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ABSTRACT

Different approaches that offer various benefits for the remediation of contaminated waters are being
researched as the problem worsens. The global issue of heavy metal poisoning of water from industrial
discharge is quite serious. As a result, both environmental and human health are negatively impacted. Various
traditional technologies have been employed to treat water, but they can be costly and/or inefficient,
particularly when treating industrial water. A technique called phycoremediation is used to successfully
remove metal ions from river and sewer water. In aquatic habitats, microalgae are primarily responsible for
naturally sequestering trace metals. They have high-affinity metal-binding groups on their cell surfaces, large
surface volume ratios, and effective metal absorption and storage mechanisms, which all contribute to their
capacity to adsorb and metabolise trace metals. In this context, algae offer an environmentally safe and
sustainable alternative for eliminating heavy metals from polluted water. This review study covers the primary
sources of heavy metals, their adverse effects on humans, the possibility of algae in the remediation of these
heavy metals, and their absorption mechanism. Additionally, it provides a broad overview of the chances to
improve efficacy, selectivity, and cost-effectiveness as well as their interactions with the extracellular

polymeric molecules that stressed microalgae release into the extracellular environment.
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INTRODUCTION

Heavy metal contamination has garnered significant
attention in recent years due to its potential to cause
adverse biological effects in aquatic environments.
Such effects can lead to structural changes in local
planktonic communities, reducing biodiversity and
disrupting the food chain and internal ecosystem
balance (Pérez-Rama et al., 2002). The term "heavy
metal" refers to metals that exhibit toxicity.
Nevertheless, the term is predominantly employed in
informal contexts and lacks a formal definition from
any authoritative body, such as IUPAC (Duffus,
2002). Heavy metals are defined in various ways
based on specific physical, chemical, or biological
properties, such as density (specific gravity), atomic
weight and number, and other chemical
characteristics. Some definitions lack a clear basis,
relying instead on toxicity or non-chemical criteria
(Duffus, 2002). Most definitions lack a connection to
the toxicity of these metals for living organisms, as no
correlation between density, atomic weight, or
molecular weight and toxicity has been established
(Duffus, 2002). Toxic metals refer to elements, not
exclusively metals, frequently utilised in industrial
applications, and are generally harmful to living
organisms, even at low concentrations (Volesky and
Naja, 2005). Examples include As, Cd, Cr, Cu, Pb, Hg,
Ni, Se, and Zn (Scott and Smith, 1981). Selenium (Se)
and arsenic (As) are often referred to as "heavy
metals," even though these elements are not metallic
in nature (Kabata-Pendias, 2000). When evaluating
toxic properties, these elements are categorised
within the same group as other toxic elements and are

referred to as toxic metals (Kabata-Pendias, 2000).

The application of microbial biomass for the
extraction of heavy metal cations from aqueous
solutions has garnered significant attention due to its
technical viability and economic suitability as an
alternative to physicochemical methods, such as
precipitation, ion exchange, and membrane
processes. (Tien, 2002). Microalgae have been
identified as possible biosorbents for heavy metal
cations in wastewater due to their advantageous

characteristics: low cost, immediate availability,

relatively large specific surface area, and strong
binding affinity (Tien, 2002; Gong et al., 2005a).
Furthermore, they utilise light as an energy source,
enabling metabolism without the necessity of organic
carbon sources, in contrast to the rigorous
requirements of bacteria and fungi (Donmez and
Aksu, 2002). Furthermore, when juxtaposed with
biological materials such as fungi, bacteria, and
yeasts, microalgae exhibit superior heavy metal
uptake capacity in certain instances (Tiiziin et al.,
2005), primarily due to their cell walls, which are
comprised of polysaccharides, proteins, and lipids.
These components provide various functional groups,
including carboxyl, hydroxyl, sulphate, phosphate,
and amine moieties, all of which are recognised for
their strong affinity for binding metal ions
(Rangsayatorn et al., 2002; Gong et al., 20053;
Kadukova and Vircikova, 2005). Consequently, both
viable and non-viable algal cells have been
progressively utilised as biosorbents, particularly to
support extensive bioremediation initiatives (Tam et
al., 1998; Al-Rub et al., 2004; Han et al., 2006; Deng
et al., 2007). Nonetheless, non-living cells offer
greater benefits for industrial applications, as they
remain unaffected by metal ion toxicity and
unfavourable operating conditions (Chu and Hashim,
2004); additionally, substantial quantities are easily
and cost-effectively obtainable as by-products of

biotechnology industries (Cruz et al., 2004).

Phycoremediation is a greener and more cost-
effective method for removing heavy metals from
wastewater. It involves using algae-based biosorbents
to remove nutrients and xenobiotics, treating
wastewater contaminated with acid and heavy metals,
sequestering CO., and detecting toxic compounds.
Algae can absorb various pollutants, including

pesticides and heavy metals.

The high heavy metal ion uptake capacity and cost-
effective cultivation of algal biomass make it highly
effective for wastewater bioremediation. This review
provides an overview of heavy metals as potential
contaminants and the

in aquatic ecosystems

phycoremediation potential of algae.
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Heavy metals as potential contaminants of the
aquatic ecosystem

Water may be contaminated by several geographical
processes, like the breaking down of rocks, volcanic
eruptions, and the entrance of these particles into
aquatic systems, including rivers and seas (Bagul et al.,
2015). Mercury mostly comes from natural water
bodies of water degassing from the crust of the Earth
released from volcanoes. Many human activities, like
mining operations, extraction, and smelting of several
metals, can release heavy metals. The industrial sector
takes metals from natural sources and then sends them
to the atmosphere. The several anthropogenic routes
by which heavy metals might find their way into the
environment are smelting or treating of ores of metal,
mining operations, burning of coal, petrol, and
kerosene oil, the release of agricultural, household, and
industrial waste, and vehicle exhausts (Hange and
Awofolu, 2017). Among the heavy metals, Cd, Pb, As,
Se, Hg, Mn, Zn, etc., some are poisonous and create
environmental problems. Urban, industrial, and
household wastes include toxic compounds such as
heavy metals that endanger plants, animals, people,

and every ecosystem (Fig. 1).

© [rmnc |
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Fig. 1. Bioaccumulation of heavy metals by an algal cell

Considered to be the most crucial elements for raising
the amounts of these trace metals, mostly heavy
metals, through water run-off are industry
development and increased urbanisation (Singh and
Kalamdhad, 2011). These sources discharge several
hazardous toxins that find their way into the
environment, settle as sediments or in soil, and
through the water run-off, find their way into aquatic
ecosystems, and have negative effects on water bodies

(Abida Begum et al, 2009). Of the roughly 50

elements that are regarded as heavy metals, 17 are the

most harmful ones (Ali and Khan, 2017).

Toxicity of heavy metals

Historically, it was thought that metal ions played a
minimal role in animal and plant systems, with the
living world primarily associated with organic
chemistry. The biological significance of metal ions is
now well established; life cannot exist without metal
ions, indicating that life encompasses both inorganic
and organic components (Forstner, 1981). Some
heavy metals, classified as 'essential' (e.g., copper,
molybdenum, zinc), are recognised for their roles in
metabolic reactions. In contrast, the metabolic or
physiological requirements of 'mon-essential' heavy
metals, such as cadmium, lead, and mercury, remain
unclear. High concentrations of heavy metals are
toxic to algae, although the degree of toxicity varies
between metals classified as 'essential' and those
deemed 'non-essential." Without essential heavy
metals, algae exhibit impaired growth, leading to
disruptions in physiological and biochemical
processes, or the abandonment of critical aspects of
their life cycle or metabolism. While growth
proceeds normally at lower concentrations of
essential heavy metals, elevated concentrations
typically result in toxicity or lethality. The effects of
certain significant (both essential and non-essential)
heavy metals on algae are outlined in the subsequent

paragraphs (Rai et al., 1981) (Table 1).

Arsenic

Arsenic (As) is a toxic heavy metal that
contaminates drinkable water in various countries,
including Argentina, Bangladesh, Chile, China,
Finland, India, Southeast Asia, and the United
States. It is classified as a class A and category 1
carcinogen by the USEPA (Wang et al., 2014;
Upadhyay et al., 2016; Arora et al, 2018a).
Anthropogenic activities like burning fossil fuels,
mining, fertilisers, pesticides, smelting,
electrolysis, and sewage sludge contribute to
widespread arsenic pollution (Singh et al., 2016;
Arora et al., 2017). As can cause lung, skin, kidney,

and bladder cancers at low concentrations, while
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higher

arsenical

concentrations can cause arsenicosis,

dermatitis, cardiovascular disease,
diabetes, and other health issues (Li et al., 2019). It
also damages DNA and cell organelles in plants and
microalgae, causing lipid peroxidation and protein

degradation (Upadhyay et al., 2016).

Mercury
Mercury, a naturally occurring metal, is a
significant environmental hazard due to its impact
on the environment, including its presence in water
bodies. It reduces chlorophyll levels, slows algae
growth, inhibits

nitrogen levels (Stratton et al.,, 1979; Rai et al,,

photosynthesis, and lowers
1981). When added to algal growth media, mercury

Table 1. Adverse effects of heavy metals

increases the carotenoid: chlorophyll ratio and
increases RNA, DNA, and protein in Chlorella sp.
(De Filippis and Pallaghy, 1976; Rai et al., 1981).
However, exposure to phenylmercuric acetate
decreases these amounts. Mercury also causes a
significant loss of potassium ions and enhances cell
permeability, leading to potassium efflux (Barber
and Shieh, 1972). Mercury exposure occurs when
people breathe in elemental mercury vapours or
consume contaminated fish and shellfish. Mercury
cannot be eliminated by cooking, leading to toxicity
or Minamata disorders. Mercury can come into
contact with people through various means, such as
manufacturing or  the  consumption  of

contaminated fish and shellfish.

Metals Adverse effects

References

As Carcinogenic effects, Hyperpigmentation, melanosis, and keratosis in
humans, genotoxic, as it leads to the generation of ROS and causes lipid

peroxidation.

(Yedjou and Tchounwou,
2006; Sutton and
Tchounwou, 2007)

Immunotoxic, modulates co-receptor expression, causes black foot disease

Hg Mutagenic effects, Minamata disease, Hampers cholesterol (Tchounwou et al., 2004;
Gautam et al., 2014)
Cd This leads to severe bone and kidney damage in humans, anaemia, (Singh and Singh, 2017;

bronchitis, emphysema, and Acute toxic effects in children.

Chowdhary et al., 2018;
Khan et al., 2018)

7n Causes anaemia, Phytotoxic, leads to a decrease in muscular coordination, (Asati et al., 2016)
Causes pain in the abdomen.

Cu Phytotoxic, damages a range of aquatic fauna, causes Corrosion and mucosal (Sutton and Tchounwou ,
irritation, disturbs the central nervous system, and can lead to depression.  2007)

Cr Irritates the gastrointestinal mucosa, Nephritis, and death in humans at (Shukla et al., 2018)
higher doses of Cr (VI)

Ni High concentration may lead to DNA damage, a Negative effect on fauna, (Sutton and Tchounwou ,
and cause phytotoxicity. 2007)

Pb Phytotoxic, High concentration may lead to metabolic poisoning, Toxicto  (Tchounwou et al., 2004;

humans, aquatic fauna, and livestock, Hypertension leading to brain
damage, may lead to fatigue, irritability, anaemia, and behavioural changes

in children.

Fatima et al., 2019; Obasi
and Akudinobi, 2020)

Cadmium

Mining operations in the foothills of the Himalayas
are responsible for cadmium poisoning in rivers,
worsening kidney failure, and bone weakness linked
to itai-itai sickness. Heavy metal cadmium poses a
significant risk to human health and the ecosystem. It
is widely dispersed and has a middling concentration.
Studies have shown cell lysis, filament elongation,
and loss of cellular contents in blue-green algae,
Anabaena inaequalis (Stratton and Corke, 1979).
Cadmium damage is evident in the fine structure of

freshwater algae, with dense intramitochondrial

granules (Silverberg, 1976). Cadmium is used in
various industrial processes, including batteries,
pigments, and metals. Environmental concerns have
led to reduced commercial usage, despite the

increased use of batteries.

Lead

Lead can enter drinking water due to deteriorating
plumbing systems in areas with high acidity or low
mineral content, corroding pipes and fixtures. Lead
toxicity targets the nervous system, with adults being

more severely affected in the peripheral nervous
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system and children more severely affected in the

central nervous system. (Cory-Slechta, 1996;

Bellinger, 2004; Brent, 2006). Lead also affects the

enzymes
necessary for haemoglobin production and shortening

haematological system by blocking
the lifespan of erythrocytes. This results in anaemia,
with two types: frank anaemia and hemolytic anaemia
(Cornelis et al., 2005; Guidotti et al., 2008). Lead is
absorbed by mitochondria, leading to enlargement
and deformation of cristae, dissociated energy
metabolism, blocked respiration, and altered calcium
kinetics (Holtzman et al., 1984). Lead has a binary
effect on neurotransmitter release, increasing
spontaneous release and decreasing induced release

(Bressler and Goldstein, 1991).

Mechanisms of heavy metal uptake in algae

Algae, with their high rate of photosynthesis and
increased oxygen emissions, promote the aerobic
breakdown of organic molecules. They use
biochemical and enzymatic processes to reduce
pollution and use waste as food. Algal metabolic
pathways can volatilize, purify, and alter heavy metal
and xenobiotic through

pollution. Microalgae,

phycoremediation, can remove and degrade
environmental toxicants like heavy metals and
organic pollutants. They have evolved defence
mechanisms to withstand pollutants and detoxify
harmful substances. Heavy metal removal occurs
through various processes, including metabolism and

passive adsorption (Fig. 2).

Biosorption

Biosorption is a quick, reversible process that occurs
independently of cellular metabolism, involving ions
binding to functional groups on biomass surfaces.
(Davis et al,, 2003). It is a simple and effective
method for extracting metals from diluted solutions,
requiring little capital commitment and using low-
cost, renewable sorbents from secondary sources and
cultures, including fungi, algae, bacteria, and
aquaculture and agro-industrial wastes. (Davis et al.,
2003; Beni and Esmaeili, 2020). The internal
compartment and the exterior environment are

connected by the cell wall, which is made up of

macromolecules such as lipids, proteins, and

carbohydrates (Macfie and Welbourn, 2000).

Fig. 2. Mechanism of phycoremediation

According to Javanbakht et al. (2014), it has
negatively charged functional groups on its surface,
including sulfhydryl, carboxyl, amino, hydroxyl,
phosphate, phenol, and sulfate elements. These
negatively charged groups are responsible for the
removal of heavy metals (HMs) by the outer layer of
the cell wall (Saavedra et al., 2018; Leong and Chang,
2020; Singh et al., 2021). The composition, structure,
and characteristics of the cell wall are essential for the
investigation of biosorption mechanisms (Podder and
Majumder, 2017). Algae reduce metal damage
through metal exclusion and excretion, as well as the
synthesis of proteins and binding molecules like
glutathione (GSH) and metallothioneins (MTs)

(Wang et al., 2016; Salama et al., 2019).

Toxic metals and other detrimental substances often
pose an imminent threat to microalgae in aquatic
environments. These species have evolved the
adaptive process of EPS production as a defensive
strategy. Typically, tissue stimulation results in an
elevation of EPS production. The Chlorophyta
phylum contains microalgae strains commonly used
in phytocoremediation, particularly those from the
genera Chlorella and Scenedesmus (Spain et al.,
2021). Yu et al. (2019) indicated that the extracellular
polymeric substances (EPS) of Chlamydomonas
reinhardtii significantly increased with exposure to
cadmium. Li et al. (2021) demonstrated that C.
reinhardtii produces elevated levels of EPS when
exposed to Pb(II) and Cd(II) stressors.

Furthermore, Zhang et al. (2015) found that Cu

absorption is caused by EPS and not intracellular
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chelation, as evidenced by the increased EPS yields in

Cu-enriched Chlorella sp. cultures.

Comparing C. pyrenoidosa cells treated with and
untreated with EPS shows that EPS increases
tolerance to As ions, decreases intracellular
accumulation, and improves adsorption capability
(Zhang et al., 2020). It appears that EPS can establish
an extracellular protective barrier on the cell wall's
surface, thereby protecting the intracellular
environment from the harmful effects of heavy
metals. Consequently, their excretion facilitates the
maintenance of cellular integrity as a survival strategy
(Hou et al., 2017; Naveed et al., 2019). Moreover, EPS
comprises several charged hydrophobic groups that
are adept at actively binding to heavy metals (Zhang
et al, 2020). The primary functional groups
implicated in the biosorption of heavy metals are
present in some algal cell wall constituents, such as
fucoidan and alginate (Anastopoulos and Kyzas, 2015;
Zeraatkar et al., 2016). Electrostatic and van der
Waals forces contribute to the physical interaction
between metals and biosorbents, while complexation,
ion exchange, proton shift, and metal chelation
pertain to the chemical interactions involved (Crist et
al, 1999). Heavy metal ions from wastewater
integrate with small ions like Na*, Ca2*, and K* that
are on the outer layer of algae. Key factors, such as
metal selection and regeneration ability, must be met
for this process to be possible. Changing the algal
material chemically, such as by cross-linking it with
epichlorohydrin or oxidising it with potassium
permanganate, makes biosorption more selective

(Luo et al., 2006).

Bioaccumulation

Bioaccumulation is a metabolic process affected by
several causes, unlike biosorption. The term refers
to the accumulation of heavy metals in the cell
membranes of live microalgae via passive and/or
active transport pathways (Chojnacka, 2010). The
process consists of two successive phases: the
initial phase entails the fast, passive, and non-
specific absorption of metal ions onto the cell wall.

Subsequently, active or passive transport occurs

across the cell wall and plasma membrane into the
cytoplasm (Kumar et al., 2015). Algae employ both
extracellular and intracellular metal binding
strategies, such as complexation, physical
adsorption, ion exchange, and chelation, to
mitigate the toxicity associated with heavy metals

(Mantzorou et al., 2018).

These methods effectively convert harmful metals
into less harmful or non-hazardous forms (Mustapha
and Halimoon, 2015; Mantzorou et al., 2018). Algae
detoxify metals via several mechanisms, such as
binding to specific intracellular organelles,
transporting metals to cellular components like
polyphosphate vacuoles, utilising efflux pumps to
expel metals into solution, and synthesising class III
metallothioneins or phytochelatins (Perales-Vela et

al., 2006; Tripathi and Poluri, 2021).

Phytochelatins are small peptides, ranging in
molecular weight from 2 to 10 kDa, that exhibit
metal-binding properties. Torres et al. (2008)
states that phytochelatin synthase is a constitutive
enzyme responsible for the synthesis of
phytochelatins. The synthesis of these compounds
from y-glutamylcysteine, hydroxymethyl-
glutathione, homo-glutathione, and orglutathione
is mediated by phytochelatin synthase, a
transpeptidase that necessitates heavy metals for
its post-translational activation. Most algae and all
higher plants can synthesise phytochelatins (Ahner
et al.,, 1995). Kinetic experiments conducted by
Cobbett and Goldsbrough (2002) demonstrate that
phytochelatin production occurs rapidly, within
several minutes, and is independent of de novo
protein synthesis. Phytochelatin synthase can be
activated in both in vivo and in vitro conditions by
various metalloids and metals, such as As, Cu, Cd,
Pb, Ag, Sn, Hg, Zn, and Au (Backor et al., 2007).
Cadmium (Cd) has been identified as a potential
activator of phytochelatin synthesis, facilitating the
production of phytochelatins with more stable
chains, specifically up to PC5 (Chmielewska and
Medved, 2001; Backor et al., 2007). Heavy metals

exhibit reduced toxicity to living algae when they
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precipitate in the presence of sulphide, phosphate,

or carbonate.

Cladophora glomerata, a species of green algae,
demonstrated the capacity to extract the following
heavy metals from a refinery sewage lagoon: Pb at
7.9 mg kg1, Cd at 0.1 mg kg, Ni at 15.6 mg kg1, Cr
at 1.7 mg kg, and V at 37.7 mg kg (Salama et al.,
2019). The brown macroalga Fucus vesiculosus
demonstrates significant efficacy in the removal of
heavy metals (HMs) from contaminated saltwater,
achieving reductions of 65%, 95%, and 76% for
lead, mercury, and

copper, respectively.

(Henriques et al., 2017).

Biotransformation
Biotransformation denotes the metabolic process by
which endogenous or exogenous substances are
converted into molecules that differ in toxicity
toxication), excretability
hydrophilic),

(activation versus deactivation) (Rourke and Sinal,

(detoxification vs

(hydrophobic versus and activity
2014). Biotransformation in algae primarily involves
the enzymatic and biochemical transformation of
heavy metals, although it has also been employed for
detoxification processes. Heavy metals are non-
degradable; thus, enzymatic biotransformation
converts them into less toxic inorganic complexes.
(Pradhan et al., 2022). Biotransformation entails the
reduction of valuable heavy metals through electron
transfer, subsequently converting them into organic

heavy metal compounds (Yen et al., 2017).

Enzymatic biotransformation

Enzymatic biotransformation of heavy metals
involves the chemical conversion of a highly toxic
form into a less toxic variant through oxidation-
reduction reactions. Heavy metals (HMs) are non-
biodegradable; however, their harmful effects can be
alleviated by transforming their oxidation states into
inorganic complexes. The role of oxidoreductase
enzymes in the detoxification of heavy metals by
microalgae has been largely neglected in research.
identify

reductase, and

Leong and Chang (2020) chromate

reductases, mercuric arsenate

reductase as the primary redox enzymes in
microalgae. Studies by Lee et al. (2017) and Yen et al.
(2017) demonstrate that C. vulgaris strains can
convert Cr(VI) to Cr(III) via an enzymatic reaction
facilitated by chromate reductase. Kelly et al. (2006)
revealed that the microalgae strains C. fusca,
Galdieria sulphuraria, and Selenastrum minutum
can facilitate the biotransformation of Hg2* into
elemental Hg° and metacinnabar (B-HgS) by
mercuric reductase. C. reinhardtii, a green microalga,
has been identified as possessing arsenate reductase

(Yin et al., 2011).

Biochemical transformations of HMs

Microalgal cells can employ biochemical processes to
mitigate heavy metals during phycoremediation. The
transfer of electrons to the reduced form of GSH
facilitates the reduction of chromium from the
hexavalent to the trivalent oxidation state (Yen et al.,
2017). Additionally, multiple detoxifying pathways
can mitigate the toxicity of inorganic arsenic. Several
microalgae species have demonstrated the ability to
reduce As(V) to As(III). Karadjova et al. (2008)
demonstrated that following 72 hours of exposure to
As(V), C.

intracellular

salina converted 32% of its total
As(V) As(IID).

Hasegawa et al. (2001) Indicate that C. aciculare

concentration to

initially transformed the starting concentration of
As(V) in the medium to As(III), which subsequently
reached its peak during the exponential growth phase.
As-species are commonly located in various cellular
fractions of microalgae cells, including the lipid,
cytosolic, cell membrane, and debris fractions. The
detoxification process initiates with the reduction of
As(V) to As(IIl), which is then methylated to
monomethylarsonate (MMA(V)) through the action of
oxidase
conversion to DMA(III), the produced MMA is

and S-adenosylmethionine. After its

converted into various organoarsenicals, such as

arsenolipids, arsenosugars, arsenobetaine, and

arsenoribosides (Wang et al. 2015; Arora et al., 2018).

Other biotransformation mechanisms of HMs
Alongside the previously documented intracellular
biotransformation

heavy metal process, the
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production of metal nanoparticles can occur both
intracellularly and extracellularly, contingent upon
the site of nanoparticle biosynthesis and the reductive
agents involved (Hamida et al., 2020). Microalgae
can convert toxic heavy metals into less harmful
forms by integrating them with proteins, lipids,
carbohydrates, pigments, and other antioxidant
compounds, effectively neutralising the metal ions'
charge (Chaudhary et al., 2020). Furthermore, in the
extracellular environment, EPS, binding sites, organic
ligands, and charged functional groups on cell
surfaces may contribute to changes in the speciation
of harmful heavy metals via redox processes (Naveed
et al., 2019). Priyadarshini et al. (2019) demonstrated
that the intracellular environment, which contains
polysaccharides, proteins, and pigments that act as
reducing agents for stabilising metal ions and
nanoparticles, is more complex than the extracellular
biosynthesis of metal nanoparticles, which is
comparatively simpler. E. gracilis can utilise both
biological and non-biological volatilisation of mercury
as a biotransformation method to mitigate the
detrimental effects of mercury (Devars et al., 2000).
(2006b)
photoreduction pathway governed the Cr (VI)

Deng et al demonstrated that a

biotransformation in C. vulgaris.

Factors affecting heavy metal absorption

The biosorption efficacy was consistent within a
temperature range of 20-35°C. (Ahalya et al., 2003).
Biosorbents, which are predominantly naturally
occurring ion-exchanging organisms, possess weakly
basic and acidic groups within their cell walls.
Lowering the pH of metal solutions from 6.0 to 2.5
significantly decreases heavy metal uptake by various
biomass types. The carboxyl groups present in algal
and fungal cell walls demonstrate a moderate acidity
(pKa between 3.5 and 5.5), which suggests pH-
dependent metal absorption characteristics. The pH
dependency of ion exchange between protons and
metals on amino groups is reportedly analogous to
that of carboxyl groups. An increase in biosorbent
concentration affects binding sites, resulting in higher
specific metal absorption at lower biosorbent

concentrations (Gourdon et al., 1990). Biosorption is

employed in the treatment of multi-metal systems
containing various metallic ions; thus, the removal of
a specific metal ion is affected by the presence of
other metal species (Deng and Wang, 2012). The
presence of uranium, lead, mercury, and copper
inhibits cobalt uptake by various microorganisms
(Ahalya et al., 2003; Gong et al., 2005). Pretreating
biomass with alkalies, acids, detergents, and heat
enhances its metal affinity to the biosorbent (Ahalya
et al., 2003).

Algae as a tool for bioremediation

Seaweed is extensively employed in biosorption
processes for wastewater treatment, -effectively
removing or decreasing hazardous heavy metal
concentrations (He and Chen, 2014). The removal of
heavy metals from aquatic environments is a pressing
environmental issue, given the detrimental effects
these elements have on living organisms (Adamu et
al., 2015). Some heavy metals are rapidly taken up by
organisms, persist in the environment without
breaking down, and can pose significant health risks,
including carcinogenic effects, even at minimal
concentrations. According to Arumugam et al. (2018),
the main contributors to the accumulation of heavy
metals in soils and groundwater are activities such as
mining, smelting, the paint industry, the use of
fertilisers, leather tanning, electroplating, alloy

production, and battery manufacturing.

Cadmium is the metal most frequently studied for
biosorption with algae; approximately 23% of
publications address its environmental toxicity and
the significance of its removal. Furthermore, this
serves as a sign that biotechnology methods provide a
viable alternative to traditional techniques.
Subsequently, significant concentrations of heavy
metals, extensively released through mining and
industrial activities, are identified, notably copper
(20%) and lead (19%). The biosorption of more
prevalent metals, such as iron (3%), has been the
subject of limited investigation due to the cost-
effective and practicable process of precipitation
through neutralising agents. Consequently, there is a

lack of motivation for further exploration.
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Brown seaweeds

Among the most hazardous heavy metals globally are
chromium, nickel, copper, arsenic, cadmium,
mercury, and lead (Islam et al, 2015). Lead and
chromium are among the most prevalent harmful
cations found in wastewater. In a study conducted by
Ali et al. (2020) regarding the biosorption of Pb and
Cr in two species of brown seaweed, Hydroclathrus
clathratus and Cystoseira barbata, it was found that
there exists an inverse relationship between the
concentration of the metal and its uptake. The
optimal biosorption efficiency was achieved at 120
minutes, with a pH of 5 and an algae concentration of
10 g/L. The maximum uptakes for Pb and Cr
biosorption are recorded at 4.97 and 77.19 mg/g for H.
clathratus, and 4.61 and 7.30 mg/g for C. barbata,
respectively. A study by Plaza Cazbén et al. (2011)
employed Macrocystis pyrifera for the extraction of
zinc and cadmium from both mono- and bimetallic
solutions. The findings indicated that the organism
exhibited strong uptake capacities in both scenarios,
aligning with previous research conducted on other
species as documented in earlier studies (Mata et al.,
2008). M. pyrifera and Undaria pinnatifida
effectively removed mercury and chromium from
aqueous solutions. Research suggests that carboxylic
and amino groups are crucial for chromium binding,
while amino and sulfhydryl groups are linked to
mercury assimilation. This suggests that the
interactions are specific to the metals and their
respective functional groups (Plaza et al., 2011). The
brown alga Sargassum sp. was utilised to extract Pb
and Cu from stormwater, demonstrating biosorption
capacities of 196.1 mg/g for Pb and 84.0 mg/g for Cu.
Barquilha et al. ( 2019) utilised alginate derived from
Sargassum sp. as a biosorbent to extract Ni and Cu
ions from both actual electroplating effluents and
synthetic solutions. The maximum sorption capacity
(gqmax) for Ni ions reaches 1.147 mmol/g, whereas Cu
ions exhibit a qmax of 1.640 mmol/g. Torres (2020)
indicates that biosorption has proven to be an
effective method for eliminating it in this context. Sea
farms are regarded as a dependable resource due to
the diverse array of phytoplankton that can be

cultivated. Yadav et al. ( (2019) investigated the

application of marine algae, specifically brown algae,
for the removal of heavy metals from fluids via the
processes of biosorption and bioaccumulation. The
biomass of Lessonia nigrescens was employed to
biosorb Cu from the solution at a pH of 5 over a
contact period of 120 minutes. The Langmuir
isotherm model demonstrated the most accurate data
fit, resulting in a maximum biosorption capacity of
60.4 mg/g. Cu ions are captured in solution by the
dead biomass of the brown algae L. nigrescens
through surface interactions with various functional
groups, such as amide, carboxyl, hydroxyl, and
sulfonate groups, while amine groups do not play a

role in this process (Cid et al., 2018).

Red seaweeds

Ceramium virgatum, a red alga, was employed for
cadmium extraction from aqueous solutions. The
study examined the influence of temperature, pH,
contact time, biomass dosage, and other
experimental variables on the biosorption process.
Sar1 and Tuzen (2008) indicated that the
biosorption capacity of C. virgatum monolayer for
Cd(II) ions was measured at 39.7 mg/g. The
bioadsorption of pretreated red algae Gracilaria
fisheri for cadmium and copper was examined by
Chaisuksan (2003). The maximum uptake levels
recorded were 0.63 and 0.72 mmol/g, respectively.
The absorption of cadmium and copper occurred
rapidly, with 90% of the biosorption completed
within a 3o-minute timeframe. Alternatively,
investigations have employed alginate extracted
from the biomass of the marine red algae
Callithamnion corymbosum to eliminate Cu(II),
Co(II), and Zn(II) ions from aqueous solutions. The
maximal biosorption capabilities are as follows:
Cu(I) (64.52 mg/g) > Zn(II) (37.04 mg/g) > Co(II)
(18.79 mg/g). The ideal conditions for biosorption
were determined to be at a pH of 4.4, a biosorbent
concentration of 2.0 g/L, and room temperature
(Lucaci et al., 2020). Porphyra leucosticta
demonstrates efficiencies ranging from 70% to 75%
for cadmium (Cd) and 90% to 95% for lead (Pb)
following a mere two hours of exposure (Akbar and

Hasan, 2024).
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Green seaweeds

Da Costa and De Franca (2003) examined the
accumulation of Cd ions by the microalga Tetraselmis
chuii, focusing on both growing and dead cells. The
green algae Codium vermilara were employed to extract
copper with an efficiency of around 85%. This was
achieved at a copper concentration of 48.8 mg/L, using
an algae dose of 0.75 g/L, at a pH of 5.3, and during a
contact period of 70.5 minutes (Fawzy, 2020). Chlorella
vulgaris demonstrated a biosorption capacity for
copper, achieving a recovery rate of 90.3% at a pH of 7,
with a contact time of 105 minutes and an initial
concentration of 20 mg/L (Indhumathi et al., 2018).
Research indicates that amine and carboxyl groups are
the favoured chemical components present in green cell
walls. The biosorption occurred extracellularly, as
evidenced by the presence of copper on the cell surface.
Caulerpa racemosa has been examined for its capacity
to absorb cadmium (Cd) and hexavalent chromium (Cr
VI), demonstrating a notable removal efficiency of 85%.
In a separate study, Caulerpa racemosa demonstrated a
moderate uptake of trivalent chromium (Cr III) and lead
(Pb), achieving an efficiency of 50% (Raza’i et al., 2022).
The observed differences in performance among various
metal ions indicate that Caulerpa racemosa could
demonstrate a preference for specific metals, showing a
stronger affinity for particular types. This characteristic
underscores the necessity for additional investigation
into the molecular mechanisms that regulate metal
uptake and the formulation of refined remediation
strategies customised for particular contaminants. Green
macroalgae, including Cladophora fascicularis, have
shown encouraging outcomes in the absorption of heavy
metals. This species demonstrated the ability to
eliminate lead (Pb) and copper (Cu) with a
biosorption capacity of 1.61 mmol/g for Cu2* and 0.96
mmol/g for Pb2+. The data indicate that Cladophora
fascicularis could be especially effective in addressing
water pollution caused by copper and lead, which are
prevalent contaminants in industrial wastewater

(Deng et al., 2006).

Blue-green algae
Cyanobacteria have certain qualities that make them

a great choice for the removal of heavy metals. Such

as EPS release, various transport mechanisms, and
cell wall characteristics (Al-Amin et al., 2021). It has
been reported that several cyanobacterial species can
sequester heavy metal ions through either biosorption
or bioaccumulation, and frequently both. Anabaena
doliolum (Goswami et al, 2015), Tolypothrix
ceytonica (Goswami et al, 2015), Cyanospira
capsulata and Nostoc PCC7936 (De Philippis et al.,
(Mohamed,

Limnococcus sp. (Sen et al., 2018), Microcystis sp.

2003), Gloeothece magna 2001),
(Rai and Tripathi, 2007), Nostoc muscorum (Roy et
al., 2015) are a few species that biosorb heavy metal
ions through EPS. While some cyanobacterial species
have been shown to bioaccumulate heavy metals
within cells, Synechococcus sp. PCC 7942 (Rahman et
al., 2011), Nostoc muscorum (Rahman et al., 2011),
Spirulina fusiformis (Pandi et al., 2009), and
Limnococcus sp. (Sen et al, 2018). Furthermore,
several species, such as Synechococcus sp. PCC 7942,
Nostoc muscorum, and Limnococcus sp. sequester
the metal from water by both methods (Rahman et

al, 2011).

CONCLUSION
Heavy metal contamination of aquatic systems
presents a significant challenge as it adversely
affects both human health and various biological
ecosystems. Various algal species have been
identified as effective alternatives for removing or
detoxifying heavy metals, providing promising
beyond traditional physicochemical
methods. The

bioaccumulation and biosorption serve as effective

options
remediation mechanisms  of
methods for the removal of heavy metals from the
environment. Algae-based phycoremediation offers
a highly promising approach for addressing heavy
metal pollution in aquatic ecosystems. A multitude
of studies illustrate the effectiveness of algae
species in extracting a range of toxic metals, such
as lead (Pb), cadmium (Cd), chromium (Cr), and
mercury (Hg), from polluted aquatic environments.
While these results are encouraging, there are still
obstacles to overcome, especially in expanding
microalgae-based phycoremediation for large-scale

industrial use. The differences in metal uptake
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rates among various species and under different

environmental conditions, including pH and

temperature, pose challenges for the
standardisation of this process for broader
application. Furthermore, the proper disposal or
repurposing of metal-laden biomass presents a
significant challenge, necessitating additional
investigation to create affordable and eco-friendly
solutions. Microalgae present a sustainable and
economical solution for the removal of heavy
metals, showcasing effectiveness across multiple
species and types of metals. To maximise the
potential of this technology, subsequent
investigations should concentrate on refining
growth conditions, creating effective disposal
strategies, and enhancing the scalability of algae-
based

investment, this

remediation systems. With ongoing

environmentally  friendly
technology has the potential to significantly
contribute to the purification of polluted water

bodies and the rejuvenation of aquatic ecosystems.

REFERENCES

Abida Begum AB, Harikrishna S, Irfanulla
Khan IK. 2009. Analysis of heavy metals in water,
sediments and fish samples of Madivala lakes of
Bangalore, Karnataka. Available from
https://www.cabidigitallibrary.org/doi/full/10.5555/

20093310669 [accessed 22 February 2025].

Adamu CI, Nganje TN, Edet A. 2015. Heavy
metal contamination and health risk assessment
associated with abandoned barite mines in Cross
River State, southeastern Nigeria. Environmental
Nanotechnology, Monitoring & Management 3, 10—

21.

Ahalya N, Ramachandra TV, Kanamadi RD.
2003. Biosorption of heavy metals. Res. J. Chem.
Environ 7(4), 71-79.

Ahner BA, Kong S, Morel FMM. 1995.
Phytochelatin production in marine algae. 1. An
interspecies comparison. Limnol. Oceanogr 40(4),

649—657. https://doi.org/10.4319/10.1995.40.4.0649

AKkbar SA, Hasan M. 2024. Evaluation of bioactive
composition and phytochemical profile of macroalgae
Gracilaria edulis and Acanthophora spicifera from
the Banda Aceh Coast, Indonesia. Science &

Technology Asia 29(1), 194—207.

Al-Amin A, Parvin F, Chakraborty J, Kim YI.
2021. Cyanobacteria mediated heavy metal removal: a
review on mechanism, biosynthesis, and removal
capability. Environmental Technology Reviews 10(1),
44-57.
https://doi.org/10.1080/21622515.2020.1869323

Ali H, Khan E. 2017. Environmental chemistry in
the twenty-first century. Environ Chem Lett 15(2),
329—346.https://doi.org/10.1007/s10311-016-
0601-3

Ali HS, Kandil NFES, Ibraheem IB. 2020.
Biosorption of Pb2* and Cr3* ions from aqueous
solution by two brown marine macroalgae: an
equilibrium and kinetic study. Desalination and

Water Treatment 206, 250—262.

Al-Rub FA, El-Naas MH, Benyahia F, Ashour 1.
2004. Biosorption of nickel on blank alginate beads,
free and immobilized algal cells. Process Biochemistry

39(11), 1767-1773.

Anastopoulos I, Kyzas GZ. 2015. Progress in
batch biosorption of heavy metals onto algae. Journal

of Molecular Liquids 209, 77-86.

Arora N, Dubey D, Sharma M, Patel A, Guleria
A, Pruthi PA, Kumar D, Pruthi V, Poluri KM.
NMR-based metabolomic

elucidate the differential cellular responses during

2018a. approach to
mitigation of arsenic(IIl, V) in a green microalga. ACS
Omega 3(9), 11847-11856.
https://doi.org/10.1021/acsomega.8b01692

Arora N, Gulati K, Patel A, Pruthi PA, Poluri
KM, Pruthi V. 2017. A hybrid approach integrating
arsenic detoxification with biodiesel production using

oleaginous microalgae. Algal Research 24, 29—39.

415 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Arora N, Gulati K, Tripathi S, Pruthi V, Poluri
KM. 2018b. Algae as a budding tool for mitigation of
arsenic from aquatic systems. In: Hasanuzzaman M,
Nahar K, Fujita M, editors. Mechanisms of Arsenic
Toxicity and Tolerance in Plants. Springer Singapore,
Singapore. pp. 269—297.
https://doi.org/10.1007/978-981-13-1292-2_12

Arumugam N, Chelliapan S, Kamyab H,
Thirugnana S, Othman N, Nasri NS. 2018.
Treatment of wastewater using seaweed: a review.
International Journal of Environmental Research and

Public Health 15(12), 2851.

Asati A, Pichhode M, Nikhil K. 2016. Effect of
heavy metals on plants: an overview. International
Journal of Application or Innovation in Engineering

& Management 5(3), 56—66.

Backor M, Pawlik-Skowronska B, Bud’ova J,
Skowronski T. 2007. Response to copper and
cadmium stress in wild-type and copper tolerant
strains of the lichen alga Trebouxia erici: metal
accumulation, toxicity and non-protein thiols. Plant
Growth Regul 52(1), 17—27.
https://doi.org/10.1007/s10725-007-9173-3

Bagul VR, Shinde DN, Chavan RP, Patil CL,
Pawar RK. 2015. New perspective on heavy metal
pollution of water. Available from
https://www.cabidigitallibrary.org/doi/full/10.5555/

20163058041 [accessed 22 February 2025].

Barber J, Shieh YJ. 1972. Net and steady-state
cation fluxes in Chlorella pyrenoidosa. Journal of

Experimental Botany 23(3), 627-636.

Barquilha CER, Cossich ES, Tavares CRG, Da
Silva EA. 2019. Biosorption of nickel(II) and
copper(II) ions from synthetic and real effluents by
alginate-based biosorbent produced from seaweed
Sargassum sp. Environ Sci Pollut Res 26(11), 11100—

11112. https://doi.org/10.1007/s11356-019-04552-0

Bayramoglu G, Arica MY. 2008. Removal of
heavy mercury (II), cadmium (II) and zinc (II) metal
ions by live and heat inactivated Lentinus edodes
pellets. Chemical Engineering Journal 143(1-3),
133—140.

Bellinger DC. 2004. Lead. Pediatrics 113, 1016—

1022. Find this article online.

Beni AA, Esmaeili A. 2020. Biosorption, an
efficient method for removing heavy metals from
review. Environmental

industrial effluents: a

Technology & Innovation 17, 100503.

Brent J. 2006. A review of: “Medical Toxicology”:

3rd Edition. Clinical Toxicology 44(3), 355.

https://doi.org/10.1080/15563650600584733

Bressler JP, Goldstein GW. 1991. Mechanisms of
lead neurotoxicity. Biochemical Pharmacology 41(4),

479-484.

Chaisuksant Y. 2003. Biosorption of cadmium (II)
and copper (II) by pretreated biomass of marine alga
Gracilaria fisheri. Environmental Technology 24(12),
1501—1508.

https://doi.org/10.1080/09593330309385695

Chaudhary R, Nawaz K, Khan AK, Hano C,
Abbasi BH, Anjum S. 2020. An overview of the
algae-mediated biosynthesis of nanoparticles and

their biomedical applications. Biomolecules 10(11),

1498.

Medved J.

Bioaccumulation of heavy metals by green algae

Chmielewska E, 2001.
Cladophora glomerata in a refinery sewage lagoon.

Croatica Chemica Acta 74(1), 135—-145.

Chojnacka K. 2010. Biosorption and
bioaccumulation — the prospects for practical
applications. Environment International 36(3), 299—

307.

416 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Chowdhary P, Hare V, Raj A. 2018. Book review:
environmental pollutants and their bioremediation
approaches. Frontiers Media SA. Available from
https://www.frontiersin.org/articles/10.3389/fbioe.2
018.00193/full [accessed 1 April 2025].

Chu KH, Hashim MA. 2004. Quantitative analysis
of copper biosorption by the microalga Chlorella
vulgaris. Environmental Engineering Science 21(2),
139-147.
https://doi.org/10.1089/109287504773087318

Cid HA, Flores MI, Pizarro JF, Castillo XA,
Barros DE, Moreno-Pirajan JC, Ortiz CA. 2018.
Mechanisms of Cu2* biosorption on Lessonia
dead Dbiomass: Functional

nigrescens groups

interactions and morphological characterization.
Journal of Environmental Chemical Engineering

6(2), 2696—2704.

Cobbett C, Goldsbrough P. 2002. Phytochelatins

and metallothioneins: Roles in heavy metal
detoxification and homeostasis. Annu. Rev. Plant
Biol. 53(1), 159—182.

https://doi.org/10.1146/annurev.arplant.53.100301.1

35154

Cornelis R, Caruso J, Crews H, Heumann K
(editors). 2005. Handbook of Elemental Speciation
II- Species in the Environment, Food, Medicine and
Health. 1st Wiley.

Occupational edition.

https://doi.org/10.1002/0470856009

Cory-Slechta DA. 1996. Legacy of lead exposure:
Consequences for the central nervous system.
Otolaryngol Head Neck Surg 114(2), 224—226.
https://doi.org/10.1016/50194-5998(96)70171-7

Crist RH, Martin JR, Crist DR. 1999. Interaction
of metal ions with acid sites of biosorbents peat moss
and Vaucheria and model substances alginic and
humic acids. Environ Sci Technol 33(13), 2252—2256.

https://doi.org/10.1021/es9812781

Cruz CC, Da Costa ACA, Henriques CA, Luna
AS. 2004. Kinetic modeling and equilibrium studies
during cadmium biosorption by dead Sargassum sp.

biomass. Bioresource Technology 91(3), 249—257.

Da Costa ACA, De Franca FP. 2003. Cadmium
interaction with microalgal cells, cyanobacterial cells,
and seaweeds; toxicology and biotechnological potential
for wastewater treatment. Mar Biotechnol 5(2), 149—

156. https://doi.org/10.1007/s10126-002-0109-7

Davis TA, Volesky B, Mucci A. 2003. A review of
the biochemistry of heavy metal biosorption by brown
algae. Water Research 37(18), 4311—4330.

De Filippis LF, Pallaghy CK. 1976. The effect of
sub-lethal concentrations of mercury and zinc on
Chlorella: 1I.

composition. Zeitschrift fiir

78(4), 314—322.

Photosynthesis and  pigment

Pflanzenphysiologie

De Philippis R, Paperi R, Sili C, Vincenzini M.
2003. Assessment of the metal removal capability of
two capsulated cyanobacteria, Cyanospira capsulata
and Nostoc PCC7936. Journal of Applied Phycology

15(2/3), 155-161.
https://doi.org/10.1023/A:1023889410912

Deng L, Su Y, Su H, Wang X, Zhu X. 2006a.
Biosorption of copper (II) and lead (IT) from aqueous
solutions by nonliving green algae Cladophora
fascicularis: Equilibrium, kinetics and environmental
effects. Adsorption 12(4), 267—277.
https://doi.org/10.1007/510450-006-0503-y

Deng L, Su Y, Su H, Wang X, Zhu X. 2007.
Sorption and desorption of lead (II) from wastewater
by green algae Cladophora fascicularis. Journal of

Hazardous Materials 143(1—2), 220—225.

Deng L, Wang H, Deng N. 2006b. Photoreduction
of chromium (VI) in the presence of algae, Chlorella
vulgaris. Journal of Hazardous Materials 138(2),

288—-292.

417 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Deng X, Wang P. 2012. Isolation of marine bacteria
highly resistant to mercury and their bioaccumulation

process. Bioresource Technology 121, 342—347.

Devars S, Avilés C, Cervantes C, Moreno-
Sanchez R. 2000. Mercury uptake and removal by
Euglena gracilis. Archives of Microbiology 174(3), 175—
180. https://doi.org/10.1007/s002030000193

Donmez G, Aksu Z. 2002. Removal of chromium (VI)
from saline wastewaters by Dunaliella species. Process

Biochemistry 38(5), 751-762.

Doshi H, Ray A, Kothari IL. 2007. Biosorption of
cadmium by live and dead Spirulina: IR spectroscopic,
kinetics, and SEM studies. Curr Microbiol 54(3), 213—
218. https://doi.org/10.1007/s00284-006-0340-y

Duffus JH. 2002. “Heavy metals” a meaningless term?
(IUPAC Technical Report). Pure and Applied Chemistry
74(5), 793-807.
https://doi.org/10.1351/pac200274050793

Fatima G, Raza AM, Hadi N, Nigam N, Mahdi
AA. 2019. Cadmium in human diseases: It’s more than
just a mere metal. Ind J Clin Biochem 34(4), 371—
378.https://doi.org/10.1007/s12291-019-00839-8

Fawzy MA. 2020. Biosorption of copper ions from
aqueous solution by Codium vermilara: Optimization,
kinetic, isotherm and thermodynamic studies. Advanced

Powder Technology 31(9), 3724—3735.

Forstner U. 1981. Metal pollution assessment from
sediment analysis. In: Metal Pollution in the Aquatic
Environment. Springer Berlin Heidelberg, Berlin,
Heidelberg. pp. 110—196. https://doi.org/10.1007/978-
3-642-69385-4_4

Gautam RK, SK, Mahiya S,
Chattopadhyaya MC. 2014. Contamination of heavy

Sharma

metals in aquatic media: transport, toxicity and

technologies for remediation. Available from
https://books.rsc.org/books/edited-

volume/1301/chapter/1210906 [accessed 1 April 2025].

Gong R, Ding Y, Liu H, Chen Q, Liu Z. 2005a.
Lead biosorption and desorption by intact and
pretreated Spirulina maxima biomass. Chemosphere

58(1), 125—130.

Gong R, Ding Y, Liu H, Chen Q, Liu Z. 2005b.
Lead biosorption and desorption by intact and
pretreated Spirulina maxima biomass. Chemosphere

58(1), 125—130.

Goswami S, Syiem MB, Pakshirajan K. 2015.
Cadmium removal by Anabaena doliolum Ind1
isolated from a coal mining area in Meghalaya, India:
Associated structural and physiological alterations.

Environmental Engineering Research 20(1), 41-50.

Gourdon R, Bhende S, Rus E, Sofer SS. 1990.
Comparison of cadmium biosorption by Gram-
positive and Gram-negative bacteria from activated
sludge. Biotechnol Lett 12(11), 839—842.
https://doi.org/10.1007/BF01022606

Guidotti TL, McNamara J, Moses MS. 2008.
The interpretation of trace element analysis in body

fluids. Indian Journal of Medical Research 128(4),
524-532.

Hamida RS, Ali MA, Redhwan AMO, Bin-
Meferij MM. 2020. Cyanobacteria — A promising
platform in green nanotechnology: A review on
nanoparticles fabrication and their prospective
applications. IJN 15, 6033—6066.
https://doi.org/10.2147/1JN.S256134

Han X, Wong YS, Tam NFY. 2006. Surface
complexation mechanism and modeling in Cr (III)
biosorption by a microalgal isolate, Chlorella miniata.
Journal of Colloid and Interface Science 303(2),

365-371.

Hange K, Awofolu OR. 2017. Assessment of
anthropogenic influence on the level of selected heavy
metals (Cu, Zn, Cd and Pb) in soil. Journal of Soil
Science and Environmental Management 8(6), 113—

121.

418 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Hasegawa H, Sohrin Y, Seki K, Sato M,
Norisuye K, Naito K, Matsui M. 2001.
Biosynthesis and release of methylarsenic compounds
during the growth of freshwater algae. Chemosphere

43(3), 265—272.

He J, Chen JP. 2014. A comprehensive review on
biosorption of heavy metals by algal biomass:
Materials, performances, chemistry, and modeling

simulation tools. Bioresource Technology 160, 67—78.

Henriques B, Lopes CB, Figueira P, Rocha LS,
Duarte AC, Vale C, Pardal MA, Pereira E. 2017.
Bioaccumulation of Hg, Cd and Pb by Fucus
vesiculosus in single and multi-metal contamination
scenarios and its effect on growth rate. Chemosphere

171, 208-222.

Holtzman D, DeVries C, Nguyen H, Olson J,
Bensch K. 1984. Maturation of resistance to lead
encephalopathy: Cellular and subcellular mechanisms.

Neurotoxicology 5(3), 97—124.

Hou J, Yang Y, Wang P, Wang C, Miao L, Wang
X, Lv B, You G, Liu Z. 2017. Effects of CeO., CuO,
and ZnO nanoparticles on physiological features of
Microcystis aeruginosa and the production and
composition of extracellular polymeric substances.
Pollut Res 24(1),

https://doi.org/10.1007/s11356-016-7387-5

Environ  Sci 226—235.

Indhumathi P, Sathiyaraj S, Koelmel JP, Shoba
SU, Jayabalakrishnan C, Saravanabhavan M.
2018. The efficient removal of heavy metal ions from
industry effluents using waste biomass as low-cost
adsorbent: Thermodynamic and Kkinetic models.
Zeitschrift fiir Physikalische Chemie 232(4), 527-543.
https://doi.org/10.1515/zpch-2016-0900

Islam MS, Ahmed MK, Raknuzzaman M,
Habibullah-Al-Mamun M, Islam MK. 2015. Heavy
metal pollution in surface water and sediment: A
preliminary assessment of an urban river in a developing

country. Ecological Indicators 48, 282—291.

Javanbakht V, Alavi SA, Zilouei H. 2014.

Mechanisms of heavy metal removal using
microorganisms as biosorbent. Water Science and

Technology 69(9), 1775-1787.

Kabata-Pendias A. 2000. Trace elements in soils
and plants. CRC

https://www.taylorfrancis.com/books/mono/10.12

Press. Available from

01/9781420039900 [accessed 22 February 2025].

Kadukova J, Viréikova E. 2005. Comparison of
differences between copper bioaccumulation and
31(2),

biosorption. Environment International

227-232.

Karadjova IB, Slaveykova VI, Tsalev DL.
2008. The biouptake and toxicity of arsenic species
on the green microalga Chlorella salina in

seawater. Aquatic Toxicology 87(4), 264—271.

Kelly DJA, Budd K, Lefebvre DD. 2006.
Biotransformation of mercury in pH-stat cultures
of eukaryotic freshwater algae. Arch Microbiol
187(1), 45-53. https://doi.org/10.1007/s00203-

006-0170-0

Khan MI, Shin JH, Kim JD. 2018. The
promising future of microalgae: Current status,
challenges, and optimization of a sustainable and
renewable industry for biofuels, feed, and other
Microb  Cell Fact 17(1), 36.
https://doi.org/10.1186/s12934-018-0879-x

products.

Kumar KS, Dahms H-U, Won E-J, Lee J-S,
Shin K-H. 2015. Microalgae — a promising tool for
remediation.

heavy metal Ecotoxicology and

Environmental Safety 113, 329—352.

Lee L, Hsu C-Y, Yen H-W. 2017. The effects of
hydraulic retention time (HRT) on chromium(VI)
reduction cultivation of

using autotrophic

Chlorella vulgaris. Bioprocess Biosyst Eng 40(12),
1725-1731.
1827-6

https://doi.org/10.1007/500449-017-

419 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Leong YK, Chang J-S. 2020. Bioremediation of
heavy metals using microalgae: Recent advances and

mechanisms. Bioresource Technology 303, 122886.

Li B, Zhang T, Yang Z.

unicellular microalga on pellet-forming filamentous

2019. Immobilizing

fungus: Can this provide new insights into the
remediation of arsenic from contaminated water?

Bioresource Technology 284, 231—239.

Li C, Zheng C, Fu H, Zhai S, Hu F, Naveed S,
Zhang C, Ge Y. 2021. Contrasting detoxification
mechanisms of Chlamydomonas reinhardtii under

Cd and Pb stress. Chemosphere 274, 129771.

Lucaci AR, Bulgariu D, Ahmad I, Bulgariu L.
2020. Equilibrium and kinetics studies of metal ions
biosorption on alginate extracted from marine red
algae biomass (Callithamnion corymbosum sp.).

Polymers 12(9), 1888.

Luo F, Liu Y, Li X, Xuan Z, Ma J. 2006.
Biosorption of lead ion by chemically-modified
biomass of marine brown algae Laminaria japonica.

Chemosphere 64(7), 1122—-1127.

Macfie SM, Welbourn PM. 2000. The cell wall as
a barrier to uptake of metal ions in the unicellular
green alga Chlamydomonas reinhardtii
(Chlorophyceae). Arch Environ Contam Toxicol
39(4), 413—419.

https://doi.org/10.1007/5002440010122

Mantzorou A, Navakoudis E, Paschalidis K,
Ververidis F. 2018. Microalgae: A potential tool for
remediating aquatic environments from toxic metals.
Int J Environ Sci Technol 15(8), 1815-1830.
https://doi.org/10.1007/513762-018-1783-y

Mata YN, Blazquez ML, Ballester A, Gonzalez
F, Muinoz JA. 2008. Characterization of the
biosorption of cadmium, lead and copper with the
brown alga Fucus vesiculosus. Journal of Hazardous

Materials 158(2-3), 316—323.

Mohamed ZA. 2001. Removal of cadmium and

manganese by a non-toxic strain of the freshwater

cyanobacterium  Gloeothece ~magna. Water
Research 35(18), 4405—4409.
Mustapha MU, Halimoon N. 2015.

Microorganisms and biosorption of heavy metals in
the environment: A review paper. J Microb

Biochem Technol 7(5), 253—256.

Naveed S, Li C, Lu X, Chen S, Yin B, Zhang
C, Ge Y. 2019. Microalgal extracellular polymeric
substances and  their interactions  with

metal(loid)s: A review. Critical Reviews in
Environmental Science and Technology 49(19),
1769—1802.

https://doi.org/10.1080/10643389.2019.1583052

Obasi PN, Akudinobi BB. 2020. Potential health
risk and levels of heavy metals in water resources of
of  Abakaliki,
southeast Nigeria. Appl Water Sci 10(7), 184.

lead—zinc mining communities

https://doi.org/10.1007/s13201-020-01233-z

Pandi M, Shashirekha V, Swamy M. 2009.
Bioabsorption of chromium from retan chrome
liquor by cyanobacteria. Microbiological Research

164(4), 420—428.

Perales-Vela HV,

Canizares-Villanueva RO. 2006. Heavy metal

Peiia-Castro JM,

detoxification in eukaryotic microalgae.

Chemosphere 64(1), 1-10.

Pérez-Rama M, Alonso JA, Loépez CH,
Vaamonde ET. 2002. Cadmium removal by living
cells of the marine microalga Tetraselmis suecica.

Bioresource Technology 84(3), 265—270.

Plaza J, Viera M, Donati E, Guibal E. 2011.
Biosorption of mercury by Macrocystis pyrifera
and Undaria pinnatifida: Influence of zinc,
cadmium and nickel. Journal of Environmental

Sciences 23(11), 1778-1786.

420 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Podder MS, Majumder CB. 2017. Prediction of
phycoremediation of As(IIT) and As(V) from synthetic
wastewater by Chlorella pyrenoidosa using artificial
neural network. Appl Water Sci 7(7), 3949—3971.
https://doi.org/10.1007/513201-017-0547-2

Pradhan B, Bhuyan PP, Nayak R, Patra S,
Behera C, Ki J-S, Ragusa A, Lukatkin AS, Jena
M. 2022. Microalgal phycoremediation: A glimpse

into a sustainable environment. Toxics 10(9), 525.

Priyadarshini E, Priyadarshini SS, Pradhan N.
2019. Heavy metal resistance in algae and its
application for metal nanoparticle synthesis. Appl
Microbiol Biotechnol 103(8), 3297—-3316.
https://doi.org/10.1007/s00253-019-09685-3

Rahman MA, Soumya KK, Tripathi A,
Sundaram S, Singh S, Gupta A. 2011. Evaluation
and sensitivity of cyanobacteria, Nostoc muscorum
and Synechococcus PCC 7942 for heavy metals stress
— A step toward biosensor. Toxicological &
Environmental Chemistry 93(10), 1982—1990.

https://doi.org/10.1080/02772248.2011.606110

Rai LC, Gaur JP, Kumar HD. 1981. Protective
effects of certain environmental factors on the toxicity
of zinc, mercury, and methylmercury to Chlorella

vulgaris. Environmental Research 25(2), 250—259.

Rai PK, Tripathi BD. 2007. Removal of heavy
metals by the nuisance cyanobacteria Microcystis in
continuous cultures: an eco-sustainable technology.
Environmental Sciences 4(1), 53—59.

https://doi.org/10.1080/15693430601164956

Rangsayatorn N, Upatham ES, Kruatrachue
M, Pokethitiyook P, Lanza GR. 2002.

Phytoremediation potential of Spirulina
(Arthrospira) platensis: biosorption and toxicity
studies of cadmium. Environmental Pollution 119(1),

45-53.

Raza’i TS, Amrifo V, Pardi H, Putra IP,
Febrianto T, Ilhamdy AF. 2022. Accumulation of
essential (copper, iron, zinc) and non-essential (lead,
cadmium) heavy metals in Caulerpa racemosa, sea
water, and marine sediments of Bintan Island,
Indonesia. FloooResearch 10, 699.

Sinal CJ.

Rourke JL, 2014.

Biotransformation/metabolism. Elsevier.

Roy AS, Hazarika J, Manikandan NA,
Pakshirajan K, Syiem MB. 2015. Heavy metal
removal from multicomponent system by the
cyanobacterium Nostoc muscorum: Kinetics and
interaction study. Appl Biochem Biotechnol 175(8),
3863—3874.https://doi.org/10.1007/s12010-015-

1553-y

Saavedra R, Muiioz R, Taboada ME, Vega M,
Bolado S. 2018. Comparative uptake study of
arsenic, boron, copper, manganese and zinc from
water by different green microalgae. Bioresource

Technology 263, 49—57.

Salama E-S, Roh H-S, Dev S, Khan MA,
Abou-Shanab RAI, Chang SW, Jeon B-H.
2019. Algae as a green technology for heavy metals
removal from various wastewater. World J
Microbiol Biotechnol 35(5), 75.

https://doi.org/10.1007/s11274-019-2648-3

Sar1 A, Tuzen M. 2008. Biosorption of cadmium
(I1) from aqueous solution by red algae (Ceramium
virgatum): Equilibrium, kinetic and thermodynamic
studies. Journal of Hazardous Materials 157(2—3),

448-454.

Scott JS, Smith PG. 1981. Dictionary of waste and

water treatment. Available from
https://agris.fao.org/search/en/providers/122621/re
cords/647396ae3ed73003714ce16¢c  [accessed 22

February 2025].

421 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Sen G, Sen S, Thakurta SG, Chakrabarty J,
Dutta S. 2018. Bioremediation of Cr(VI) using live
cyanobacteria:  Experimentation and  kinetic
modeling. J Environ Eng 144(9), 04018089.
https://doi.org/10.1061/(ASCE)EE.1943-

7870.0001425

Shukla V, Shukla P, Tiwari A. 2018. Lead
poisoning. Indian Journal of Medical Specialities
9(3), 146-149.

Silverberg BA. 1976. Cadmium-induced
ultrastructural changes in mitochondria of freshwater
green algae. Phycologia 15(2), 155—159.
https://doi.org/10.2216/i0031-8884-15-2-155.1

Singh DV, Bhat RA, Upadhyay AK, Singh R,
Singh DP. 2021. Microalgae in aquatic environs: A
sustainable approach for remediation of heavy metals
Environmental

and emerging contaminants.

Technology & Innovation 21, 101340.

Singh J, Kalamdhad AS. 2011. Effects of heavy
metals on soil, plants, human health and aquatic life.

Int J Res Chem Environ 1(2), 15—21.

Singh NK, Raghubanshi AS, Upadhyay AK, Rai

UN. 2016. Arsenic and other heavy metal
accumulation in plants and algae growing naturally in
of West India.
Ecotoxicology and Environmental Safety 130, 224—

233.

contaminated area Bengal,

Singh RL, Singh PK. 2017. Global environmental

problems. In: Principles and Applications of
Environmental Biotechnology for a Sustainable
Future. Edited by RL Singh. Springer Singapore,
Singapore. pp. 13—41. https://doi.org/10.1007/978-

981-10-1866-4_2

Spain O, PIohn M, Funk C. 2021. The cell wall of
green microalgae and its role in heavy metal removal.
Physiologia Plantarum 173(2), 526—535.
https://doi.org/10.1111/ppl.13405

Stratton GW, Corke CT. 1979. The effect of cadmium
ion on the growth, photosynthesis, and nitrogenase
activity of Anabaena inaequalis. Chemosphere 8(5),

277—282,

Stratton GW, Huber AL, Corke CT. 1979. Effect of
mercuric ion on the growth, photosynthesis, and
nitrogenase activity of Anabaena inaequalis. Appl
Environ Microbiol 38(3), 537—543.
https://doi.org/10.1128/aem.38.3.537-543.1979

Sutton DJ, Tchounwou PB. 2007. Mercury induces
the externalization of phosphatidylserine in human renal
proximal tubule (HK-2) cells. International Journal of
Environmental Research and Public Health 4(2), 138—
144.

Tam NFY, Wong YS, Simpson CG. 1998. [No title
found]. Biotechnology Techniques 12(3), 187—190.
https://doi.org/10.1023/A:1008861122108

Tchounwou PB, Yedjou CG, Foxx DN, Ishaque
AB, Shen E. 2004. Lead-induced cytotoxicity and
transcriptional activation of stress genes in human liver
carcinoma (HepG2) cells. Molecular and Cellular

Biochemistry 255, 161—170.

Tien C-J. 2002. Biosorption of metal ions by freshwater
algae with different surface characteristics. Process
Biochemistry 38(4), 605—613.

Torres E. 2020. Biosorption: A review of the latest

advances. Processes 8(12), 1584.

Torres MA, Barros MP, Campos SC, Pinto E,
Rajamani S, Sayre RT, Colepicolo P. 2008.
Biochemical biomarkers in algae and marine pollution:
A review. Ecotoxicology and Environmental Safety 71(1),

1-15.

Tripathi S, Poluri KM. 2021. Adaptive and tolerance
mechanism of microalgae in removal of cadmium from
wastewater. In: Algae. Edited by SK Mandotra, AK
AS  Ahluwalia.
Singapore. pp. 63-88. https://doi.org/10.1007/978-
981-15-7518-1_4

Upadhyay, Springer  Singapore,

422 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



Vol. 27, Issue: 1, p. 405-423, 2025 Int. J. Biosci.

Tiiziin I, Bayramoglu G, Yalcin E, Basaran G,
Celik G, Arica MY. 2005. Equilibrium and kinetic
studies on biosorption of Hg(II), Cd(II) and Pb(II) ions
onto microalgae Chlamydomonas reinhardtii. Journal

of Environmental Management 77(2), 85—92.

Upadhyay AK, Mandotra SK, Kumar N, Singh
NK, Singh L, Rai UN. 2016. Augmentation of arsenic
enhances lipid yield and defense responses in alga
Nannochloropsis sp. Bioresource Technology 221, 430—

437.

Volesky B, Naja G. 2005. Biosorption: Application
strategies. In: 16th International Biohydrometallurgy
Symposium. pp. 25-20. Available from
https://www.biosorption.mcgill.ca/publication/BVibsos
.pdf [accessed 22 February 2025].

Wang N-X, Huang B, Xu S, Wei Z-B, Miao A-J, Ji
R, Yang L-Y. 2014. Effects of nitrogen and phosphorus
on arsenite accumulation, oxidation, and toxicity in
Chlamydomonas reinhardtii. Aquatic Toxicology 157,
167-174.

Wang S, Vincent T, Faur C, Guibal E. 2016.
Alginate and algal-based beads for the sorption of metal
cations: Cu(II) and Pb(II). International Journal of
Molecular Sciences 17(9), 1453.

Wang Y, Wang S, Xu P, Liu C, Liu M, Wang Y,
Wang C, Zhang C, Ge Y. 2015. Review of arsenic
speciation, toxicity and metabolism in microalgae. Rev
Environ Sci Biotechnol 14(3), 427-451.
https://doi.org/10.1007/s11157-015-9371-9

Yadav P, Singh J, Mishra V. 2019. Biosorption-cum-
bioaccumulation of heavy metals from industrial effluent
by brown algae: Deep insight. In: Tripathi V, Kumar P,
Tripathi P, Kishore A, editors. Microbial Genomics in
Sustainable Agroecosystems. Springer Singapore,
Singapore. pp. 249—270. https://doi.org/10.1007/978-

981-13-8739-5_13

Yedjou CG, Tchounwou PB. 2006. Oxidative
stress in human leukemia (HL-60), human liver
carcinoma (HepG2), and human (Jurkat-T) cells
exposed to arsenic trioxide. In: Metal Ions in Biology
and Medicine. Vol. 9. p. 298. Available from
https://pme.ncbi.nlm.nih.gov/articles/PMC4589149/

[accessed 1 April 2025].

Yen H-W, Chen P-W, Hsu C-Y, Lee L. 2017. The
use of autotrophic Chlorella vulgaris in chromium
(VI) reduction under different reduction conditions.

Journal of the Taiwan Institute of Chemical Engineers

74, 1-6.

Yin X, Wang L, Duan G, Sun G. 2011
Characterization of arsenate transformation and
identification of arsenate reductase in a green alga
Journal of

Chlamydomonas reinhardtii.

Environmental Sciences 23(7), 1186—1193.

Yu Z, Zhang T, Hao R, Zhu Y. 2019. Sensitivity of
Chlamydomonas reinhardtii to cadmium stress is
associated with phototaxis. Environmental Science:

Processes & Impacts 21(6), 1011—-1020.

Zeraatkar AK, Ahmadzadeh H, Talebi AF,
Moheimani NR, McHenry MP. 2016. Potential
use of algae for heavy metal bioremediation: A critical
review. Journal of Environmental Management 181,

817-831.

Zhang J, Zhou F, Liu Y, Huang F, Zhang C.
2020. Effect of extracellular polymeric substances on
arsenic accumulation in Chlorella pyrenoidosa.

Science of The Total Environment 704, 135368.

Zhang W, Tan NG, Fu B, Li SF. 2015. Metallomics
and NMR-based metabolomics of Chlorella sp. reveal
the synergistic role of copper and cadmium in multi-
metal toxicity and oxidative stress. Metallomics 7(3),

426—438.

423 | Sonietal

International Journal of Biosciences | 1JB
Website: https://www.innspub.net



