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A B S T R A C T

This study highlights the mechanisms of Pb(II)-phycoremediation using the Pb(II) tolerant strain of Scenedesmus
obliquus. First, monitoring of cell growth kinetics in control and Pb(II)-doped medium revealed significant growth
inhibition, while the analyses through flow cytometry and Zetasizer revealed no difference in cell viability and
size. Residual weights of control and Pb(II)-loaded cells assessed by thermogravimetric analysis were 31.34% and
57.8%, respectively, indicating the uptake of Pb(II) into S. obliquus cells. Next, the use of chemical extraction to
distinguish between the intracellular and extracellular uptake indicated the involvement of both biosorption
(85.5%) and bioaccumulation (14.5%) mechanisms. Biosorption interaction of Pb(II) ions and the cell wall was
confirmed using SEM-EDX, FTIR, zeta potential, zero-charge pH, and contact angle analyses. Besides, the
biochemical characterization of control and Pb(II)-loaded cells revealed that the bioaccumulation of Pb(II) in-
duces significant increases in the carotenoids and lipids content, while it decreases in the chlorophyll, carbo-
hydrates, and proteins content. Finally, the metabolomic analysis indicated an increase in the relative abundance
of fatty acid methyl esters, alkanes, aromatic compounds, and sterols. However, the alkenes and monounsaturated
fatty acids decreased. Such metabolic adjustment may represent an adaptive strategy that prevents high Pb(II)-
bioaccumulation in cellular compartments.
1. Introduction

Since the Earth's formation, nearly all the heavy metals (HMs) that we
know today have been present naturally in trace amounts and have been
recycled biogeochemically between the environmental compartments,
through biotic and abiotic biogeochemical processes (Garrett, 2000).
However, anthropogenic activities, such as mining, excessive use of fer-
tilizers in agriculture, and mismanagement of hazardous wastes have
increased the redistribution of HMs among the environmental compart-
ments, leading to increased HMs-pollution in the aquatic and terrestrial
ecosystem (Ashraf et al., 2014). Indeed, because they are not bio-
degradables, HMs can persist in these ecosystems and can bioaccumulate
into organisms of different trophic levels, causing therefore various signs
of toxicity to all life forms (Yan et al., 2018). Mercury (Hg(II)), cadmium
(Cd(II)), lead (Pb(II)), arsenic (As(III)), and chromium (Cr(VI) are among
the most harmful pollutants (Kumar et al., 2015). According to the reg-
ulations of the U.S. Environmental Protection Agency (EPA), the
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maximum contamination limits of these HMs are 0.002, 0.005, 0.015,
0.01, and 0.1 mg L�1, respectively (USEPA, 2016). Unfortunately, their
actual concentrations in industrial wastewater are higher than these
standards. It is therefore necessary to carry out an adequate treatment
before their discharge into the environment (Selvi et al., 2019). For
example, the presence of Pb(II) ions in aquatic ecosystems, even at low
concentrations causes a wide range of toxic effects on the physiological,
biochemical, and metabolic functions of the exposed organisms (micro-
organisms, plants, and animals), and human health risks caused by direct
exposure to HMs or through consumption of contaminated food or water
(Lee et al., 2019).

Recently, the pollution of water by HMs has piqued the interest of
scientists, conservationists, and politicians. Indeed, various techniques,
including precipitation, adsorption, nano/ultrafiltration, reverse
osmosis, electrochemical technologies, and biological approaches have
been applied to remove HMs from contaminated water bodies (Kumar
et al., 2015). Because bioremediation approaches are effective,
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environmentally friendly, and inexpensive, they appear to be competitive
to the conventional physicochemical procedures (Chibueze et al., 2016;
Danouche et al., 2021c). The application of microalgae in wastewater
treatment has recently emerged as a promising solution because of its
advantages over the other conventional methods (Wollmann et al.,
2019). To differentiate the use of microalgae from the other biological
approaches, this (bio)procedure is called phycoremediation (Jais et al.,
2017). It has been documented that phycoremediation has been applied
for the removal of Pb(II) ions from contaminated waters. Some of these
studies only highlight the potential application of inactive biomass of
microalgae species as biosorbents (Kumar et al., 2008). While only a few
researchers have described the potential application of living microalgae
for the Pb(II)-bioremoval (Liyanage et al., 2020; Pham et al., 2020;
Piotrowska-Niczyporuk et al., 2015), even though the use of growing
cells is more advantageous because it avoids the steps of cultivation,
harvesting, drying, and conservation of biomass before their use as bio-
sorbents (Danouche et al., 2021a). In addition, the use of growing
microalgae will improve removal efficiency through both
metabolism-independent (biosorption) and metabolism-dependent (bio-
accumulation) mechanisms (Kumar et al., 2015).

On the other hand, under metal-stressed conditions, living cells of
microalgae can produce various high-value substances such as polymeric
substances, proteins, pigments, and lipids (Liu et al., 2016). Thus, they
offer a real possibility of exploitation in various industrial sectors, mainly
in the field of renewable energies (Ansari et al., 2019; Liu et al., 2016).
Consequently, understanding the influence of HMs on the biochemical
composition of green microalgae is critical for a targeted valorization of
the biomass and/or the metabolites produced during the phycor-
emediation process. Several studies have investigated the economic as-
pects of combining wastewater treatment and the valorization of the
biomass in various value-added products, especially lipids, as a source of
third-generation biofuels (Ansari et al., 2019; Randrianarison and Ashraf,
2017).

The use of omics approaches such as metabolomics can help to
advance the insight of the phycoremediation mechanisms (Danouche
et al., 2021b), as well as for the valorization of high-value-added me-
tabolites produced under metallic stress (Jamers et al., 2009; Salama
et al., 2019). In terms of metabolomic tools, liquid chromatography-mass
spectrometry (LC-MS), gas chromatography-mass spectrometry (GC-MS),
and proton nuclear magnetic resonance (1H-NMR) are the main analyt-
ical platforms adopted in metabolomic studies. However, 1H-NMR suffers
from low sensitivity and may not detect low-abundance metabolites
compared to other techniques (Ong et al., 2009). Over the past few years,
the combination of gas chromatography-quadrupole time-of-flight mass
spectrometry (GC-Q-TOF/MS) and liquid chromatography-quadrupole
time-of-flight mass spectrometry (LC-Q-TOF/MS) has been successfully
applied in many metabolomic studies in order to achieve more sensitive
and accurate metabolic profiling (Wang et al., 2018).

The present study aims to investigate the phycoremediation mecha-
nism of Pb(II) ions using living cells of Pb(II)-tolerant strain of Scene-
desmus obliquus. Firstly, the physicochemical properties of the cells before
and after Pb(II) phycoremediation were evaluated to investigate the
extracellular elimination mechanisms between the cell surface and Pb(II)
ions in solution. Thereafter, the changes in biochemical composition and
the metabolomic profiling of cells were examined after Pb(II) bio-
accumulation to identify the resistance strategies of this strain toward
Pb(II) ions.

2. Material and methods

2.1. Microalgae strain and culture condition

The green microalgae Scenedesmus obliquus used in this study has
been previously selected as a high Pb(II)-tolerant strain, with a half-
maximal effective concentration (EC50) of 141 ppm, and removal effi-
ciency of 58.42% from this initial concentration (Danouche et al., 2020).
2

Its unialgal culture was sub-cultured at regular times in BG11 medium
(1.5 g NaNO3, 40 mg K2HPO4, 36 mg CaCl2 2H2O, 6 mg ammonium
citrate monohydrate, 6 mg ammonium ferric citrate, 1 mg ethyl-
enediaminetetraacetic acid (EDTA), 2.86 mg H3BO3, 1.81 mg MnCl2
4H2O, 0.22 mg ZnSO4 7H2O, 0.39 mg NaMoO4 5H2O, 0.079 mg CuSO4
5H2O, 0.050 mg CoCl2 6H2O in 1 L of distilled water) (Allen, 1968). The
experiments were performed with a unialgal culture of S. obliquus ob-
tained at the exponential phase. Biomass was firstly recovered by
centrifugation at 4700 rpm for 10 min. Then, the pellet was diluted in
Erlenmeyer flasks containing 100 mL of BG11 medium for negative
control and Pb(II)-doped medium at the concentration of EC50 ¼ 141 mg
L�1 (Danouche et al., 2020). The initial optical density (OD) of all ex-
periments was adjusted to 0.350 � 0.025 at A680nm using Ultrospec™

3100 pro UV-Visible spectrophotometer, corresponding to 2 x 106 cells
mL�1 equivalent. Flasks were incubated under controlled conditions at
25 � 2 �C, under rotary shaking conditions at 150 rpm, and 10 h:14 h
light-dark cycle.

2.2. Pb(II)-phycoremediation mechanism

Pb(II)-uptake biosorption and/or bioaccumulation was firstly evalu-
ated using thermogravimetric analysis (TGA). The changes in weight of
samples while heated to a constant temperature under an inert atmo-
sphere were measured using TGA Q500 - Emballage - TA Instruments -
USA. An equal weight of the biomass samples was first placed in a plat-
inum pan, then heated up to 600 �C under a nitrogen-controlled atmo-
sphere, at a heating rate of 10 �C min�1 (Sudhakar and Premalatha,
2015). Finally, the TGA, as well as the difference thermogravimetry ratio
(DTG) of the control and Pb(II)-loaded cells was plotted using excel
software.

The discrimination between the intracellular biosorption and the
extracellular bioaccumulation of Pb(II) was carried out using chemical
extractions as reported by Hassler et al. (2004): after the phycor-
emediation process, the biomass was recovered by centrifugation (4700
rpm for 10 min), the pellet samples were washed with EDTA solution
(5.10�3 M; pH 6.0). Next, dried biomass (washed and unwashed) were
digested with 65% HNO3 and 30% H2O2 in ACCblock digital dry bath
(Labnet) for 40 min at 140 �C. Pb(II) concentration in the mineralized
samples was measured using a Thermofisher 7000 series inductively
coupled plasma optical emission spectrometer (ICP-AES). Thus, the bio-
adsorbed Pb(II) onto the cells’ surface was determined by subtracting the
intracellular Pb(II) concentration from the total Pb(II) removed (Huang
et al., 2004).

2.2.1. Physicochemical characterization of Pb(II)-biosorption
Scanning electron microscope coupled with Energy-dispersive X-ray

spectroscopy (SEM-EDX): SEM (JSM-IT500 InTouchScope™) was used
to visualize the cells’ surface of S. obliquus before and after Pb(II)-
biosorption. While, the EDX was employed to analyze the elemental
composition from the imaged area. The analysis conditions were a SED
signal, under x1,000 - x55,000 magnification, and 3.0 kV landing
voltage, with a working distance of 10.1 mm, at high vacuum mode.

Fourier Transform InfraRed spectroscopy (FTIR) analysis: to predict
the functional groups on the cell wall, the biomass from the control and
Pb(II)-doped medium were analyzed using FTIR spectroscopy. Salt pel-
lets were firstly prepared using 1 mg of dried biomass and 149 mg of KBr,
then compressed at 40 kN for 5 min to form pellets. Finally, thirty-two
scans were performed at a range of 400–4000 cm�1, with 4 cm�1 of
resolution for each sample, using the ABB Bomem FTLA 2000 spec-
trometer analyzer (Das et al., 2016).

Zeta potential and Zero-point charge measurement: In order to
determine the zeta (ζ) potentials of the biosorbents as a function of pH, a
100 mL volume of microalgae suspension was harvested by centrifuga-
tion (4700 rpm for 10 min), then the pellet was resuspended in 10 mL of
NaCl (0.1 M). The pH of the suspensions was adjusted from 3 to 10 with
0.1 M of HCl or NaOH solutions. The ζ-potential was evaluated in the
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electrophoresis cell at 25 �C using Nanosizer Nano (Malvern). For each
pH value, triplicate measurements were taken, and approximately 30
readings were done for each data (Hadjoudja et al., 2010).

The electrical state of the microalgae surface in solution was char-
acterized using a zero-charge point (pHzc). Briefly, NaCl solutions (0.1
M) with pH ranging from 3 to 10 were prepared. Aliquots of 10 mL of
each pH-adjusted solution were mixed with 50mg of the biomass, shaken
for 24 h at 25 �C, then the final pH values were measured. The difference
in ΔpH was plotted against the initial pHi to determine the pHzc (Zehra
et al., 2016).

Contact angle measurements: measurement of the contact angle of
S. obliquus cells from the control and Pb(II)-doped medium was carried
out at 25 �C as described by Asri et al. (2018) using a digital optical
contact angle (Data Physics OCA 40), via the sessile drop method, using
water, formamide, and diiodomethane (Table 1). Both the left and the
right contact angle measurements of both biomasses were automatically
calculated from the digitalized image using SCA 20 software for OCA and
PCA operated under Windows 7. The hydrophobicity degree of the
control and Pb(II)-loaded cells were estimated according to Vogler's and
Van Oss approach (Van Oss et al., 1988; Vogler, 1998).

2.2.2. Physiological and biochemical response to Pb(II)-bioaccumulation
Growth monitoring: growth kinetics of S. obliquus in control and

Pb(II)-dopedmediumwere monitored spectrophotometrically at two-day
intervals. The linear relationship between microalgal density (N, in cells
per milliliter) and OD680nm was determined as reported by Zhou et al.
(2012) using a CKX41 Olympus light microscope and a Malassez count-
ing chamber, with a depth of 0.2 mm. The calibration curve was as Eq.
(1):

Y ¼ 7. 106 X þ 2083 (R2 ¼ 0.98) (1)

where Y is the number of cells (C mL�1) and X denotes the OD at 680nm.
Membrane integrity: As described by da Silva et al. (2009), the

membrane integrity of S. obliquus cells grown in control and Pb(II)-doped
mediumwas performed. An amount of 106 cells were centrifuged at 4700
rpm for 10 min. Pellet was then washed with phosphate buffer solution
(PBS, pH 7.0). Next, the cells were then exposed to 10 μg mL�1 of pro-
pidium iodide (PI, Ref 81845 FLUKA). The reaction was maintained in
the dark for 10 min and directly analyzed by BD FACSCalibur Flow
Cytometry (FCM) System (BD Biosciences). PI is a fluorescent inter-
calating agent that intersperses with the double-stranded nucleic acids to
produce red fluorescence when excited by blue light. Undamaged
membranes of living microalga are impermeable to PI. While, due to the
loss in the membrane integrity, the dye can be input to the intracellular
compartment of stressed cells (Suman et al., 2015). Heat-inactivated cells
were primed for positive control and processed under the same condi-
tions. The fluorescent emission of PI was collected from ~3000 events
per sample. The PI was excited at 488nm and measured at 585nm (FL2
channel) using the FACSCalibur optical system. Parameter settings were
adjusted to place the non-stained population in the negative area FL2/FL1
as an autofluorescence control. Data were processed with CELLQuest Pro
software (Becton Dickinson) and expressed as fluorescence arbitrary
units. The viability of cells was expressed as the percentage of cells viable
versus the total number of cells acquired (Asghari et al., 2019; Urrutia
et al., 2019).
Table 1. Energy characteristics [Lifshitz-van der Waals (ϒLW), electron-donor
(ϒ�), and electron-acceptor (ϒþ) parameters (mJ.m�2)] of the liquids used.

Liquids Surface energy parameters (mJ m�2)

ϒ LW ϒþ ϒ-

Water (θw) 21.8 25.5 25.5

Formamide (θF) 38.7 2.3 39.4

Diiodomethane (θD) 50.5 0.7 0

3

Cells size: Pb(II) effect on the osmotic state of S. obliquus cultured in
control and Pb(II)-doped medium was carried out based on the change in
cell size, using the Malvern Zetasizer Zeta-Nano (England), working with
laser doppler electrophoresis technique. The dynamic light scattering
(DLS) method was used to determine the changes in cells size after Pb(II)-
phycoremediation (Xia et al., 2017).

Ion flows and osmoregulators' accumulation: For further insight into
the Pb(II)-bioremoval mechanism using S. obliquus. The intracellular
concentrations of both Naþ, Kþ ions were also analyzed. The decompo-
sition of samples and the measurement of Naþ, Kþ concentrations were
performed as described for Pb(II) determination using ICP-AES. Proline
(Pro) accumulation as a marker of osmoregulation was performed as
described by Cervantes-García et al. (2011), samples of both biomasses
were homogenized in 3 mL of sulfosalicylic acid (3%), centrifuged at
4000xg for 15 min, then the supernatants were added with a solution of
2.5% acidic ninhydrin and glacial acetic acid and incubated for 45 min in
a boiling water bath. Finally, an equal volume of toluene was added and
the absorbance was read at A520nm (Bates et al., 1973).

Photosynthetic pigments analysis: Pb(II)-impact on the photosyn-
thetic system was firstly evaluated based on the cellular autofluorescence
using the FCM system. When cells are excited by red (635nm) and blue
(488nm) diode lasers, the chlorophyll can be observed in both orange
(FL2: 585/42 nm) and red (FL3: 530/30 nm) channel. Phycoerythrin (PE)
is excited with the argon laser (488nm) and emits in the orange region,
their fluorescence can be measured at the FL2. When phycocyanin is
excited by a diode laser, it emits fluorescence in the (661/16 nm)
channel.

The pigments content was also assayed spectrophotometrically using
the method of Tahira et al. (2019). Preparation of pigment extract from
control cells and Pb(II) accumulated cells was performed at a concen-
tration of 1 mg mL�1 in 95% ethanol. Next, samples were homogenized
using a SONOPULSmini20 ultrasonic homogenizer at 4 �C and kept
overnight in the dark at 4 �C. after centrifugation (10 min at 4700 rpm),
the absorbance was measured at 470nm, 649nm, and 664nm, and the
contents of chlorophyll a (Ch-a), chlorophyll b (Ch-b), and the total ca-
rotenoids (C xþc) were calculated based on Lichtenthaler and Buschmann
(2001) Eqs. (2), (3), and (4).

Ch-a ¼ 13.36 A664 - 5.19 A649 (2)

Ch-b ¼ 27.43 A649 - 8.12 A664 (3)

C xþc ¼ (1000 A470 - 2.13 Ch-a - 97.63 Ch-b)/209 (4)

Proteins, lipids, and carbohydrates determination: Extraction of
lipids and their quantification were achieved as reported by El Arroussi
et al. (2017) using a solvent mixture of water: chloroform: methanol
(1:2:1). After homogenization, the biomass mixture was centrifuged (5
min at 4700 rpm), and the chloroform layer was recovered and evapo-
rated using nitrogen gas, finally the total lipids were weighed.

The estimation of neutral lipid content in cells of S. obliquus from
control and Pb(II)-doped medium was also evaluated employing the
multi-parameter FCM with the fluorescent stain Nile Red (NR) as re-
ported by da Silva et al. (2009). Lipids’ straining with NR is traduced to
different fluorescence emissions after excitation with the argon laser at
488nm. When NR is dissolved in neutral lipids, it emits an intense yellow
fluorescence collected in the FL2 channel. When dissolved in polar lipids,
it exhibits red fluorescence collected in the FL3 channel (Jara et al.,
2003).

Regarding the extraction of proteins, 50 mg of lyophilized biomass
was homogenized using the ultrasonic homogenizer in an ice bath
assisted by freezing cycles thawing at -80 �C. The homogenate was next
centrifuged at 4700 rpm for 15 min at 4 �C. Then, the supernatant was
used for the estimation of the total soluble proteins via the Bradford
method, and bovine serum albumin as standard (Bradford, 1976).

Total soluble sugars were estimated using the protocol described by
Wychen and Laurens (2017), the biomass was first hydrolyzed by



Figure 1. (A) plots the TGA and DTG profile of the decomposition of controlled and Pb(II)-loaded cells. (B) illustrates the rate of bioaccumulation and biosorption of
Pb (II) ions by living cells of S. obliquus.
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two-step sulfuric acid hydrolysis first in 72% (w/w) sulfuric acid for 1 h
at 30 �C. Then, placed in an autoclave for 1 h at 121 �C with 4% (w/w)
sulfuric acid. Finally, the total soluble carbohydrate content was assessed
via the phenol-sulfuric acid colorimetric method (Dubois et al., 1956).

2.2.3. Metabolomics response to Pb(II) bioaccumulation
Metabolomics profiling of S. obliquus cultivated in control and Pb(II)-

doped medium were analyzed using a Gas Chromatography-Mass Spec-
trometry (GC-MS) (Agilent 7890A Series GC). Both biomasses were
recovered by centrifugation (4700 rpm for 10 min), then transferred to
15 mL conical centrifuge tubes prepared in a dewar filled with liquid
nitrogen. For the extraction of non-polar metabolites, a solvent mixture
of water, chloroform and methanol (1:2:1) was employed (El Arroussi
et al., 2017).

Non-polar metabolites determination: the transesterification reac-
tion was performed using 6% H2SO4-methanol at 80 �C, and atmospheric
pressure during 3 h, assisted by ultrasonication in Branson ultrasonic
(Soniffier 450) bath at 40 kHz (Chanda et al., 2020). 2 mL aliquots of
chloroform-solubilized metabolites were analyzed by GC, using split
mode (1:4) with the helium at 1.5 mLmin�1 as carrier gas. The ion source
and quadruple temperatures were 230 �C and 150 �C respectively. The
oven temperature program started at 30 �C, it was then increased by 10
�C min�1 to 120 �C, increased until 200 �C by 30 �C min�1, increased to
4

250 �C by 10 �Cmin�1, temperature and hold for 1 min at the end of each
phase. Finally, the temperature was increased to 270 �C by 5 �C min�1

and kept constant for 5 min. The detection was achieved by full scan
mode between 30 and 1000m/z, with a gain factor of 5 (El Arroussi et al.,
2015).

Metabolite identification and data normalization: metabolites
detected by GC-MS were identified with MS NIST 2014 library, as having
predictability greater than 90%. Their classification was carried out by
PubChem and LIPID MAPS database. To correct the heteroscedasticity
and the pseudo-scaling, the power transformation was applied (van den
Berg et al., 2006). The amounts of each metabolite were calculated based
on the peak areas using dodecane as standard.

2.3. Statistical analysis

The experiments were carried out in triplicate, and data were
expressed as the mean � standard deviation. Statistical significance of
biochemical analysis results between cells of S. obliquus from the control
and Pb(II)-doped medium was performed with unpaired T-test, and two-
way ANOVA by Sidak's multiple comparisons test using GraphPad Prism
software version 8.0. P-values below 0.05 were considered statistically
significant. The generation of heat map was performed using RStudio,
and the visualization by FactoMineR package.
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3. Results and discussion

3.1. Pb(II)-phycoremediation mechanisms

For a detailed understanding of the mechanisms involved in Pb(II)
phycoremediation by S. obliquus, TGA and DTG profiles of control and
Pb(II)-loaded biomass were firstly analyzed. The results presented in
Figure 1A indicate that there are three phases of the biomass decompo-
sition. The first stage, from 25 to 250 �C corresponds to the weight loss
process of volatile compounds, the second stage (from 250 to 445 �C)
belongs to the devolatilization process, and the third stage (over 445 �C)
Figure 2. Displays SEM image of (A) control cells; (B) Pb(II)-loaded cells at x8000
FTIR spectra of control and Pb(II)-loaded cells (E), ζ-potential of control (F) and Pb(I
range of 3–10.

5

consistent with the slow decomposition of the inorganic residue of ash,
resulting from the previous step. Also, the rate of residue weight of cells
after Pb(II)-biosorption (57.8%) was higher than that of cells from the
control medium (31.34%). These results agree with previous research.
For instance, Marcilla et al. (2009) noted that the TGA and the DTG of the
thermal pyrolysis of Nannochloropsis sp. have also three main decompo-
sition steps (<180 �C, 180–540 �C, and >540 �C). It is clearly illustrated
in Figure 1A that the rate of residue weight of cells after
Pb(II)-biosorption (57.8%) was higher than that of control cells
(31.34%). Moreover, the DTG showed that the weight loss at 315 �C was
0.588% for control biomass, and 0.346% for Pb(II)-loaded cells. The
magnification. The selected X-ray spectra of control (C), Pb(II)-loaded cells (D),
I)-loaded cells (G). Zero-charge pH loading (H) of S. obliquus biomass in the pHi
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difference in weight loss would be related to the composition of the cells
after Pb(II)-uptake. In this way, Venkata Mohan et al. (2007) stated that
the heat required for thermal degradation of Spirogyra sp. was higher
after biosorption of fluoride, compared to the control cells, which could
be the result of the ionic bond formed after biosorption.

Subsequently, the discrimination between extracellular biosorption
and intracellular bioaccumulation was examined. As presented in the pie
chart of Figure 1B, the concentration of Pb(II) in washed and unwashed
cells was 9.2 mg L�1 and 54.2 mg L�1, respectively. This suggests that
both mechanisms: bioaccumulation (14.5%) and biosorption (85.5%) are
implicated in the Pb(II)-phycoremediation process. Among the few types
of research that have been focused on the discrimination between the
intracellular bioaccumulation and the extra-cellular biosorption mecha-
nisms. Elleuch et al. (2021) showed that the efficiency of Pb(II) removal
depended on microalgal strains (Amphora coffaeiformis, Navicula salini-
cola, and Dunaliella salina) by means of both intracellular bio-
accumulation and surface biosorption mechanisms. Also, P�erez-Rama
et al. (2002) reported that the bioremoval of Cd(II) by living cells of
Tetraselmis suecica involves both mechanisms, intracellular bio-
accumulation, and extra-cellular biosorption. For the remainder of this
study, an in-depth analysis of these two mechanisms was therefore
performed.

3.1.1. Physicochemical characterization of Pb(II)-biosorption
Given that biosorption is the main mechanism involved in the

removal of Pb(II) ions by S. obliquus. We first performed SEM and EDX
analyses to investigate the variations in the cell surface, as well as their
elemental composition. Figure 2A and B display respectively the SEM
images of control cells and after Pb(II)-biosorption at 8000� magnifi-
cation. Notable differences in cells appearance were observed in Pb(II)-
loaded cells compared to the control. Indeed, a white appearance ap-
pears on the cells after Pb(II) biosorption, which reflects the absorption of
Pb(II) ions on the cell surface. The X-ray analysis confirmed these ob-
servations. As shown in Figure 2C, the peaks representing C, P, O, S, K,
Mg, Ca, and Si in control cells may be attributed to the biological com-
ponents of the cell wall. Whereas, a notable change was observed in the
elemental composition of Pb(II)-loaded cells, with a disappearance of the
peaks corresponding to Si and S in the region 2.2–2.3 KeV. These peaks
were substituted by a Pb corresponding peak after the phycoremediation
process. Moreover, there was a variation in the intensity level of the other
elements detected. Based on those results, there were two peaks region
related to the presence of Pb(II) in cells of S. obliquus, the first was on the
low-energy region (2.2 KeV), and five other peaks related to Pb(II) were
detected on the high-energy region of the spectrum (Figure 2D), con-
firming the variation in the distribution of Pb(II) accumulation onto
S. obliquus. Indeed, Pb(II) ions can pass from the cell wall to the biological
membrane and be bioaccumulated in the intracellular compartment
(Blaby-Haas and merchant, 2012), whereas a large amount of Pb(II) was
biosorbed on the cell surface. This finding conforms to the results of ICP
and TGA analyses.

Figure 2E depicts the FTIR spectra of S. obliquus before and after
Pb(II)-phycoremediation, showing a heterogeneous composition of the
cell wall, characterized by the presence of several peaks' characteristic of
lipids, proteins and carbohydrates. Indeed, a significant changes in these
functional groups were noted after Pb(II) biosorption. The absorption
peaks at the region between 3200 and 3600 cm�1 indicated the existence
of stretching vibration of hydroxyl (-OH) and amino (-NH2) groups,
which are among the functional groupings of chitosan and amino acids.
The peaks around the region 3000 - 2800 cm�1 showed the stretching
vibration functional of Methyl, and Methylene groups (-CH3, –CH2-). The
peaks at 1650 and 1542 cm�1 would be caused by the bending and
stretching of amine (-R2-NH) groups of the proteins. The peaks around
1400 and 1200 cm�1 may be caused by phosphorous groups (-PO-) that
compose the phospholipid membrane. The peaks at 1026 cm�1 elonga-
tion of bonds (C–C), (C–O), and (C–N) correspond to the polysaccharides
(He and Chen, 2014). These functional groups have been previously
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identified on the cell wall of various microalgae species (Zheng et al.,
2016). After Pb(II)-biosorption, a significant decrease in the trans-
mittance of these peaks was recorded, which may be attributed to its
occupation by Pb(II) ions. Furthermore, the comparison of FTIR spectra
of biomass before and after Pb(II) biosorption showed a shift in some
functional groups, mainly in the absorption bands of hydroxyl, carboxylic
acid, amine and amino groups. This finding, suggests that the biosorption
of Pb(II) involves several interactions between the cells' surface and the
ions from the solution (Tran et al., 2017). Some previous studies indi-
cated also that the biosorption process was accomplished by chelation
and formation of ionic bridges between HMs and the functional groups
(Gupta and Rastogi, 2008; Jena et al., 2015).

The measurement of ζ-potential, as well as the pHzc are among the
key parameters related to the external loads of the adsorbent (Akar et al.,
2009). As shown in Figure 2F, the ζ-potential of S. obliquus was main-
tained at a negative charge, regardless of the initial pH value. Indeed, it
varied from -8.17 mV at pH 3 to -36.13 at pH 6.5. This result testifies the
anionic characteristics and the high concentration of acid groups on the
cell wall. At the pHi value, the ζ-potentials of cells from the control
medium (�36.13 mV) was higher than those of Pb(II)-loaded microalgal
cells (�32.5 mV) (Figure 3F and G). The value of pHz at which theΔpH¼
0 was at 6.45 (Figure 3H), confirming the dominance of anion groups
over cation groups on the cell's surface. These negatively charged groups
facilitate the binding of ions to the cell surface, making the outer layer of
the cell wall the primary participant in the removal of HMs (Leong and
Chang, 2020; Saavedra et al., 2018; Singh et al., 2021). These findings
are consistent with previous research. Li et al. (2017) showed that the
ζ-potential of Desmodesmus bijugatus, Botryococcus sp, and Chlorella sp
was negatively charged during all growth phases. Also, Samadani et al.
(2018) reported that the average of the ζ-potential of Chlamydomonas
was at - 41 mV, - 4mV for both pH 7 and pH 4, respectively. At low pH,
the ζ-potential around to zero can reduce the electrostatic interactions of
HMs and the cell surface, reducing thereby the cationic fluxes into the
cells.

Based on both Vogler's and Van Oss approaches, cells of S. obliquus
exhibited a hydrophilic character, the θw value (34.9� � 0.4) was less
than 65� and the ΔGiwi had a positive value (37.23 � 1.13 mJ m�2)
(Table 2). These findings are consistent with previous results reporting
the hydrophilic character of various microalgae strains (Ozkan and
Berberoglu, 2013). It has been reported that the hydrophobicity of the
microbial surface can be attributed to proteins of the cell wall (Vichi
et al., 2010). Additionally, the surface of S. obliquus appears to behave
predominantly as electron donors/Lewis bases with high values of γ� ¼
52.57 � 0.6 mJ m�2. These results indicate also that this strain exhibit a
weak electron acceptor character with γþ ¼ 0.24 � 0.07 mJ m�2. Pre-
vious studies have also demonstrated the electron donor character of
several microorganisms, which has been correlated with the presence of
phosphate groups in the cell wall (Vichi et al., 2010). These findings are
in agreement with the FTIR analyses that confirm the presence of phos-
phate groups on its cells surface. On the other hand, the θw of S. obliquus
significantly decreased from 34.9� � 0.4–31.6� � 0.9 after Pb(II) bio-
sorption (Table 2). This increase can be attributed to the increased
density of polar functional groups on the biomass surfaces after the
biosorption process (Yalçin et al., 2010). Furthermore, a significant
variation was noted in the electron donor and acceptor character after
Pb(II)-biosorption (γþ from 0.24 � 0.07 to 0.08 � 0.02 mJ m�2; and γ�

from 52.57 � 0.6 to 59.79 � 0.5 mJ m�2) because of the interaction of
functional groups in the cells' surface with the Pb(II) ions.

From these results, we can conclude that the biosorption of Pb(II) on
the surface of S. obliquus implies several chemical and electrostatic in-
teractions, which would occur between the macromolecules that
compose the cell surface and the Pb(II) ions (Tran et al., 2017).

3.1.2. Physiological and biochemical response to Pb(II) bioaccumulation
To evaluate the influence of Pb(II) bioaccumulation on the physi-

ological and the biochemical parameters of the used strain for their



Figure 3. Shows growth kinetics (mean� S.D, n¼ 3) (A), (B) illustrate the cytogram of the cells viability: (Black) cells auto-fluorescence canceled (Green) the negative
control (96.07%), (Red) after Pb(II)-phycoremediation (90.10 %) and (Pink) heat-inactivated cells. Population moved in the FL2 channel corresponding to the positive
control (0.07 %). UL: Upper Left, UR: Upper Right, LL: Lower Left, LR: Lower Right. (D) displays the Pb(II) effect on the intensity particle size distribution of S. obliquus
cells. (E) displays the contents of Naþ, Kþ and the ratios of Na/K in control and Pb(II)-loaded cells, the error bar indicates the standard error of the mean (n ¼ 3).
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treatment, the growth kinetics, the membrane integrity, and the cell
size of S. obliquus cultured in control and Pb(II)-doped medium were
investigated (Figure 3A). The growth inhibition was monitored
throughout the exponential phase to assess the influence of Pb(II) ions
on the cell's growth, and not to be confused with growth inhibition
related to decreased nutrient availability. During the first week of
culture, the growth kinetics of S. obliquus in Pb(II)-doped medium
Table 2. Contact angle values of control (CTR) and Pb(II)-loaded cells (Pb–C), using w
electron-donor (γ�), electron-acceptor (γþ) parameters, and surface energies (ΔGiwi).

Contact angles (�) Surface

θw θF θD γLW

CTR 34.9 � 0.4 42.2 � 0.6 49.5 � 1.6 34.45 �
Pb-c 31.6 � 0.9* 44.1 � 0.5ns 36.3 � 0.6*** 41.33 �

*Statistical significance p value <0.05.
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showed no significant inhibition compared with control cells. How-
ever, from the 7th day of culture, a significant growth inhibition was
noticed, and it was maintained at a stationary level from the 13th day
of culture. The influence of Pb(II) on the growth of S. obliquus was
consistent with previous research, such as the study by Li et al. (2021),
which reported the inhibitory effect of Pb(II) on the growth of green
microalgae.
ater (θw), formamide (θF) and diiodomethane (θD), Lifshitz-van der Waals (γ LW),

tension: components and parameters (mJ m�2) Surface energies

γþ γ- ΔGiwi (mJ m�2)

0.9 0.24 � 0.07 52.57 � 0.6 37.23 � 1.13

0.3*** 0.08 � 0.02* 59.79 � 0.5*** 44.9 � 1.2**



Figure 4. Shows the autofluorescence of native pigments of control cells (A, C, E and G) and (B, D, F and H) and Pb(II)-loaded cells. Figure 4I illustrate the con-
centration of chlorophyll a (Ch-a), b (Ch-b), and total carotenoids (C x þ c) in control (CTR) and Pb(II)-loaded cells. Figure 4 (J) shows the compositions of the total
lipid, carbohydrate and protein in control and Pb(II)-loaded cells. Figure 4 (K) and (L) present NR staining dot plots of control and Pb(II)-loaded cells.
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At the end of the growth phase, the cell membrane integrity of
S. obliquus grown in control and Pb(II) doped mediumwere assessed, and
the results are displayed in the cytogram in Figure 3B. The viability of the
negative control (cells from the control medium) was at 96.07%. How-
ever, the rate of living cells versus the negative control was decreased by
6.3% after exposure to Pb(II) ions. The viability of heat-inactivated cells
used as a positive control was 0.07%. Generally, the membrane of living
cells excludes the penetration of intercalary agents, while this type of
molecule can achieve the intracellular compartment across the cell
membrane of dead or damaged cells (Johnson et al., 2013). Therefore, we
can conclude that the Pb(II) at the EC50 concentration (141 mg L�1) has a
low impact on the cell membrane integrity. To our knowledge, there is
very little research that has focused the assessment of membrane integ-
rity after Pb(II)-phycoremediation using FCM system. Nazari et al. (2018)
reported a significant reduction in viability of C. vulgaris treated with
reduced graphene-silver oxide nanocomposites. A similar effect was also
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observed in C. vulgaris exposed to zinc oxide nanoparticles (Suman et al.,
2015).

Regarding the osmotic state of S. obliquus after Pb(II)-
bioaccumulation, the results showed in Figure 3D, revealed that Pb(II)
at the EC50 concentration induced a non-significative decrease in the
diameter and the cells-biovolume. It has been reported by Kim et al.
(2016) that a reduction in the biovolume of Chlorella cells exposed to a
high dosage of magnesium aminoclay (MgAC) compared to the control
cells. In contrast, Luis et al. (2006) showed a progressive size increase of
C. reinhardtii exposed to Cu(II) with a concentration ranging from 0 to
200 μM Romero et al. (2020) reported also that the diameter and the
volume of C. vulgaris had been enhanced after exposure to silver nano-
particles (AgNPs). The maintenance of cell biovolume of S. obliquus used
in in the present study can be attributed to various osmoregulatory
mechanisms, such as the regulation of ion flows, the accumulation of
osmoregulators, or the regulation of the balance between synthesis and
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degradation of cellular components (Strange, 2004; Kay, 2017). These
three aspects were subsequently verified.

First of all, the Pro content in cells after Pb(II) bioaccumulation
showed a considerable increase compared to control cells (Figure 3D),
the accumulation of Pro in cells of microalgae under HMs exposure has
been documented in some researches. A study by Çelekli et al. (2013)
suggested that Cd(II) induces their production in cells of S. quadricauda.
Similarly, Tripathi et al. (2006) pointed out that the accumulation of Pro
in S. acuminatus may be an effective strategy to reduce oxidative stress
induced by Cu(II) and Zn(II). Likewise, Hamed et al. (2017) showed that
both strains C. sorokiniana and S. acuminatus accumulated Pro under Zn
(II) stress. It has been reported that Pro, because of its chemical prop-
erties, they can serve as signaling, antioxidants, and osmolytes molecules
(Danouche et al., 2022).

Regarding ion flux, the analysis of Naþ, Kþ concentration in
S. obliquus cells from control and Pb(II)-loaded media (Figure 3E),
showed a significant decrease in the concentration of Naþ ions in Pb(II)-
loaded cells compared to control cells. However, no significant change
was noted in the concentration of Kþ ions. The finding can be attributed
to the flux of ions from the intracellular compartment to the extracellular
medium (Diep et al., 2018).

Concerning the regulation between the synthesis and degradation of
cellular components, a study of the content of pigments, proteins, lipids,
and carbohydrates was also performed. Cells of green microalgae are
autofluorescent, their signature can be observed in the red, the orange,
and the green channel using FCM system. As shown in Figure 4, Pb(II)
ions cause an alteration in the autofluorescence of S. obliquus. A shift in
autofluorescence of native pigments was observed in the Pb(II)-loaded
cells (B, D, F, and H) compared with cells from the control medium (A,
C, E, and G). The orange fluorescence is much lower than the chlorophyll
autofluorescence, as detected in the red channel. The intensity of orange,
green, and red autofluorescence can vary in response to changes in the
physiological state of microalgae cells under various oxidative stress
conditions (Ying and Dobbs, 2007). According to the above findings,
Cheloni and Slaveykova (2013) reported also a change in the auto-
fluorescence of C. reinhardtii exposed to copper (Cu(II)), Hg(II), and
nanoparticulate Cu(II) oxide.

The spectrophotometric measurements of the pigment content
showed that the concentration of Ch-a and Chl-b decreased significantly
in cells extract of S. obliquus grown in Pb(II)-doped medium compared to
cells from the control medium (Figure 4I). The total Chl-a and Chl-b were
reduced from 54.08% to 52.5% and from 30.99% to 20.1%, respectively.
In contrast, the total carotenoids increased from 14.93% to 27.3% in
Pb(II)-loaded cells. In keeping with this finding, Piotrowska-Niczyporuk
et al. (2015) reported that the total carotenoids in cells of Acutodesmus
obliquus was less influenced by Pb(II) as compared to chlorophyll. Ac-
cording to Nazari et al. (2018), the decrease in the chlorophyll content is
one of the main indicators of oxidative stress in cells of microalgae. It can
be explained by the inhibition of their biosynthesis, by their eventual
degradation, or by the alteration of the thylakoid system following the
binding of HM to proteins (Carfagna et al., 2013; Piotrowska-Niczyporuk
et al., 2015). Regarding the increase of the carotenoids content in
Pb(II)-loaded cells, it has been reported that this class of pigments pro-
vides protection to photosynthetic membranes against free radicals
generated following the HMs bioaccumulation (Piotrowska-Niczyporuk
et al., 2015; Rai et al., 2013). Indeed, carotenoids have antioxidant
properties, they act as an inhibitor of lipid peroxidation, they increase the
stability of the photosynthetic apparatus and protect the integrity of the
cell membranes (P�erez-G�alvez et al., 2020).

The biochemical composition of S. obliquus biomass from control and
Pb(II) dopedmedium presented in Figure 4J reveals that Pb(II) stimulates
the production of lipids, a significant increase in lipids content, which
increases from 14.58% in control cells to 22.14% in Pb(II)-loaded cells.
Several previous studies support this finding. For example, Nanda et al.
(2021) showed an increase in lipid content in C. sorokiniana grown under
Pb(II) stress. As regards the examination of neutral lipids with the FCM
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system. The signal collected in the FL2 channel is stronger for Pb(II)-
loaded cells compared to cells from control medium, meaning an in-
crease in neutral lipids fluorescence in stressed cells of S. obliquus
(Figure 4K and L). Several microalgae species have been reported to have
a strong capacity to accumulate lipid bodies under various stress condi-
tions (Sarkar et al., 2021). Neutral lipids are part of the essential com-
ponents of membranes such as glycol and phospholipids (Benhima et al.,
2018). In this study, the enhancement of natural lipids content in
Pb(II)-loaded cells might be an adaptation mechanism against the
oxidative stress caused by Pb(II) ions in the intracellular compartment.

Regarding the carbohydrates and proteins content, a significant
decrease was noticed in Pb(II)-loaded cells compared to the control. It
was from 14.35% to 10.6%. and from 15.68% to 11.6% for the content of
carbohydrates and proteins, respectively. These results are consistent
with previous research. For example, Napan et al. (2015) reported that
lipid yield was higher in S. obliquus grown in the presence of different
HMs. Similarly, Han et al. (2019) showed that lipid productivity in
S. obliquus was significantly increased by 27.95%, 19.21%, and 18.63%
after supplementation with Fe, Mn, and Mo, respectively. In contrast,
Pham et al. (2020) found that Pb(II) concentration around 0.5 and 1 mg
L�1, significantly increased the lipids production, yet the increase in
Pb(II) concentration to 10 mg L�1 showed a reverse effect. Concerning
the influence of Pb(II) on the carbohydrates, our findings are in agree-
ment with Belghith et al. (2016) reported also that soluble and insoluble
carbohydrates in D. salina significantly decrease with increasing Cd(II)
concentration. However, Tahira et al. (2019) noticed an increase in total
sugar content in Euglena gracilis exposed to As(III) ions. Furthermore, the
effects of Pb(II) on the proteins content are consistent with the outcomes
reported by Piotrowska-Niczyporuk et al. (2015), who noticed a gradual
decrease in the contents of soluble and insoluble proteins of A. obliquus
exposed to Pb(II) ions. Under HMs stress conditions, it was reported a
downregulation of genes involved in primary metabolism and proteins
synthesis, as well as activation of genes related to autophagy and proteins
degradation (Dittami et al., 2009). In the context of biorefineries, the
results of the present study are very promising since the selected strain of
S. obliquus can accumulate natural lipids after Pb(II)-phycoremediation.
Therefore, it is possible to use these lipids for the production of
third-generation biofuels or their use in other applications.

3.2. Metabolomics response to Pb(II) bioaccumulation

The metabolomic profiling of FAs, saturated hydrocarbons (alkanes),
unsaturated hydrocarbons (alkenes), sterols, and other compounds
detected in S. obliquus cells grown in control, and Pb(II)-doped medium
was investigated. Figure 5 summarizes the metabolite profile of control
(A) and Pb(II)-loaded cells of S. obliquus (B). A total of 54 and 59 putative
compounds were detected respectively in the resulting biomasses. In
Pb(II)-loaded cells, relative to control cells, a notable increase was
observed in the relative abundance of fatty acid methyl esters (FAME)
(15%–18%), alkanes (3%–8%), aromatic compounds (2%–13%) and
sterols (1%–2%). However, the amount of monounsaturated fatty acids
(MUFA) was decreased from 22% in control to 5% in Pb(II)-loaded cells,
alkenes were also reduced from 3% to 2%.

In lipidomic studies, the composition and saturation of FAs are among
the main characteristics that require examination (Chwastek et al.,
2020). As shown in Figure 5C, the composition and the concentration of
FAs identified in cells from the control and Pb(II)-doped medium were
significantly different. A set of 28 FAs was detected, belonging to 4
sub-classes including SFA (12), MUFA (7), PUFA (1), and FAME (8). It has
been reported by Guschina and Harwood (2006) that, within all lipid
classes, FAs are the most abundant in cells of microalgae and they are
generally the most influenced by HMs stress. As illustrated in Figure 5 C,
the most abundant SFAs in control and in Pb(II)-loaded cells were pal-
mitic acid (C16:0), pentadecanoic acid (C15:0), and stearic acid (C18:0). The
concentrations of behenic acid (C22:0) and melissic acid (C30:0) were also
equal in both biomasses. However, in control cells, the concentrations of



Figure 5. Indicates the level of: Σ alkanes, Σ alkenes, Σ sterols, Fatty acid methyl ester (FAME); monounsaturated fatty acids (MUFA); saturated fatty acids (SFA);
Polyunsaturated fatty acids (PUFA); Aromatic compounds (Arom.); divers compounds (Divers)) in control (A) and Pb(II)-loaded (B) cells. (C) shows the distribution of
the fatty acid profile (fatty acid methyl ester (FAME); monounsaturated fatty acids (MUFA); saturated fatty acids (SFA); polyunsaturated fatty acids (PUFA)), and (D)
illustrates the metabolomic profiling of alkanes and alkenes (very long-chain alkanes (V.L.C); long-chain alkanes (L.C)) in control and Pb(II)-loaded cells.
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lauric acid (C12:0), pentadecanoic acid (C15:0), stearic acid (C18:0),
lignoceric acid (C24:0), and montanic acid (C28:0) were higher than in
Pb(II)-loaded cells. Pelargonic acid (C9:0) and cerotic acid (C26:0) were
found only in the control cells. The concentration of palmitic acid (C16:0)
was higher in Pb(II)-loaded cells. As well, the myristic acid (C 14:0) and
margaric acid (C17:0) were detected only in the Pb(II)-loaded cells. It has
been reported by Atikij et al. (2019) that the myristic acid (C14:0) and
palmitic acid (C16:0) were increased after exposure of C. reinhardtii to
NaCl stress, suggesting that different promoters had differential effects in
the lipid profile. It has been reported also that C14:0-mediated N-myr-
istoylation, is among the best characterized types of lipid-mediated
protein modifications required for tolerance mechanisms. Indeed, C14:0
enrichment in phospholipids mainly phosphatidylcholine can assist the
10
efficient transmission of external signals to transcriptional machinery,
and regulate cellular integrity, ionic and osmotic homeostasis (Jiang
et al., 2019). Which, in agreement with the results of the osmotic state of
S. obliquus after bioaccumulation of Pb(II). Some other previous studies
on the biological effects of pollutants on S. obliquus have revealed that
malic acid was increased. Malate has been found to induce stress toler-
ance and citrate cycle intermediates, it can also serve as precursors for
various biosynthetic pathways, such as gluconeogenesis, lipogenesis, and
amino acid synthesis, also as an integral part of the oxidative defense
machinery (Du et al., 2017). On the other hand, except for oleic acid
(C18:1ω9), all MUFAs were found only in the biomass from the control
medium. As regards the PUFA, linoleic acid (C18:2:9.12) was detected only
in the control biomass. The pathway of FAs biosynthesis leads to the
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production of saturated C16:0 and C18:0, which can further produce
various UFAs like oleic acid (C18:1), linoleic acid (C18:2), and α-linolenic
acid (C18:3) (Arif et al., 2020). Concerning the FAME, methyl tetradeca-
noate (C15H30O2), methyl 13-methyltetradecanoate (C16H32O2), and
methyl octadecanoate (C19H38O2) were present in both biomasses.
Whereas, methyl 20-methyl-heneicosanoate (C23H46O2), methyl
11-(3-pentyl-2-oxiranyl) undecanoate (C19H36O3), methyl 2-hydroxy-te-
tracosanoate (C25H50O3), and methyl 5,9-hexadecadienoate (C17H30O2)
were detected only in Pb(II)-loaded cells. Oppositely, methyl 2-octylcy-
clopropene-1-heptanoate (C19H34O2) was detected in the control cells.

Few studies have been conducted on the lipidomic profiling of
microalgae under HMs exposure. The results of the present study are
consistent with previous studies (Rocchetta et al., 2006, 2012; Sibi et al.,
2014). For instance, Nanda et al., (2021a) showed that the FAs profiles of
C. sorokiniana under Pb(II) stress induced an increase in the levels of C14,
C16, and C18:1, whereas the levels of C16:1, C18, C18:2, C18:3, and C20 were
reduced compared with control cells. Moreover, 1H-NMR-based lip-
idomic responses of both Chlorosarcinopsis bastropiensis and Polyedriopsis
spinulosa after bioremediation for Cd(II) and Pb(II) revealed an increase
in UFAs (Nanda et al., 2021b). Indeed, FAs can play several physiological
functions, like a key bioindicator of the adaptation of the cell membranes
to the environmental conditions (Filimonova et al., 2016). It is known
that PUFAs are the lipid fraction involved in the maintenance of struc-
tural functions. Whereas, SFA and MUFA constitute among others the
energy reserves (Olofsson et al., 2012). In fact, the composition of SFAs,
MUFAs and PUFAs varies according to species, growth phases and
environmental conditions (Breuer et al., 2012). In fact, under HMs
exposure, microalgae cells modify their metabolism via an adjustment of
the ratio of unsaturated and saturated FAs, in order to reduce the
permeability and/or the fluidity of the cell membrane (Lu et al., 2012).
Afifudeen et al. (2021) reported that under stressful conditions, parti-
tioning of FAs composition occurs as microalgal cells seek to adapt to the
conditions of their surroundings.

Regarding the profile of alkanes and alkenes, a large variation in al-
kanes and alkenes composition between S. obliquus biomass grown in
control and Pb(II)-doped media. The relative abundance of alkanes was
higher than alkenes. The diversity of the saturated hydrocarbons showed
that the content of n-alkanes ranging from n-C17 to n-C36, and they are
dominated by very-long-chain (V.L.C) alkanes. A total of 15 alkane me-
tabolites were detected in Pb(II)-loaded cells, compared with 11 in
control cells. The long-chain (L.C) alkanes are present in both groups, the
content of n-C17, n-C18, and n-C20 decrease mildly in the Pb(II)-loaded
cells. However, a remarkable increase was recorded for n-C21 and n-
C22. The distribution patterns of V.L.C alkanes varied from 10 in Pb(II)-
loaded cells to 6 in control cells. One branched L.C-alkanes (2-Methyl-
triacontane (C31H64)) was at an equal amount in both biomasses. Four
V.L.C alkanes: Hexacosane (C26H54), Heptacosane (C27H56), Penta-
triacontane (C35H72), and Hexatriacontane (C36H74) were detected only
in Pb(II)-loaded cells. Regarding the analysis of the alkene profile, 8 al-
kenes were detected as follows: in the cells from the control medium, four
L.C and one V.L.C alkenes. While, two L.C, and two V.L.C alkenes were
detected in Pb(II)-loaded cells. The analysis of alkene data showed that
the position of the double bond (C¼C) in the alkene from cells grown in
the control medium, was located in the first position (1-Heptadecene, 1-
Octadecene, 1-Eicosene, 1-Heptacosene), while a change in this position
to 9 and 10 (10-Heneicosene (C21H42), 9-Tricosene (C23H46) and 9-Hex-
acosene (C26H52)) was found in Pb(II)-loaded cells. In the available
literature, no previous studies have been investigated the effect of Pb(II)
ions on the alkane and alkene profiles of microalgae. It has been reported
that hydrocarbons can play several roles in microalgal cells. For example,
due to their high hydrophobicity, they contribute to the regulation of the
fluidity of photosynthetic membranes and also act in intercellular
signaling molecules (Sorigu�e et al., 2016). It is evident that additional
omics research is needed to identify the biochemical pathways respon-
sible for the biosynthesis of alkanes and alkenes by microalgae under
11
HMs stress. Also to identify the mechanisms by which they are involved
in managing such oxidative stress.

4. Conclusion

Based on the above considerations, we can deduce that the phycor-
emediation of Pb(II) using green microalgae strain of S. obliquus involves
both extracellular biosorption and intracellular bioaccumulation mech-
anisms. The physicochemical characterization of the control and Pb(II)-
loaded cells confirmed the involvement of chemical and electrostatic
interactions between the macromolecules constituting the microalgal cell
surface and the Pb(II) ions in solution. The comparison of the biochem-
ical and metabolomic profile of S. obliquus grown in the control and
Pb(II)-doped medium revealed that cells subjected to Pb(II) exposure
conditions adjust their metabolism, particularly lipid biosynthesis, in
order to reduce the permeability and fluidity of cell membranes. Prevent
thereby the intracellular bioaccumulation of Pb(II) ions that may cause
various intracellular damages.
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