.05) as determined by a
Two-Tailed Student's T-test. These results suggest that Cu?>* may be a more potent
inducer of superoxide radical generation in M. aeruginosa compared to Cd** and Ni?*
under these conditions.

Similar to M. aeruginosa, the superoxide radical level of A. doliolum treated
with Cu?*, Ni?*, and Cd?* for 96 h (Figure 56) also exhibited a continuous rise with
increasing metal concentration. However, A. doliolum displayed a generally higher
level of superoxide radical production compared to M. aeruginosa. In A. doliolum,
Cu?* again caused the highest increase (5.6-fold) in superoxide radical level compared
to the control, followed by Cd*" (4.19-fold) and Ni** (3.75-fold). All increases in
superoxide radical production compared to the control were statistically significant (P
>0.05) as determined by a Two-Tailed Student's T-test. These results suggest that Cu*
might be the strongest inducer of superoxide radical generation in A. doliolum as well.
Interestingly, A. doliolum appears to generate higher levels of superoxide radicals

overall compared to M. aeruginosa when exposed to these heavy metals.
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Figure.55. Superoxide radical production in M. aeruginosa treated with Cu?*, Ni*,
and Cd** for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd?** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in Oz levels compared to the untreated control.
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Figure.56. Superoxide radical production in A. doliolum treated with Cu?*, Ni?*, and
Cd?** for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in Oz™ levels compared to the untreated control.
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3.18. Hydroxyl Radical (OH")

Hydroxyl radicals (OHe) are highly reactive molecules and some of the most potent
oxidants found within cells. They can damage a wide range of cellular components,
including proteins, lipids, and DNA, leading to significant cellular dysfunction and
death. Their formation often occurs through the Fenton reaction, where superoxide
radicals interact with free iron.

Figures 57 and 58 show the impact of Cu?", Ni**, and Cd?*" treatment on the
hydroxyl radical production in M. aeruginosa and A. doliolum after 96 h, respectively.
As observed with superoxide radicals, the level of hydroxyl radicals also increases
with increasing heavy metal concentration in both species, indicating a dose-dependent
response. M. aeruginosa displayed a significant (P>0.05; Two Tailed Student’s T-
Test) increase in hydroxyl radical production compared to the control across all
treatments. Cu?* treatment resulted in the highest increase (4.01-fold), followed by
Cd** (3.81-fold) and Ni*>* (2.81-fold). These results suggest that Cu** may be the most
potent inducer of hydroxyl radical generation in M. aeruginosa under these conditions.

Interestingly, A. doliolum displayed a different pattern compared to M.
aeruginosa. While the hydroxyl radical level still increased with increasing metal
concentration, the overall increase was lower. Cu** again caused the highest increase
(2.31-fold) compared to the control, followed by Cd?* (1.57-fold) and Ni?* (0.31-fold).
These results suggest that A. doliolum may be more efficient at mitigating hydroxyl

radical production compared to M. aeruginosa when exposed to these heavy metals.
3.19. Estimation of Antioxidant Enzymes Activity
3.19.1. Superoxide Dismutase (SOD) Content

SOD acts as a cellular defense specifically against superoxide radicals. It functions as
a catalyst, accelerating the conversion of superoxide radicals into hydrogen peroxide
(H20.), a less reactive molecule. Figures 59 and 60 show the impact of Cu?*, Ni?**, and
Cd?** treatment on the SOD enzyme activity in M. aeruginosa and A. doliolum after 96
h, respectively. Interestingly, the results show an increase in SOD activity with

increasing heavy metal concentration in both species.
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Figure.57. Hydroxyl radical production in M. aeruginosa treated with Cu?*, Ni**, and
Cd?** for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?’, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in OH" levels compared to the untreated control.
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Figure.58. Hydroxyl radical production in A. doliolum treated with Cu?*, Ni**, and
Cd?* for 96 h. Vertical bars represent the standard error of the mean (n=3). All
treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P > 0.05, Two-

tailed Student's T-test) increases in OH" levels compared to the untreated control.
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Figure.59. SOD enzyme activity in M. aeruginosa treated with Cu?*, Ni**, and Cd**
for 96 h. Vertical bars represent the standard error of the mean (n=3). All treatments
with Cu?*, Ni**, and Cd?" resulted in statistically significant (P > 0.05, Two-tailed

Student's T-test) increases in SOD levels compared to the untreated control.
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Figure.60. SOD enzyme activity in A. doliolum treated with Cu?*, Ni?*, and Cd>" for
96 h. Vertical bars represent the standard error of the mean (n=3). All treatments with
Cu?', Ni?*, and Cd?* resulted in statistically significant (P > 0.05, Two-tailed Student's

T-test) increases in SOD levels compared to the untreated control.
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M. aeruginosa displayed a significant increase in SOD activity compared to
the control across all treatments. Cu?" treatment resulted in the highest increase (4.6-
fold), followed by Cd?* (3.29-fold) and Ni?* (3.90-fold). All increases in SOD activity
compared to the control were statistically significant (P > 0.05) as determined by a
Two-Tailed Student's T-test. These results suggest that M. aeruginosa might be
upregulating its SOD activity as a defense mechanism against the increased superoxide
radical production caused by heavy metal stress.

A similar pattern of increased SOD activity with increasing metal
concentration was observed in A. doliolum. Cu?" again caused the highest increase
(4.22-fold) compared to the control, followed by Cd** (3.40-fold) and Ni** (2.81-fold).
All increases in SOD activity compared to the control were statistically significant (P
> 0.05) as determined by a Two-Tailed Student's T-test. These results suggest that A.
doliolum also appears to be upregulating its SOD activity in response to heavy metal

stress.
3.19.2 Catalase Enzymes (CAT) Activity

Catalase (CAT) is another crucial antioxidant enzyme found in most living organisms,
including cyanobacteria. It plays a vital role in cellular defense against oxidative stress
by decomposing hydrogen peroxide (H202), a byproduct of various cellular processes,
into water (H20) and oxygen (O2). H20: itself is less harmful than superoxide radicals,
but at high concentrations, it can still contribute to oxidative damage. Catalase helps
to maintain a healthy balance of H-0O- within cells. Figures 61 and 62 show the
impact of Cu*", Ni**, and Cd*" treatment on the catalase enzyme activity in M.
aeruginosa and A. doliolum after 96 h, respectively. Similar to the observed increase
in SOD activity, both species exhibited a rise in catalase activity with increasing heavy

metal concentration.
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Figure.61. Catalase enzyme activity in M. aeruginosa treated with Cu?*, Ni?*, and Cd?*
for 96 h. Vertical bars represent the standard error of the mean (n=3). All treatments
with Cu?*, Ni?*, and Cd?* resulted in statistically significant (P > 0.05, Two-tailed

Student's T-test) increases in CAT levels compared to the untreated control.
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Figure.62. Catalase enzyme activity in A. doliolum treated with Cu?*, Ni**, and Cd?*
for 96 h. Vertical bars represent the standard error of the mean (n=3). All treatments
with Cu?*, Ni**, and Cd?* resulted in statistically significant (P > 0.05, Two-tailed

Student's T-test) increases in CAT levels compared to the untreated control.
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M. aeruginosa displayed a significant increase in catalase activity compared to
the control across all treatments. Cu?* treatment resulted in the highest increase (4.14-
fold), followed by Cd** (3.79-fold) and Ni** (2.45-fold). All increases in catalase
activity compared to the control were statistically significant (P > 0.05) as determined
by a Two-Tailed Student's T-test. These results suggest that M. aeruginosa might be
upregulating its catalase activity as an additional defense mechanism against the
elevated H20: levels generated in response to heavy metal stress.

Interestingly, A. doliolum displayed a generally higher level of catalase activity
compared to M. aeruginosa across all treatments. The catalase activity in A. doliolum
also increased with increasing metal concentration. Cu?" again caused the highest
increase (5.91-fold) compared to the control, followed by Cd?** (4.83-fold) and Ni?*
(4.0-fold). All increases in catalase activity compared to the control were statistically
significant (P > 0.05) as determined by a Two-Tailed Student's T-test. These results
suggest that A. doliolum might have a more robust antioxidant defense system
involving both SOD and catalase compared to M. aeruginosa, allowing it to better

manage oxidative stress caused by heavy metals.
3.19.3 Ascorbate peroxidase (APX) Activity

Ascorbate peroxidase (APX) is another crucial enzyme in the antioxidant defense
system of cyanobacteria and many other organisms. It helps to detoxify hydrogen
peroxide (H202) by catalyzing its reduction to water (H20) using ascorbate (vitamin
C) as an electron donor. This process helps to protect cells from the damaging effects
of H20:-induced oxidative stress.

Figures 63 and 64 show the impact of Cu?', Ni?*, and Cd** treatment on the
APX enzyme activity in M. aeruginosa and A. doliolum after 96 h, respectively.
Similar to the observed increases in SOD and catalase activity, both species exhibited

arise in APX activity with increasing heavy metal concentration.
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Figure.63. Ascorbate peroxidase (APX) enzyme activity in M. aeruginosa treated with

Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean

(n=3). All treatments with Cu?*, Ni**, and Cd?*" resulted in statistically significant (P >

0.05, Two-tailed Student's T-test) increases in APX levels compared to the untreated

control.
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Figure.64. Ascorbate peroxidase (APX) enzyme activity in A. doliolum treated with

Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean

(n=3). All treatments with Cu?*, Ni**, and Cd** resulted in statistically significant (P >

0.05, Two-tailed Student's T-test) increases in APX levels compared to the untreated

control.
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M. aeruginosa displayed a significant increase in APX activity compared to
the control across all treatments. Cu?* treatment resulted in the highest increase (3.36-
fold), followed by Cd?* (3.31-fold) and Ni?* (3.11-fold). All increases in APX activity
compared to the control were statistically significant (P > 0.05) as determined by a
Two-Tailed Student's T-test. These results suggest that M. aeruginosa might be
upregulating its APX activity as part of its antioxidant defense strategy against the
elevated H20: levels generated in response to heavy metal stress.

Interestingly, A. doliolum displayed a generally higher level of APX activity
compared to M. aeruginosa across all treatments. The APX activity in A. doliolum also
increased with increasing metal concentration. Cu?* again caused the highest increase
(5.04-fold) compared to the control, followed by Cd*" (4.54-fold) and Ni** (4.06-fold).
All increases in APX activity compared to the control were statistically significant (P
> 0.05) as determined by a Two-Tailed Student's T-test. These results suggest that A.
doliolum might have a more robust antioxidant defense system involving SOD,
catalase, and APX compared to M. aeruginosa, allowing it to better manage oxidative

stress caused by heavy metals.
3.19.4 Glutathione Reductase (GR) Activity

Glutathione reductase (GR) is another important enzyme involved in the cellular
antioxidant defense system. It plays a crucial role in maintaining the reduced state of
glutathione (GSH), a vital antioxidant molecule. GR catalyzes the conversion of
oxidized glutathione (GSSG) back to its reduced form (GSH), allowing GSH to
continue its function in scavenging free radicals and protecting cells from oxidative

stress.
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Figure.65. Glutathione reductase (GR) enzyme activity in M. aeruginosa treated with
Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean
(n=3). All treatments with Cu**, Ni**, and Cd** resulted in statistically significant (P >
0.05, Two-tailed Student's T-test) increases in GR levels compared to the untreated

control.
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Figure.66. Glutathione reductase (GR) enzyme activity in A. doliolum treated with
Cu?', Ni?*, and Cd?* for 96 h. Vertical bars represent the standard error of the mean
(n=3). All treatments with Cu?*, Ni**, and Cd?** resulted in statistically significant (P >
0.05, Two-tailed Student's T-test) increases in GR levels compared to the untreated

control.
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M. aeruginosa displayed a modest increase in GR activity compared to the
control across all treatments. Cd?" treatment resulted in the highest increase (2.02-
fold), followed by Cu?* (1.78-fold) and Ni** (1.47-fold). It is important to note that
these increases might not be statistically significant and require further analysis. These
results suggest that M. aeruginosa might be upregulating its GR activity to some extent
in response to heavy metal stress.

Figures 65 and 66 show the impact of Cu?*, Ni?*, and Cd?** treatment on the GR
enzyme activity in M. aeruginosa and A. doliolum after 96 h, respectively. While both
species exhibited an increase in GR activity with increasing heavy metal concentration,
the magnitude of the increase was generally lower compared to the observed changes
in SOD, catalase, and APX activity. M. aeruginosa displayed a modest increase in
GR activity compared to the control across all treatments. Cd?" treatment resulted in
the highest increase (2.02-fold), followed by Cu?* (1.78-fold) and Ni?* (1.47-fold).
These results suggest that M. aeruginosa upregulated its GR activity to some extent in
response to heavy metal stress, but the level of upregulation was lower compared to
other antioxidant enzymes.

Similar to M. aeruginosa, A. doliolum displayed a moderate increase in GR
activity with increasing metal concentration. Cd** again caused the highest increase
(2.41-fold) compared to the control, followed by Cu?* (2.08-fold) and Ni>* (1.78-fold).
These results suggest that A. doliolum upregulates its GR activity in response to heavy
metal stress, but the overall increase is lower compared to the other antioxidant

enzymes mentioned previously.
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CHAPTER-4

DISCUSSION

SECTION I. BIOSORPTION EXPERIMENTS

Water, the elixir of life, is under siege. The insidious creep of heavy metal
contamination threatens this precious resource, posing a dire challenge to human
health and ecological well-being. Industrial activities, agricultural practices, and even
natural geological processes can all contribute to the accumulation of these toxic
elements in our water bodies (Tchounwou et al. 2012; Masindi et al. 2021). Unlike
organic pollutants, heavy metals are not readily biodegradable. They persist in the
environment, entering the food chain and exerting their detrimental effects at various
levels.

Traditional water treatment methods, while effective in removing many
contaminants, often fall short when it comes to heavy metals. These methods can be
expensive, energy-intensive, and may generate hazardous byproducts (Razzak et al.
2022). The need for innovative, sustainable solutions for heavy metal bioremediation
is more pressing than ever.

This thesis ventures into the exciting realm of bioremediation, a burgeoning
field that harnesses the remarkable power of living organisms to cleanse contaminated
environments. This research has explored the potential of cyanobacteria to cope heavy
metal pollution. Cyanobacteria are a diverse group of photosynthetic prokaryotes with
a long history on Earth. They play a vital role in aquatic ecosystems and have garnered
significant interest in recent years due to their potential applications in various fields,
including biofuel production. However, the focus of this research lies in their ability
to interact with and remove heavy metals from water.

This study investigated the presence of key biomolecules — saccharides,
proteins, and amino acids —within M. aeruginosa and A. doliolum. These biomolecules
play a crucial role in cellular metal homeostasis and potentially contribute to the metal
binding properties of cyanobacteria (Ma et al. 2009; Palmer and Franz 2009). The
research compared the content of these biomolecules in both the cellular material

(biomass) and the surrounding EPS (Extracellular Polymeric Substances) (Table 1).
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The findings revealed a significantly higher abundance of all three biomolecules
(saccharides, proteins, and amino acids) in the biomass compared to the EPS for both
M. aeruginosa and A. doliolum.

Many studies has reported on various biochemical content of different strains
of cyanobacteria. Such as Borah et al. (2016) reported the biochemical contents
(Lipids, Carbohydrates and Protein) on three species of Nostoc and Cylindrospermum.
From those 6 cyanobacteria species Cylindrospermum indicum has shown to have
higher biochemical contents i.e. 366.95 mg g, 167.73 mg g* and 10.48 mg g* of
protein, carbohydrates and lipids respectively.

The studies reported by Shankar et al. (2021) on biochemical content of EPS
by Lactobacillus paracasei shows carbohydrate content of 96.10 mg ml™* and protein
content 58.3 mg ml depicting higher value for carbohydrates. This suggests that these
biomolecules primarily function within the cells to maintain metal homeostasis,
regulating the intracellular concentration of metal ions.

Despite the lower abundance in EPS compared to biomass, the presence of all
three biomolecules (saccharides, proteins, and amino acids) in the EPS is noteworthy.
This indicates a potential role for EPS in interacting with and immobilizing metal ions
from the surrounding environment. The functional groups present within these
biomolecules, such as carboxyl, phosphate, and amine groups, can form complexes
with metal ions, facilitating their binding and potentially contributing to the
biosorption capacity of cyanobacteria (Gupta and Diwan 2017). In conclusion, this
study demonstrates that M. aeruginosa and A. doliolum possess a higher abundance of
biomolecules — saccharides, proteins, and amino acids — within their biomass
compared to the EPS. While these biomolecules primarily function in maintaining
cellular metal homeostasis, their presence in the EPS suggests a potential role in metal
interaction and immobilization.

Scanning electron microscopy (SEM) analysis revealed a key feature of the
EPS structures — their porosity (Derdak et al. 2022). This intricate network of voids
and channels throughout the matrix facilitates efficient diffusion and transport of
substances within the EPS. This porosity is crucial for nutrient exchange and waste
management within microbial aggregates, allowing them to function effectively.

Similar porous structures were observed in the EPS produced by Lactobacillus
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plantarum and Streptococcus thermophilus (Wang et al. 2015b; Kanamarlapudi and
Muddada 2017).

The EPS structures also displayed a distinct smooth and glistening surface,
suggesting the presence of specific compounds or functional groups on the exterior
that contribute to this glistening effect (Singh et al. 2019). Notably, the EPS exhibited
a highly branched morphology, a characteristic shared by EPS produced by
Lactobacillus strains isolated from cabbage and cucumber (Singh et al. 2016). In
contrast to the sheet-like compact morphology reported for EPS isolated from
Lactobacillus plantarum KF5 (Wang et al. 2010), the Microcystis and Anabaena EPS
structures lacked this specific feature. This absence suggests a unique structural
adaptation, potentially tailored to meet the specific ecological and functional needs of
these cyanobacteria.

Furthermore, the presence of crystalline rod-like structures within the EPS
highlights a level of order and a repeating atomic arrangement associated with crystals
(Solmaz et al. 2018). Crystalline features are often linked to properties like stability
and durability, suggesting at the complex and diverse nature of the EPS produced by
cyanobacteria. While Rani et al. (2017) (Rani et al. 2017)reported a more prominent
crystalline structure in the EPS of Bacillus tequilensis FR9 compared to its amorphous
regions, the EPS analyzed in this study appears to exhibit both crystalline and
amorphous domains. This highlights the potential variations in EPS structure even
among different microbial strains.

Energy dispersive X-ray spectroscopy (EDX) analysis revealed the elemental
composition of both the cyanobacterial biomass and the isolated EPS (Figure 4 and 5,
Table 2 and 3). As expected, carbon (C) and oxygen (O) dominated both fractions,
reflecting their well-established roles in cellular structures and metabolic processes
(Kumar et al. 2019). These elements form the backbone of essential biomolecules like
carbohydrates, proteins, lipids, and nucleic acids, critical for maintaining cell integrity
and function. Beyond C and O, the presence of silicon (Si) and sulfur (S) in the biomass
likely contributes to the structural integrity of cellular components. These elements are
also found in biomolecules, further supporting their significance in cellular structure
and function (Vasak and Schnabl 2016). Sodium (Na), potassium (K), magnesium

(Mg), and iron (Fe) were detected, suggesting their potential involvement in
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osmoregulation, ion transport, and various metabolic pathways within the
cyanobacteria (Jomova et al. 2022). These elements often act as enzyme cofactors,
facilitating vital biochemical reactions in energy metabolism, biosynthesis, and other
essential cellular processes. Trace amounts of Mg and Fe were also identified, hinting
at potential roles in specific cellular functions and environmental interactions
(Siddiqui et al. 2014). The presence of copper (Cu?") and chlorine (Cl) in the EPS
might be attributed to residual elements from the growth media or analytical
instruments. Further investigation is needed to confirm their presence and potential
roles within the EPS matrix.

The observed differences in elemental composition between the biomass and
EPS highlight their distinct functionalities. These elements likely play crucial roles in
shaping the structure, properties, and functions of these two cellular components.
Interestingly, the presence of sodium (Na) and nitrogen (N) in the EPS suggests their
potential involvement in interactions with the surrounding environment or specific
metabolic processes within the EPS itself (Sudmalis et al. 2020). Further research into
the specific functionalities of these elements within the EPS matrix would provide
valuable insights into their significance for the overall ecology of these cyanobacteria.

TEM image analysis were employed to locate heavy metals accumulation on
the intracellular region of the EPS and visualize the structural changes to show the
different effects of metal toxicity. For M. aeruginosa (Figure 6), untreated EPS has a
smooth surface with little black patches. When exposed to Cd?*, the surface becomes
rough and porous. Cu?* treatment causes the EPS to form spherical or oval shapes,
whereas Ni?* treatment produces a web-like structure. The various structural
alterations seen in M. aeruginosa EPS following treatment with Cd?*, Cu?*, and Ni®*
reflect each heavy metal ion's unique chemical characteristics and binding affinities
with EPS components.

In this case of A. doliolum (Figure 7), untreated EPS exhibits a wrinkled and
strong surface. Cd?* treatment causes the deposition of Cd?* ions, which are apparent
as black patches, with some regions becoming completely dark due to accumulation.
Cu?* treatment forms spiny morphologies and porous structures on the EPS surface,
but Ni?* treatment produces translucent circular spots, which might indicate Ni?*

deposition. The different structural alterations seen in Anabaena EPS after treatment
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with Cd?, Cu®, and Ni?* reflect each heavy metal ion's unique chemical
characteristics and binding affinities with EPS components. These interactions can
cause changes in EPS conformation, aggregation, and morphology, resulting in the
various surface structures observed in the experimental results (Kim et al. 2007;
Mohite et al. 2018).

Fourier-transform infrared spectroscopy (FTIR) analysis provided insights into
the diverse functional groups employed by cyanobacteria for binding Cd?**, Cu?", and
Ni?*ions (Figure 8 and 9). These mechanisms include coordination with oxygen atoms,
n-electron interactions, and electrostatic forces. Metal ions likely form complexes with
oxygen-containing functional groups, such as hydroxyl (-OH), carbonyl (C=0), and
ether (C-O) groups, present in both the biomass and EPS (Brady and Duncan, 1994).
The presence of metal-oxygen stretching vibrations in the FTIR spectra supports this
coordination (Wang et al. 2022). Another potential binding mechanism involves 7-
electron interactions between metal ions and aromatic rings within the biomass and
EPS. These interactions can lead to the formation of 7-complexes and alter the electron
distribution within the aromatic systems (Oshita and Shimazaki 2022; Corinti et al.
2022). Electrostatic interactions may also play a role. Positively charged metal ions
can interact favorably with negatively charged functional groups on the surfaces of
biomass and EPS, facilitating adsorption (Zhou and Pang 2018).

Hydrogen bonding with functional groups containing hydrogen atoms (e.qg.,
hydroxyl and amino groups) is another possible binding mechanism. These
interactions can contribute to the stabilization of metal ion binding to biomass and EPS
surfaces, enhancing adsorption (Reek et al. 2022). Furthermore, metal ions can form
complexes with biomolecules like proteins and polysaccharides, which are abundant
in both biomass and EPS. This complexation increases the binding affinity of metal
ions to these cellular components, promoting adsorption (De La Torre and Pomorski
2024).

The FTIR analysis of EPS functional groups in this study revealed the presence
of C=0 stretching, C-H stretching, O-H stretching, N-H bending, and C-O stretching
vibrations. These functional groups are consistent with those reported by Guo et al.
(2016) in their study of activated sludge EPS. Additionally, the findings align with the
work of Wang et al. (2012), who identified similar functional groups in the EPS of
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Bacillus megaterium TF10, along with additional S-O and P=0 stretching vibrations.
While these studies identified a broader range of functional groups, the core
functionalities observed in our cyanobacteria EPS appear to be well-conserved.

The identification of dipeptides, tripeptides, and individual amino acids within
cyanobacterial EPS (Figure 10 and 11, Table 4 and 5) indicates the composition and
potential functionalities of these extracellular molecules (Gnoth et al. 2024).
Dipeptides and tripeptides may contribute significantly to the structural stability and
integrity of the EPS (Santos et al. 2012). However, their functions extend beyond mere
scaffolding. These peptides might act as signaling molecules, influencing
communication and interactions within the biofilm community (Litz et al. 2011).
Additionally, they could serve as a source of nutrients for other microorganisms or
even exhibit antibacterial properties, shaping the overall biofilm ecology. The
presence of monopeptides like leucine, valine, and isoleucine (branched-chain amino
acids, BCAAS) highlights their potential role in protein synthesis and cellular function
(Gwin et al. 2020). These amino acids might contribute to stress tolerance and
metabolic processes, enhancing the organism's adaptability to environmental
challenges. Phenylalanine, an aromatic amino acid, could potentially originate from
degraded proteins within the biofilm and contribute to the chemical diversity of the
EPS (Zhou et al. 2022). Polar amino acids like serine enable cyanobacteria to interact
effectively with water molecules and potentially facilitate nutrient acquisition. This
characteristic might enhance the organism's adaptability to its surrounding
environment (Ullah et al. 2020). Glycine, the smallest amino acid, could introduce
flexibility to the EPS matrix, allowing for structural modifications in response to
environmental changes. This dynamic nature of the EPS could be crucial for
cyanobacteria to thrive in fluctuating environmental conditions. In contrast to
Microcystis , the EPS of Aureococcus doliolum incorporates histidine, which possesses
an imidazole ring with a high affinity for metal ions (Vandenbossche et al. 2015). This
allows histidine residues to participate in metal sequestration or detoxification within
the EPS matrix. Furthermore, histidine can act as a pH buffer, regulating the acidity or
alkalinity of the EPS environment. Maintaining optimal pH conditions is critical for

microbial growth and metabolic activity within the biofilm (Ayudhya et al. 2018).
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Cyanobacterial cell surfaces include a variety of functional groups, including
carboxyl (-COOH), amino (-NH2), hydroxyl (-OH), and phosphate groups (Goncalves
et al. 2015). These groups can operate as proton acceptors or donors, hence increasing
the cell surface's buffering capacity (Pokrovsky et al. 2008). In acidic solutions,
hydrogen ions (H") can interact with functional groups on cell surfaces. Protonation
occurs when H' ions attach to negatively charged functional groups, such as
carboxylate groups, resulting in the creation of protonated species (e.g., -COOH").
Increased pH can cause deprotonation, which releases H* ions from functional groups
(Nakata 1992). At first, the functional groups on the cell surface can bind H* ions,
causing a steady fall in pH when acid is introduced. This phase depicts the cell surface’s
buffering capabilities, with the functional groups acting as proton acceptors to avoid
extreme pH shifts (Gao et al. 2016). Adding additional acid raises the concentration of
H" ions, resulting in saturation of binding sites on the cell surface. At this stage, the
cell surface's buffering ability decreases, and the pH may stay rather steady despite
further acid input. The saturation point corresponds to the inflection point or plateau
on the titration curve. The protonation and deprotonation processes achieve
equilibrium when the pH varies during titration. pH changes affect the balance of
protonated and deprotonated species on the cell surface, impacting the overall charge
and reactivity of the cells. Protonation of functional groups on the cell surface
influences the surface charge, hydrophobicity, and reactivity of the cells (Petukh et al.
2013). These surface property changes can have an influence on a variety of cellular
functions, including as nutrition intake, metal binding, and interactions with other
bacteria and surfaces (Hou et al. 2018). The observed shift in equivalency points
during pH titration of metal-treated cyanobacterial biomass and EPS suggests that
metal exposure alters surface characteristics, which might have ramifications for
environmental interactions and ecosystem function and give useful information on the
impact of metal binding on the organism's surface characteristics and overall surface
chemistry.

This study found an intricate relationship between pH and the efficiency of
copper (Cu?"), cadmium (Cd?"), and nickel (Ni**) removal by M. aeruginosa, A.
doliolum, and their isolated EPS (Figure 18 and 19). M. aeruginosa demonstrated a

distinct preference for Cu?* removal at a slightly acidic pH of 6.5 (Figure 18 A). This
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efficiency was observed to decrease at higher pH values, suggesting a potential
alteration in the surface charge of the biomass or the speciation of Cu?* at increased
alkalinity (El-Gendy et al. 2017). In contrast, Ni** removal remained relatively
unaffected by pH, indicating a less pH-dependent binding mechanism for this metal
(Schiewer and Patil 2008). A unique trend was observed for Cd** removal, with a
significant increase from acidic to neutral pH (2 to 7), followed by a slight decline at
even higher pH. This behavior suggests that functional groups on the M. aeruginosa
surface become better suited for Cd** binding at neutral pH values, possibly due to
changes in their protonation state (Onufriev and Alexov 2013).

A more stable Cu?* removal efficiency across the entire pH range (2-9) was
shown by A. doliolum (Fig 18 B). This suggests a wider variety of functional groups
or binding sites on the A. doliolum surface that can interact with Cu?* ions regardless
of the solution's pH within this range. A gradual increase in Ni** removal by A.
doliolum was observed with increasing pH, potentially due to the presence of
functional groups that become more favorable for Ni** binding at higher pH values
(pH up to 7.5). However, the slight decrease at pH 9 might indicate the precipitation
of some removed Ni*" instead of remaining bound to the biomass (Jerroumi et al.
2020). Similar to M. aeruginosa, Cd>* removal by A. doliolum exhibited a strong pH
dependence, with a dramatic rise in efficiency at neutral pH (7 and 8) compared to
lower pH. This behavior aligns with the concept of electrostatic interactions, where
functional groups become deprotonated at neutral pH, creating favorable attraction for
positively charged Cd?* ions (Schiewer and Patil 2008).

Further insights into the complex interplay between pH and metal removal
were provided by the investigation of isolated EPS (Figure 19). Both M. aeruginosa
and A. doliolum EPS displayed high initial removal efficiencies for Cu?* and Ni** at a
low pH of 2.0. However, their behaviors diverged at higher pH. M. aeruginosa EPS
exhibited stable Cu** removal up to pH 4, followed by a significant decrease. This
suggests a potential shift in binding mechanisms or surface properties of the EPS at
higher pH. In contrast, Ni*>* removal by M. aeruginosa EPS increased steadily across
the entire pH range, indicating a robust and pH-independent binding process, possibly

involving complexation with functional groups within the EPS matrix (Haas et al.
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2019; Qasem et al. 2021). Cd** removal by M. aeruginosa EPS mirrored the trend
observed for biomass, with a low removal rate at pH 2 and a peak at pH 7.

A. doliolum EPS also showed high initial removal efficiencies for Cu?" and Ni?*
at pH 2.0. Unlike M. aeruginosa EPS, Cu?*" removal by A. doliolum EPS steadily
increased with increasing pH, reaching a maximum at pH 6.0. This suggests a potential
enhancement of binding sites or interactions favorable for Cu** at higher pH for this
specific EPS. Similarly, Ni?* removal by A. doliolum EPS showed a gradual increase,
reaching its peak at a slightly higher pH (7.5) compared to Cu**. Interestingly, Cd>*
removal by A. doliolum EPS mirrored the trend observed for M. aeruginosa EPS,
suggesting similar underlying mechanisms.

In conclusion, the observed variations in metal removal efficiencies across
different pH conditions highlight the complex interplay between metal speciation, EPS
surface properties, and binding mechanisms. A more metal-specific response was
displayed by M. aeruginosa, while A. doliolum exhibited broader pH tolerance for Cu?*
removal. The isolated EPS of both organisms revealed distinct pH-dependent
behaviors, further emphasizing the

This study investigated the rate of metal uptake by M. aeruginosa and A.
doliolum biomass, along with their isolated EPS, using a time-course experiment
(Figures 20-23). The data is analyzed using two kinetic models: Pseudo-First-Order
and Pseudo-Second-Order (Mehta and Gaur 2005; Wang and Guo 2020).

The sorption of all three metals (Cu?*, Ni?*, and Cd?*) was observed to be rapid,
with over 90% occurring within the first 30-45 min (Figures 20-23). This rapid initial
uptake suggests a rapid binding of metal ions to the cell wall, likely through a passive,
extracellular process such as ion exchange or complexation with functional groups on
the cell surface (Mehta and Gaur 2005). Following this initial surge, the rate of sorption
slowed down. This second phase might represent the active transport of metal ions into
the cells (Mehta and Gaur 2005).

Figure 20 depicts the kinetics of metal sorption by live M. aeruginosa biomass.
Table 7 summarizes the parameters obtained by fitting the time-course data for M.
aeruginosa to both the Pseudo-First-Order and Pseudo-Second-Order models. The
high coefficient of determination (R?) values (> 0.92) for both models indicate good

agreement between the model predictions and the experimental data. However, the
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Pseudo-Second-Order model exhibited slightly higher R? values for all three metals,
suggesting a potentially better fit for this specific case. Overall, the time-course study
along with kinetic modelling suggests a two-phase sorption process for heavy metals
by M. aeruginosa. The first phase likely involves rapid binding to the cell surface,
followed by a slower phase that might be attributed to active transport mechanisms.

Figures 21, 22, and 23 depict similar trends for metal sorption by native
biomass of A. doliolum, M. aeruginosa EPS, and A. doliolum EPS. Tables 8-10 present
the results of fitting the time-course data for these samples to the same kinetic models
used for M. aeruginosa (Pseudo-First-Order, Pseudo-Second-Order). The R? values
for both Pseudo-First-Order and Pseudo-Second-Order models remain high (>0.90 for
most cases) across all tables, suggesting good agreement between the models and the
experimental data. Similar to M. aeruginosa, Pseudo-Second-Order models generally
exhibit slightly higher R? values for A. doliolum and EPS, indicating a potentially
better fit.

For A. doliolum, the R2 values for the Intraparticle Diffusion model are slightly
lower (Table 8) compared to the other two models, suggesting that diffusion within
the cell wall might play a less significant role in metal uptake compared to M.
aeruginosa. In contrast, the R? values for the Intraparticle Diffusion model are
generally higher for EPS compared to A. doliolum and M. aeruginosa biomass (Tables
9 and 10). This suggests that diffusion within the EPS structure might be a more
prominent factor influencing metal uptake for isolated EPS (Mathivanan et al. 2023).

From the results of this study, it can be concluded that metal sorption involves
a two-phase process by M. aeruginosa and A. doliolum, and potentially their EPS. The
rapid initial phase reflects passive binding to the cell surface, followed by a slower
phase that might involve active transport of metals into the cells. The specific
contributions of these processes and the role of diffusion within the EPS structure vary
depending on the metal and the type of biosorbent.

The investigation into the role of intraparticle diffusion using the intraparticle
diffusion model yielded interesting insights (Figures 24-27). The plots depicting the
amount of metal sorbed versus the square root of time (t*0.5) exhibited multiple linear
portions, appearing as curved lines (Figures 24-27). This observation deviates from

the linear trend expected for a solely diffusion-controlled process. This suggests that
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intraparticle diffusion might not be the sole rate-limiting step for metal uptake by M.
aeruginosa, A. doliolum biomass, and their isolated EPS (Gora et al. 2022).

Within M. aeruginosa (Figure 24), the calculated intraparticle diffusion rate
constant (kd) for Ni** was higher compared to Cu?* and Cd?* (Table 7). This signifies
a faster diffusion rate for nickel ions within the M. aeruginosa biomass. This trend
aligns with the observations for A. doliolum biomass (Figure 25), where kd values
followed the order Ni?* > Cu?* > Cd?** (Table 8), again indicating the fastest diffusion
for nickel.

For both M. aeruginosa EPS (Figure 26) and A. doliolum EPS (Figure 27), the
kd trend remained consistent. The highest kd value was observed for Ni**, signifying
the fastest diffusion rate of nickel ions within the EPS structure (Tables 9 and 10).

While the intraparticle diffusion model offers valuable insights, the presence
of multiple linear portions in the plots suggests that other mechanisms besides
diffusion might also be influencing the rate of metal uptake. These additional
mechanisms could involve surface adsorption on the biomass or EPS or pore diffusion
within their structures (Miyar et al. 2021).

This study investigated the thermodynamic favorability of metal adsorption by
various biosorbents using the van't Hoff equation (Figures 28-31). The biosorbents
investigated include M. aeruginosa biomass, A. doliolum biomass, EPS (Extracellular
Polymeric Substances) from M. aeruginosa, and EPS from A. doliolum. The metals
studied are Ni?*, Cu?", and Cd?'.

Figures 28-31 depict the van't Hoff plots for each biosorbent-metal ion
combination. These plots reveal the relationship between inverse temperature (1/T)
and the natural logarithm of the equilibrium constant (In kc). The adsorption of all
three metals onto the biomass of M. aeruginosa and A. doliolum was found to be
exothermic (AH® < 0), indicating that the process releases heat. However, despite the
heat release, the adsorption was nonspontaneous (AG® > 0) under the studied
conditions. This suggests that the system requires external energy input to overcome
an energetic barrier and favor metal uptake (Decherchi and Cavalli 2020). In contrast
to the biomass, the EPS isolated from M. aeruginosa and A. doliolum displayed
spontaneous (AG® < 0) adsorption for all three metal ions. These processes were also

exothermic (AH® < 0) for Ni** and Cu*, suggesting heat release during adsorption.
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Interestingly, Cd** adsorption onto EPS remained endothermic (AH® > 0) despite being
spontaneous. This observation suggests a unique mechanism for Cd** uptake compared
to Ni** and Cu?", warranting further investigation. It can be concluded that, the
dependence of biosorption favorability depends on both the type of biosorbent and the
specific metal ion. While M. aeruginosa and A. doliolum biomass might require further
optimization for efficient metal removal under the studied conditions, their isolated
EPS show promise for spontaneous metal uptake.

This study employed batch equilibrium experiments to understand the
mechanisms by which M. aeruginosa and A. doliolum biomass, along with their
isolated EPS, sequester metal ions (Ni**, Cu?**, and Cd?*") (ranging from 0 to 10 mg
L™). To gain a comprehensive understanding of the adsorption process, the data were
analyzed using three isotherm models: Langmuir, Freundlich, and Temkin (Figures
32-35, Tables 15-18).

The Langmuir isotherm, which presupposes a scenario where metal ions form
a single, uniform layer (monolayer) on the biosorbent surface (A.O 2012), effectively
described the biosorption process for most combinations of biosorbents and metal ions
examined in this study. This is evidenced by the high r2 values exceeding 0.96 in many
cases (Tables 15-18). The Langmuir model's strength lies in its ability to quantify the
maximum adsorption capacity (gmax) for each metal ion onto the specific biosorbents
(Tables 15-18). Notably, the gmax Vvalues consistently favored EPS over their
corresponding biomass, signifying a superior metal binding capacity of the EPS
fraction. This trend held true for all three metal ions across both EPS types, suggesting
a potentially greater abundance of functional groups or more favorable binding sites
within the EPS structure for metal complexation (Reference).

The Freundlich isotherm model, which describes multilayer adsorption on
heterogeneous surfaces (Aradjo et al. 2018), yielded good results with r2 values
exceeding 0.98 for most cases (Tables 15-18), similar to the Langmuir model. The
Freundlich constant (kr) reflects the adsorption intensity, with higher values indicating
stronger adsorption. Interestingly, EPS consistently exhibited higher kr values
compared to the biomass for both Cu?* and Ni** ions, suggesting a stronger affinity of
EPS for these metal ions (Tables 14-15, 16-17). The heterogeneity factor (1/n) close

to unity (ranging from 0.67 to 0.87 for most cases) implies favorable biosorption with
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relatively consistent binding site affinities across the biosorbent surface (Reference).
This suggests that both homogeneous and heterogeneous adsorption mechanisms
might be at play, with EPS potentially offering a wider range of binding sites with
varying affinities for different metal ions.

The Temkin isotherm model takes into account the influence of adsorption heat
on the process (Chu 2021). While the fit of the Temkin model was moderate compared
to the other two models (r? values ranging from 0.75 to 0.89), it provided valuable
insights into the energetics of adsorption. The Temkin adsorption constant (Ar)
reflects the overall force of interaction between the metal ion (adsorbate) and the
biosorbent (adsorbent). Interestingly, the AT values were consistently higher for EPS
compared to the biomass for all three metals (Tables 15-18). This observation suggests
stronger adsorption forces for metal ions on EPS compared to the biomass, potentially
due to the presence of functional groups within the EPS that can participate in stronger
ionic or covalent interactions with the metals (Kiefer and HoAll 2001).

By employing a combination of isotherm models, this study offers a
multifaceted perspective on the mechanisms governing metal uptake by cyanobacteria
and their EPS. The Freundlich isotherm emerged as the most suitable model for
describing the overall biosorption process, indicating a heterogeneous surface with
multilayer adsorption. The Langmuir isotherm provided valuable information on the
superior metal binding capacity of EPS compared to biomass. The Temkin isotherm,
despite a moderate fit, shed light on the adsorption energetics, revealing stronger
adsorption forces for metals on EPS. This comprehensive analysis suggests that a
combination of factors, including the presence of functional groups within the EPS,
the heterogeneity of the biosorbent surface, and the interplay between adsorption
forces, contribute to the remarkable metal uptake capabilities of cyanobacteria and
their EPS.

This study evaluated the potential of M. aeruginosa and A. doliolum for heavy
metal removal from aqueous solutions, comparing their performance to various other
adsorbents (Table 4.1). Sorption capacity, often expressed in milligrams of metal
adsorbed per gram of biosorbent (mg/g), reflects the maximum amount of metal a
particular biosorbent can bind under specific experimental conditions. In this study,

M. aeruginosa exhibited a remarkable sorption capacity for three examined metal ions,
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exceeding or comparable to several other adsorbents (Table 4.1). This indicates a high
affinity of M. aeruginosa for metal ions and its potential to remove significant

quantities of metal ions from a solution.

Table 4.1. Comparative Heavy Metal Sorption Capacities of Microcystis aeruginosa,

Anabaena doliolum and other adsorbent.

Adsorbent Heavy Concentrat Adsorpti Remov Reference
metals ion range on al (%)
(mg LY capacity

(mg g™)
1 Microcystis Ni 1-10 2.49 88.84  Current
aeruginosa study
Cu 1.07 85.48
Cd 0.74 82.5
2 Anabaena doliolum  Ni 1-10 1.62 85.10  Current
study
Cu 1.49 86.94
Cd 0.77 82.90
3 Cupriavidus Cd 5-200 18.59 86 (Li et al
necator GX_5 2023)
4 Peudomonas putida Cu n/d 6.6 n/d (Pardo et al.
2003)
Cd 8.0
5 Pseudomonasspp  Ni 50-400 57.43 n/d (Ansari and
Malik 2007)
Cd 56.19
6 Trichoderma Cd 50-800 243.90 n/d (Mushtaq et
harzianum al. 2022)
Cu 133.33
7 T. longibrachiatum Cd 50-800 204.08 n/d (Mushtaq et
al. 2022)
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10

11

12

13

14

15

16

17

T. reesei

T. atrobrunneum

T. citrinoviride

Posidonia oceanica

Microcystis

aeruginosa

Chara aculeolata

Nitella opaca

Cystoseira indicia

Eucheuma

denticulatum

Scenedesmus

quadricauda

Cu
Cd

Cu
Cd

Cu
Cd

Cu
Cd

Cu

Ni
Cd

Cu

Ni
Cd

Cd

Cu

Cu

Cd

50-800

50-800

50-800

30-250

5-25

1-400

1-400

25-300

25-200

n/d

206

121.95
256.41

161.29
344.83

312.50
263.16

188.68
30.22

43.90

41.02
n/d

23.0

20.5

59.52

66.23

135.1

n/d

n/d

n/d

n/d

92.00

83.24

88.67
95

91

66.95

66.0

(Mushtaq et
al. 2022)

(Mushtaq et
al. 2022)

(Mushtaq et
al. 2022)

(Boulaiche
et al. 2019)

(Zeng et al.
2022)

(Sooksawat
et al. 2016)
(Sooksawat
et al. 2016)
(Akbari et
al. 2015)
(Rahman
and
Sathasivam
2016)
(Mirghaffari
et al. 2015)



18

19

20

21

22

23

23

24

25

26

27

Ulva lactuca

Chlorella
minutissima
UTEX2341
Chlorella sp

Scenedesmus sp.

Pichia pastoris

Cell

Cell wall

Cell membrane

Coconut husk

Gloeothece magna

Anabaena doliolum

Ind1
Synechocystis
PCC 6803

Activated Carbon

Chitin

(Polysaccharides)

nanofibrils

Cu

Cd
Cd

Cu

Cd

Cd

Cu

Cu

Ni
Cd

Cd

Cd

Cd

Ni

Cd

Ni

5-80

n/d

n/d

20-120

20-100

100-500

0.3-1

0.5-2

4.0

30-200

n/d

207

64.5

62.5
303.03

16.16

155

128

16.13

11.53

10.97
443.0

404.5
0.45

52.59

17.712

178.5

400

330.15

134.72

n/d

74.34

83.60

92.45

83

21.2

20.7

18.5
88.6

80.9
n/d

68.6

65.508

86.00

90.00

n/d

(Ibrahim et
al. 2016)

(Yang et al.
2015)

(Shen et al.
2018)
(Wagar et al.
2023)
(Chen et al.
2021)

(Malik et al.
2017)

(Mohamme
d 2012)
(Goswami
et al. 2015)
(Shen et al.
2021)
(Karnib et
al. 2014)

(Liu et al.
2013)



28

29

30

31

32

33

34

35

Hydrocolloid

liquid-core capsules

Aqueous  sodium

alginate solution

Microcytis

Chitosan/sporopoll

enin microcapsules

Bacillus

thuringiensis

strain OSM29

Acinetobacter  sp.
FM4 (Bacteria)

Maghemite

Nanoparticles

Cyanospira

capsulata

Cu
Ni

Cd

Cu
Cu

Cd
Ni

Cu

Cd

Ni
Cd

Cu

Ni
Cu

Ni

Cd

Cu

Ni
Cu

1000

100-1000

1-50

2-12

25-150

50-400

2-250

200-400

208

141.08

65 n/d
197

219

167.1

179.0

100 n/d
85 n/d
87

34

59.17 87.8
39.84 91.8
43.13 94.6
83 n/d
47

Cd19.72 8.4
Cu?24.44 882
Ni 2299 15.7
115 n/d

(Nussinovit
ch and
Dagan
2015)

(Wang et al.
2016)

(Pradhan et
al. 2007)
(Sargin and
Arslan
2015)

(Oves et al.
2013)

(Masood
and Malik
2015)
(Akhbarizad
eh et al
2014)

(De
Philippis et
al. 2007)



36  Nostoc PCC7936 Cu 200-400 85 n/d (De
Philippis et
al. 2007)

Removal efficiency, typically expressed as a percentage, signifies the
proportion of metal ions eliminated from the solution by the biosorbent. In this study,
both M. aeruginosa and A. doliolum achieved high removal efficiencies for all three
metals (Ni**, Cu**, and Cd*"), exceeding 82% in most cases. This implies that a large
fraction of the initial metal concentration was sequestered by the cyanobacteria,
effectively reducing the free metal ions remaining in the solution.

Although sorption capacity provides a benchmark for the intrinsic metal
binding ability of a biosorbent, a high sorption capacity doesn't necessarily guarantee
high removal efficiency. A high removal efficiency can be achieved even with a
moderate sorption capacity if a sufficient amount of biosorbent is used relative to the
metal concentration.

While this study provides valuable insights, some limitations need to be
addressed in future research. The current study employed a specific concentration
range (1-10 mg/L) for metal ions. Investigating the sorption behavior percent remove
at higher metal concentrations would provide a more comprehensive understanding of
the biosorption process.

This study investigated the heavy metal sorption capacities and removal
efficiencies of EPS isolated from M. aeruginosa and A. doliolum. The results are
compared to various other microorganisms and EPS reported in the literature to
understand the potential of EPS for heavy metal bioremediation (Table 4.2).

A striking observation is the significantly higher sorption capacities of both M.
aeruginosa EPS (Ni?": 44.81 mg/g, Cu?": 37.06 mg/g) and A. doliolum EPS (Ni*":
64.37 mg/g, Cu*": 42.08 mg/g) compared to their whole cell counterparts (Table 4.1).
This suggests that EPS plays a crucial role in metal sequestration, potentially due to a
higher concentration of functional groups like carboxyl, phosphate, and amine groups

within the EPS matrix (Rizvi and Khan 2019). These functional groups can interact
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with metal ions through various mechanisms, leading to stronger and more efficient
metal binding compared to the cell wall of the whole organism.

Similar to the whole cell data (Table 4.1), both M. aeruginosa EPS and A.
doliolum EPS achieved exceptionally high removal efficiencies for all three metals
(Ni#*, Cu**, and Cd?*"), exceeding 96% in most cases (Table 4.2). This emphasizes the
effectiveness of EPS in removing a large fraction of the metal ions from the solution,
highlighting its potential for practical applications. The sorption capacities of M.
aeruginosa EPS and A. doliolum EPS surpass those of several bacterial EPS reported
in the literature, such as Mucilaginibacter rubeus (Cu?": 92.57 mg/g) (Li et al. 2022)
and Rhodococcus opacus (Cd?**: 46.73 mg/g) (Dobrowolski et al. 2019). This indicates
a potentially stronger metal binding ability of cyanobacterial EPS. Further, M.
aeruginosa EPS displayed comparable sorption capacities for Ni** and Cu?* to some
fungi like Athelia rolfsii (Cu?": 103.09 mg/g) (Li et al. 2016) and Alteromonas sp.
JL2810 (Ni*": 226.3 mg/g) (Zhang et al. 2017). This suggests that cyanobacterial EPS
can be a viable alternative to other well-established biosorbents for metal removal. The
sorption capacities of M. aeruginosa EPS and A. doliolum EPS are significantly higher
than those of soil (Cu?*: 13.5 mg/g, Cd?**: 14.1 mg/g) (Wu et al. 2021). This highlights
the potential advantage of using EPS-based bioremediation strategies.

While this study provides valuable insights, further research is needed to
explore the mechanisms behind the superior metal binding capacity of cyanobacterial
EPS. Understanding the specific functional groups involved and their interactions with
different metal ions would be crucial for optimizing EPS-based bioremediation
strategies. Additionally, investigating the regeneration potential of EPS after metal
uptake would be essential for developing sustainable and cost-effective applications.
This study investigated the biosorption behavior of Ni?* and Cu?" ions using M.
aeruginosa and A. doliolum biomass and their corresponding EPS. The Langmuir,
Freundlich, and Temkin isotherm models were employed to analyze the competitive

adsorption phenomena.
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Table 4.2. Comparative Heavy Metal Sorption Capacities of Microcystis EPS,

Anabaena EPS and other Microorganisms EPS.

EPS Heavy Concentration Adsorption Removal Reference

metals range (mg L~  capacity (%)

9, (mg g%

Microcystis Ni 1-10 44.81 99.73 Current study
aeruginosa

Cu 37.06 99.49

Cd 26.63 96.5
Anabaena Ni 1-10 64.37 99.77 Current study
doilolum

Cu 42.08 99.56

Cd 31.19 97.5
Mucilaginibacter Cu 5-100 92.57 (Li et al
rubeus 81.11 2022)

Au
Athelia rolfsii Cd 400-550 116.28 (Li et al

2016)

Cu 103.09
Rhodococcus Cd 1000 46.73 30 (Dobrowolski
opacus et al. 2019)
Rhodobacter Cu 72.60 28.23 90.31 (Panwichian

etal. 2011)

sphaeroides Cd 1.23 0.48 91.38
KMS24
Cloacibacterium Ni 0.01 85 (Nouha et al.
normanense 2016)

Cu 0.07 40
Alteromonas sp. Cu 40-400 140.8 (Zhang et al.
JL2810 (Marine 2017)
bacteria) Ni 226.3
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10

11

12

13

14

15

16

17

18

Anammox

granular sludge

B. licheniformis
NSPAS5,

B. cereus NSPAS8

B. subtilis
NSPA13
Bacillus sp.
MC3B-22
Microbacterium
sp. MC3B-10
Bacillus cereus
KMS3-1
Wangia
profunda (SM-
A87))

Lactobacillus
fermentum 6b
Arthrobacter ps-
5

Soil

Agrobacterium

tumefaciens F2

Aspergillus

fumigatus

Cu

Ni
Cu

Cd

Cd

Cu

Cd

Cd

Cu

Cu

Cd
Cu

Ni
Cu

Cd

1000

10-100

50

0-400

200-1200

10-80

36.1

48.2
0.943

0.945

0.928

97

141

1.19 29.3

128.21

116.28

714.286 81.8

169.15

13.5

141

97.09 94.4

51.28
40.0

77.9
76.3

85.5 81.2

(Pagliaccia et
al. 2022)

(Shameer
2016)

(Camacho-
Chab et al.
2018)

(Mathivanan
et al. 2023)
(Zhou et al.
2012)

(Kermanshahi
et al. 2023)
(Shuhong et
al. 2014)
(Wu et al
2021)

(Cui et al
2020)

(Yin et al
2011)
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The presence of co-existing metal ions significantly impacted the
sorption of both Ni?* and Cu?* by M. aeruginosa (Figure 36). Single metal systems, as
revealed by the Langmuir isotherm, displayed a higher maximum adsorption capacity
(gmax) for Ni?* compared to Cu?* for both biomass and EPS. This suggests a preferential
binding of M. aeruginosa towards Ni?* ions. Interestingly, the introduction of a co-
existing metal ion led to a decrease in the gmax for the other metal in both biomass and
EPS. For example, the gmax for Ni?* on M. aeruginosa biomass decreased from 2.49
mg g ' to 1.07 mg g with Cu?* co-existence. This competitive inhibition phenomenon
arises when both metal ions compete for the same binding sites on the biosorbent,
hindering each other's adsorption (Kaewsarn et al. 2001; EI-Naas et al. 2007). The
Freundlich model parameters (kr) corroborated this competitive behavior. A decrease
in kF values within the binary systems signifies a compromised biosorption capacity
due to competition between metal ions, aligning with previous findings (Ma and Tobin
2003). While the Temkin isotherm provided a slightly less favorable fit, it also
displayed a similar trend, with decreased Bt values suggesting reduced binding
energies between metal ions and the biosorbent in binary systems.

The investigation using A. doliolum biomass and EPS yielded results mirroring
those observed with M. aeruginosa (Figure 60). Single metal systems displayed a
higher gmax for Ni?* compared to Cu*', indicating a preferential sorption of Ni*". The
introduction of a co-existing metal ion resulted in a decrease in the qmax for the other
metal, signifying competitive inhibition. The Freundlich (ke values) and Temkin (BT
values) models further supported this competitive adsorption phenomenon within the
binary systems. Several studies have reported competitive adsoption phenomenon
within binary system (Vilar et al. 2008; Sulaymon et al. 2013; Suzaki et al. 2017,
Mahamadi 2019).

The findings of this study highlight the importance of considering co-existing
contaminants when evaluating biosorption for metal removal from real-world
environmental samples. The presence of multiple metal ions can significantly affect
their individual adsorption behavior due to competitive interactions at the binding sites
on the biosorbent (Sulaymon et al. 2013; Kakaei et al. 2021). This emphasizes the need
for further research to understand the complex interplay between various metal ions

and biosorbents in environmentally relevant settings with diverse metal mixtures.
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This study evaluated the reusability and regeneration potential of M.
aeruginosa and A. doliolum biomass, along with their EPS, for metal removal using
Milli-Q water as the desorbent. Desorption efficiency is a crucial factor for assessing
the economic viability and environmental sustainability of biosorption technologies
(Zhou et al. 2023).

The findings revealed a significant challenge — a generally low desorption
efficiency for all three metal ions (Cd?*", Cu?*', and Ni*") using Milli-Q water,
particularly for Ni**. This suggests that metal ions, especially Ni**, form strong bonds
with the functional groups on the biomass and EPS, potentially hindering their release
with a weak desorbent like deionized water (Mellis et al. 2017). This aligns with
previous studies. For instance, (Jalali et al. 2023) reported limited desorption of Cu?*
and Cd?* from soil of two sites i.e. agriculture and greenhouse using Milli-Q water,
highlighting the need for stronger desorbing agents.

An interesting observation was the significantly higher desorption efficiency
for all metals from EPS compared to their corresponding biomass counterparts. This
suggests that the unique structural and chemical properties of EPS, rich in functional
groups like carboxyl, phosphate, and amine groups (Li et al. 2021), might facilitate
weaker interactions with metal ions compared to the biomass. This could allow for
easier metal release using a weak desorbent like Milli-Q water. The study by (Yu et
al. 2022) supports this hypothesis, demonstrating a higher desorption efficiency for
Cu** from EPS based biosorbents compared to raw biomass, possibly due to the weaker
1onic interactions between Cu?* and the alginate functional groups.

While this study provides valuable insights, some limitations need to be
addressed. Firstly, Milli-Q water might not be the most effective desorbent for all
metal-biosorbent combinations. Exploring stronger desorbing agents, such as acids,
alkalis, or chelating agents, is crucial for optimizing desorption efficiency (Akpomie
etal. 2015). Secondly, the potential environmental impact of using stronger desorbents
needs to be carefully considered. Identifying eco-friendly desorbents or developing
regeneration techniques that minimize desorbent requirements are important areas for

future research.
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SECTION II: LIVE CELLS EXPERIMENTS

This study investigated the influence of heavy metals (Cu?**, Ni**, and Cd*") on the
growth patterns and specific growth rates of M. aeruginosa and A. doliolum. Both M.
aeruginosa and A. doliolum displayed typical growth patterns with distinct lag,
exponential, and stationary phases as observed in Figure 40. This aligns with previous
studies on cyanobacterial growth dynamics (Sanchez-Bayo et al. 2020). Interestingly,
M. aeruginosa exhibited a higher growth rate compared to A. doliolum under the given
conditions, reaching a higher final cell density. This suggests a potential difference in
their intrinsic growth capacities.

The impact of heavy metals on growth is evident in Figures 41 and 42. All
three metals (Cu?*, Ni?*, and Cd?*) exhibited a dose-dependent inhibitory effect on the
specific growth rate of both M. aeruginosa and A. doliolum. This is consistent with
prior research, where heavy metals have been shown to disrupt various cellular
processes, hindering growth and proliferation in cyanobacteria (Wang et al. 2015a;
Facey et al. 2022). Notably, cadmium (Cd?") displayed the strongest inhibitory effect
on the growth of both species at all concentrations tested. This suggests that Cd** might
be particularly toxic to these cyanobacteria, potentially due to its interference with
essential metabolic pathways (Rzymski et al. 2014).

An interesting observation was the slight increase in specific growth
rate for M. aeruginosa treated with low concentrations (0-1.5 puM) of Ni?" and Cu?*
compared to the control (Figure 41). This stimulating effect, where low doses of a
stressor can stimulate growth, has been reported for some cyanobacteria exposed to
certain metals (Fan et al. 2019). The underlying mechanisms for this phenomenon are
not fully understood, but it might be related to response, where low doses trigger
defense mechanisms that enhance cellular tolerance to higher stress levels (Huertas et
al. 2014). While both M. aeruginosa and A. doliolum displayed a general decrease in
growth rate with increasing metal concentrations, some species-specific differences
were observed. Cadmium (Cd?**) exhibited the strongest inhibition for both species, but
A. doliolum appeared more sensitive to Cu?" compared to Ni**, whereas the opposite
trend was seen for M. aeruginosa. These variations highlight the potential for

differential metal tolerance mechanisms in these cyanobacterial species.
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This study investigated the impact of heavy metals (Cu?*", Ni**, and Cd*") on
the protein and carbohydrate content of M. aeruginosa and A. doliolum. Proteins and
carbohydrates are essential biomolecules that play critical roles in stress response and
cellular function in cyanobacteria (Javed and Usmani 2015). The findings (Figures 43
and 44) reveal a significant decrease in protein content for both M. aeruginosa and A.
doliolum following exposure to all three heavy metals (Cu?*, Ni**, and Cd?*) in a dose-
dependent manner. This aligns with previous research, where heavy metals have been
shown to disrupt protein synthesis and degradation pathways in cyanobacteria (John
et al. 2008). Interestingly, cadmium (Cd?*) consistently exhibited the most severe
reduction in protein content for both species compared to Cu?" and Ni**. This suggests
that Cd** might be particularly potent in hindering protein synthesis or accelerating
protein degradation within these cyanobacteria. An interesting observation was the
higher baseline protein content in untreated A. doliolum compared to untreated M.
aeruginosa. This difference could be due to inherent variations in protein allocation
patterns between the two species (Baracho and Lombardi 2023).

Similar to protein content, the total carbohydrate content of both M. aeruginosa
and A. doliolum displayed a decreasing trend with increasing heavy metal
concentration (Figures 45 and 46). This suggests that these cyanobacteria might be
utilizing carbohydrates as an energy source to cope with the stress imposed by heavy
metals. Carbohydrates can be broken down to provide energy for various cellular
processes, potentially aiding in metal detoxification or stress tolerance mechanisms
(Jacques et al. 2019). Once again, Cd?" exposure led to the most significant reduction
in carbohydrate content for both species, suggesting a potentially higher energy
demand associated with Cd** stress response. Similar to protein content, untreated A.
doliolum exhibited a higher total carbohydrate content compared to untreated M.
aeruginosa. This might indicate a baseline difference in how these species allocate
resources for energy storage. A. doliolum might maintain a larger carbohydrate reserve
under the control conditions used in this experiment. Similar results has been reported
by Ghorbani et al (2022) for carbohydrates content of Nostoc sp. N27P72 and Nostoc
sp. FB71 treated with Cu?*, Cr?* and Ni?*.

This study examined the impact of heavy metals (Cu?*, Ni**, and Cd**) on the

content of chlorophyll-a (Chl-a) and carotenoids, essential photosynthetic pigments in
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M. aeruginosa and A. doliolum. Photosynthetic pigments play a vital role in light
absorption, energy transfer, and protecting cells from excessive light damage (Simkin
et al. 2022). Understanding how heavy metals affect these pigments is crucial as it can
significantly influence the photosynthetic efficiency and overall health of
cyanobacteria. The findings (Figures 47-50) reveal a clear dose-dependent decrease in
both Chl-a and carotenoid content for both M. aeruginosa and A. doliolum following
exposure to all three heavy metals. This aligns with previous research demonstrating
that heavy metals can disrupt pigment biosynthesis pathways and damage chloroplast
structures, hindering photosynthesis in cyanobacteria (Yadav et al. 2020; Thevarajah
et al. 2023). Interestingly, cadmium (Cd?*) consistently exhibited the highest reduction
in both Chl-a and carotenoid content compared to Cu?" and Ni2* for both species. This
suggests that Cd** might be particularly potent in inhibiting pigment biosynthesis or
causing severe damage to the photosynthetic apparatus. Another noteworthy
observation is the higher sensitivity of Chl-a compared to carotenoids in both M.
aeruginosa and A. doliolum. This could be due to the specific roles of these pigments.
Chlorophyll-a is directly involved in the light reactions of photosynthesis, making it
potentially more vulnerable to disruptions caused by heavy metals. Carotenoids, on
the other hand, have a secondary role in light absorption and also function in protecting
cells from photooxidative stress (Polivka and Frank 2010; Zakar et al. 2016). While
the overall trends were similar, some minor variations were observed between M.
aeruginosa and A. doliolum. The decrease in pigment content appeared slightly more
pronounced in A. doliolum compared to M. aeruginosa for both Chl-a and carotenoids
at the highest metal concentrations. This suggests potential differences in their
susceptibility to pigment degradation under heavy metal stress. Different studies has
shown the reduction of photosynthetic pigments both Chlorophyll-a and carotenoids
as the effect of heavy metal treatment. For example, Cd?* and Zn?* treatment on Durum
Wheat reported by Paunov et al. (2018) and Pb?* and Cu?* treatment on Citrus
aurantium L reported by Giannakoula et al. (2021) shows the negative impacts of
heavy metals on photosynthetic pigments.

This study investigated the impact of heavy metals (Cu?*, Ni?, and Cd?") on
oxidative stress markers in M. aeruginosa and A. doliolum. Oxidative stress occurs

when the production of reactive oxygen species (ROS) overwhelms the cellular
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antioxidant defense system, leading to potential damage to biomolecules and cellular
structures (Vatansever et al. 2013; Rezayian et al. 2019). Understanding the
differential effects of heavy metals on ROS production and oxidative stress is crucial
for assessing their overall toxicity to cyanobacteria.

The findings demonstrate that Cd?" exposure resulted in the highest increase in
MDA content (Figures 51 and 52), a marker of lipid peroxidation, for both M.
aeruginosa and A. doliolum. This suggests that Cd** might be particularly effective in
inducing oxidative stress and damaging cell membranes in these cyanobacteria.
Previous studies explain the potential mechanisms by which Cd** can trigger these
effects, including disruption of antioxidant systems, mitochondrial dysfunction, and
enhanced ROS production (Khan et al. 2022). Similarly, the increase in MDA content
in response to heavy metals was also reported by Choudhary et al. (2007) on
cyanobacterium Spirulina platensis-S5.

Interestingly, Cu** emerged as the most potent inducer of H.O. and OH~
production in both M. aeruginosa and A. dolioum (Figures 53-58). Previous studies
link this phenomenon to ability of Cu?* to undergo redox cycling and participate in
Fenton-like reactions, leading to the generation of highly reactive hydroxyl radicals
(OH") from H-0: (Perez-Benito 2001; Festa and Thiele 2011). While Cu*" induced the
highest levels of O2~ compared to Cd*" and Ni?* (Figures 55 and 56), the potential
contribution of various factors, including mitochondrial dysfunction and cellular
responses to metal-induced stress cannot be ruled out (Li et al. 2018a; Sun et al. 2022).
It is important to note that the study did not report significant species-specific
differences in the generation of ROS or oxidative stress markers.

This study investigated the impact of heavy metals (Cu?*, Ni?*, and Cd**) on
the activity of various antioxidant enzymes (Superoxide Dismutase (SOD), Catalase
(CAT), Ascorbate Peroxidase (APX), and Glutathione Reductase (GR)) in M.
aeruginosa and A. doliolum. Antioxidant enzymes are a vital cellular defense system
that protects organisms from the damaging effects of oxidative stress (Singh et al.
2023). Oxidative stress arises from an imbalance between the production of reactive
oxygen species (ROS) and the cell's capacity to detoxify them (Hong et al. 2024).
When ROS production overwhelms the antioxidant defense system, it can lead to

cellular dysfunction, growth inhibition, and even cell death (Latifi et al. 2009).
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Antioxidant enzymes function by scavenging ROS or facilitating their conversion into
less harmful molecules. SOD, for instance, catalyzes the dismutation of superoxide
radicals (O2") into hydrogen peroxide (H20:), a less reactive species. CAT further
decomposes H20: into water (H20) and oxygen (O2). APX specifically detoxifies H20:
using ascorbate (vitamin C) as an electron donor. GR regenerates the reduced form of
glutathione (GSH), a vital antioxidant molecule that plays a key role in various
detoxification processes (Forman et al. 2009). By working together, these enzymes
help to maintain cellular redox homeostasis and protect against oxidative stress.

The findings (Figures 59-66) revealed an increase in the activity of all four key
antioxidant enzymes (SOD, CAT, APX and GR) for both M. aeruginosa and A.
doliolum following exposure to all three heavy metals. This suggests that these
cyanobacteria activate their antioxidant defense systems in response to the elevated
ROS production caused by heavy metal stress (Cassier-Chauvat and Chauvat 2014).
The observed increase in enzyme activity was statistically significant (p > 0.05) for
most treatments, indicating a robust cellular response. While all metals induced
enzyme activity, Cu** consistently caused the most significant increase in SOD, CAT,
and APX activity in both species (Figures 59-54). This might be due to Cu?''s tendency
to undergo redox cycling and participate in Fenton reactions, leading to a more
pronounced generation of ROS compared to Cd*" and Ni** (Maret 2016; Khalil et al.
2016).

A. doliolum generally exhibited a higher basal level and a greater increase in
the activity of SOD, CAT, and APX compared to M. aeruginosa across all treatments
(Figures 59-64). This suggests that A. doliolum might possess a more robust
constitutive and inducible antioxidant defense system, potentially contributing to its
better tolerance towards heavy metal-induced oxidative stress. The response of GR
activity to heavy metal exposure was less pronounced compared to other antioxidant
enzymes (Figures 65 and 66). Both M. aeruginosa and A. doliolum displayed a modest
increase in GR activity with increasing metal concentration, but the magnitude of the
increase was lower. This suggests that the regulation of GR activity might be less
sensitive to heavy metal stress compared to SOD, CAT, and APX in these

cyanobacteria.
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The SOD enzyme activity of Clitoria ternatea L also shown to increase
comparing to control in response to Mercury (Hg) treatment was reported by Priya et
al. (2014). The studies reported by Zhang et al. (2007) have shown that heavy metal
(Pb?*, Cd?*, and Hg?*) stress also increases the activity of antioxidant enzymes, such
as catalase CAT and APX. For example, in Kandelia candel and Bruguiera
gymnorrhiza plants, CAT activity increases in the leaves at higher stress levels, but
remains unchanged in B. gymnorrhiza leaves. The study reported by Wang et al. (2004)
in Brassica juncea roots, SOD and APX enzymes were increases with the increase in
Cu?* concentration but interestingly, CAT enzyme activity shown to decreases from
the control. These findings highlight the conserved role of antioxidant enzyme
upregulation as a defense mechanism against heavy metal-induced oxidative stress in

various cyanobacteria species.
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SUMMARY

This thesis describes the exciting potential of cyanobacteria, particularly Microcystis
aeruginosa and Anabaena doliolum, to act as biosorbents against heavy metal
contamination in water. The research employs a bioremediation approach,
investigating the effectiveness of both live cyanobacteria (biomass) and their
Exopolysaccharides (EPS), in removing harmful heavy metals (Cd**, Cu?*, and Ni*")
from water.

The study goes beyond just establishing their efficacy; it precisely dissects the
underlying mechanisms governing this metal removal process. By understanding these
mechanisms, we can optimize bioremediation strategies for real-world application.
Additionally, the research sheds light on the impact of metal exposure on the
cyanobacteria themselves, analyzing their tolerance mechanisms and response to the
cellular stress caused by these heavy metals.

The research confirms that both M. aeruginosa and A. doliolum, in their
biomass and EPS forms, possess the remarkable ability to remove Cu?*, Ni?*, and Cd**
ions from water. Interestingly, the study goes a step further by quantifying this ability.
By measuring the amount of metal adsorbed by each type of material, the research
showed that EPS exhibited a higher metal adsorption capacity compared to biomass.
This suggests that EPS could potentially be a more efficient bioremediation tool,
capable of removing larger quantities of heavy metals from contaminated water bodies.

The study showed a fascinating interplay between the cyanobacteria and the
metals at a molecular level. Metal adsorption by biomass is exothermic (releases heat)
but unfavorable (requires external energy input) for the process to occur efficiently.
This suggests that the cyanobacteria themselves may need to expend energy to
facilitate metal binding onto their cell walls. In contrast, EPS adsorption demonstrates
favorability (spontaneous) for all metals except Cd** (endothermic - absorbs heat).
This implies that for most metals, the interaction between the EPS and the metal ions
is energetically favorable, happening readily without any external energy input.
However, Cd** seems to require the EPS to invest some energy in the binding process.
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To understand the interaction between the metals and the EPS binding sites,
the study employs Langmuir and Freundlich isotherm models. These models depict a
complex mechanisms between the metal ions and the EPS. The results suggest that
both even and uneven binding sites are likely present on the EPS surface. This allows
for the adsorption of multiple layers of metal ions, creating a more robust and efficient
metal removal system.

Metal removal efficiency is not a static value; it varies with the pH of the
external medium for both biomass and EPS. M. aeruginosa exhibits peak Cu?* removal
at a specific pH of 6.5, while Cd>* removal increases steadily up to pH 7. A. doliolum
displays an unchanged Cu?* removal across various pH levels, with a gradual rise in
Ni?* removal as the pH increases. Interestingly, Cd?* removal in A. doliolum increased
at higher pH (7-8). Understanding this pH influence allows for bioremediation
strategies to be optimized for different water environments. For example, if a water
body has a naturally low pH, utilizing M. aeruginosa might be more effective for Cu?*
removal.

The study sheds light on the two-phase process of metal uptake by
cyanobacteria. The first rapid phase involves a passive interaction — the metal ions
bind to the cell wall of the cyanobacteria through weak physical forces like
electrostatic interactions. This initial binding happens very quickly, with the study
indicating over 90% of total uptake can be achieved within a mere 30-45 min. This
rapid initial phase can be likened to a quick screening process where the metal ions get
loosely attached to the cyanobacteria. The second phase is a slower process, which
may involve the active transport of metals into the cells, potentially for detoxification
purposes. This suggests that the cyanobacteria might have specific mechanisms to
transport the accumulate metals inside their cells, possibly to isolate them from their
cellular machinery and minimize potential damage. Diffusion plays a more prominent
role in EPS compared to whole cells. This highlights a potential difference in the
mechanisms employed by these two bioremediation tools. EPS, with its porous
structure, might allow for easier diffusion of metal ions compared to the more complex
cell wall of the whole cyanobacteria.

The study demonstrates that the presence of one metal reduces the adsorption

of another metal on EPS. This phenomenon can be likened to a competition for limited
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binding sites on the EPS surface. The study suggests that specific binding sites exist
on the EPS for these metals, and when one metal occupies these sites, there is less
binding sites available for others. This finding necessitates consideration of co-existing
contaminants when designing bioremediation strategies using EPS. If a water source
is known to be polluted with multiple heavy metals, a pre-treatment step to remove
some of the metals or a combination of different bioremediation techniques might be
necessary to achieve optimal overall removal efficiency.

EPS desorbs a higher percentage of adsorbed metals compared to biomass,
suggesting that it can be more easily regenerated and reused for metal removal. This
reusability aspect strengthens the case for EPS as a sustainable bioremediation tool.

The study showed that all three metals (Cd?*, Cu?*, and Ni?*) inhibit the growth
of both cyanobacteria species. They achieve this by reducing essential cellular
components like protein, carbohydrate, chlorophyll-a, and carotenoid content. The
severity of this inhibition varies by metal, with Cd** showed highest toxicity, followed
by Cu?" and Ni*". Metal exposure throws the cyanobacteria into a state of oxidative
stress, evident by the increased production of free radicals (MDA, H20., and O2)
within their cells. These free radicals are highly reactive and can damage cellular
components like proteins, lipids, and DNA if not effectively neutralized. Once again,
Cd?* emerges as the most potent stressor, followed by Cu?" and Ni*. Interestingly, A.
doliolum appears to be more susceptible to oxidative stress compared to M. aeruginosa.
This suggests that M. aeruginosa might have more robust antioxidant defense
mechanisms in place to combat the free radicals generated by metal exposure.

In response to metal-induced oxidative stress, both cyanobacteria species
upregulate antioxidant enzymes (SOD, catalase, and APX). These enzymes act as
antioxidants, scavenging and neutralizing the free radicals before they can cause
significant damage. The study reveals that A. doliolum has a generally higher basal
activity of these enzymes compared to M. aeruginosa. However, A. doliolum also
shows a stronger increase in catalase and APX activity in response to heavy metals,
suggesting a more inducible antioxidant defense system. This inducible response
allows A. doliolum to potentially adapt and survive in environments with higher metal
contamination over time.

Further studies could investigate:
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The biosorption potential of other cyanobacteria species and explore their
metal selectivity.

The synergistic effects of combining different cyanobacteria strains or EPS
with other bioremediation techniques.

The long-term impact of metal exposure on the cyanobacteria, including
potential genetic adaptations.

The development of large-scale bioremediation systems utilizing

cyanobacteria or EPS for real-world application.
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ABSTRACT

Heavy metal contamination of aquatic ecosystems has emerged as a global
environmental concern, posing a serious threat to the health of our planet and its
inhabitants. Unlike many organic pollutants, heavy metals cannot be degraded by
natural processes. They persist in the environment for extended periods, accumulating
in sediments and entering the food chain through a process known as bioaccumulation.
This progressive concentration of heavy metals as they move up the food chain poses
a significant risk to various life forms, including humans.

These heavy metals, such as Cd?**, Cu?', and Ni?**, can exert a multitude of
detrimental effects on living organisms. They can disrupt essential biological
processes by interfering with enzyme function, causing oxidative stress, and damaging
cellular structures. Even at low concentrations, chronic exposure to heavy metals can
lead to a range of health problems in humans, including neurological disorders, kidney
and liver damage, and an increased risk of cancer.

The widespread presence of heavy metals in water bodies necessitates the
development of effective and sustainable remediation strategies. Traditional methods
for heavy metal removal often rely on expensive and energy-intensive techniques like
chemical precipitation or filtration. These methods can also generate toxic byproducts,
creating additional environmental challenges.

In recent years, bioremediation has emerged as a promising alternative for
heavy metal removal from contaminated water. This eco-friendly approach harnesses
the natural ability of microorganisms and their by-products to bind and sequester heavy
metals. Biosorption utilizes the unique properties of certain microorganisms, such as
bacteria and algae, which possess functional groups on their cell walls or secrete
biomolecules with high metal-binding affinity. These biomolecules, known as
Extracellular Polymeric Substances (EPS), play a significant role in metal biosorption
by providing additional binding sites for metal ions.

This thesis investigated the biosorption potential of M. aeruginosa and A.
doliolum for removing Cd?",Cu?" and Ni?* ions from aqueous solutions. The study
explored the efficacy of biomass and Extracellular Polymeric Substances (EPS), with

a focus on understanding the underlying mechanisms and reusability aspects.



Additionally, the research examined the impact of metal exposure on the organisms,

and their tolerance mechanisms and oxidative stress response.
Objectives:

o Toevaluate the biosorption capacity of M. aeruginosa and A. doliolum biomass
and EPS for Cd?", Cu?*, and Ni?" ions.

o To characterize cell surface of the test organisms for the adsorption of metal
ions.

o To investigate the influence of co-existing metal ions on individual metal
biosorption using isotherm models.

o To assess the reusability and regeneration potential of the biosorbents through
desorption studies.

e To study the toxicity and the tolerance mechanisms employed by the test

organisms to cope with metal stress.
Methodology

The freshwater cyanobacteria A. doliolum and M. aeruginosa were used in this study.
The cyanobacteria were collected from a paddy field in Aizawl, Mizoram, India. To
ensure the purity of the culture, an agar-plating method was used. The purified cultures
were then grown and maintained in CHU-10 medium at a pH of 7.2 + 0.2. A controlled
light-dark cycle of 10-14 hours was provided, along with a temperature range of 30-
35°C to mimic natural conditions and promote optimal growth.

After cultivating cyanobacteria, EPS production was stimulated, and the EPS
was isolated from the culture broth. The supernatant was separated by centrifugation,
concentrated, and then precipitated with acetone. The collected EPS was subsequently
purified through re-dissolution and re-precipitation steps, followed by dialysis to
remove contaminants. Finally, freeze-drying yielded concentrated EPS for further
analysis. The chemical composition of both cyanobacteria and EPS was determined.
Total saccharide content, total sugars, protein content were measured using a dye-
binding assay, and total amino acid content was assessed using the Ninhydrin method.

High-resolution transmission electron microscopy (TEM) revealed the ultrastructure



of the samples, while scanning electron microscopy (SEM) examined surface
characteristics. Energy-dispersive X-ray (EDAX) spectroscopy identified and
quantified elements within the samples, and Fourier-transform infrared (FTIR)
spectroscopy determined the functional groups present in EPS and cyanobacteria,
providing insights into potential interactions with heavy metals.

The ability of cyanobacteria biomass and EPS to remove Cu?* and Ni?* from
water was investigated. Various concentrations of metal solutions were mixed with
biomass or EPS, shaken, and the remaining metal concentration in the solution was
measured using AAS. The difference between initial and final metal concentration
indicated the amount adsorbed. Experiments were performed to assess the impact of
pH on metal removal and the rate of metal uptake over time. Mathematical models
were then used to analyze the adsorption data for both biomass and EPS.

Thermodynamic parameters like enthalpy, entropy, and Gibbs free energy were
determined to understand the energetic nature and spontaneity of the metal removal
process at different temperatures. Mathematical models were used to analyze the
kinetics of metal adsorption, considering pseudo-first-order, pseudo-second-order, and
intra-particle diffusion mechanisms. Furthermore, the impact of co-existing metal ions
on the adsorption of Cu?* and Ni?* was investigated. Additionally, three isotherm
models, Langmuir, Freundlich, and Temkin, were employed to describe the
relationship between the amount of metal adsorbed and its equilibrium concentration
in the solution. The study also included a potentiometric titration to assess the
functional groups on the cyanobacteria cell surface that might be involved in metal
binding. Finally, desorption experiments were conducted to evaluate the reusability of
the biomass and EPS for heavy metal removal. The percentage of metal desorbed using
Milli-Q water was measured to assess the reversibility of the adsorption

As described above, the study explored the efficacy of both live cells (biomass)
and Extracellular Polymeric Substances (EPS) for biosorption, with a focus on
understanding the underlying mechanisms and reusability aspects. However, the
research also examined the impact of metal exposure on the organisms, including their
tolerance mechanisms and oxidative stress response.

The study investigated the effects of heavy metals on two freshwater

cyanobacteria, A. doliolum and M. aeruginosa. Collected from a local paddy field, the
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cyanobacteria were purified and cultured under controlled conditions (10-14 hour
light/dark cycle, 30-35°C temperature, CHU-10 medium at pH 7.2). To assess heavy
metal impact, cultures were exposed to varying concentrations of Cd?*, Cu?*, and Ni?*
(0-100 mg L1) for 96 hours. Cell growth was monitored by measuring optical density
at 663 nm every 24 hours. A specific growth rate formula was used to analyze the
results.

The protein content of both cyanobacteria was measured using Lowry's method
with Bovine Serum Albumin for calibration. Total carbohydrates were estimated using
the Anthrone method with glucose as the standard. To quantify photosynthetic
pigments, cells were pelleted and re-suspended in ethanol for pigment extraction. The
resulting supernatant was then used to measure Chlorophyll-a and Carotenoid content
using a UV/VIS spectrophotometer at specific wavelengths as described by Mimuro
& Fujita (1977) and Kirk & Allen (1965).

To assess oxidative stress, the extent of lipid damage (TBARS), hydrogen
peroxide (H20:) concentration, and superoxide radical (O2") generation measured. For
superoxide radicals, a mixture containing buffer, electron donor, and osmotic
protectant was incubated with cyanobacteria under light to stimulate Oz~ production.
The resulting blue formazan was measured at 530 nm to quantify O2". Due to the
fleeting nature of hydroxyl radicals (OH-), direct measurement is impossible.
However, OH™ damage was assessed by measuring cellular damage to a substrate (2-
deoxyribose) using a method involving homogenization, centrifugation, and
spectrophotometric analysis of a colored byproduct.

In order to investigate the antioxidant defense mechanisms employed by
cyanobacteria under stressful conditions, several antioxidant enzymes were extracted
and their activities were assessed. Following the disruption of cell walls, enzymes
including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
and glutathione reductase (GR) were extracted. The ability of SOD to inhibit
photoreduction of NBT caused by superoxide radicals was measured to determine its
activity. CAT activity was determined by monitoring the disappearance of hydrogen
peroxide. The consumption of ascorbate used to reduce hydrogen peroxide was

followed to assess APX activity. Finally, GR activity was measured by monitoring the



conversion of another molecule (NADPH) involved in the antioxidant pathway. The
activity of each enzyme was expressed in units per milligram of protein.

To assess the total antioxidant pool within cyanobacteria, the concentration of
various thiol groups (T-SH) was measured using methods by Sedlak and Lindsay
(1968). Ellman's reagent (DTNB) was employed in all assays. Total T-SH directly
reacted with DTNB to form a yellow product (TNB) measured at 412 nm, with higher
absorbance indicating greater total thiol content. Non-protein thiols (NP-SH) were
specifically measured after protein precipitation to remove protein-bound thiols,
following the same principle of TNB formation and absorbance measurement. Finally,
reduced glutathione (GSH), an important cellular antioxidant, was isolated through
protein precipitation and then reacted with DTNB to quantify GSH concentration

based on the resulting TNB absorbance at 412 nm.
Results
1.  Biosorption of Heavy Metals

The ability of live canobacteria biomass and their isolated exopolysaccharides (EPS)
to remove Cu?*, Ni?* and Cd?* from water was investigated. Live M. aeruginosa and
A. doliolum cultures were grown under controlled conditions. Separately, EPS was
isolated from these 30 days old cultures. The biomass and EPS were then exposed to
various concentrations of Cu?*, Ni?*, and Cd?* solutions. After incubation, the amount
of metal remaining in the solution was measured to determine the biosorption capacity.
The study aimed to compare the effectiveness of live cyanobacteria and EPS in
removing these heavy metals from water.

The composition of cyanobacteria biomass and EPS was investigated to
understand their potential for metal adsorption. The content of saccharides, proteins,
and amino acids was quantified, revealing higher concentrations within the biomass
compared to the EPS for both M. aeruginosa and A. doliolum. This suggests a primary
location within the cells for these biomolecules, where they regulate metal ion
concentrations to maintain metal homeostasis. However, their presence, albeit at lower
levels, in the EPS indicates a possible secondary role in interacting with and

immobilizing metal ions from the surrounding environment. This highlights the
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potential of EPS as a bioadsorbent for heavy metals, even though their primary
function within the EPS may differ. Structural differences between the EPS of the two
species were revealed using Scanning Electron Microscopy (SEM). Microcystis EPS
possessed a well-defined 3D structure with interconnected voids, while A. doliolum
EPS exhibited a solid surface with a flowery structure. Both displayed porosity and
smooth surfaces. Energy-Dispersive X-ray analysis (EDX) was employed to identify
the elemental composition of these components. Carbon and oxygen were dominant
elements in both biomass and EPS, with trace elements also being detected. Notably,
the EPS of both species contained higher levels of sodium compared to the biomass,
suggesting a potential role in metal interactions. Additionally, the presence of specific
elements such as Cu?* and chlorine in Microcystis EPS and nitrogen in A. doliolum
EPS suggests their possible involvement in metal binding or other functionalities.

Fourier Transform Infrared (FTIR) spectroscopy revealed changes in
Microcystis biomass and EPS upon interaction with metal ions. Peaks indicated
binding with aromatic structures, C-O bonds, and carbonyl oxygen atoms. Similar
results were observed for A. doliolum. Liquid Chromatography-Mass Spectrometry
(LCMS) analysis revealed dipeptides as the major component in Microcystis EPS,
suggesting a more rigid structure with limited flexibility. In contrast, A. doliolum EPS
exhibited a wider variety of molecules, including longer peptides like tetrapeptides.
This suggests a more complex and adaptable structure in A. doliolum EPS compared
to Microcystis EPS. These variations in EPS composition likely influence their
physical properties, interactions with the environment, and overall functions in each
organism. For example, the presence of more polar amino acids in Microcystis EPS
might contribute to its role in nutrient acquisition, while the wider variety of molecules
in A. doliolum EPS could provide more adaptability to different environmental
conditions.

Acid-base titration was used to assess the surface properties of cyanobacteria
(M. aeruginosa and A. doliolum) and their ability to bind heavy metals. When exposed
to acid, the cells take up hydrogen ions (H+) due to functional groups on their surface.
This process (protonation) can affect the cell's surface charge. The experiment
measured the amount of acid needed to neutralize the cells (equivalence point). Metal-
treated cells (Cu?*, Cd?* and Ni?*) generally required less acid to reach the equivalence
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point compared to untreated cells. This suggests metal binding alters the surface
chemistry, potentially reducing the availability of sites for H+ binding.

The study examined how pH impacts cyanobacteria and their isolated EPS in
removing Cu?*, Cd?*, and Ni?* from water. M. aeruginosa showed peak Cu?* removal
at pH 6.5, while Ni** removal remained stable across pH levels. Cd?** removal
increased with pH up to 7. A. doliolum exhibited stable Cu** removal and a gradual
rise in Ni?* removal with increasing pH. Cd?* removal in A. doliolum surged at higher
pH (7-8). Isolated EPS from both species displayed high initial removal for Cu?* and
Ni%* at low pH (2.0). Cd®* removal by both EPS types was low at low pH but increased
significantly at higher pH (7), likely due to electrostatic interactions.

Kinetic studies suggest a two-phase heavy metal uptake process in
cyanobacteria. The first rapid phase, likely passive binding to the cell wall, achieves
over 90% of total uptake within a mere 30-45 minutes. This is followed by a slower
phase, potentially involving active transport of metals into the cells. Interestingly, Ni%*
uptake is generally faster than Cu?* or Cd?* uptake, as evidenced by higher intraparticle
diffusion rate constants (kq) for Ni?*. For example, M. aeruginosa showed a kg of
0.0047 mg g-1 min~-1/2 for Cd?* compared to a significantly higher 0.0164 mg g-1
min~-1/2 for Ni?*. Diffusion also plays a more prominent role in EPS compared to
whole cells. This is clear from the higher kq values observed for EPS compared to
whole cell biomass. For instance, M. aeruginosa EPS exhibited a kq of 0.36 mg g-1
min”-1/2 for Ni?*, whereas M. aeruginosa biomass had a much lower kg of 0.0047 mg
g-1 min~-1/2 for Cd?*.

While both cyanobacteria and their isolated EPS adsorbed Ni?*, Cu?*, and Cd?*,
the mechanisms differed. Biomass adsorption, though exothermic (releasing heat), was
unfavorable (nonspontaneous), suggesting a need for external energy for efficient
metal removal. In contrast, EPS showed favorable (spontaneous) adsorption for all
metals, with Cd?* uptake being uniquely endothermic (absorbing heat). This highlights
the promise of EPS for spontaneous heavy metal removal, while biomass may require
optimization and further study is needed to understand the endothermic Cd?* uptake
by EPS.

Isolated EPS from cyanobacteria adsorbed more Ni?*, Cu?*, and Cd?* than the
cyanobacteria themselves, making EPS more promising for metal removal. The
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Langmuir and Freundlich isotherm models effectively described the adsorption
process, indicating a favorable and complex interaction between the metal ions and the
EPS. The Langmuir model suggests monolayer adsorption on a homogenous surface,
while the Freundlich model implies multilayer adsorption on a heterogeneous surface.
This combination suggests a complex reality, where both even and uneven binding
sites are likely present on the EPS, allowing for multiple layers of metal ions to be
adsorbed. Interestingly, the presence of one metal reduced the adsorption of another,
indicating competition for binding sites on the EPS. This highlights the potential of
EPS for metal removal but also the need to consider co-existing contaminants.

The study examined how well the cyanobacteria and their EPS could be reused
to remove metals. They desorbed the metals with water and found that EPS released a
much higher percentage of the captured Cd?*, Cu?*, and Ni?* compared to the leftover
cyanobacteria cells. This suggests EPS is not only good at grabbing metals but also
easier to clean and reuse. However, the ease of releasing the metals varied between the

metals themselves, with Ni%* being harder to desorb from both types of material.
Il.  Toxicity and tolerance of heavy metals in the test organisms

The study investigated how Cu, Ni, and Cd affect two cyanobacteria species, M.
aeruginosa and A. doliolum. All three metals inhibited the growth of both
cyanobacteria species in a dose-dependent manner. Cd?* had the strongest inhibitory
effect, followed by Cu?* and then Ni?*. The heavy metals caused a reduction in protein,
carbohydrate, chlorophyll-a, and carotenoid content in both species. Again, Cd?* had
the strongest effect, followed by Cu?* and Ni?*. Exposure to the metals increased the
production of malondialdehyde (MDA), hydrogen peroxide (H20:), and superoxide
radicals (O2") in both cyanobacteria. These are all indicators of oxidative stress, which
can damage cells. Cd?* caused the most significant increase in these markers, again
followed by Cu?* and Ni?*. Interestingly, A. doliolum seemed more prone to oxidative
stress than M. aeruginosa. M. aeruginosa showed a significant increase in hydroxyl
radical production with all three metals, with Cu?* causing the most. A. doliolum
displayed a different pattern, with a much smaller overall increase in hydroxyl radicals

compared to M. aeruginosa. This suggests A. doliolum might be better at mitigating

10



hydroxyl radical production. Overall, the study shows that Cd?* (Cd) has the most
detrimental effect on cyanobacteria growth and physiology compared to Cu?* (Cu) and
Ni2* (Ni). Interestingly, A. doliolum appeared to be more susceptible to oxidative stress
than M. aeruginosa, but also showed a better ability to manage hydroxyl radicals.
When exposed to Cu?, Ni%*, and Cd*, M. aeruginosa and A. doliolum,
suffered increased oxidative stress. In response to this stress, both species upregulated
the production of antioxidant enzymes, including superoxide dismutase (SOD),
catalase, and ascorbate peroxidase (APX). A. doliolum generally had higher basal
activity of all antioxidant enzymes compared to M. aeruginosa. A. doliolum showed a
stronger increase in catalase and APX activity in response to heavy metals compared
to M. aeruginosa. M. aeruginosa showed a larger increase in SOD activity compared
to A. doliolum. The activity of this enzyme increased slightly in both species with
heavy metal exposure, but the increase was lower compared to other antioxidant

enzymes.
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