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Featured Application: Efficiency of microalga for the bioremediation of heavy metal-
contaminated systems.

Abstract: The use of living Arthrospira platensis (A. platensis) cultures emerges as a promis-
ing green solution for the bioremediation of water contaminated by toxic metal waste.
The scope of the present study is to evaluate the microalga’s potential in heavy metal
remediation, in the case of multi-metal-treated (multi-MT) systems. For this reason, A.
platensis cultures were exposed to mono- and multi-metal solutions of Cu, Cd, Ni, Pb,
and Zn, and their metal adsorption ability was investigated. The heavy metal removal
efficiency of A. platensis cultures was evaluated using atomic absorption spectroscopy
(AAS). Additionally, the cultures were examined using Fourier transform infrared (FTIR)
spectroscopy, Near-Infrared (NIR) Spectroscopy, UV-Vis spectrophotometry, and optical
microscopy, together with pH and electrical conductivity (EC) measurements to evaluate
the quality of the cultures and the changes induced by heavy metal stress. The results
showed that metal removal is still efficient in multi-MT cultures. In particular, Cu, Cd, Pb,
and Zn removal of multi-MT cultures is elevated or relative to the respective removal of the
mono-metal-treated (mono-MT) cultures, showing a synergistic or cooperative interaction
between the metals, while the removal of Ni of multi-MT cultures decreased compared to
Ni of mono-MT cultures, showing an antagonistic interaction to the other metals. The study
shows that A. platensis is considered an effective microalga toward the bioremediation of
multi-metal polluted cultures.

Keywords: microalgae; cyanobacteria; bioremediation; multi-metal waste; AAS; NIR; FTIR;
FPA; chlorophyll-a; Spirulina platensis

1. Introduction
Water pollution by heavy metals has become a serious environmental and public

health problem due to the induced toxicity, persistence, and bioaccumulation [1–3]. Even
though Pb, Hg, Cd, and Cr are naturally released into the environment through processes
such as the weathering of rocks, volcanic action, and erosion of sedimentary deposits,
human activities have artificially increased their levels in severe proportions that seriously
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threaten ecosystems and human health [4]. Heavy metal pollution mainly stems from
industrial activities such as mining, smelting, and the manufacturing of electronics, while
the use of fertilizers and pesticides in agricultural activities results in the leaching of metals
into water systems [5]. Other contributors include tanneries, textiles, urban runoff, and coal
combustion, adding to environmental contamination and enhancing the problem. These
metals are non-biodegradable in nature and become bioaccumulated by aquatic organisms,
where they are magnified through the food chain, posing serious health threats that include
neurological damage, kidney failure, and cancer [6].

The conventional physicochemical techniques for heavy metal remediation include
chemical precipitation, ion exchange, and adsorption. However, these techniques tend to
be very costly, less effective, and cannot be viable for a long period [6]. At the same time,
conventional techniques also create environmental problems, which include either the gen-
eration of secondary contaminants or the use of huge amounts of energy [7]. Adsorption—
whereby metals are attached to the surface of materials such as activated carbon and
biochar—is a cost-effective approach for small-scale applications. Chemical precipitation
involves the transformation of dissolved metal ions into insoluble forms, which can then
be more easily extracted; however, this process tends to produce large quantities of solid
waste [8]. The physicochemical methods of coagulation and flocculation favor the aggrega-
tion of small size metal particles into big clusters, which could then easily be separated,
but generally require chemical additives, which potentially modify the water chemistry
itself [9]. Advanced membrane technologies, like reverse osmosis and electrodialysis, are
very accurate but involve the production of concentrated brine wastes, creating disposal
problems [10]. The appropriate remediation method is selected based on the cost, scalability,
and environmental impacts, which calls for site-specific solutions and the integration of
hybrid technologies to achieve optimal results [11].

Therefore, a dire need has emerged for the adoption of novel and cost-effective tech-
niques capable of mitigating the heavy metal burden in an efficient manner. To this direction,
various green remediation techniques were proposed for the removal of heavy metals by
algae. Microalgae have emerged as efficient tools in heavy metal remediation because of
their unique characteristics of absorbing and accumulating metals from contaminated water,
being an environmentally friendly and economically viable option at the same time [1–3,6].
Microalgae have the potential for a very innovative and green approach to the removal
of heavy metals like Pb, Hg, Cd, Zn, and Ni from contaminated water [1,3,4,6,12–22].
Moreover, concerning circular economy, microalgae bioremediation helps not only to clean
the environment, but it also provides value-added byproducts such as biofuels and other
bio-based materials [23]. The application of microalga-based remediation to wastewater
treatment systems was highlighted in several works as a promising tool [23]. In light of
such advancements, it is important to explore the microalgae potential for the elaboration
of environmentally enhancing processes for heavy metal control, wastewater treatment,
and for sustainable biofuel production. Innovative approaches of using microalgae could
pave ways toward more sustainable and efficient paths to reduce the harmful effect of
heavy metal pollution and enable a clean and healthy environment [23].

Consequently, microalgae remediation is a promising biological and environmentally
friendly method of removing heavy metals from contaminated water. Their cell wall
functional groups (e.g., carboxyl, hydroxyl, and amine groups) are mainly responsible for
effective biosorption. Non-living algal biomass is especially efficient in passive adsorption
and is therefore fit for extreme conditions, since it is resistant to metal toxicity and requires
very low maintenance. This approach is considered as a single-use one, unless the biomass
is subsequently processed for metal recovery [6]. In contrast, living microalgae offer dual
functionality due to the complementarity of passive biosorption with metabolism-driven
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uptake, allowing intracellular sequestration of metals and the regeneration of binding
sites through growth [11]. This active method is enabled by photosynthesis and assists in
removing metals while promoting water quality by the production of oxygen to counteract
eutrophication and nurture aquatic life [24]. Apart from their bio-treatment possibilities,
microalgae are highly prized for high-value co-products, such as biofuels [25–27], fertil-
izers [28], and in the food industry [29,30], including animal feed [31]. Following this,
their recovery gives further evidence to circular economy perspectives [32,33]. Despite
the challenges, such as sensitivity to high metal concentration and the need for special
cultivation conditions, microalgae are a promising tool in heavy metal removal and restor-
ing the ecosystem due to their adaptive features, multi-functionality, and sustainable
technology [34].

Microalgae have developed various self-protection mechanisms to counteract the
toxicity of heavy metals, which can be beneficial at low concentrations but harmful at
high levels. These mechanisms include adsorption or bioaccumulation. Adsorption occurs
when metal ions bind to the surface of microalgae cells through physical and/or chemical
processes such as ion exchange and electrostatic interactions without their incorporation
into the cellular structure. On the other hand, bioaccumulation is the active uptake of
metal ions into the cells, where they can become integral parts of the cell’s metabolic
machinery, either by substituting for essential elements in enzymes or being stored in
vacuoles for detoxification [1,7,14,35–37]. Chelation and complexation with active groups
on cell walls, where negatively charged functional groups bind heavy metals, and ion
exchange on cell walls, where ions like Na+, K+, Ca2+ and Mg2+ are replaced by toxic
heavy metal ions through physical forces, also enhance metal binding. Additionally,
extracellular polymeric substances (EPSs) enhance adsorption on the cell surface and
prevent the accumulation of heavy metals within the cell. Microalgae also synthesize
antioxidant enzymes, such as superoxide dismutase and catalase, to mitigate heavy metal
stress. Heavy metals accumulate in cytoplasmic vacuoles, chloroplasts, and mitochondria,
while biotransformation processes include reduction, methylation, and conversion from
inorganic to organic states. These processes ensure the survival and growth of microalgae
in environments with varying levels of metal toxicity [6,38].

Arthrospira platensis (A. platensis), formerly Spirulina platensis, is a resourceful microalga
that is highly valued for its high protein, amino acid, vitamin, and mineral content, making
it a popular supplement in the food, pharmaceutical, and cosmetic industries. One of its
environmental applications is heavy metal removal, with its cell walls, rich in functional
groups like carboxyl and phosphate, able to effectively bind metals. Dried A. platensis
biomass is efficient in passive adsorption, while living cultures combine this with active
uptake, sequestering metals intracellularly and improving water quality by releasing
oxygen during photosynthesis [39]. This dual mechanism makes A. platensis effective
for detoxifying industrial wastewater, mining effluents, and polluted water systems. Its
eco-friendly nature and potential for biofuel and other valuable byproducts enhance its
appeal for sustainable remediation [40].

Extensive studies were conducted regarding the bioremediation of single metal sys-
tems (mono-metal-treated, mono-MT), examining the processes, kinetics, and their removal
efficiency [5,12,14,15,19,35,41–45]. These studies have provided valuable insights into
the adsorption and biosorption capabilities of numerous microalgae. However, natural
ecosystems often contain complex mixtures of metals, and as such, removal systems must
be studied in multi-metal (multi-metal-treated, multi-MT) configurations. The research
into the effectiveness of A. platensis bioremediation of multi-MT systems remains limited
regarding the use of living cultures [36,46], and of dry A. platensis biomass [39]. Mixed
metals often compete for binding sites, complicating the biosorption process. Variations
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in metal properties, such as ionic radii and chemical behavior, further challenge multi-
metal removal. Addressing these gaps is crucial for scaling algae-based bioremediation
to industrial applications capable of handling real-world scenarios involving multiple
contaminants [39]. A. platensis is considered as an effective biosorbent because of its large
surface, polysaccharide content, and functional groups, allowing good coordination of the
metallic cations. However, most research emphasizes single metal sorption performance,
leading, subsequently, to the considerable underestimation of the realistic applications
concerning multi-metal situations.

The scope of this study is to evaluate the ability of A. platensis in heavy metal remedia-
tion of multi-metal wastes. For this reason, microalga’s cultures were exposed to mono-
and multi-metal solutions of Cu, Cd, Ni, Pb, and Zn, and their metal adsorption ability
was comparatively examined in every case. The heavy metal removal efficiency from A.
platensis cultures was evaluated using atomic absorption spectroscopy (AAS). Additionally,
the biomass, before and after remediation, was qualitatively examined using spectroscopic
and microscopic methods to explore its potential use to other applications, while its growth
estimation was performed using Near-Infrared Spectroscopy. These measurements were
also performed to evaluate the changes induced by heavy metal stress.

2. Materials and Methods
2.1. Microalga Initial Stock Cultivation Conditions

The microalga studied was procured from HEALTHALGAE Sweden AB (Uppsala,
Sweden). Its cultivation was performed using Spirulina Medium, as described in [47]. It
is composed of four (4) stock solutions (Table 1) and the ingredients used were procured
by Sigma-Aldrich (St. Louis, MO, USA), Carl Roth (Karlsruhe, Germany), Chem-Lab NV
(Zedelgem, Belgium), and ACS Chemicals (Ahmedabad, India). An initial stock of A.
platensis culture was axenically cultivated using the produced Spirulina Medium, with an
initial pH of 9.4, constant aeriation of ~1 L/min, and illumination of ~160 µmol photons
m−2s−1 of photosynthetically active radiation (PAR) in light/dark cycles of 12 h:12 h, using
a full spectrum LED array (LUMATEK, ATTIS 200 W). Temperature was kept constant at
27 ± 0.5 ◦C using a water bath.

Table 1. The composition of the stock solutions used for the preparation of Spirulina Medium [47].

Stock Solution I
(500 mL)

Stock Solution II
(500 mL)

Stock Solution III
(900 mL)

Stock Solution IV
(100 mL)

Component Amount Component Amount Component Amount Component Amount

NaHCO3 13.61 g NaNO3 2.50 g ZnSO4·7H2O 1 mL of
1 g/L FeSO4·7H2O 0.70 g

Na2CO3 4.03 g K2SO4 1.00 g MnSO4·4H2O 2 mL of
1 g/L

Na2-EDTA
(Titriplex III) 0.40 g

K2HPO4 0.50 g NaCl 1.00 g H3BO3
5 mL of
2 g/L Distilled water

Distilled water MgSO4·7H2O 0.20 g Co(NO3)2·6H2O 5 mL of
0.2 g/L

CaCl2·2H2O 0.04 g Na2MoO4·2H2O 5 mL of
0.2 g/L

FeSO4·7H2O 0.01 g CuSO4·5H2O 1 mL of
0.005 g/L

Na2-EDTA
(Titriplex III) 0.08 g Na2-EDTA

(Titriplex III) 0.40 g

SL III and SL IV 5 mL Distilled water
Distilled water
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2.2. Mono- and Multi-MT Microalga Cultivation

The initial A. platensis stock culture, as described in Section 2.1, was centrifuged for
5 min at 5000 rpm, using a Multifuge X1 Pro-MD (Thermo Fisher Scientific, Waltham, MA,
USA). The obtained biomass (~400 g, wet weight) was divided into 19 Erlenmeyer flasks of
500 mL.

The solutions of the heavy metals were prepared using the following nitrate salts of
each metal in distilled water:

• Pb: Pb(NO3)2, Carl Roth.
• Cu: Cu(NO3)2·3H2O, Sigma-Aldrich.
• Zn: Zn(NO3)2·4H2O, Chem-Lab NV.
• Ni: Ni(NO3)2·6H2O, Sigma-Aldrich.
• Cd: Cd(NO3)2·4H2O, Thermo Scientific.

The mono-MT cultures were exposed to concentrations of 1, 5, and 10 ppm of each
corresponding metal. Additionally, three flasks were prepared containing all metals in
concentrations of 1 ppm (Mix 1), 5 ppm (Mix 5), and 10 ppm (Mix 10) of each metal
for the multi-MT cultures. Finally, one flask was prepared without metal treatment
(Control culture).

All Erlenmeyer flasks were filled with freshly prepared Spirulina Medium up to a
total volume of 0.5 L for each culture. They were cultivated for 7 days with the same
temperature, light, and aeration conditions as described in Section 2.1 [34]. Experiments
were performed in duplicate (results are expressed as the respective averages).

The prepared cultures—as described in this section—were subsequently analyzed to
monitor biomass growth and quality and metal removal efficiency. These methods are
detailly described in the following sections (Sections 2.3.1–2.3.6).

2.3. Characterization Methods
2.3.1. Optical Microscopy

All cultures were monitored daily to observe the cultivation progress and the cells’
states (shape, morphology) using an Olympus CX43RF microscope (Olympus Corporation,
Tokyo, Japan). A 30 µL mechanically stirred culture sample of A. platensis was placed on a
glass slide and covered with a cover slip. Photographs were captured with an Olympus
EP50 digital camera (Olympus Corporation, Tokyo, Japan) using the microscope’s 10×, 40×,
and 60× objective lenses. An integrated LED source provided illumination for the samples.

2.3.2. Near-Infrared Spectroscopy (NIR)

Near-Infrared (NIR) Spectroscopy was employed as a rapid and easy method to esti-
mate A. platensis biomass growth during its cultivation, following the protocol proposed
by Malletzidou et al. [48]. Measurements were performed with a SPECTRUM Two NTM

NIR spectrometer (Perkin Elmer, Waltham, MA, USA) using a diffused silica Near-Infrared
Reflectance Module (NIRM), at 1000–2500 nm, with 8 cm−1 resolution and 64 scans. Mea-
surements were performed daily without any sample preparation; 10 mL of cultivation
were directly placed in a glass Petri dish (Ø 6 cm) without pretreatment, and they were
returned to the culture after measurement, maintaining sterile conditions to avoid contami-
nation. The diffuse reflectance NIR response at 1062.6 nm was used to depict the biomass
content of A. platensis cultures. In order to minimize the impact of slight biomass variations
among the 19 cultures under study, data were normalized to the ones collected on Day 0
of cultivation.
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2.3.3. Electrical Conductivity (EC) and pH Measurements

To ensure optimal cultivation conditions, the pH and electrical conductivity (EC) of
the cultures were monitored daily. The pH of the liquid media was measured directly using
a pH-GL21 meter (Crison Instruments, Barcelona, Spain), with a resolution of 0.01 pH,
calibrated with two buffer solutions (pH 4.01 and 7.01, HANNA Instruments, Leighton
Buzzard, UK). EC was directly assessed with an Orion Star™ A212 electrical conductivity
meter (Thermo Fisher Scientific, Waltham, MA, USA), with an accuracy of 0.5% of reading,
calibrated with an EC 1413 µS/cm conductivity standard solution (HANNA instruments).

2.3.4. Chlorophyll Content Estimation

The chlorophyll-a content of the cultures was estimated with UV-Vis spectrophotome-
try as a cell health indicator [49]. For every culture, 4 mL were collected and centrifuged
using a servo spin NECT centrifuge at 4000 rpm for 5 min. After the removal of the super-
natant, 10 mL of methanol was added in the centrifugal tube; the latter—after using a vortex
for 1 min—remained in a water bath at 90 ◦C for 10 min in an ultrasound device. Finally,
the tube was again centrifuged for 5 min at 4000 rpm. The spectroscopic measurements
were performed using a Lambda 25 spectrophotometer (Perkin Elmer, Waltham, MA, USA)
with a scan speed of 60 nm/min, in the spectral area of 400–800 nm. Then, 3 mL from
the supernatant were placed in a QG 10 mm cuvette for the measurement, while a second
cuvette containing 3 mL of methanol was used as the “blank” sample.

A. platensis exhibits only chlorophyll-a, which has an absorption peak at 665.2 nm
when using methanol as the extraction solvent [50]. For this reason, the absorbance at
665.2 nm was used for the estimation of the chlorophyll-a content, after the 750 nm reading
subtraction, for turbidity correction reasons [51].

2.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy was applied to the dried biomass
of the cultures, as collected on Days 0 and 7 of cultivation, to qualitatively monitor the
microalga functional group changes induced by the metal interaction. The FTIR spec-
tra were recorded with a Cary 670 spectroscope (Agilent Technologies Inc., Palo Alto,
CA, USA) using a diamond attenuated total reflectance (ATR) accessory (GladiATR,
PIKE Technologies, Madison, WI, USA). The spectra were collected in the mid IR area
(4000–400 cm−1), with 32 scans and a resolution of 4 cm−1.

Micro-ATR-FTIR measurements using a focal plane array (FPA) detector were applied
to the Control sample on Day 0 to inspect the spatial distribution of its components. This
method was applied over standard ATR-FTIR measurements to provide high resolution
chemical mapping at the microscale of single A. platensis filaments. For this reason, a
single drop of the culture was placed on a glass slide and left to dry in room conditions
(~25 ◦C). The measurements were performed with a Cary 620 FTIR microscope (Agilent
Technologies Inc., Palo Alto, CA, USA)—coupled to the aforementioned FTIR spectroscope—
equipped with a germanium micro-ATR accessory attached to a 15× objective visible/IR
lens, using a 64 × 64 focal plane array (FPA) detector. Each FPA image consists of 4096 data
points/individual spectra, each one of them collected from a 1.1 × 1.1 µm2 independent
observed area. The measurements were performed in the range of 3950–700 cm−1, with a
resolution of 4 cm−1 and 64 co-added scans.

2.3.6. Atomic Absorption Spectroscopy (AAS)

The metals’ residual concentrations in each culture medium were determined on
Days 3 and 7 by an atomic absorption spectrophotometer (AAnalyst 800, Perkin–Elmer,
Waltham, MA, USA) and the total percentage removal was calculated (compared to the
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initial concentration at Day 0, also determined with AAS). A total of 10 mL from each
culture was meticulously extracted to remove as few cells as possible and centrifuged
for 5 min at 5000 rpm. The supernatant liquid was then removed and transferred to the
AAS system. The instrument was set up for the analysis of the target heavy metals, using
the appropriate wavelength for each metal (213.9 nm for Zn, 283.3 nm for Pb, 324.8 nm
for Cu, 232.0 nm for Ni, and 228.8 nm for Cd). The flame (air–acetylene) was adjusted
to ensure optimal atomization of the sample for accurate detection. All measurements
were performed in triplicate and the results of each concentration were expressed as the
respective averages.

3. Results and Discussion
3.1. Optical Microscopy

The microscopic images of the Control and the metal-treated cultures on Day 7 using
a 10× objective lens are presented in Figure 1. The linear morphology of the filaments is
noted, instead of a helical one. Although the morphology relates to cultivation conditions—
especially with high illumination during laboratory or industrial cultivation [52]–this
morphology of whole cultures of various Arthrospira (Spirulina) species was previously
reported and discussed [53] (and referenced within). In brief, straight filaments are usually
reported in laboratory conditions and this morphology has been assigned to mutations
associated with cultivation conditions that are under stress, as the linear form presents
greater survivability. Straight filaments were also reported in wild cultures [53], making
this morphology widely known and accepted [54].
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Figure 1. Optical microscopy images from all cultures as collected with ×10 objective lens on Day 7
of cultivation.

The images of Figure 1 (10× lens) and Figure 2 (60× lens) show the effect of the
different metals (Cu, Cd, Ni, Pb, Zn) and their mixtures (Mix) on the cells in the three con-
centrations, in comparison with the Control culture [12]. The control cells have normal
morphology (Figure 2a), while the treatment with metals, even at low concentrations
(1 ppm), causes severe structural changes and reduced cell viability. The increase in concen-
tration increases the cellular damage from 5 ppm to 10 ppm, with drastic changes taking
place in the case of samples Ni, Pb, and Cu and the multi-MT Mix cultures. These include
low cell density, fragmentation of cells (Figure 2b), structural and pigmentary degradation
(Figure 2c), and possible cellular degeneration or the presence of protoplasts (Figure 2d).
Therefore, the results highlight the toxicity induced by heavy metals, which is enhanced
when combined.
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cultivation: (a) Control, (b) Mix 5 ppm, (c) Cu 10 ppm, and (d) Ni 5 ppm.

The changes observed include the loss of membrane integrity, which is manifested
through disruption in the lipid bilayer, hence the uncontrolled flow and leakage of the
cellular contents (Figure 2). Necridial cells occur due to the destruction of intercalary
cells. This mechanism also leads to the fragmentation of the filaments that can lead to
multiplication [53]. The cytoplasmic content becomes fragmented and the organelles and
mitochondria swollen, thus indicating oxidative stress. Also, the nucleus usually appears
deformed and shows chromatin condensation as a hallmark of apoptosis. Moreover, the
cytoskeleton, which provides mechanical properties to the cell and transports intracellular
materials, seems to disorganize to such an extent that cells lose their shape and become
functionally impaired.

These structural changes agree with those in the literature [19], where it is stated that
one of the primary targets for many toxicants is the cell membrane; the latter plays a vital
role in maintaining cellular homeostasis and regulating the entry and exit of substances
across the cells [53]. These membrane disruptions often promote organelle dysfunction,
energy depletion, and eventually cell death.

3.2. Biomass Growth Estimation

Figure 3 shows the biomass growth of the cultures during the cultivation, using their
NIR response at 1062.6 nm [48]. All measurements are normalized for direct comparison
reasons, and the measurements of the Control culture are also presented for comparative
reasons. The Control culture follows an exponential growth curve up to Day 5, followed
by a decline phase, which agrees with the literature [29,53,55]. All Cd mono-MT cultures
(Figure 3a) seem to be the lesser affected ones by the presence of the metals as they closely
follow the same growth pattern with that of the Control culture [12]; it should be noted
that the 10 ppm one presents a steeper decline phase. Zn mono-MT cultures (Figure 3b)
also show similar characteristics with those of the Control culture. In this case, it should be
noted that the 5 and 10 ppm Zn-treated cultures present a delayed exponential phase, never
reaching a stationary plateau. The 10 ppm Pb mono-MT culture also presents a delayed
exponential phase, while 1 and 5 ppm Pb mono-MT cultures follow the same characteristics
with those of the Control culture, but with reduced spectral response/microalga biomass
(Figure 3c) [19].
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Cu and Ni mono-MT cultures (Figures 3d and 3e, respectively) are the most affected
by the presence of metals [19]. In the case of Cu, the 1 ppm culture seems to be affected
after Day 1 by the metal, but it follows the Control culture after Day 5 of cultivation. On
the other hand, the 10 ppm culture seems to immediately decline, while the 5 ppm one
starts to present an exponential phase after a decline period. Similarly, the 1 ppm Ni culture
declines immediately, and it follows an exponential phase after Day 1 of cultivation, while
the 5 and 10 ppm cultures start to decline after Day 1, with an exponential phase on the
last day of cultivation. It should be noted that the 1 ppm Ni-treated culture biomass has
an increasing tendency and slightly surpasses the Control culture. This behavior for the
1 ppm Ni-treated culture was reported in the literature [41].

All results indicate that microalga biomass growth is affected not only by the kind of
metal but also by its concentration [15]. In the case of the multi-MT cultures, the 1 ppm
culture presents an exponential phase, followed by a decline; the reduced reflectance values
correspond to the reduced microalga biomass. Finally, the 5 and 10 ppm cultures quickly
enter a decline phase. In this case, the 5 ppm culture begins to enter a growth phase after
Day 5 of cultivation.

3.3. Electrical Conductivity and pH Measurements

EC monitoring during the cultivation of A. platensis is an important indicator of
metabolic activity that affects culture health. Conductivity measures the medium’s ability
to conduct an electric current, which is influenced by ion concentration. During growth,
the microalga absorbs the nutrient components such as nitrates (NO3

−) and phosphates
(PO4

3−) from the cultivation medium, which are then integrated into the cells and thus
reduce the ion concentration, reducing conductivity. However, in response to stressors
such as metal exposure or nutrient limitation, metabolic processes of cells are disrupted
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and the production of metabolic byproducts like hydrogen ions (H+) or ammonium ions
(NH4

+) could increase, thus increasing EC. Increased conductivity may therefore become
an indication of metabolic disturbances or culture stress [55]. Besides this, changes in
conductivity can serve to monitor the general health and growth of the culture.

In stressed A. platensis cells, conductivity remains stable or slightly increases due to
reduced metabolic activity and limited nutrient absorption. On the other hand, in healthy
cells, conductivity decreases due to the absorption of nutrients by the cells, reducing ion
concentration in the medium. In all cases, EC started with a value of 0.91 mS/cm for all
cultures, while on Day 7, a minor variation is observed (<5% of the initial value).

In Figure 4, the pH measurements of all mono- and multi-MT cultures are presented,
along with those of the Control culture, for all days of cultivation. In general, the measure-
ments are summarized as follows:

• Zn, Pb, and Cd mono-MT cultures follow the Control one closely, at least up to Day 6.
• Ni and Cu mono-MT cultures present similar behavior.
• Regarding the multi-MT cultures, Mix 1 ppm seems to be unaffected up to Day 2 of

cultivation. Afterwards, it starts declining. Mix 5 and 10 ppm cultures present reduced
values even from Day 1.
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The increase in pH during A. platensis cultivation is a common phenomenon associated
with the organism’s photosynthetic activity and metabolic processes [19]. Optimal pH
values for the microalga cultivation are between 9.5 and 11 [19]. A. platensis requires
CO2 in photosynthesis, and this diminishes the concentration of CO2 in the medium.
The carbonate equilibrium is moved, which increases alkalinity and pH. Besides this, the
consumption of protons due to NO3

− taken up as a nitrogen source increases the pH.
These processes are balanced by the excretion of metabolic end products, such as CaCO3,
especially in hard water systems. Such pH increases are typical for healthy A. platensis
growth and provide an alkaline environment that suppresses the growth of competitive
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microorganisms. According to Vonshak [55], this interrelationship between photosynthetic
CO2 uptake and medium pH in A. platensis cultivation has a dual importance for the
optimization of growth and prevention of contamination. Indeed, in our experiments,
a clear difference in pH behavior was noticeable between the unstressed Control and
the stressed MT cultures of A. platensis. Whereas in the normally growing samples, the
pH showed a gradual increase during the time course, reflecting the photosynthetic and
metabolizing activity in the strongly affected cultures—for example, the pH for the Ni-
treated culture, as indicated by its morphology and biomass growth (Figures 1, 2d and 3e),
remained unchanged throughout the cultivation period. The stress caused by the metal
exposure may have shut off or drastically slow the metabolic activity of the cells, thereby
preventing any noticeable pH increase. Such a response points to the susceptibility of A.
platensis toward environmental stressors and further supports the use of pH changes as a
rapid indicator of healthy versus stressed cultures.

3.4. Chlorophyll-A Estimation

A. platensis has only chlorophyll type “a” content [56,57]. It is a qualitative factor of A.
platensis cultures as it depends on cultivation characteristics such as light, the medium of
cultivation, the age of the cells, and the nitrogen concentration [58]. Chlorophyll-a in A.
platensis is located within the thylakoid lamellae, which are membrane-bound structures
in the cytoplasm. The thylakoid membranes are very important for the photosynthetic
process of the organism since light energy is absorbed by chlorophyll and converted into
chemical energy during photosynthesis. In these lamellae, chlorophyll is packed in such a
way as to maximize light capture and enhance the efficiency of the photosynthetic process
for A. platensis to flourish in different aquatic conditions and purify water [59].

The chlorophyll-a results (Figure 5) seem to support the quantitative and qualitative
characteristics of the cultures, as presented from the previous measurements.
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• Control culture: The chlorophyll-a increase relates to the biomass increase
through cultivation.

• Cu and Ni mono-MT cultures: Low concentrations of 1 ppm seem to elevate the pig-
ment’s content, while higher concentrations exhibit toxic effects, drastically reducing
it. This is in agreement with Kaamoush et al. [5], although we found similar toxicity of
Ni in comparison to Cu. The toxicity of Cu to A. platensis relates to its role in increasing
reactive oxygen groups. This affects lipids, proteins, and DNA, while it also substitutes
Mg from chlorophyll. The authors [5] also showed that up to Day 7 of cultivation,
low Ni concentrations, up to 1 ppm, act positively to the cultivations, surpassing the
Control sample, while higher concentrations of Ni act negatively.

• Zn and Pb mono-MT cultures: Again, the low Zn concentration, that of 1 ppm, elevates
the chlorophyll-a content. Kaamoush et al. [5] showed that up to Day 7 of cultivation,
1 ppm of Zn had similar results with their Control sample, but higher concentrations
had a negative effect.

• Cd mono-MT cultures: All metal concentrations seem to elevate the chlorophyll-a
content of the microalga, in comparison to the Control culture. This suggests an
adaptive response and may be connected to the induction of stress-related metabolic
pathways that affect growth. This hormetic response to low concentrations of Cd was
observed with two other microalgae strains, Spirulina indica [60] and Chromochloris
zofingiensis [61], and in peppermint plants [62].

• Multi-MT cultures: Their chlorophyll-a content reduces when metal concentration
increases. While the 5 and 10 ppm cultures present similar characteristics with the
mono-MT cultures, the Mix 1 ppm presents the lowest chlorophyll-a content, in
comparison to all the mono-MT cultures.

It should be noted that the differences that seem to appear between Figures 3 and 5
are due to the applied methods. NIR spectroscopy directly estimates A. platensis
biomass/overall growth. In contrast, chlorophyll-a content serves primarily as an in-
dicator of cell health and photosynthetic activity. Under heavy metal stress, chlorophyll is a
cell health indicator, and shows the damage of photosynthetic systems, before the detection
of significant reductions in biomass. This is consistent with the microscopy observations
(Figures 1 and 2), which show visible morphological changes and cellular stress despite a
relatively stable biomass in some conditions.

The enhancement and the reduction in chlorophyll-a content of A. platensis upon heavy
metal exposure can be attributed to several factors. The oxidative stress due to metals—such
as Cu and Ni—results in the generation of reactive oxygen species (ROS), which are capable
of cellular damage including chlorophyll and thylakoid membranes, thus resulting in the
reduction in pigment content [5]. The hormetic effect also promotes chlorophyll synthesis,
as mild stress triggers the onset of adaptive metabolic pathways due to low levels of metals.
This eventually increases photosynthesis, while higher amounts disrupt photosynthetic
machinery and thus disturb enzyme activities of chlorophyll synthesis [60,61]. The metals
might also interfere with nutrient uptake, including magnesium, an integral constituent
of chlorophyll, further inhibiting its production. In addition, detoxification mechanisms—
such as metallothionein induction—may compete for substrates and other cellular resources
necessary for chlorophyll biosynthesis during high-stress conditions of the cells [47]. Thus,
while low metal concentrations may enhance chlorophyll-a, higher concentrations lead to a
marked decrease on account of cellular damage and inhibited growth.

3.5. FTIR Analysis

ATR-FTIR analysis was performed on the A. platensis biomasses collected from all
cultures as a qualitative method to check the changes occurring to microalga because of the
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heavy metal influence. Figure 6 shows the ATR-FTIR spectra collected from the Control
culture the initial (Day 0) and the final (Day 7) day of cultivation. Both spectra are almost
identical, and they present FTIR bands that are typical for A. platensis [36,44,63–68]. In
particular, the wide and intense overlapping bands at 3500–3200 cm−1 are attributed to
OH and NH stretching vibrations, and the bands at 3000–2800 cm−1 are attributed to CH
stretching vibrations [64,69]. The shoulder at 1728 cm−1 is attributed to C=O stretching of
lipids [65]. The strong bands at 1643, 1541, and 1394 cm−1 are assigned to amide I (mainly
C=O stretching), amide II (mainly N-H bending), and COO− stretching, respectively. Some
less intense bands and shoulders are also present at 1480–1180 cm−1. In particular, these
bands are located at 1451 (with many attributions to groups, such as OCH and COH [65],
CH3 [63,66,67], CH and CH2 [36], and C-CH3 and C-CH2 [64]), 1308 (N-H bending and C-N
stretching of amide III), and 1242 cm−1 (P=O of phospholipids and nucleic acids [63,68–70],
and ester O-C-O [68]). Finally, the broad and intense complex at 1180–950 cm−1, with
defined bands at 1151, 1060, and 1029 cm−1, is attributed to the saccharide content of the
microalga (pyranose compounds), and especially to C-O and C-C bonds [36,65–69,71], and
maybe with a contribution by P-O bonds [68,70].

1 
 

 
 
Figure 6. ATR-FTIR spectra of A. platensis biomass collected from Control culture on initial (Day 0)
and final days (Day 7) of cultivation.

Regarding the variation in the Control culture spectra, a band at 837 cm−1 is present
only in the Day 0 spectrum, while the area at 1180–950 cm−1 is stronger in Day 7,
where the band at 1029 cm−1 is more intense. Both these variations are connected with
saccharides [36,69,72–75].

The ATR-FTIR spectra of the biomass collected from all cultures on Day 7 of cultivation
are presented in Figure 7. In every case, the main spectral differences between the MT
cultures and the Control spectrum are noted for comparative reasons. The collected
spectra show that the different metals cause changes in the microalga biomass. These
differences can be summarized into two major categories: the decrease in the intensity of the
1643 (amide I) and 1541 (amide II) cm−1 bands, and the arise of bands attributed to
saccharide content (~1400 cm−1 and 900–800 cm−1). Similar results were also found in A.
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platensis cultivations with different cultivation media and environmental conditions [22],
and in mono- [45] and multi-MT cultivations [46].
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Concerning the adsorption of metals by cells, their cell walls and specifically the
chemical groups present in them are considered responsible for binding metal ions [45].
Previous studies mention shifting of bands in the area of 1650–1300 cm−1, which is indica-
tive of metal binding to characteristic groups that present bands in this area, such as COO−

and OH groups [36,43,46]. In the present study, the shifting of bands in this area is not
observed. Instead, the bands under question decrease in intensity in all MT cultures. This
is indicative of the decline of these bands, i.e., the disruption of structure by the breaking
of bonds, or the induction of oxidation stress leading to denaturation and fragmentation,
up to the degradation of proteins, and not the coordination of their said functional groups
with metals.

Regarding Cu, Zn, Cd, and Ni effects on A. platensis mono-MT biomass, similar spec-
tral behavior was reported by [41]. The bands that arise in the 900–800 cm−1 spectral
area are indicative of the prevalence of saccharides, and they are attributed to glyco-
sidic bonds [74,75]. These bands are accompanied by the appearance of the bands at
1450–1400 cm−1 in the most affected cultures, such as Cu 10 ppm, Ni 5 and 10 ppm, and
Mix 10 ppm, and they are again characteristic of saccharides [73,74]. This behavior was also
reported regarding A. platensis cultures treated with HCl, presenting pH 14 [76], with the
Cu-treated cultures [45], and also by polysaccharides extracted from A. platensis [71]. They
are produced and accumulate on the cell wall to suppress the toxic effects from the metals
as a cell defense mechanism. The metal ions are accumulated onto the cell walls by electro-
static interaction. This procedure is considered very rapid, and this step is followed by the
transportation of the metals into the cytoplasm [1]. The accumulation of saccharides on the
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cell walls is supported by the FPA analysis performed on the Control sample (Figure 8); the
FPA chemical images of a single filament representing the spatial distribution of the bands
at 1643 (C=O of amide I), 1728 (C=O of lipids), and 834 cm−1 (of saccharides) are presented.
This confirms that the proteins are in the cell interior, while both the saccharide and lipid
contents are mostly located in the cell walls. It should be mentioned that polysaccharides
extracted from A. platensis have grown interest because of their biological properties against
toxicity [75]. This cell defense mechanism—i.e., the accumulation of saccharides in the
cell membrane—is further supported by the behavior of the Control sample on Day 0 of
cultivation, as presented in Figure 6, where the emergence of the band at 837 cm−1 is noted,
indicating that the microalga is stressed due to its adaption to the new environment caused
by the addition of new cultivation medium.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 15 of 23 
 

presented. This confirms that the proteins are in the cell interior, while both the saccharide 
and lipid contents are mostly located in the cell walls. It should be mentioned that poly-
saccharides extracted from A. platensis have grown interest because of their biological 
properties against toxicity [75]. This cell defense mechanism—i.e., the accumulation of 
saccharides in the cell membrane—is further supported by the behavior of the Control 
sample on Day 0 of cultivation, as presented in Figure 6, where the emergence of the band 
at 837 cm−1 is noted, indicating that the microalga is stressed due to its adaption to the new 
environment caused by the addition of new cultivation medium. 

 

Figure 8. FPA/FTIR imaging analysis in micro-ATR mode of A. platensis filament (Control culture, 
Day 7 of cultivation). (a) Optical image (350 µm × 350 µm). Micro-ATR measured area is indicated 
with red rectangle (70 µm × 70 µm). FPA chemical images showing distribution of FTIR bands at (b) 
1643, (c) 1728, and (d) 837 cm−1, that correspond to amide I, lipids, and saccharides, respectively. 

Finally, all Pb-treated cultures, and the Cd 1 ppm culture seem to be the least affected, 
after the cultivation period. 

3.6. Heavy Metal Removal Efficiency of A. platensis in MT Cultures 

Figure 9 shows the removal efficiency of A. platensis regarding mono- and multi-MT 
cultures. It was observed that as the concentration of Cu and Ni increases in a mono-com-
ponent system, their toxicity becomes more pronounced at higher levels, potentially lead-
ing to lethal effects. However, at lower concentrations, Cu plays a vital role in the meta-
bolic functions of both prokaryotic and eukaryotic organisms [18]. On the other hand, in 
multi-metal systems, Cu removal appears to increase compared to the mono-component 
system. When comparing the results between mono- and multi-metal systems, it is evi-
dent that Ni exhibits reduced removal in comparison to the other metals in the multi-MT 
cultures. This behavior can be explained by the competitive Langmuir model, which de-
scribes the interactions among various ions or molecules being adsorbed [2,45]. The model 
provides insights into the adsorption capacity in systems where multiple types of ions 
coexist, leading to competition for available adsorption sites. Low metal removal effi-
ciency by A. platensis is directly related to cell damage, as demonstrated in Figures 1, 2, 5, 
and 7, since cell integrity is crucial for metal binding effectiveness. As for the other metals, 
such as Cd, Pb, and Zn, their removal remains unaffected in the mono- and multi-
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Finally, all Pb-treated cultures, and the Cd 1 ppm culture seem to be the least affected,
after the cultivation period.

3.6. Heavy Metal Removal Efficiency of A. platensis in MT Cultures

Figure 9 shows the removal efficiency of A. platensis regarding mono- and multi-MT
cultures. It was observed that as the concentration of Cu and Ni increases in a mono-
component system, their toxicity becomes more pronounced at higher levels, potentially
leading to lethal effects. However, at lower concentrations, Cu plays a vital role in the
metabolic functions of both prokaryotic and eukaryotic organisms [18]. On the other hand,
in multi-metal systems, Cu removal appears to increase compared to the mono-component
system. When comparing the results between mono- and multi-metal systems, it is evident
that Ni exhibits reduced removal in comparison to the other metals in the multi-MT cultures.
This behavior can be explained by the competitive Langmuir model, which describes the
interactions among various ions or molecules being adsorbed [2,45]. The model provides
insights into the adsorption capacity in systems where multiple types of ions coexist,
leading to competition for available adsorption sites. Low metal removal efficiency by
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A. platensis is directly related to cell damage, as demonstrated in Figures 1, 2, 5, and 7,
since cell integrity is crucial for metal binding effectiveness. As for the other metals, such
as Cd, Pb, and Zn, their removal remains unaffected in the mono- and multi-component
system. Furthermore, for these metals, higher concentrations could be reached without a
noticeable decline in removal, suggesting that their uptake is not hindered by increased
metal concentrations in the system [1,6].
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The primary mechanisms involved are surface adsorption, ion exchange, and chelation.
Functional groups found in the cell walls, such as carboxyl, amino, and phosphate groups,
attract and bind metal ions because of their negative charge, which draws in the positively
charged heavy metal ions. Ion exchange enables the replacement of certain ions, like H+

or Na+, with metal ions, promoting their absorption. Additionally, metal ions can form
complexes with organic molecules on the surface of A. platensis cells [1].

It is also observed that in some cases, heavy metal removal reduces on Day 7. This
occurs primarily due to the reversible nature of the biosorption process where metal
ions adhere to the surface of A. platensis cells but can be released when environmental
conditions change. Factors such as pH, temperature, or the presence of competing ions can
interfere with the binding sites, leading to the metals being freed [35]. When the microalga
experiences stress due to excessive metal accumulation, it may actively expel excess ions
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as part of its detoxification mechanisms to protect itself [77]. This is often facilitated by
efflux pumps that transport metals out of the cell. Furthermore, prolonged metal stress can
cause damage to the cell wall structure or lead to the instability of metal–ligand complexes
inside the cells, which may result in the release of free metal ions into the environment [78].
Oxidative stress, a byproduct of heavy metal toxicity, can exacerbate cellular instability and
disrupt intracellular storage mechanisms. These processes highlight the dynamic nature of
metal removal efficiency of A. platensis and other microalgae. While they can accumulate
and sequester metals, their ability to retain them is influenced by environmental factors
and cellular stress, which can lead to the re-release of metals back into the surrounding
environment when detoxification systems are overwhelmed [12,77].

Finally, all Cd and Zn 5 and 10 ppm mono-MT cultures present a delayed removal
efficiency. Low Cd concentrations induce a hormetic effect [60,61], thus prompting prolifera-
tion over detoxification. On the other hand, Zn removal delay was previously reported [79].
This behavior was attributed to the transportation of the metal ions into the cell; the proce-
dure is considered slower than surface adsorption [79]. This is also emphasized by the fact
that both Zn and Cd have lower affinities for surface functional groups compared to the
other metals of the present study [80–82].

4. Conclusions
In the present study, five different heavy metals were used to produce mono-MT and

multi-MT cultures, to examine the behavior of multi-metal systems, and to compare the
results regarding the ability of A. platensis for the bioremediation of water contaminated
with heavy metals.

Experiments in multi-MT systems demonstrated that the removal of their components
remains efficient compared to mono-MT systems, as particularly encouraging rates were
achieved, i.e., 87% for Cu, 98% for Cd, 67% for Ni, 96% for Pb, and 97% for Zn, depending
on the cultivation period and the concentration of heavy metals. The effect of Cu seems
to be antagonistic to Ni. Regarding the simultaneous effect using different metals, their
mixture may exhibit antagonistic or synergistic behavior, or it may show no interactive
effects [39]. The results support that regarding the quality of the cultures and the cells
themselves, Ni and Cu presented the most damaging effects, which is in agreement with
the literature [19]. Cd, Pb, and Zn in mono-MT cultures had a moderate influence on cell
viability in comparison with the damaging effects caused by Ni and Cu. This is supported
by the literature in the case of Cd, Pb [19], and Zn. In the case of Cd, this finding is in
contrast with the results of Diaconu et al. [19]; the authors, experimenting with Cd-, Ni-,
and Pb-treated cultures, concluded that Cd had the most damaging result on the microalga.

The removal efficiency of A. platensis, considering the concentration of heavy metals
and the day of cultivation, follows this order, in both mono- and multi-MT cultures, as
presented in Table 2. In most cases, removals on Days 3 and 7 are quite close thus a shorter
treatment period can be adopted. The removal mechanism that is induced by A. platensis
can be considered as antagonistic over Ni 1 and 5 ppm- and Zn 1 ppm-treated cultures, as
its removal efficiency decreased in comparison to the mono-MT culture. On the other hand,
the removal mechanism is considered synergistic for all Cu, all Cd, Ni 10 ppm, all Pb, and
Zn 5 and 10 ppm components of the multi-MT cultures, as the mix removal is elevated or
close to the one of the mono-MT cultures.
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Table 2. Removal efficiency order per metal for mono- and multi-MT cultures.

Concentration
(ppm) Metal Treatment Day Removal Efficiency Order

1
Mono

3 Zn > Pb > Cd > Cu > Ni

7 Zn > Cd > Pb > Cu > Ni

Multi
3 Cd = Cu > Pb > Zn > Ni

7 Pb > Cd = Cu > Zn > Ni

5

Mono
3 Pb > Zn > Cd >Ni > Cu

7 Pb = Zn > Cd > Ni > Cu

Multi
3 Cd > Pb > Zn > Cu > Ni

7 Cd = Pb > Zn > Cu > Ni

10
Mono

3 Pb > Zn > Cd > Ni > Cu

7 Zn > Pb> Cd > Ni > Cu

Multi
3 Zn > Pb > Cd > Ni > Cu

7 Zn > Pb > Cd > Cu > Ni

The quality of the cultures was assessed by means of pH and EC measurements. EC
measurements showed observed changes that did not exceed 5%; this is consistent with
reduced metabolic activity and limited nutrient absorption from the cultivation medium.
These small variations highlight that EC has limitations to be used as a standalone analysis
to check cellular responses under the present study’s conditions. On the other hand, pH
measurements of the Cu-, Ni-, and multi-MT cultures of 5 and 10 ppm indicated that they
may not be healthy. In particular, the multi-MT cultures (Mix) of 5 and 10 ppm show
similar pH trends to those of Cu and Ni mono-MT cultures. The pH values of Mix 1 ppm
presented a declining trend, indicating that this culture may also not be healthy, but the
effect is delayed in comparison to the 5 and 10 ppm Mix cultures.

NIR spectroscopy was applied for biomass growth estimation. The Mix cultures’
behaviors show similar results to those of the Cu-treated cultures.

Regarding the quality of the microalga cells, optical microscopy observations per-
formed on Day 7 of cultivation show that the 1 ppm multi-MT culture seems to be the most
affected, in comparison with the 1 ppm cultures of the mono-MT cultures. In contrast, the 5
and 10 ppm multi-MT cultures contain fragmented filaments, but they are not as affected
as the Ni and Cu mono-MT cultures. Following this, the decrease in chlorophyll-a content
of seemingly unhealthy cultures shows that the cells are not able to photosynthesize.

The collected ATR-FTIR spectra showed that the multi-MT cultures present character-
istics that better agree with the Cu and Ni mono-MT cultures. The most affected ones are
Cu 10 ppm, Ni 5 and 10 ppm, and Mix 10 ppm, as seen by the decline of the protein bands,
while the saccharide- and lipid-associated bands seem to be unaffected. These results
are confirmed from the optical microscopy images. For example, the Ni 5 and 10 ppm
mono-MT cultures are degraded as no filaments—even broken—exist.

Based on the findings from the pH measurements and FTIR analysis, an insight into
the metal uptake mechanisms can be partially provided. Both pH measurements and FTIR
analysis suggest that bioaccumulation is involved. More specifically, the lower increase in
pH of the stressed cells than that in the Control ones testifies to their probable impaired
photosynthetic capacity. In relation to the latter, the FTIR data confirmed changes in cellular
composition and thus further confirmed bioaccumulation. However, metal adsorption on
cell surfaces is a mechanism that cannot be discarded.
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Finally, based on the quality of the biomass after metal treatment, it is evident that
it could be used for energy production using their saccharide content [13,63], and their
polyunsaturated fatty acid content [13,63], for the production of biofuels, while the A.
platensis polysaccharide content was reported for its use in bio-stimulants, as in material
synthesis [71]. Biomasses used as a bio-adsorbent can be repurposed for sustainable
applications in alignment with circular economy principles. Spent biomasses enriched
with metals can be transformed into value-added products like catalysts, soil enhancers,
and capacitors, or used for energy production in fuel cells or biochar synthesis, retaining
adsorptive properties [33].

Based on the above, A. platensis appears to be a great candidate for the simultaneous
bioremediation of heavy metal-contaminated waters, showing high growth rates and
high removal efficiency for most metals. At the same time, the contaminated biomass
has a high content in high-value substances that could be extracted and further used
in various applications, supporting a green decontamination approach in the frame of
circular economy.
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