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Abstract: In the past decades, the uncontrolled growth of industrialization led to a steady increase in
heavy metals (HMs) in aquatic environments, especially coastal ones, causing negative impacts on
them and serious health risks to humans. Indeed, since HMs are non-degradable compounds, they
rapidly accumulate in environmental matrixes, such as sediments, and in marine organisms.
Microalgae HM tolerance and sorption ability varies by species and metal type, with higher
concentrations adversely affecting physiological processes and impairing cell morphology. Below
certain thresholds, they can be considered promising candidates for HM removal, offering a viable
alternative to conventional methods—often relying on costly chemicals, and producing hazardous
by-products. Indeed, these microorganisms exhibit a high surface-to-volume ratio and consequent
sorption capacity, which together with rapid growth rates and high biomass yields make them
suitable candidates for bioremediation. HM sequestering can employ either dead biomass, which
passively adsorbs metals via cell- wall interactions, or living organisms that actively transport HMs
into cells. The present review provides an overview of microalgae-based HM removal capability, and
HM-driven stress to which they are subjected in case of serious HM pollution.

Keywords: heavy metals (HMs); microalgae; HM-driven stress; biosorption; compartmentalization;
microalgae-based HM removal

1. Introduction

The term heavy metals (HMs) refers to metals with an atomic number greater than 20 and a
density that exceeds 5 g/cm?[1,2]. HMs are typically found in the Earth’s crust and can derive from
natural sources (volcanic eruptions, weathering and erosions of soils and rocky substrates, wind-
blown dust), but a dramatic increase of their concentration in the past decades is mainly due to the
rise of industrialization and urbanization. Significant high HM loads, indeed, are usually due to
anthropogenic impact, as a consequence of their use for industrial, agricultural, pharmaceutical and
domestic applications, with the highest contribution generated by mining and smelting activities and
waste water and solid waste discharges [3-7]. Figure 1 shows both natural and anthropogenic metal
sources.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Natural and anthropogenic sources of heavy metal release into the environment. Created in BioRender.
Cavalletti, E. (2024) BioRender.com/s82v761.

Natural release routes are due to weathering of metal-containing rocks and rock outcroppings,
volcanic eruptions, wind dust particles from desertic regions like the Sahara, forest and prairies
wildfires emission of volatile HMs and sea sprays and mists delivery of HMs upon bubble bursting
[2,4]. On the other end anthropogenic discharge is due to their use in domestic, industrial and
agricultural activities. HMs are present in partially treated or untreated waste waters leaking through
sewage outfalls into surface water bodies, organic and inorganic waste, expired/used batteries and
medical devices, detergents, cosmetics and pharmaceuticals and in urban run-off as a consequence
of their large use in domestic applications [4]. In agriculture, they are largely employed to produce
fertilizers, mostly of the phosphate-based type, are constituents in pesticides and fungicides and are
contained in sewage sludge and in animal manure; continuous crops irrigation from deep wells can
also lead to their build-up [4,6]. The main release route due to industrial applications involves ore
mining and metal processing and refining, including dust generated from their transport, metal
tailings erosion and runoff, smelting at high temperatures delivering HMs in vapour form, thus
subject to dry or wet deposition, finishing, recycling, corrosion, and leaching into soil and water [4,7].
Other industrial activities, such as combustion of fossil fuel in refineries and coal incineration, and
processing in plastics, textiles, microelectronics, wood preservation and paper and cosmetic
production are also responsible for HM loads in the environment [4,8]. Finally, other sources include
incineration of municipal waste and landfills, transportations (particularly fuels and auto vehicles
engines and their lubricants), fly ash from coal burning and corrosion of commercial waste products.
[4,6,7].

Metals are released both in elemental form and as part of both organic and inorganic
compounds, especially prominent in areas of mining: leached out metals are carried from acid waters,
and can seep into underground waters bodies or be transported into streams, lake and rivers until
they reach the sea in the form of suspended particles or dissolved species, with the latter having the
most deleterious effects [4,9]. Eventually, the largest fraction of HM is either deposited onto
suspended particulate and immobilized by adsorption, coagulation or flocculation, or co-precipitated
with other metals forming insoluble complexes, ultimately being transferred to the bottom of water
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beds into sediments, while only a small portion of these metal remains in its dissolved form [10]. For
this reason, heavy metal content and distribution in sediment adjacent to areas with high
urbanization and industrialization can be indicative of the impact of human activities on aquatic
ecosystem and highlight potential risks linked to industrial and municipal waste discharge [10].

Most detected HMs include cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), nickel (Ni)
and zinc (Zn) [11,12]; Table 1 lists metal released in association to their specific sources.

Table 1. Details of specific HMs release from natural and anthropic sources [2,4,7].

Soure HM release type HMs released
e type
Weathering of geologic parent ~ Depends on rock composition; generally high Cr, Mn, Co
material and rock outcroppings  Ni, Cu, Zn, Cd, Sn, Hg, Pb
. . High Zn, Mn, Pb, Ni, Cu, Cd, Hg. Particulate deposited
Volcanic eruptions . .
contains high Cd and Hg
Natur Wind dust particles from desertic
al . . P High Fe; Mn, Zn, Cr, Ni, Pb to a lesser extent
regions like Sahara
Forest wild fires and prairie fires Volatile HMs (Hg)
. Mostly Cu and Zn from bubble bursting, in addition Cd,
Sea spray and mists . )
Ni, Pb from salt particles
Industrial
Mining ores Coal mines: Cd, Fe. Gold mines: Hg
. ) Cu, Cd, Pb, Sn aerosols (smelting and dry/wet deposition),
Metal processing and refinement Cd (leachates in soil/water: Zn and Pb refining)
Combustion of fossil fuels in Cd, Pb and Hg released from coal burning and petroleum
refineries combustion
Agricultural
Orgamc and 1norgan1c fertilizers Cd (high level from phosphate-based type), Cr, Ni, Pb, Zn
to improve crop yield
Application of manure and limes Cd, Mn, Zn, Cu and Co
Sewage sludge Cd, Zn, Cr, Pb, Ni and Cu
Prolonged water irrigation Cd and Pb from deep wells water sources
Anthr Pesticides and fungicides Cu, Pb, Zn, Fe, Mn and Hg
opic Domestic
Urban runoff Pb, Cu leaching
Detergents Fe, Mn, Cr, Co, Zn
Used batteries Pb, Zn, Cd, Ni, Hg
Electronics Pb, Cd, Hg, Pt, Au, Cr, Ni
Others
Refuse incineration of municipal Zn, Pb, AL Sn, Fe, Cu
waste
Transportation (automobiles, Ni, Zn, Cd (in engines and Cd from lubricants), Ni and Zn

diesel-powered vehicles, aircraft) (aerosols emissions), Pb (leaded gasoline)
Corrosion of commercial waste
products

Fly ash from coal burning Cd, Hg, Mn, Nj, Fe

Cr, Cu, Pb from galvanized metals, Zn

Mainly HM-impacted areas are localized along the coasts, with nefarious consequences on
marine environments and serious threats to human health. Indeed, in addition to their toxicity, heavy
metals are considered persistent pollutants, because they cannot be degraded and therefore can
remain for a long time in the environment [13]. Due to this, they rapidly accumulate in environmental
matrices, such as sediments [14] and marine organisms: in this latter case they also pose considerable
biomagnification risks [15,16].
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Sediments at the bottom of river beds or on the sea floor are considered a storage basin for metals
[4,17], both acting as a sink and as source, with their availability to organism being influenced by the
environmental geochemistry.

Assessment on the level of sediment HM contamination is usually performed by calculating
parameters such as enrichment factor (EF), allowing discrimination of metals from natural and
anthropogenic sources by normalizing sample HM concentration data to a reference element (Fe) and
comparing them to available data indicating metals crustal average (normalized on the same
element), better if referring to local background values: EF near 1 denotes the metal natural origin,
while significantly higher values indicate human activities impact [18]. HM concentrations above
background values were assessed in several studies conducted on sediments from South and South-
East Mediterranean Sea, specifically in Tunisia, along Moroccan and Egyptian coasts, along the south-
eastern coast of Spain and in South Turkey [19-23]. Along the Italian coasts, HM concentration above
background values have been found in sediments from the Adriatic [24] and Tyrrhenian [25,26] seas.
Notably, in the Southern Tyrrhenian sea, Sprovieri et al. report significant enrichment in Cu, Pb, Zn
and Hg in Naples harbour, with EF values above 3 [27], while values considerably higher than the
one reported in literature for other polluted rivers in the Mediterranean Sea are found for several
metals (including Cd, Cr, Cu, Hg, Ni, Pb and Zn) in the Sarno River and the surrounding area [28,29],
highlighting the significant contribution of this river to metal loads into the Southern Tyrrhenian area
and the consequent threat this constitutes for the health of this aquatic environment [29].

HMs in sediments can be absorbed by aquatic microbes, while some benthic organisms even
feed directly on it, and are thus subject to HM accumulation while they mobilize these compounds
in the process [6,16,17]. In addition to these bioturbation phenomena, at the interface between
sediment and water column HMs can rapidly shift from one phase to another due to seasonal
dynamics and hydrodynamic conditions, with factors controlling their adsorption and desorption
ranging from pH—one of the most critical parameters, as low pH may result in metal release from
the matrix since H* ions compete with metal cations for binding sites —to temperature, salinity, metal
redox state and sediment’s organic carbon content and grain size [2,17]. Resuspension of HMs in
water can be of natural origin, as consequence of tidal action, storms or seismic events, but most often
has anthropogenic causes, due to dredging, shipping traffic and industrial discharges [30-34]. The
National Oceanic and Atmospheric Administration (NOAA) established sediment quality guidelines
(5QGs), that are aimed, trough the evaluation of established parameters, at assessing the risk posed
to the aquatic ecosystem by metals available in sediments. Those parameters are the Effects Range
Low (ERL) and the Effects Range Medium (ERM), corresponding to the concentrations at which metal
exposure causes detrimental effects on either a small percentage or a greater proportion of biota in
aquatic environments [18,35]. During their assessment of metal loads in the Sarno River, Montuori et
al. found that, based on ERL/ERM values, HM concentrations in water sampled raised serious
concerns for ecosystem integrity [29].

Indeed, metals resuspended in the dissolved phase constitute the bioavailable fraction, capable
of interacting with living organism and entering the food chain, growing in concentration as HMs
move up to the higher trophic levels—a process termed “biomagnification”. As a matter of fact, even
though HMs can directly enter into some organisms from water or sediments through ingestion or
absorption, as in the case of microalgae and filter feeders, organisms tend to accumulate more and
metal; in addition, grazing and predatory life-styles associated with progressively higher levels of
trophic chain correspond to higher HM concentration in the organisms’ body, so that larger top
predators are the most impacted [6,16]. Danovaro et al., for example, showed that tissue concentration
of As, Cd and Cr of marine nematodes with predator lifestyles was higher than members of the same
species living as microalgal grazers and deposit feeders, ultimately assessing that these metals, in
their experimental conditions, were indeed subject to biomagnification [16]. This not only constitutes
a serious issue for aquatic ecosystems, but it is also a threat to human health, as some known
bioaccumulators are predatory fishes or filter feeders commonly included in our diets. In a study
conducted by De Mora, et al. [36], two predatory fish species of commercial importance had high Cd
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levels, while Mytilus galloprovincialis, commonly known as Mediterranean mussel, is a known metal
bioaccumulator and has been often used as indicator of environmental contamination of Cd, Cr, Cu,
Hg, Mn, Ni, Pb and Zn [37-41]. As highlighted by Joksimovi¢, Castelli, PeroSevi¢, Djurovi¢ and
Stankovi¢ [38], HM concentration detected in Muytilus galloprovincialis’ soft tissues seem to be
correlated with the ones present in the sediments.

Despite their perceived toxicity, at low concentrations some metals are actually central to cell
metabolism and functions; they are therefore classified as essential and are also sometimes referred
to as “micronutrients” [42,43]. In plants, among others, cobalt (Co), Cu, iron (Fe), manganese (Mn),
molybdenum (Mo), Ni and Zn are known to participate in growth, biosynthesis, membrane integrity
and metabolites production [42]. Cu, for example, is a constituent in various oxidases and
plastocyanins and plays a role in oxidation, photosynthesis, protein and carbohydrate metabolism
and cell wall metabolism, Co and Mo are part of enzymes involved in N2 fixation, Mn is present in
many enzymes in charge of photoproduction of oxygen in chloroplasts, Fe is important for
photosynthesis and N: fixation, and Zn participates in carbohydrate, lipid and nucleic acids
metabolism [44]. Nevertheless, either level of said essential elements above certain thresholds or
other metals that have no known biological role and are therefore considered non-essential to
organisms, can have toxic effects in plants [4,45,46], animals and on the health of humans [47,48], and,
ultimately, on the environment [49,50].

Metal toxicity mechanisms include 1) triggering of oxidative stress status in cells, resulting in
depletion of ROS-scavenging compounds and consequent lipid peroxidation, leading to membrane
damages, proteins oxidation, damaging and oxidation of nucleic acids, and failure of DNA repair
mechanisms, ultimately leading to cell death [51]; 2) competition with other necessary metal ions and
inhibition of their uptake by the cell, thus causing deficiency of essential metals and disruption of the
processes they participate in (e.g., photosynthesis in plants [45,46]); 3) substitution of metal co-factor
or direct interference on enzymes and subsequent impairments of cellular processes [6] (e.g in plants,
beside photosynthesis dysregulation, reduced efficiency of oxidative stress response and of carbon
fixation and energy production, leading to impaired cell growth [46].

2. Conventional Methods for HM Removal

Conventional ~ methods for HM  removal include chemical precipitation,
coagulation/flocculation, ion exchange, membrane technologies and electrochemical technologies
[52-56].

Chemical precipitation is still largely employed to treat industrial effluents, as it is effective,
relatively cheap and does not involve complicated procedures, relying on reaction of metals with
different compounds, mostly involving hydroxides or sulfides, to produce insoluble precipitates that
can be subsequently filtered, centrifuged or subject to sedimentation in order to separate them from
water [57]. Precipitation with hydroxides, with lime as the preferred base, is particularly easy to
perform by using appropriate pH range to attain low solubility of different metal hydroxides and
remove them, but it produces low density sludge, that can be difficult to dispose, and the final
obtained metal concentration is still not very low [54]. On the other end, solubility of sulfide metal
precipitates is lower in comparison and as those compounds, unlike metal hydroxides, are not
amphoteric, there’s no need to tightly control the pH since the risk of releasing one metal species
when trying to solubilize another in effluents containing metal mixtures is minimal, but this method
can present some risks, since it can lead to the production of toxic fumes. In addition, separation of
metal sulfides from water can be problematic, since precipitates are colloidal and thus not prone to
agglomeration and precipitation. Finally, precipitation methods are applicable only to matrices with
very high metal contamination and do not allow for the recovery of metal and its potential reuse
[52,54].

On the other hand, coagulation/flocculation is commonly employed in heavy metal
contaminated wastewater treatment, as it is able to remove soluble compounds, colloidal particles
and fine solid suspensions through destabilization of forces that keep particles apart via coagulants
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and subsequent formation of flocs [52,53]. Coagulants, usually including aluminium, ferrous
sulphate and ferric chloride, neutralize particle charges and lead to precipitate formation; polymers
like polyacrylamide or polyferric sulfate are usually added to form link between flocs and promote
formation of larger particle agglomerates, i.e., flocculation. The actual separation is subsequently
carried out by sedimentation or filtration. This method is not entirely suitable to treat HMs
wastewater, as flocculants used in removal of other compounds are not suited for this purpose and
new flocculants are being investigated. In the meantime, this method is used in combination with
others [52,53].

Ion-exchange instead, along with high treatment capacity, exhibits high efficiency as well, as it
is suitable for the selective removal of metal ions and the re-use of the produced material. This is
achieved with the use of ion-exchange synthetic or natural resins , with the former being preferred
for the removal of a wide range of metals, which can exchange metal cations in solution with their
own [52]. The preferred ion-exchange materials are sulfide-based, as these compounds are known to
form strong covalent bonds with heavy metals through sulfonic acid groups (-SOsH), or weakly acid
resins possessing carboxylic acids groups (-COOH): their H* ions can be exchanged with metal
cations as the solution from which they need to be removed passes through the column [55,57]. Even
tough highly efficient and selective, also this method has some drawbacks, since it is influenced by a
plethora of parameters (like initial metal concentration, ionic charge, contact time, temperature and,
most importantly, pH) which need to be tightly controlled and, in addition, is quite expensive as fully
saturated resins need to be regenerated by chemical reactions, generating secondary pollution and
limiting its possible application for the treatment of large quantities of industrial wastewaters [52,55].

Membrane filtration technologies are easy to use, offer the possibility of scale up applications,
exhibit high separation efficiency and selectivity and have low resources requirements: they rely on
various kinds of membranes as selective barriers, allowing for selection of retained material [52,56].
Among membrane technologies, ultrafiltration (UF) uses low pressure applied through the
membrane to remove dissolved and colloidal material through size exclusion [56,57]. This method
would be normally unsuitable to remove HMs, as the pore size is larger than the hydrated dissolved
forms of HMs, so either surfactants with opposite electrical charge as sodium dodecyl sulfate (SDS)
or water-soluble polymers are added to aggregate metal ions into micelles or complexes with high
molecular weight in order to exceed membrane pore size and be subsequently removed: surfactants
and polymers are often recovered to avoid excessive costs and secondary pollution, and metal can
also be recovered [57]. Reverse Osmosis (RO) relies on solution diffusion thanks to a semi-permeable
membrane allowing passage of liquid to be purified while retaining contaminants, and is efficiently
used in desalination and contaminant removal, but has the limitation of high energy requirements to
generate pressure across the membrane and costs associated with membrane regeneration [57].
Reverse osmosis is often used in combination with nanofiltration, a process in between RO and UF
with relatively lower energy requirements and high removal abilities, to achieve efficient separation
of both charged and uncharged solutes [56]. Finally, electrodialysis (ED) exploits a charged
membrane, using an electric potential difference as a driving force instead of pressure to separate
metal ions from one solution to another. The mechanism is anion or cation exchange, depending on
membrane’s type and purpose, as it has been used in the past for water desalination but has also
shown promising abilities in heavy metal wastewater treatment [56,57].

Finally, electrochemical technologies provide an environmentally friendly alternative to remove
and recover valuable metals in their elemental state from waste waters, while generating minimum
associated solid waste compared to other traditional metal remediation methods. These techniques
allow separation of metal ions exploiting a cathode surface, and comprise electrocoagulation, electro
flotation and electro deposition [57,58]. In electrocoagulation (EC), aluminium or Fe electrodes are
electrically dissolved at the anode into their ions to generate coagulants directly in the waste water
to be treated and hydrogen gas released from the cathode aids in retrieving the particles by inducing
their flotation, while in electroflotation (EF) simply exploits electrolysis of hydrogen/oxygen gases
produced by electrolysis of water to induce contaminant flotation are retrieval by separation of solid
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and liquid phase [57]. Electrodeposition exploits an electrochemical cell with electrical current flow
for the reduction and deposition of dissolved metal cations on the electrode, and can be used for
retrieval of metals present in wastewaters also containing complexing chelating agents like EDTA
and many others [57,58]. Electrochemical technologies are considered environmentally friendly
techniques compared to other traditional methods and have the added benefit of granting valuable
metal retrieval, even though their relatively high costs linked to considerable electric energy supply
has traditionally limited their application on large industrial scales [57].

All in all, very different conventional methods for the removal of heavy metals from waste
waters are available, each with their own advantages and limitations: chemical precipitation is
simple, inexpensive and easily automated, but generates toxic sludges and is efficient only when
metal concentration is very high; coagulation-flocculation is also economic and easy to use but
requires the use of chemicals and generate sludges, even if comparatively easier to remove due to
better settling and dewatering, and metal cannot be removed completely; ion exchange is highly
efficient, fast and effective and does not generate sludge, but is suitable only for low metal
concentrations, and high costs and secondary pollution are associated to the regeneration of the used
resins; membrane filtration also avoids the use of chemicals and exhibits high removal efficiency but
has high costs due to energy requirements and membrane fouling and requires a comparatively
complex process; electrochemical technologies are simple, rapid, require few chemical and generate
limited waste products but are ineffective when metal ion concentration in waters is too low, and
high costs are associated to required equipment and electric supply [7,57].

As conventional chemical-physical treatments are quite effective but subject to the
abovementioned drawbacks, several non-conventional approaches have been implemented recently
to remove toxic metal from wastewaters, including microbial fuel cells, Fenton-like reactions,
nanotechnologies and variegate adsorption-based techniques [7,57,59-61].

Microbial fuel cells (MFCs) use selected microorganisms to catalyse electric current production
starting from organic matter dissolved in effluents to be treated which, in turn, prompts attraction of
metal ions, possessing higher redox potential then the anode, to the cathode and thus their capture
and recovery. The system essentially exploits organic matter decomposition in anaerobic conditions
by microbes positioned on the anode to generate protons and electrons passing either through a
special proton exchange membrane or along an external wire respectively to reach the cathode at the
other side, where they react with the oxygen present reducing water and closing the circuit, allowing
for generation of a continuous flow of electricity, ultimately powering metal recovery from waste
water with clean energy, even though this method is still restricted to small-scale application only
due to its low production rates and limited efficiencies [7,59]. Nanotechnology-based remediation
methods are a broad class which entails the use of special composites, called “nanomaterials”,
possessing peculiar high surface-to-volume ratio and distinctive electronic, magnetic and optic
properties; they comprise, among others, nanocarbon (in the form of carbon nanotubes, graphene
and other carbon derivatives), 2-D single layer materials and nanoparticles [7]. In the last years, they
have been successfully applied for the removal of HMs from contaminated industrial waste waters
with high efficiency and contained costs, but raising concerns regarding their potential, largely
unexplored toxicity limits their use. In some cases, those methods are applied in combination with
others to tackle this issue: for example, carbon nanotubes can be immobilized in environmental-
friendly adsorbents like calcium alginate to avoid their accidental discharge in waters [7,57,62].

Indeed, adsorption is regarded as one of the most promising method, as it is economic, can be
designed with flexibility to suit a wide variety of settings and is highly effective, in some cases
offering the added benefit of being a reversible process and thus suitable for adsorbent regeneration
through desorption [7,57]. Adsorbent generally used have a large specific surface area, are resistant
and stable in a range of temperatures and do not generate secondary pollution through regeneration
or processing, ultimately making this method efficient and able to remove significant quantities of
metal with high selectivity with relatively low costs and environmental impact [7]. Several materials
are employed as adsorbents, including activated carbon (AC), the most widely used due to its high
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adsorption capacities, synthetic or natural polymer-based materials, low-cost adsorbents obtained
from agricultural and industrial residues and many more [52]. AC expensive production process and
its need for frequent reactivation after usage due to rapid saturation makes this adsorbent quite
costly, and generates secondary pollution [7]. Some synthetic polymeric materials also generate
secondary pollution, so often natural polymers like alginate, chitosan, cellulose, lignin and silk are
preferred [7,61,63,64]. For example, composites based on alginate, an anionic polysaccharide
component of algae’s cell wall, have been showed to remove efficiently multivalent metal cations due
to free hydroxyl and carboxyl groups present along the chain of its major component, alginic acid. In
addition, alginate is able to form non-toxic, bio-compatible strong and stable matrices, sometimes
used to embed other types of adsorbents for enhanced removal efficiency [63]. In general, polymeric
material are biodegradable and biocompatible, economic, can be easily adapted to different
approaches and show high adsorption abilities, even if they are often unstable under high
temperatures and varying pH conditions and have been thus yet scarcely applied in industrial
settings [7].

Among the plethora of available adsorbent material, biosorbents are gaining increasing attention
as they are easily available in great quantity, low-cost, environmental friendly and highly effective
alternatives for the removal of heavy metals, particularly at the low concentrations they show in
dilute waste waters [52,61]. For this purpose, a variegate range of biomasses can be used,
encompassing non-living biomass waste from other sources and algal and microbial biomass [57].
The main conventional, validated methods for HM removal are reported in Table 2.

Table 2. Main conventional methods for HM removal, with indication of their strengths and constraints.

Technique Methodology/Principle Metals Advantages Bottlenecks

Chemical precipitation Reaction of metals with Cu, Cd, Pb, Effective, Toxic by-
different compounds, Zn, Mg, Mn  relatively products (H,S
mostly involving cheap fumes)

hydroxides or sulfides,
to produce insoluble

precipitates
Coagulation/Flocculation Removal of soluble Zn,Cd,Mn, Excellent HM Toxicity of
compounds, Ni, Mg removal some
destabilization of under reagents,
colloids, flocs specific strong
formation conditions influence of
pH that
limits, in
some cases,
coagulation
Ion-exchange Ion-exchange resin, Ce, Fe, Pb, High removal Influence of
either synthetic or Co, Ni, Cr efficiency and initial metal
natural solid fast kinetics concentration,
resin, has the specific ionic charge,
ability to exchange its contact time,
cations with the metals temperature,
in the wastewater pH;
Resins must
be
regenerated
by expensive
procedures
Membrane filtration Use of various kinds of Cd, Cu, Nj, High Use of

membranes as selective Pb, Zn, Cr efficiency, surfactants or
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barriers, allowing for easy water-soluble
selection of retained operation polymers to
material and space aggregate

saving metal ions

into micelles
or complexes
with high
molecular
weight is
mandatory to
exceed
membrane
pore size

Electrochemical Plating-out of metal Zn, Cu, Nj, Minimum Large capital
technologies ions Ag, Cr solid waste investment
on a cathode surface and
expensive
electricity

supply

In summary, to tackle the issue of heavy metals harmfulness, toxicity and persistence in the
environment, several approaches have been implemented for their remediation. To overcome
disadvantages  associated =~ with ~ conventional = methods (chemical  precipitation,
coagulation/flocculation, ion exchange, membrane technologies and electrochemical technologies),
such as high costs and energy demands, excessive use of chemicals, high amount of toxic by-products,
incomplete HM removal or low efficiency for metal concentrations below certain thresholds, several
non-conventional methods have been proposed, including microbial fuel cells, Fenton-like reactions,
nanotechnologies and adsorption. Under the ever-growing demand for efficient, cost-effective yet
sustainable environmental-friendly new methods to face heavy metal pollution, bioremediation —
remediation of contaminant mediated by living or dead biomasses —is considered a promising field
[65].

3. Microalgae as Sentinel Species for HM Pollution

Microalgae are a diverse group of unicellular eukaryotes capable of colonizing a wide range of
aquatic ecosystems, and have a capital ecological role. Being photosynthetic organisms, they fix CO:
from the atmosphere [66,67], releasing O: in the process, to produce a myriad of different organic
compounds. In addition to their role as primary producers, they constitute a food source for several
organisms, like zooplankton [68] and filter-feeders [69] forming, in turn, the base of food webs in
aquatic environments [70,71].

Nowadays, microalgae possess a constantly increasing commercial value, as they are employed
in a wide variety of applications [67]. Their metabolites can be used in the pharmaceutical and
cosmeceutical field and in the food industry [72-74], while microalgae themselves can be employed
for bioremediation of contaminants [75,76] or as bio-factory for simultaneous carbon capture and
production of bioenergy, including several biofuel applications, and other added-value compound
production [73,74,76-78]. Due to of their high surface-to-volume ratio and consequent uptake
efficiency, microalgae can be easily cultivated in controlled conditions, and some species exhibit quite
high growth rates with relatively good biomass yields versus minimal space and nutrient
requirements compared to other organisms, making them attractive from a biotechnological point of
view. Additionally, they display high variability among groups adapted to survive in a spectrum of
different conditions producing, in turn, a broad variety of compounds and can be used in a bio-
refinery approach [73,79]. In light of the ever-growing demands of eco-friendly approaches to face
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the issue of pollution generated by human activities, researches spanning the last decades have
showed great interest in microalgae: these organisms have been extensively studied as effective
candidates to rid aquatic environments of organic and inorganic contaminants, including nano- and
microplastics, pesticides and heavy metals [67,79-85].

In addition, living microalgal biomasses exposed to heavy metals typically show several
recognizable features of stress generated by these contaminants in a dose-dependent [86], species-
specific [87] pattern, and may be thus proposed as markers for rapid detection of environmental
perturbation. Indeed, to study contamination phenomena, a good bioindicator should show, among
other characteristics, a clear dose response, a certain sensitivity and relevance in the ecological
network under exam [88].

Impact of heavy metals on microalgal cells has been evaluated in several studies through
assessment of alterations in: 1) dynamics of cell division, usually observed as a reduction in their
growth rates [86,87,89-92]; 2) cell’s energy status, either measured by photosynthetic efficiency [92—
94], also evaluated by chlorophyll content [90-92,95,96] or measured by ATP content [93]; 3) cellular
and organelles morphology, often observed as impaired cell/organelle size, shape, cell wall’s
architecture, loss of membrane integrity and increased vacuolization [87,89-92] and lipid bodies
formation [93]; 4) cell homeostasis and redox balance, usually observed as generation of ROS species
[92,95], often assessed by antioxidant enzymes activity [86,89,91,96-98] or non-enzymatic pathways
[86,90,96-98], lipid peroxidation products [86,89,93,95-97], protein oxidation [97] and changes in
expression profiles of several genes, included the ones involved in HM stress detoxification
[93,99,100]; 5) biochemical profile and composition, often assessed trough evaluation of protein and
lipid content [90,91,96,101].

When heavy metals first enter in contact with microalgal cells they interact with functional
groups (like, for example, -COOH, -NHz, -OH) laying on cell wall [102-104] and are adsorbed through
a passive process occurring in both living and dead cells, mediated by electrostatic interactions and
therefore independent of cell metabolism. Subsequently, an additional process may take place in
living microalgae, leading to active metal sequestering inside the cells aided by ion pores, channel or
transporters [105,106]. HM accumulation in microalgal cells can elicit stress through various
mechanisms, summarized in Figure 2.
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Figure 2. Mechanisms of HMs triggered stress on microalgal cells explain the typical hallmarks of HM stress.
Created in BioRender. Cavalletti, E. (2024) BioRender.com/e052367.

Mechanisms proposed to explain hallmarks of stress upon heavy metal accumulation,
summarized in Figure 2. are:

1) Competition of metal ions with other essential metal ions for binding sites, resulting in the
inhibition of their uptake, through mimicry or usage and blocking of dedicated channels, leading to
essential metal deficiency [99,107,108];

2) In the case of redox-active metal, direct generation of reactive oxygen species. Redox-inactive
metal instead could bind to microalgal molecules in charge of ROS scavenging (like glutathione i.e.,
GSH, ascorbic acid, tocopherol, carotenoids, flavonoids, phycocyanin and many more) or enzymes
tasked with ROS response —like ascorbate and glutathione peroxidases (APX and GPX), catalase
(CAT), Fe or Cu/Zn superoxide dismutases (Fe-SOD and Cu/Zn-SOD) and glutathione reductase
(GR)—through their sulfhydryl groups thus resulting in their depletion and consequent
accumulation of ROS normally produced during cell metabolism. Ironically, some oxidative stress
detoxification enzymes are metalloproteins (like SOD), so essential metal deficiency can also impair
their function. ROS, in turn, can oxidize nucleic acids, resulting in DNA damage and failures of its
repair mechanisms, and can cause lipid peroxidation, with consequent alteration of cell and/or
organelles membrane permeability alteration and damage, and protein oxidation and loss of function
[99,108-110];

3) Direct binding to proteins exhibiting sulfthydryl groups, leading either to impairment of ROS
scavenging system, as explained above, or displacing other metal ions which act as cofactor for
certain proteins:

4) Essential metal co-factors deficiency or displacement by internalized HMs ultimately leads to
the inhibition of the processes where these are involved. As an example, soluble proteins as Fe-
containing cytochrome 6 and Cu-containing plastocyanin participate in photosynthetic electron
transport in thylakoids and electron transport chain in the mitochondria, and their inhibition can
result in disruption of energy harvesting and ATP synthesis. Moreover, Mg?, necessary for
chlorophyll functioning, can often be substituted by several other divalent cations, like Ni%, Cu?,
Zn%*, Cd*, Hg* and Pb*. Energy available for several cellular processes is consequently depleted
[108,111,112];

5) Microalgal cells in stressed condition sometimes exhibit vacuolized cytoplasm or organelles,
often in an attempt to sequester the damaging agents in order to limit their detrimental effects; lipid
bodies can be formed as storage of useful substances number of starch granules can increase, cell
division rate decreases due to reduced energy availability [87,112-114].

Table 3 summarizes the main effects of HMs on microalgae described in literature.

Table 3. Effects on microalgae of various heavy metal(loid)s, as reported from scientific literature from the last

20 years.

HM Microalgal  Side-effect References
species

Arsenic (As) ChlamydomonasAs(V) and As(Ill) (higher extent) 10 and 20 uM generate  [115]
acidophila superoxide anions. TEM underlined ultrastructural

changes in As(V) (stigma severely affected but
mitochondria preserved, chloroplast intact but thylakoid
structure sometimes disrupted, increment in starch
granules, vacuolization, excretion of EPS with entrapped
As nanoparticles, chromatin masses but no nucleus
detection) and As(III) (intense disorganization in stigma
and thylakoids, damaged mitochondria, increased lipid
droplets and starch granules, nucleolus invisible,
formation of nanoparticles, excretion of EPS)
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Chlorella
sorokiniana

1 mM As(IIl) and 5 mM As(V) generated significant [116]
inhibition in ammonium consumption (proxy for
photosynthetic assimilation of nitrogen), increase in APX

and CAT gene expression and activity (higher in As(III),

more toxic).

Cadmium  ChlamydomonasExposure for 4-5 days 150 uM Cd increases APX MnSOD  [117]
(Cd) reinhardtii and GST activity, decreases FeSOD activity
ChlamydomonasNo significant ROS generation, but severe ultrastructural [115]
acidophila alteration observed by TEM at 0.05 uM (increase in starch
reserves around pyrenoid, cytoplasmic vacuoles with Cd
particles later expelled, excretion of EPS, alteration in
chromatin structure in nucleus)
Chlorella No inhibition of photosynthetic assimilation of nitrogen at [116]
sorokiniana 500 uM, APX increase in gene expression but decrease in
enzymatic activity, sign of hyperaccumulator
Scenedesmus ~ Formation of ROS and lipid peroxidation, increase in APX, [118]
sp. GR and CAT activity, increase in lipid content and in
saturated and polyunsaturated fatty acids, SEM shown no
variation in cell size but surface aberration (rough and
ridged) due to Cd adsorption, changes in chlorophyll a, b
and carotenoid
Chaetoceros ~ DNA damages (detected by Comet assay) increased at [119]
tenuissimus  increasing Cd concentrations: more than 50% apoptotic
cells at day 8 at 10 mg/L Cd
Skeletonema 1.2 mg/L Cd increases lipid peroxidation and SOD activity, [120]
costatum deregulates genes involved in photosynthesis, increases
PC synthesis and upregulates gens involved in peroxisome
formation
Tetraselmis Reduction in motility: ECsobased on % of motile cells was [121]
chui, Isochrysis 121.6 uM for L. galbana and 37,8 uM for T. chui
galbana
Dunaliella Cd 1 mg/L after 1 hour results in significant decrease in ~ [122]
tertiolecta, swimming speed and search radius for all observed
Rhodomonas  species: movement was partly restored after 3 hours
maculata,
Tetraselmis
suecica
Thalassiosira ~ Cd exposure for long period influences synthesis of [123]
nordenskioeldii different PC oligomers: PC: triggered at day 1 but constant
afterwards. PCs and PCs are produced increasingly in time.
Intra-Cd/PC-SH ratio increased with Cd dose and duration
suggesting decreased detoxification ability
Chromium  Chliorella Cr(VI) lead to decrease in chlorophyll a content and [124]
(Cr) vulgaris increase of MDA (lipid peroxidation), which peaks at 2
mg/L. SOD and CAT increase at 0,5 mg/L peaking at 1
mg/L then gradually decrease at increasing Cr(VI)
Dunaliella Cr(VI) in D. tertiolecta decreased photosynthetic pigments, [125]
salina and protein and carbohydrate, lead to higher increase in lipid
Dunaliella peroxidation and H20: production, increase in rate of RNO
tertiolecta bleaching, loss of pigments and thiol (-SH) group than D.

salina. SEM with 40 ppm Cr(VI) show damages in both,
higher in D. tertiolecta.
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Monoraphidium Cr(VI) decreases photosynthetic efficiency, triggers thiols [126]
convolutum  antioxidant response and lipid peroxidation, increases
GSH and activity of GR and APX

Cyclotella sp.  Cr(VI) 5.0 mg/L significantly decreases chlorophyll a, [127]
soluble protein content decreases and lipid peroxidation
increased with time, SOD and CAT increased with
concentration, peaking at 0.5 and 1.0 mg/L, and then
decreased. Dissolution of cell membrane sand loss of
cellular structure at Cr(VI) 2.0 mg/L observed by TEM

Copper (Cu)

Phaeodactylum P. tricornutum increases in size and volume upon Cu10  [87]
tricornutum,  pg/L and after 72 h at Cu 15 pg/L swells and form cell
Dunaniella clumps. D. tertiolecta exposed to Cu 500 pg/L produces
tertiolecta, exudates.

Tetraselmis sp.

Phaeodactylum Cu 10 uM: rapid synthesis of PCs of various degree of [128]
tricornutum  polymerization, initial decrease in GHS pool, formation of
Cu-PC complexes after 1 h, SOD and CAT rapid increase.
GR first inhibited and then enhanced. Prolonged Cu
exposure increased lipid peroxidation.

Odontella After 72 h: chlorophyll a decreased with dose, at Cu574  [91]
mobiliensis ug/L increase of cell length and absent spines, at Cu 926
ug/L structure completely damaged. After 7 days: increase
of CAT and peroxidase activities, increase in lipid
peroxidation, decrease in nitrate reductase activity at Cu

21.5 ug/L
Isochrysis Significant reduction in motility: ECsobased on % of motile [121]
galbana, cells was 1.3 uM for I. galbana and 31.4 pM L for T. chui
Tetraselmis chui
Scenedesmus  S. vacuolatus increases protein and MDA content, and [96]
vacuolatus, decreases chlorophyll a/b ratio. Increased CAT activity at
Chlorella 210 uM Cu and SOD activity and GSH content at 414 uM
kessleri Cu

ChlamydomonasPhotochemical efficiency decreased at 250 uM Cu, lipid ~ [129]
reinhardtii peroxidation at its highest after 3 days, GSH content

increased at 100 pM and GPX, SOD, glutathione S-

transferase induced by Cu 100 and 250 uM

Chlorella 1 mM Cu generated significant inhibition in ammonium  [116]

sorokiniana consumption (proxy for photosynthetic assimilation of
nitrogen), APX increase in gene expression but decrease in
enzymatic activity, sign of hyperaccumulator

Cobalt (Co)

Pavlova viridis Lipid peroxidation, deregulated SOD activity, increase in  [130]
CAT activity and in and GSH, GPX activity markedly
increased

Platymonas Co nanoparticles released Co?* in solution, aggregated to  [131]
subcordiforus, microalgal cells as observed by SEM. Decrease in

Chaetoceros ~ chlorophyll a and photosynthetic efficiency observed in S.
curvisetus and costatum, TEM images showed increased agglomerates
Skeletonema  compared to other species due to smaller size and rougher
costatum surface.

Iron (Fe)

Scenedesmus 50 ppm Fe? induced nucleic acid leakage due to cell lysis [132]
obliquus, and cellular ultrastructure changes observed by SEM:

Chlorella fusca, rougher surface and cell shrinkage

Chlorella
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saccharophila,
A. braunii
Lead (Pb) Scenedesmus  Pb (141 ppm) caused increase in H202 and lipid [133]
obliquus peroxidation, increase in enzymatic activity of SOD, CAT,

APX, GR, guaiacol peroxidase and increase in non-
enzymatic ROS response (proline and polyphenols)

Acutodesmus  Decrease in protein content and chlorosis due to loss of [134]
obliquus chlorophyll a and b at 500 uM at day 6 and 7, increasing
lipid peroxidation with dose. Pb above 10 uM decreased
ascorbate and GSH. Low Pb dose (0,1 uM ) increased the
activity of SOD, CAT, APX, and GR and higher
concentration inhibited activities of all enzymes

Isochrysis Reduction in motility: ECsobased on % of motile cells was [121]
galbana, 37,8 uM for 1. galbana and 10,9 uM for T. chui
Tetraselmis chui

Manganese Pavlova viridis increase in CAT activity and in and GSH, GPX decreased [130]

(Mn)

at increasing concentrations, but at concentrations higher
50 umol/L the trend was inverted, and it increased rapidly

Mercury (Hg) ChlamydomonasChlorophyll content decrease at 4 uM Hg, lipid [100]

reinhardtii peroxidation at increasing Hg concentrations, activity of
CAT, APX and SOD increased up to 6 uM but decreased at
higher concentrations

Chlorella SEM imaging shows cell shrinkage and structural damages[135]
vulgaris from 2.5% Zn treatment, decreased photosynthetic
pigments, concentration-dependent reduction in protein
content, ROS increasing with increasing doses, increase of
CAT, initial increase of SOD and decrease over time for
highest concentrations tested

Coccomyxa 100 uM Hg decrease pigments, potassium ions, soluble [136]

subellipsoidea  proteins, ascorbic acid, non-protein thiols and nitric oxide
signal and increased ROS production and CAT and SOD
activity

MolybdenumSelenastrum  MoSz2nanosheets at low concentrations (< 1.0 mg/L) [137]

(Mn)

capricornutum increase photosynthesis, at concentrations > 1 mg/L induce
oxidative stress and membrane damages, EPS production.
MoS:2 nanosheets aggregates on cell and
damaging/penetrating the membrane observed by TEM.

Dunaliella MoS2 NPs enhance photosynthetic efficiency, increases [138]
salina protein and carbohydrate content, induce activity of
CATand SOD
Nickel (Ni) ChlamydomonasNi 90 uM or higher induced generation of ROS and lipid  [139]
reinhardtii peroxidation, proline and other non-protein thiols were
increased while ascorbate was decreased
Chlorella Decrease in chlorophyll a content, formation of ROS and  [140]
pyrenoidosa  lipid peroxidation, increased SOD and CAT activity
Dunaliella sp., Reduction in carbohydrate and protein increased total [141]
Amphora lipids, increase in phenolic compounds and carotenoid
subtropica content. Increased lipid peroxidation and of SOD, CAT,

GPX activity. Reductions in total chlorophyll and
chlorophyll a and b at higher metal concentrations,
increase in carotenoids

Silver (Ag)

Dunaliella ROS formation and lipid peroxidation in the presence of  [95]
tertiolecta, AgNPs (1-10 mg/L)
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Chlorella
vulgaris
Phaeodactylum Growth rate reduction, ROS generation, membrane [92]
tricornutum,  damages in the presence of AgCl (aq,) AgCl-and Ag*
Chlamydomonas
reinhardtii
Vanadium  Chiorella V205 NPs 200 mg/L caused plasmolysis and cell shrinkage [142]
V) sorokiniana observed by SEM. Decrease in photosynthetic pigments
and phenolic content and increase of SOD, CAT and APX
activity were also observed.
Zinc (Zn) Chlorella Sublethal doses trigger oxidative stress in both species [143]
sorokiniana,  (H20:2 and lipid peroxidation). C. sorokiniana has more
Scenedesmus  efficient antioxidant defense (accumulates more
acuminatus flavonoids, polyphenols, tocopherols, GSH, and ascorbate
and GST, GR, SOD, POX, and APX enzyme activity higher)
Chlorella SEM imaging shows cell shrinkage and structural damages[135]
vulgaris from 2,5% Zn treatment, decreased photosynthetic

pigments, concentration-dependent reduction in protein
content, ROS increasing with increasing doses, increase of
CAT, initial increase of SOD and decrease over time for
highest concentrations tested

In literature, several works are based on experiments of exposure of microalgae to HMs [144];
the table above represents, to the best of our knowledge, the most significant studies in which the
detrimental effects of HMs on microalgae have been clearly described and not only hypothesized on
the basis of macroscopic effects (such as, for example, algal growth inhibition and/or death).

As previously mentioned, particularly high concentrations of HMs can be found in water and
sediments as a result of human activities, and their accumulation poses a formidable threat to aquatic
environments, therefore their presence and toxic effects on the organisms that inhabit them need to
be closely monitored. Commonly used and long-established methods to detect the presence of heavy
metals can be based on electrochemistry [145], spectroscopy or chromatography. Techniques based
on the latter two can deliver excellent specificity, accuracy and sensitivity but demand highly-trained
operators and extensive pre-processing procedures. In addition, methodologies like fluorescence
spectroscopy [146], atomic absorption spectrometry [147], colorimetry [148], and high-performance
liquid chromatography (HPLC) [149] require specific lab setting, are time-consuming and cost-
ineffective, resulting thus unsuitable to regularly monitor areas subjected to heavy metal pollution
by carrying out quick on-site measurements. As regulatory standards establishing the permitted
metal levels are constantly reviewed worldwide, the demand for miniaturized, portable analytical
devices to ensure such limits are being met has increased leading to the design of bio- and biomimetic
electrochemical sensors [150] and to various easily-transported compact implementations based on
electrochemistry [151], Surface-Enhanced Raman Scattering spectroscopy (SERS) [152], integrable
microfluidics [153] and easily carried colorimetry apparatuses [154]. Still, these devices often have
limitations, being forced to rely on compound like dyes or nanoparticles to relay the signal. An
interesting attempt at a sustainable implementation of this concept has been made by [155], where
carbon dots used as HM sensors in aquatic medium are produced from biochar derived from
microalgae biofuel.

In any case, it should be underlined that all the analytic systems reported focus on the detection
of the metal itself and on its quantification, but this is not always direct indication of the stress that
such contaminant imposes on the ecological network of the aquatic environment. These methods fail
to reveal the effects that HMs may trigger on the organisms exposed to it, brought about by its bio-
available component. Toxicity of a metal for aquatic life is influenced by various factors: in some
cases, complexation with organic ligands present in water can reduce the amount of bio-available
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metal, i.e., the fraction able to contact and/or enter living cells [156]. In other cases some organisms,
like microalgae, developed a set of strategies to cope with their toxic effects and limit consequent
damages, thus resulting in different species exhibiting distinct sensitivities for various metals [157].
For example, at nanomolar concentrations, Cu is essential for growth, metabolism and survival of
several organisms, including microalgae [156,158], and it becomes harmful for living being only
above certain thresholds, potentially leading to abnormal phenotypes across a broad spectrum of
freshwater and marine organisms [159,160]. When exceeding certain concentrations, this metal has
also been shown to impact microalgal cells [161], perturbing growth and photosynthetic efficiency
[162], compromising membrane integrity by altering its permeability [89] and giving rise to
alterations in cell and organelles shape, possibly due to metal adsorption and/or internalization [87].
For such reasons, evaluation of metal loads in aquatic environments should have a particular focus
on investigating their effects on organisms responsive to their concentration. As an example of this
field gaining traction in recent years, in [163] several biomarkers are reviewed as indicators of heavy
metal-induced environmental perturbation.

Taking this into consideration microalgae could be considered interesting candidates as
biosensors to study HM contamination. In depth analysis of metal-triggered morphological
alterations in microalgal cell and organelles are traditionally performed with advanced techniques
like Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). SEM, for
example was exploited in experiments where Skeletonema spp. cells underwent metal treatments,
even if it was specifically used to study metal particles distribution in the media rather than
microalgal morphological alterations [131]. TEM was employed to assess ultracellular alterations
arising in three microalgal species, P. tricornutum, Tetraselmis sp. and D. tertiolecta, exposed to Cu
concentrations close to the ECso value each specie showed for the metal, uncovering an increased
number and size of vacuoles in the latter two species due to the treatment; moreover, in P. fricornutum
cell swelling and clumping was also observed [87]. SEM and TEM can be hindered by issues like cells
clumping, possibly as a result of metal treatment and its sorption to cell wall [164,165]; even tackling
this problem by diluting the sample is a partial solution, since this could mean spacing too much the
cells out and thus ending up imaging a non-statistically significant number of objects. For example,
TEM imaging of P. tricornutum diatoms exposed to Cu in [89] only includes 2-4 diatoms per image.
Finally, electron microscopy techniques are often time-consuming, needing several steps for sample
preparation, including fixation with the use of toxic agents and multiple dehydration steps, and
expert personnel. If microalgae are to be exploited as bioindicators for the monitoring of heavy metal
polluted sites advanced yet faster, non-invasive techniques are needed to image cell and organelles
morphological alternations.

4. The Role of Microalgae in HM Removal

4.1. Microalgae for HM Removal: Current Technologies, Mechanisms and Advantages

HM-bioremediation employs microorganisms or plants to sequester and remove heavy metals
from the environment, by adsorption, immobilization and/or internalization [65,166,167]. Among
several organisms that have been investigated for their bioremediation potential, microalgae are
gaining growing attention [167].

Most microalgae possess a rigid cell wall, mainly composed of cellulose enriched with
polysaccharides. Specifically, it is usually structured in two layers: the external one has
polysaccharides comprising, to various extent for different species, pectin, agar, alginate or algenan
polymers; often these polysaccharides are sulfonated (fucoidans). The internal layer instead,
contacting the phospholipidic plasma membrane, is built by a structural matrix of cellulose
microfibrils engulfing hemicellulose, glycoproteins and pectin or fucans [168-171]. The carbohydrate
composition often significatively varies between different species: for example, cell walls of
microalgae in the Chlorophyta division usually possess cellulose or hemicellulose, while diatoms, a


https://doi.org/10.20944/preprints202503.1842.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025 d0i:10.20944/preprints202503.1842.v1

17 of 32

particularly large and diverse microalgal group in the Bacillariophyceae class exhibit peculiar
siliceous encasing named frustules [172].

Cell wall components like carbohydrates, lipids and proteins can offer negatively charged
groups acting as binding sites for positively charged metal cations, as they contain hydroxyl (-OH),
carboxyl (-COOH), phosphate (-POs), amine (-NHz2) and sulfhydryl (-SH) groups: these can bind
metal ions through electrostatic and covalent interactions or coordination bonds, with high affinity
for oxygen and thiol groups [102,173,174]. This first, passive adsorption onto cell wall (termed
“biosorption”) is a rapid process —with equilibrium being reached after ca. 30 minutes —and occurs
both in living cells and in dead microalgal biomasses, as it is metabolism independent [104,175,176].
In some cases, interaction of living microalgae with metals also results in a second, slower stage of
uptake from the media, termed “bioaccumulation” which actively sequesters them into the cell: from
there metals diffuse into the cytoplasm and can be bound by dedicated molecules and sequestered
into specific compartment or organelles [177,178].

Biosorption actually occurs by attracting heavy metals to cells surface through different
mechanisms, including mainly ion exchange between protons/positively charged ions (e.g., lighter
metals, like K*, Na*, Ca?* and Mg?) on the cell surface and metals in solution [179-181], but also
physical adsorption due to electrostatic (stronger) attraction and Van der Waals (weaker) forces [179],
and, finally, coordination bonds, where heavy metals can form covalent bonds with polarized
functional groups like, for example, carboxyl groups contained in polysaccharides or amino groups
of chitin and chitosan [107,174]. Metal complexation onto cell wall can also lead to its precipitation
into less soluble forms [133]. Finally, some species can produce extracellular polymeric substances
(EPS), mainly consisting of modified polysaccharides, and secrete them in the outer layer of cell wall
for protection against stress, including adsorption of HMs thanks to charged hydrophobic groups:
this, tough considered a biosorption mechanism as well, is a metabolic-dependent process [133,182—
184].

A high fraction of the total removal of metal in solution by microalgae is hypothesized to be due
to active metabolic uptake and bioaccumulation [185]. Unlike biosorption, this second stage of cell-
mediated heavy metal sequestering is substantially slow and—most importantly—not an
equilibrium process, as it is mediated by specific transporters or carrier molecules and thus actively
regulated and directed by living cells [184,186,187]. Several metal transporters families have been
characterized, some unique for microalgae and some shared with other organisms, responsible for
HM transport across cell membrane into cytosol and, in some cases, into vacuoles, and are
functionally divided into two groups [187,188]. Assimilative transporters drive metal towards the
cytosol from extracellular or vacuolar spaces, and include natural resistance-associated macrophage
proteins (NRAMP), exploiting proton gradient to transport divalent cations across the membrane,
and passive Zn and Fe regulated transporters (ZRT and IRT), Zrt-Irt like proteins (ZIP), Fe and Cu
transporters (FTR and CTR) and P-type ATPases [99,187,188]. It is worth noticing that some
transporters require metal to be in a specific oxidation state, obtained through dedicated enzyme like
reductases: for example Cu(Il), the soluble cupric Cu form available in marine environments, needs
to be reduced to Cu(l) cuprous ion, which is also more reactive, prior to transport [182,188]. In
addition, microalgae possess distributive transporters in charge of decreasing HMs cytosolic
concentration, via metal trafficking and efflux of metallic ions and metal-ligand complexes toward
cells’ exterior or organelles as mechanisms to prevent excessive metal concentrations build up.
Distributive transporters include cation diffusion facilitators (CDF) and Pis-type ATPases, relying on
antiport of proton or potassium ions or on ATP hydrolysis respectively, FerroPortin (FPN),
mithochondrial solute carriers (MSC), Ccc1/VIT1, a Ca? sensitive vacuolar Fe transporter, metal
tolerance (MTP) and multidrug and toxic compound extrusion (MATE) proteins [99,187,188].

In addition to transporters regulation, metal concentrations inside the microalgal cells are tightly
controlled by regulating their trafficking through metal chaperones and chelators, i.e., a wide
spectrum of ligands with metal-binding properties (usually due to thiol groups). These can link and
shuttle metals across various cellular compartments or, in some cases, even immobilize metal ions
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extracellularly so as to prevent their interaction with microalgal cells and uptake [99]. Among metal-
binding poly-peptides produced by microalgae, we find metallothioneins (MCs) and phytochelatins
(PCs) [189]. MCs are genetically-encoded small proteins rich in cysteine residues, possessing a partial
negative charge and therefore able to form coordination bonds with metallic cations; even though the
gene encoding for such proteins have been predicted only for a few microalgal genera, they are
largely known in plants and ciliates, and likely to play an important role in microalgal binding,
sequestering and detoxification of metal ions as well as reactive oxygen species (ROS) scavenging
[189]. PCs on the other end, are biosynthetically produced polypeptides largely known to be involved
in metal binding and transport to the vacuole in microalgae, plants and other organisms [189]. PCs
are synthesized by phytochelatin synthase (PCS) using GSH, a thiol-containing tripeptide, as a
substrate: GSH is normally employed as the main redox-buffer in oxidative stress mitigation, but is
also capable of HM binding and scavenging through its cysteine residues. When multiple GSH units
are joined to form PCs, these residues can form disulfide bonds and thus chelate metal ions trough
the thiol groups present in the side chains, forming HMs-PCs complexes that are stable in the
cytoplasm but can be subsequently cleaved by lower pH in cellular vacuoles [99,189]. In general,
metal chelators with various affinities can be produced both to handle their intracellular trafficking
and to limit damages due to HM excess. As a matter of fact, some microalgae have been observed to
release various kinds of ligands in the extracellular space in response to HM stress in addition, in
some cases, to production of exudates with high lipid and polysaccharide content and surfactant
properties [190]. Ultimately, HM-chelation and complexation can either aid its transport inside the
cell, its efflux or prevent its entrance in the cell.

All these inter-connected mechanisms employed by microalgae to sequester HMs and detoxify
their stress are schematically summarized in Figure 3.
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Figure 3. Schematic representation of microalgae-mediated removal and detoxification mechanisms. 1) The
adsorption onto cell wall is due to interaction with its functional groups 2) Active uptake is mediated by ion
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enzymes and ROS-scavenging molecules 4) HMs are sequestered into organelles or vacuoles via metallo-
chaperones, chelating compounds and specific transporters 5) Metal excess is effluxed from the cell via specific
pumps 6) Microalgae can secrete extracellular ligands to bind metal outside the cell and prevent their entrance.
Created in BioRender. Cavalletti, E. (2024) BioRender.com/t46g432.

Microalgae are generally characterized by fast growth rates (compared to terrestrial plants and
macroalgae), and can be easily maintained in open and enclosed systems, ensuring high year-round
biomass production and productivities. Living cultures only require a minimum amount of nutrients,
which can be also derived from wastewater to optimize process costs [191], while dead biomasses do
not require neither nutrients, nor particular conditions of oxygenation/carbon dioxide sparging, and
can be re-used several times after some HM desorption steps with washing agents.

The use of some freshwater microalgal species in phycoremediation (i.e., bioremediation
employing algae) has been currently implemented for a few devices exploiting non-living biomass to
remove pollutants, particularly heavy metals, from waste water: these biosorbents are based on
natural or synthetic matrices to embed either individual species or consortia, effectively eliminating
the necessity of biomass harvesting (which is the more expensive and tedious step) while
simultaneously providing efficient HM sorption. An example is the AlgaSORB system, which
consists of a silica gel polymer decorated with immobilized non-living Chiorella vulgaris cells,
employed for effective removal of metallic ions from aqueous solutions [192,193]. On the other end,
a consortium of different organisms, including algae, yeasts, bacteria and sea weeds on a high density
polysulfone matrix is exploited by the BIO-FIX sorption system [193,194]. Finally, B.V. SORBEX
company developed a sorption device based on a variety of biomaterials, including Chlorella vulgaris
and five macroalgal species, to remove different metal ions across a wide pH range [193,195].

Of course, as stated above, the primary benefit of the use of dead microalgal biomasses as
biosorbents is their potential for multiple reusage, but it should be noted that, as detailed in previous
sections, these cells cannot internalize HMs after surface adsorption, with the possible risk of
releasing the contaminant back into the environment. Furthermore, while non-viable microalgae
systems can rapidly remove HMs through biosorption their overall sorption capacity, especially for
lower metal concentrations, can be slightly lower compared to live microalgae. The latter, in addition
to adsorption, can exploit a broader range of removal mechanisms, including active transport; they
may thus sequester metals more stably within cell compartments and, consequently, be employed
with greater success in long-term sequestration strategies [196]. Wang and Chen [197] predict that
the future of biosorption technologies will likely integrate living microalgal cells in hybrid systems
to enhance pollutant removal. Live biomass could result more versatile in removing HMs through
mechanisms like precipitation, adsorption, and bioaccumulation. However, one challenge is that
viable microalgae can be sensitive to high concentrations of heavy metals, which can affect their
health and efficiency [198]: it is therefore crucial to identify metal-tolerant strains in order to optimize
bioremediation efforts. Finally, in light of possible in situ applications an added concern should be
taken into account: avoiding the introduction of non-native species in the aquatic environment where
remediation of the pollutant is carried out is of capital importance. This highlights the relevance of
researching local microalgal strains that are naturally adapted to specific environments, making them
better suited for bioremediation in those areas.

4.2. The Influence of Abiotic Factors on HM Removal

Abiotic factors like pH, time of exposure, temperature, metal initial concentration and
characteristics (ionic size, atomic weight or reduction potential), presence of organic substances or
inorganic ligands in solution among others influence HM removal [178].

The main players in biosorption processes efficiency are pH and contact time. Notably,
increasing pH means higher adsorption, as protonation level is critical to shift the equilibrium either
toward metal complexation or release and determines which functional groups will be available for
binding: it has been suggested that carboxyl groups are the predominant available site at pH range
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2-5, phosphate groups follow between pH values 5-9 and finally in the pH interval 9-12 groups
available also comprise hydroxyl (or amine) groups [173]. Essentially, at low pH the majority of
functional groups are blocked by association with hydronium ions (H30O*), while at higher pH values
more sites are available for binding [102,185,186]. In addition to cell binding sites availability, pH also
affects metal speciation: most metals tend to precipitate in more basic solutions, impairing HM
removal efficiency, meaning that this parameters needs to be finely tuned in bioremediation
applications [107,178].

Moreover, temperature (even though there’s no real consensus on its influence, probably more
related to the kinetics than the capacity) plays a key role, being connected to the solubility of metal
ions in aqueous media, their stability in addition to stability of ligands and of the formed complexes,
as most chemical reactions are sensitive to temperature ranges. As a matter of fact, higher
temperatures lead to greater metal ion solubility, unfavouring the biosorption process
[102,185,186,199].

Ionic strength, a measure of the concentration of ions in solution, is also to be considered when
using microalgal biomasses for remediation purposes, as high concentration of ions, such as
monovalent cations like Na* and K*, decreases sites available for metal binding via competition for
the functional groups, resulting in lower efficiency [178].

Additionally, metal concentration and speciation (whether metals are free ions or complexed
with organic/inorganic ligands) ultimately reflect the concentration of free metal ions, which are the
species able to bind microalgal cells; the presence of multiple metals also influences co-ions
adsorption through antagonistic or synergistic processes, even though non-interactive or additive
outcomes are also possible [133,180,199]. Indeed several amino acids as well as humic acids, fulvic
acid, EDTA, NTA and various kinds of organic matter cannot interact with HMs forming complexes,
thus reducing their bioavailability to microalgae [178,200,201].

As an example, influence of pH, time of exposure, metal concentration and initial cell density on
hexavalent Cr biosorption in aqueous solution by Dunaniella salina was investigated by Kaushic and
co-workers [202]: they found that highest biosorption efficiency (66.4%) was attained at pH 8.6 and
10% v/v inoculum size within 120 hours. Schiariti et al. reported that, in C. kessleri and S. acutus
cultures exposed to Cu, recovered growth rates and reduction in bleaching and lipid peroxidation
was observed following acetate addition, thus effectively reducing concentration of free Cu ion [201].

4.3. The Influence of Biotic Factors on HM Removal

In addition to abiotic factors, HM removal is influenced by biotic factors including organism
species, cell concentration, division rate and nutrients uptake and size and surface area and, finally,
sensitivity [178].

Other crucial factors to explain HM tolerance and adsorption in microalgae are the specific
remediation skills of the microalgal species used as biosorbent, and the concentration of the biomass
employed —which may be also considered regardless of cell viability in biosorption applications, as
more biomass offers an higher surface area and thus more binding sites for the reaction [178]. Indeed,
high cell density and, in general, biomass concentration are reportedly associated with higher metal
removal, possibly due simply to a larger pool of available binding sites [185]. However, biomass
concentration is a parameter that needs to be carefully tuned for bioremediation applications—
especially in the case of live biomass—as very high initial cell density could also lead to formation of
cell aggregates or screen effect, hindering HM removal by blocking binding sites [178,203]. Microalgal
division rates are also related to the size of the species considered, as smaller microalgae exhibit
higher specific growth rates due to higher rate of photosynthesis and more efficient transport of
nutrients per unit of biomass: the smaller the size, the more efficient is N and P uptake [178,204]. It
has also been suggested that sensitivity to metal might be higher for smaller cells, showing an higher
surface area to volume ratio and accumulation rates, with respect to larger species [205,206].

Levy and co-workers investigated cell size and walls ultrastructure influence on HM sensitivity
and removal from the media: in their study they correlate cell surface area with its tolerance and Cu
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content for 11 different microalgal species, observing that the three more sensitive species
(Minutocellus polymorphus, Micromonas pusilla and Isochrysis sp.) were among the smallest considered;
however the relationship was not strictly linear —tolerance of the smallest species of all (M. pusilla)
was twice than the one for M. polymorphus, while the largest species tested (Heterocapsa niei) was one
of the most sensitive species amongst the ones under exam. In addition, Cu partitioning between cells
and media was found to be correlated to cell surface area rather than to sensitivity to the metal —also
in this case though, no clearly linear relationship could be elucidated [114]. Indeed, metal sensitivity
varies broadly among different species influencing their uptake and removal capacity, even though
it is difficult to pinpoint an exact quantitative correlation between the two. Levy et al. also report
different ICso values for three microalgae species exposed to Cu, specifically 8 pug/L for P. tricornutum,
47 ug/L for Tetraselmis sp. and 530 ug/L for D. tertiolecta, while also highlighting that at these specific
value for each species Tetraselmis sp. exhibited the highest intracellular Cu content (ca. 0.197 pg Cu/
cell). Notably tough, even if at ICso doses D. tertiolecta internalized more Cu than P. tricornutum if
exposed at the same Cu concentration of 50 pg/L, the former showed slower internalization rate and
lower internal metal concentration than the latter, suggesting that these two factor are indeed not the
only ones concurring in determination of species sensitivity to a certain metal, and the contribution
of microalgal detoxification mechanism should also be taken into account [87].

5. Conclusions

The present paper reports the state of the art of the current knowledge of HM-driven stress in
microalgae, and of microalgae-based bioremediation skills for HM removal.

Indeed, we described in detail two pivotal functions of microalgae exposed to HMs: i) their role
as sentinel species, showing different signs of stress, such as ROS generation, growth rates and
chlorophyll content reduction, cell and organelles impairments, and increase of HM-binding protein
synthesis; ii) their contribution to HM removal by mechanisms of passive adsorption onto the cell
wall and- in metabolically active cells—through HM internal sequestration in specific comparts.
Conventional methods currently available for HM removal involve the use of chemicals, resins or
electrochemical technologies, with the main disadvantages of high costs and the possible production
of toxic by-products. To overcome these drawbacks, and considering the increased anthropogenic
emissions of HMs in aquatic environments, uncovering innovative, ecosustainable technologies
based on the employment of aquatic organisms to remove HMs is desirable. Although current algae-
based technologies are mostly based on dead biomasses, which main advantage do not require
nutrient input and can be also re-used after HM desorption cycles, current knowledge and further
studies on the role of living microalgae could assure a more stable and quantitative removal,
combining both adsorption and compartmentalization mechanisms.
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