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Abstract: Lead (Pb) pollution from local mines and industrial use increases risks for human, animal,
and plant health. Pectin is an effective chelator of Pb, and it has been shown that a unicellular
green alga, Penium margaritaceum, synthesizes pectin in the cell wall. In this study, the ability of
P. margaritaceum to remove Pb from an aqueous solution was investigated. Energy dispersive X-ray
spectroscopy revealed that two strains of P. margaritaceum accumulated Pb on the cell surface. Hence,
P. margaritaceum cells were immobilized on cellulose filter paper. The immobilized algal cells were
soaked in 1.0 mg/L Pb solution with gentle shaking for 8 h, and Pb in the solution and on the
filter paper was measured by flame atomic absorption spectrometry. The immobilized algal cells
continuously decreased the Pb concentration to less than 0.5 mg/L and recovered 31.8-32.7% of
added Pb. The specific decrease in Pb and increase in Ca were observed in the presence of 1.0 mg/L
each of Ca, Mg, Na, and K. Fourier transform infrared spectra suggested that the carboxylic acid
group would be responsible for the adsorption of Pb. This study is the first to demonstrate the
effectiveness of the immobilized P. margaritaceum cell in removing Pb from aqueous solutions with
simple solid-liquid separation.
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1. Introduction

Among heavy metal pollution, much attention has been paid to lead (Pb) pollution
because of its global anthropogenic emission from mining, processing, production, and use,
and its risks to health due to its poisonous properties [1]. Pb pollution in water has been
widely and globally reported in countries such as China [2], Mongolia [3], Russia [4], and
Bangladesh [5]. The accumulation of Pb induces the overproduction of reactive oxygen
species in many organisms and this overproduction results in oxidative stress [6]. In
addition, hepatotoxicity [7], nephrotoxicity [8], and neurotoxicity [9] resulting from Pb
exposure have been reported.

The removal and recycling of heavy metal ions from wastewaters have been achieved
by numerous methods, including liquid-liquid extraction and chemical precipitation,
coagulation, ion-exchange, adsorption, and coordination complexation by solid-liquid
separation [10]. However, some of these methods are not appropriate for the removal of
heavy metals at low levels [11]. Therefore, cost-effective methods to remove heavy metals
at low levels need to be developed.

In solid-liquid separation using adsorbent materials, the chemical structures of ligands
and the morphologies of carriers have been shown to determine their capacity and affinity
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for heavy metal ions [12]. The algal cell walls contain polysaccharides and proteins with
functional groups, such as carboxy, amino, sulthydryl, and hydroxy groups, that function
to bind heavy metals [13]. For this reason, many studies have shown the high abilities of
algal cell walls to bind heavy metals. Pectins are complex polysaccharides found in the
cell walls of higher plants [14], and have the ability to bind divalent and trivalent metal
cations [15]. The “egg box” structure of low-methylesterified homogalacturonan explains
the fundamental mechanism for how pectin molecules connect with metal ions. The ability
of pectin to bind metals is affected by a degree of methoxylation on homogalacturonan.
Almost all aquatic algae are regarded as lower plants and do not generally synthesize
pectins in the cell wall because they do not have pectin biosynthetic enzymes, which
have been shown to be located in the Golgi apparatus [16]. Although P. margaritaceum is
a freshwater unicellular alga belonging to the phylum Streptophyta [17], it is known to
synthesize pectins as the main component of the algal cell wall [18], which indicates that this
was a function of the alga prior to the movement of plants onto land. Pectin has a straight
chain structure of poly-galacturonic acid, in which galacturonic acid and galacturonic
acid methyl ester (pectinic acid) are linked by an «-1,4-glycoside bond. Its properties
vary depending on the degree of methoxylation [19]. High-methoxy pectin is composed
of polymers with a degree of methoxylation of at least 50%, and has a characteristic
gelling ability.

Microalgae are suitable for large-scale wastewater treatment processes due to their
ability to grow effectively using solar energy and that treatment processes can be con-
structed at low cost. Numerous researchers have used Ca-alginate gels to immobilize algal
cells in removing heavy metals from aqueous solutions [20-22]. However, alginate needs
to be extracted from brown algae [23,24], and the Ca-alginate gel itself has the ability to
bind divalent cations [25,26]. Therefore, an immobilization carrier that is prepared using
a simple method that does not have the capacity to bind divalent cations is needed in
order to evaluate the ability of P. margaritaceum as a biosorbent for the removal of Pb from
aqueous solutions.

In this study, the adsorption of Pb and immobilization on cellulose filter paper in
P. margaritaceum cells were examined. Furthermore, the removal efficiency and specificity
at a low concentration of Pb were evaluated using the immobilized P. margaritaceum cell on
the filter paper. The ability of the immobilized P. margaritaceum cell as a Pb biosorbent for
the removal of Pb from polluted river water and groundwater was discussed.

2. Materials and Methods
2.1. Algal Strains and Reagents

P. margaritaceum NIES-217 and NIES-303 were purchased from the National Institute
for Environment Studies (Tsukuba, Ibaraki, Japan). All solutions were prepared using
deionized distilled water. Lead (II) acetate trihydrate (Special grade, Fuji Film Wako Pure
Chemical, Osaka, Japan) was used to prepare the Pb solution. A mixture of monovalent
and divalent cations was prepared using CaCl,-2H,0, MgSO,-7H,0, K;504, and NaCl
each at a concentration of 1.0 mg/L.

2.2. Culture Conditions and Exposure of Algal Cells to Pb Solution

The algal cell was cultured in Woods Hole medium [27] at 18 °C with gentle shaking.
Light was illuminated using fluorescent lamps at a photon flux density of 22 pmol/m? /s
in cycles of 14 h light and 10 h dark. Algal cells at the stationary phase were exposed to Pb
solution directly after removing the culture medium by decantation or with an immobilized
form that was prepared by vacuum filtration with cellulose filter paper cut into a 47 mm
circular form (quantitative No. 2, Advantec, Tokyo, Japan). Algal cells that were not
immobilized were incubated in 50 mg/L of Pb at room temperature. In order to immobilize
the algal cells, the filer paper was dried at 50 °C, cooled in a desiccator containing silica gel
at room temperature, weighed, and set in a vacuum filtration device (filter holders with
receiver 300—4000, Thermo Scientific Nalgene, Tokyo, Japan). Filtration was performed
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using the P. margaritaceum culture until the filter was clogged up. After removing the
residual culture from the filtration device, the filter paper with the immobilized algal
cells was pinched off from the filtration device. The filter paper was soaked in 100 mL of
1.0 mg/L Pb solution with gentle shaking at room temperature for 8 h. The ODgyp was
measured for the Pb solution at 0 h and after the immobilized cells were soaked using a
microplate reader (SH-1000, Hitachi High-Technologies, Tokyo, Japan) by pouring 200 pL of
solution into a 96-well transparent microplate well. After pinching off the alga-immobilized
filter paper, the cellular debris and insoluble materials at the bottom of the flask were
collected by vacuum filtration of the Pb solution.

2.3. Dry Ashing of Filter Paper and Algal Cell

Filter papers pinched off from aqueous solutions or filtration devices were placed in
petri dishes, dried at 50 °C, cooled in a desiccator containing silica gel at room temperature,
and weighed. The algal cell dry weight was calculated by subtracting the weight of the
dried filter paper from that of the dried filter paper containing algal cells. The dried filter
paper was cut into small pieces and put into a crucible. Dry ashing was performed at
500 °C for 1 h by placing the crucibles containing filter paper in an electric muffle furnace
(FUW220PA, Advantec). The ash in the crucible was dissolved in 10 mL of 1.0 N nitric acid
in order to measure the amount of Pb on the filter paper.

2.4. Elemental Mapping of Algal Cells and Measurements of Pb, Ca, Mg, K, and Na

P. margaritaceum cells were incubated in 50 mg/L of Pb solution for 2 h at room
temperature. After collecting the cells by decantation, the cells were resuspended in water.
The cell suspension was frozen at —25 °C and lyophilized with a freeze-dryer (VD-500F,
Taitec, Koshigaya, Saitama, Japan). The dried cells were coated with Pt-Pd using an ion
sputter (E-1030, Hitachi, Tokyo, Japan). The pretreated cells were observed with a field
emission scanning electron microscope (SEM) (5-4500, Hitachi, Tokyo, Japan) equipped
with a line scanning energy dispersive X-ray (EDX) spectrometer (EMAX-5770; Horiba,
Kyoto, Japan). This was used to perform the elemental mapping of C, O, and Pb at the
cell surface.

Pb, Ca, Mg, K, and Na concentrations were determined by flame atomic absorption
spectrophotometer (AA-6200, Shimadzu, Kyoto, Japan) equipped with a hollow cathode
lamp of Pb (L233-82NQ), Ca (L233-20NU), Mg (L233-12NU), K (L233-19NB) (Hamamatsu
Photonics, Hamamatsu, Shizuoka, Japan), or Na (Atomax N202-5333, PerkinElmer, Winter
Street Waltham, MA, USA).

2.5. Acquisition of Fourier Transform Infrared (FT-IR) Spectra

The P. margaritaceum cells were collected before and after suspension in 50 mg/L
of Pb solution for 2 h at room temperature by centrifugation at 130x g for 10 min at
20 °C. The collected algal cells were dried at 50 °C overnight. The algal powder was placed
between two KBr plates (¢8 mm) and was compressed by a hand press (JASCO Engineering,
Tokyo, Japan). FI-IR spectra were obtained using a spectrometer (FT/IR-4100; JASCO,
Tokyo, Japan).

2.6. Measurements of Pectin Content

Pectin content was measured as previously described [28]. The algal cells were col-
lected from 300 mL of culture by centrifugation at 130x g for 10 min at 20 °C, lyophilized as
described above, and kept in a desiccator containing silica gel for 1 h. The dried cells were
weighed, transferred to a glass test tube, and suspended in 1.0 N nitric acid at a ratio of
1:40 (w/v). The test tube was heated in boiling water for 10 min and cooled on ice. Ethanol
was added in order to adjust the ethanol concentration to 66%. The cellular debris was
removed by centrifugation at 130x g for 10 min at 20 °C, and the pectin gel was separated
from the ethanol solution by filtration. After drying at 50 °C for 24 h and cooling down in
a desiccator containing silica gel at room temperature, the pectin gel was weighed. The
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pectin content (%) was calculated by dividing the pectin gel dry weight with the cellular
dry weight, multiplied by 100.

3. Results
3.1. Adsorption of Pb on Algal Cells

P. margaritaceum NIES-217 and NIES-303 accumulated pectin at 19.6 and 25.1% cellular
dry weight, respectively. In order to confirm the ability of P. margaritaceum to adsorb Pb,
the algal cells were suspended in the Pb solution. After the collection and lyophilization
of the cells, the cell shape and distribution were firstly observed using SEM, and the
spatial distribution of C, O, and Pb was observed by EDX. The SEM images revealed the
existence of extracellular polymeric substances (EPSs) in both NIES-217 and NIES-303
(Figures 1 and S1). The distribution of C, O, and Pb in EDX corresponded to the cell shape
and distribution in SEM (Figure 1). As the cellular components are mainly composed of
major elements, such as C and O, it is conceivable that the P. margaritaceum cells are able to

adsorb Pb.
. .
0 Pb

Figure 1. Images of SEM and the elemental mapping of C, O, and Pb in P. margaritaceum cells.
Pb-treated NIES-217 (A) and NIES-303 (B) cells were observed.

C

3.2. Immobilization of Algal Cells on Filter Paper

The coagulation of P. margaritaceum cells was observed as they grew in liquid culture
(Figure 2A). However, the cell coagulates were easily dispersed by shaking and decantation.
Though it was confirmed that Pb bound to the P. margaritaceum cell surface, the cells required
collection using centrifugation in order to resuspend them in Pb solution. Therefore, the
P. margaritaceum cells were collected on filter paper from liquid culture using vacuum filtra-
tion (Figure 2B). After soaking in Pb solution with gentle shaking for 8 h, the immobilized
cells were still retained on the filter paper (Figure 2C) and could be separated from the
solution simply by pinching off the filter paper. However, small amounts of insoluble
materials, including cells and their debris, were observed at the bottom of the flask after the
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filter paper was removed. After soaking for 8 h, the dry weights of the immobilized cells
were 9.5 mg (NIES-217) and 17.5 mg (NIES-303), whereas the dry weights of the insoluble
materials at bottom of the flask were 1.6 mg (NIES-217) and 0.4 mg (NIES-303), which were
less than 15% of the total dry weights (Table 1). The ODgg of the Pb solution at 0 h and
after the immobilized cells were soaked did not change. Therefore, it was conceivable from
these results that the algal cells were not suspended in the solution after soaking and were
immobilized on the filter paper.

B

Figure 2. Observations of P. margaritaceum NIES-303 culture, the immobilized cells, and soaking
of the immobilized cells in the Pb solution. The algal culture (A) was filtrated using filter paper
to prepare the immobilized cells (B), which was soaked in the Pb solution with gentle shaking for
8h (C).

Table 1. Dry weights of the immobilized algal cells and insoluble materials at the bottom of the flask
after soaking, and the optical densities at 0 h and after soaking.

Immobilization Filter Paper (mg) *  Flask Bottom (mg) * ODgpo at 0 h ODgg at 8 h
NIES-217 95+ 1.1 1.6 +£0.7 0.018 + 0.002 0.016 + 0.001
NIES-303 175+ 3.0 04+04 0.016 £ 0.001 0.016 £ 0.002

* Means (n = 3) & SD are shown.

3.3. Removal and Recovery of Pb by the Immobilized Algal Cells

The immobilized cells were soaked in 100 mL of aqueous solution containing 100 pg
of Pb. The filter paper itself did not reduce the amount of Pb in the solution nor did it
adhere to Pb after soaking for 8 h (Table 2). The amount of Pb in the aqueous solution
started to decrease immediately after the immobilized algal cells were soaked at 0 h. After
soaking for 8 h, the amount of Pb in the aqueous solution was reduced to less than half of
the initial amount, and more than 30% of the added Pb was recovered by the immobilized
algal cells. The insoluble materials at the bottom of the flask after soaking also bound
22.7 ug (NIES-217) and 20.4 pg (NIES-303) of Pb. The total recovery of Pb from the
solution, immobilized cells, and insoluble materials was 96.3% and 98.9% in NIES-217 and
NIES-303, respectively.
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Table 2. Removal and recovery of Pb by the immobilized cells at 0 h and after soaking for 8 h.

Immobilization Time Solution (ug) * Filter Paper (ug) *  Flask Bottom (ug) * Recovery (ug) * Recovery %
0Oh 909 +1.4 - - - -
NIES-217 8h 410+116 327418 227 + 6.4 96.3 +16.0 9.3
Oh 92.0+21 - - - -
NIES-303 8h 467 +10.0 318+ 64 204 +156 98.9 + 6.1 98.9
No alea Oh 96.9 £ 5.8 - - - -
& 8h 96.2 +1.2 02+04 ND 96.4 £2.7 96.4

* Means (n = 3) & SD are shown. ND indicates that Pb was not detected.

3.4. Time Course and the Specificity of Pb Removal

The concentration of Pb in the aqueous solution decreased over the course of soaking
for 8 h (Figure 3). No obvious difference was observed between the decreasing rates of
NIES-217 and NIES-303. A marked decrease took place during 4 h after the start of soaking,
and then the concentrations gradually decreased until 8 h.
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Figure 3. Time course of Pb concentration as the immobilized cells were soaked in the aqueous
solution. Plots with an error bar show means (n = 3) 4+ SD.

The specificity of Pb removal by the immobilized cells was evaluated in the presence of
divalent and monovalent cations. When the immobilized cells were soaked in the solution
for 0 h, the Pb concentrations were lower than the added concentration (1.0 mg/L) because
of the immediate removal of Pb by the immobilized cells (Figure 4). On the other hand, the
Na concentrations were higher than the added concentration due to the presence of the
immobilized cells or substances carried in the aqueous solution. After soaking for 8 h, a
marked increase in the concentration of Ca and decrease in the concentration of Pb were
observed in both NIES-217 and NIES-303.
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Figure 4. Specificity of Pb removal in the presence of divalent and monovalent cations during the
soaking immobilized cells in the aqueous solution. Blue (Na), green (K), gray (Ca), yellow (Mg), and
red (Pb) bars with an error bar show the means (n = 3) & SD at 0 h and after soaking for 8 h. ND
indicates that Pb was not detected.

3.5. Detection of a Functional Group Involved in the Adsorption of Pb

In order to detect the functional groups involved in the adsorption of Pb, the FT-IR
spectra of NIES-217 and NIES-303 cells were analyzed before and after the suspension
of cells in Pb solution. The absorbance peaks around 1640 cm ! shifted from 1635 cm ™!
to 1652 cm 1, and increases in the absorbance of Pb at 1732 ecm ! and 1737 em ™! were
observed for NIES-217 and NIES-303, respectively (Figure 5). The absorbance peaks around
1740 cm~! were considered to have derived from the C=O bond in non-ionic carboxylic
acids [29] and their increases might be due to the partial increase of -COOH under acidic
conditions caused by the addition of Pb stock solution. The peak shift from 1637 to 1644
was observed for the nitric-acid-treated pectin-rich orange peel through the binding of Pb
(I) [29]. It has been shown that the absorption maxima of metal-ethylenediaminetetraacetic
acid complexes are found to range from 1590 to 1650 cm ! [30]. The results indicate that
the carboxylic acid group of the algal cell wall is responsible for the adsorption of Pb.
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Figure 5. FI-IR spectra of the algal cells treated with and without the Pb solution. Cells of NIES-217 (A)
and NIES-303 (B) were compressed in KBr plates before (upper spectra) and after (lower spectra)
suspension of cells in the Pb solution.

4. Discussion

In this study, we demonstrated that immobilized P. margaritaceum cells could be
applied as an efficient biosorbent to remove Pb from aqueous solutions. The filter paper
retained the algal cells during soaking for 8 h, with the loss of less than 15% of the algal cells,
and enabled the recovery of Pb simply by pinching off the alga-immobilized filter paper. It
has been demonstrated that an aerial microalga, Trentepohlia aurea, that is immobilized on
the surface of filter paper grows on paper that is dampened with medium for 40 d [31]. The
soaking period of immobilized algal cells might be extended to longer than 8 h. The gelling
feature of P. margaritaceum, which is due to the cell wall layers and EPSs, may be suitable for
increasing immobilization stability on the filter paper. The immobilization of algal cells on
the filter paper enables more cost-effective and simple procedures that remove and recover
Pb from aqueous solutions.

In the preceded studies, microalgae have been examined as a conventional Pb adsorp-
tion material. A green microalga, Chlamydomonas reinhardtii, exhibited a higher affinity for
Pb(II) than for Hg(Il) and Cd(Il), ranging from 20 to 400 mg/L each [32]. The biosorption
by microalga biomass increased as the initial concentration of metal ions increased in the
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biosorption medium. The removal potential of lead by the EPSs of unicellular green algae,
Parachlorella kessleri and Chlorella vulgaris, ranges from 15 to 50% at concentrations of 10 to
150 mg/L [33]. A green microalga, Pseudochlorococcum typicum, showed high efficiencies
of Hg (II), Cd (II), and Pb (II) biosorption. Its maximum removal of metal ions occurred
during the first 30 min of contact with a removal efficiency of 70% for Pb (II) at 10 mg/L,
which was calculated based on the concentrations in solution before and after contact [34].
On the other hand, Pb concentrations in river water and groundwater at polluted areas
have been reported to be 0.040 mg/L [3] and 0.02-0.40 mg/L, respectively [5]. Therefore,
the removal of Pb at lower concentrations needs to be demonstrated in the context of
bioremediation for polluted river water and groundwater using microalgal cells. In this
view, a green microalga, Scenesesmus sp., has been examined at a lower Pb concentration
of 0.05 mg/L [35]. The Pb removal capacity of 70% was achieved at 0.05 mg/L witha7 d
growth process. This removal capacity was determined using the amount of Pb in all the
insoluble materials collected from the culture by glass filter paper. In this study, using the
immobilized P. margaritaceum cells, the recovery efficiencies of 32.7% (NIES-217) and 31.8%
(NIES-303) were achieved in 1.0 mg/L Pb solution with 8 h of soaking simply by pinching
off the alga-immobilized filter paper. These efficiencies increased to 55.4% (NIES-217)
and 52.2% (NIES-303) when the amounts of Pb collected from the bottom of the flask by
filtration were included. The amounts of Pb adsorbed on the immobilized algal biomass
were 3.4 mg/g (NIES-217) and 1.8 mg/g (NIES-303). These adsorption capacities on the
algal biomass may be reduced by immobilization on filter paper, delaying the progress of
adsorption until equilibrium compared to the capacity and progress of adsorption in the
suspended cells.

Pectins in plant cells can bind and sequester Pb within the cell walls [36,37]. The thick
cell walls act as a barrier that limits Pb from entering the protoplasm. Pb exposure induces
the modification of pectin distribution, especially the distribution of homogalacturonan
with high levels of methyl-esterification in the roots of sunflowers [38]. As seen in land plant
cell walls, the cell wall and EPS of P. margaritaceum contains pectin polymers [39,40]. The Ca-
cross-linked homogalacturonan-rich lattice structure is formed on its cell surface [41]. The
lattice structure on the cell surface was also observed with SEM in the NIES strains (Figure S1).
The concentration of Ca in the solution containing Pb and mineral ions increased after
the immobilized P. margaritaceum cells were soaked for 8 h. It has been demonstrated
that the adsorption of Pb by Ca-alginate beads takes place through ion-exchange between
Ca and Pb on the alginate beads [42,43]. Therefore, the increase in the concentration of
Ca after soaking for 8 h could be explained by the ion-exchange between Ca and Pb on
homogalacturonan in the cell surface lattice and EPSs. The FT-IR spectra indicating the
participation of carboxylic acid groups in the adsorption of Pb also support the scenario
that pectin polymers in the algal cell wall are responsible for the removal of Pb from
aqueous solutions.

Increasing the surface-area-to-volume ratio through the introduction of the meso-
porous silica monolith was effective in the detection and adsorption of Cd (II) by organic
ligand-based materials [44]. In order to increase the surface-area-to-volume ratio, the ex-
ploration of P. margaritaceum strains producing dense lattice structures and abundant EPSs
may improve the capacity and affinity of the immobilized algal cells to Pb. The ability of
P. margaritaceum to specifically adsorb Pb at low concentrations in the presence of minerals
might be suitable for the removal of Pb from polluted river water and groundwater.

5. Conclusions

The immobilized P. margaritaceum cells were retained on the filter paper after soaking
for 8 h and 31.8-32.7% of the added Pb was recovered. The specific decrease in Pb in the
presence of minerals was associated with an increase in Ca, suggesting that the pectin
polymers produced by P. margaritaceum might be responsible for the adsorption of Pb.
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Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390 /microbiolres13040073/s1, Figure S1: SEM images of lattice structures on
NIES-217 and NIES-303 cell surfaces.
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