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H I G H L I G H T S

• Cyanidium caldarium (Cc) showed su-
perior sorption capacity (298 mg g−1)
for Pb(II).

• Modulation of Pb tolerance by
Cyanidiales was classified into four
mechanisms.

• Formation of organic complexes pro-
moted Pb(II) ion sorption capacity of
Cyanidiales.

• Cyanidiales are innovative green ma-
terials for the environmental re-
mediation.
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A B S T R A C T

Thermoacidophilic Cyanidiales are capable to survive in extreme environments (20–56 °C; pH 0.5–5.0) with
concentrated metals, allowing them to serve as promising green materials applied in metal remediation. It is the
first attempt to determine the capacity and related mechanisms for Pb(II) ions sorption on three Cyanidiales
genera: Galdieria maximum (Gm), Cyanidioschyzon merolae (Cm), and Cyanidium caldarium (Cc) in relation to
changes in Pb speciation obtained from Pb LIII-edge X-ray absorption, organic functional groups, and protein
secondary structures derived from synchrotron-based Fourier-transform infrared spectroscopy. Three-dimen-
sional images of Cyanidiales were collected using Transmission X-ray microscopy. Lead tolerance on Cyanidiales
was modulated according to four mechanisms: the defense line provide by polysaccharide, the inorganic Pb-PO4

precipitation, the organic Pb complexation concomitant with the transport to cell vacuoles, and the specific
thiol-Pb chelation involved in disruption of protein secondary structures. Despite Cyanidiales generally per-
formed all mechanisms against Pb toxicity, individual defense responses were highlighted by specific Cyanidiales
species. The redistribution of Pb-polysaccharide species and inorganic Pb-PO4 precipitates toward organic
complexation promoted Pb(II) ions sorption capacity of Cyanidiales, accounting for the almost eight-time-
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greater sorbed Pb (298.4 mg g−1) on Cc in comparison to Gm. The knowledge provided here could improve the
application of the Cyanidiales in environmental remediation as an innovative green technology.

1. Introduction

Releases of heavy metals due to anthropogenic activities has
threatened ecosystem health and sustainability [1]. Wherein, lead (Pb)
is a particularly dangerous chemical as it accumulates not only in in-
dividual organisms but in entire food chains [1]. Conventional tech-
nologies used to remove Pb from aqueous systems include adsorption,
chemical precipitation, ion exchange, and membrane and ultrafiltration
processes [2,3]. With the exception of adsorption, however, other
methods were confronted with expensive equipment and reagents as
well as the increasing cost for sludge disposal [4]. Accordingly, in-
organic materials and biomaterials such as algae, plants, and biological
wastes have been widely applied as adsorbents for metal removal
(Table 1) [2,3,5–17]. As far as biomaterials are concerned, surface
modification is the most popular method to boost the adsorption ca-
pacity for Pb(II) ions. For example, the Pb(II) adsorption capacity on the
green algae of Scenedesmus obliquus increased from 112.0 to
207.2 mg g−1 upon the treatment of calcium chloride (CaCl2) [6]. In

which, the free energy of the adsorption process > 8 kJ mol−1 sug-
gested that the Pb(II) ion adsorption on Scenedesmus obliquus is a che-
mical reaction [6]. In addition, the FTIR spectra indicated that the
functional groups including amino, carboxyl, hydroxyl, and carbonyl
groups on the cell wall of Scenedesmus obliquus were involved in Pb(II)
binding [6]. Moghaddam et al. [9] also used CaCl2 to modify the brown
macroalga (Cystoseira indica) as this pretreatment process would change
the biomass wall structure and increase the stability of the biosorbent
material [10]. Regarding the mechanisms, both the Langmuir and VST-
Flory–Huggins isotherms were able to describe the Pb(II) ion adsorption
on Cystoseira indica [9]. Other biomaterial like chitosan is also a pro-
mising bioadsorbent as it can be easily obtained through deacetylation
reaction of chitin, the second abundant natural polymer behind only
cellulose. However, the serious drawback of using chitosan as adsorbent
is its swelling, especially in an acidic environment [13]. The fabrication
via two-step grafting methyl acrylate (MA) and diethylenetriamine
(DETA) onto chitosan (CS) microsphere formed the adsorbent of CS-
MA-DETA, which could adsorb 239.2 mg g−1 of Pb(II) ions at pH 5.0

Table 1
The comparison for the adsorption capacity of Pb(II) ions on various materials.

Material Sample Reaction pH Adsorption capacity Reference
– mg g−1

Algae with or without surface modification Galdieria maxima (red microalga) 5.0 38.2 This study
Cyanidioschyzon merolae (red microalga) 5.0 214.0 This study
Cyanidium caldarium (red microalga) 5.0 298.4 This study
Gracilaria canaliculata (red macroalga) 4.5 41.8 [5]
Gracilaria corticata (red macroalga) 4.5 54.0 [5]
Polysiphonia violacea (red macroalga) 4.5 102.0 [5]
Scenedesmus obliquus (green microalga) 4.0 112.0 [6]
Ca-Scenedesmus obliquus (green microalga)a 4.0 207.2 [6]
Fe2O3-Synechocystis sp. (green microalga)b 5.3 62.6 [7]
Gracillaria sp.(green macroalga) 5.0 93.2 [8]
Ca-Cystoseira indica (brown macroalga)c 5.0 247.4 [9]
FA-Nizimuddinia zanardini (brown macroalga)d 5.5 110.4 [10]
Phaeodactylum tricornutum (diatom microalga) 6.0 1.5 [11]
Cyclotella cryptica (diatom microalga) 6.0 36.7 [11]

Surface modified plant HNO3-Phytolacca americanae 6.0 12.7 [12]
Biological waste with or without surface modification Chitosan 6.0 47.4 [2]

CS-MA-DETAf 5.0 239.2 [13]
SCA-soy wasteg 5.5 84.7 [3]
Rapeseed 5.2 21.3 [14]
MoS2-BCh 5.0 189.0 [15]

Inorganic materials MoS2-Ni 5.0 163.9 [16]
MoS2-NHj 5.0 303.0 [16]
MoS2-Bk 5.0 99.1 [16]
CoFe2O4

l 7.0 50.2 [17]
Ag-CoFe2O4

m 7.0 42.9 [17]
CoFe2O4-Gon 7.0 81.3 [17]
Ag-CoFe2O4-GOo 7.0 60.8 [17]

a Ca-Scenedesmus obliquus: Scenedesmus obliquus treated with calcium chloride.
b Fe2O3-Synechocystis sp.: Synechocystis sp. modified by metal oxide (Fe2O3).
c Ca-Cystoseira indica: Cystoseira indica treated with calcium chloride.
d FA-Nizimuddinia zanardini: Nizimuddinia zanardini treated with formaldehyde (FA).
e HNO3-Phytolacca Americana: Phytolacca Americana treated with nitric acid.
f CS-MA-DETA: Methyl acrylate (MA) and diethylenetriamine (DETA) grafted on the microsphere surface of chitosan (CS).
g SCA-soy waste: soy waste treated with the solution (pH 10.0–11.5) of industrial sulphur based chelating agent used for functionalization.
h MoS2-BC: Biochar grafted on molybdenum disulfide (MoS2).
i MoS2-N: MoS2 nanostructures treated with 0.075 M sodium diethyldithiocarbamate trihydrate (DDC) at pH 7.
j MoS2-NH: MoS2 nanostructures treated with 0.150 M DDC at pH 7.
k MoS2-B: MoS2 nanostructures treated with 0.075 M DDC at pH 10.
l CoFe2O4: CoFe2O4 was prepared by the solvothermal reaction of Co(NO3)2·6H2O and Fe(NO3)3·9H2O.
m Ag-CoFe2O4: Ag-CoFe2O4 was synthesized by doping silver (Ag) and CoFe2O4 nanoparticles.
n CoFe2O4-GO: CoFe2O4-GO was synthesized by doping CoFe2O4 nanoparticles on the surface of graphene oxide (GO).
o Ag-CoFe2O4-GO: Ag-CoFe2O4-GO was synthesized by doping Ag and CoFe2O4 nanoparticles on the surface of GO.
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[13]. Wherein, the Pb(II) adsorption behavior could be well described
by the Langmuir isotherm and the pseudo-second-order kinetic models,
indicating that it was mainly a monolayer adsorption and chemisorp-
tion process. In terms of the adsorption sites, the FTIR spectra showed
the formation of N-Pb(II) or O-Pb(II) bond, implying that nitrogen and
oxygen atoms should be main adsorption sites for Pb(II) adsorption on
CS-MA-DETA microspheres.

Microalgae have attracted considerable interests worldwide due to
their extensive application potential in the renewable energy [18]. For
example, the remediation waste of microalgae could be converted to
the biofuel, leading to a circular economic system that reduces the
energy consumption for heavy metal removal [18]. In terms of the
molecular scale analysis for Pb(II) adsorption on alga, Stewart et al.
[19] performed the synchrotron-based resonant X-ray emission spec-
troscopy (RXES) to determine the Pb speciation in a green alga (Chla-
mydomonas reinhardtii). In which, Pb in oxides and inorganic phosphate
was initially sequestrated, followed by binding to organic phosphate,
and only a small fraction of intracellular Pb was complexed by thiol
groups [19]. These results suggested the potential interference of Pb in
vital cellular functions. In general, microalgae possess multiple strate-
gies against toxicity of heavy metals: the rapid extracellular adsorption
and subsequently the slow intracellular diffusion and accumulation.
Due to the enrichment of functional groups provided by the poly-
saccharides and lipids on cell walls, microalgae are capable of binding
heavy metals. Accordingly, heavy metals might be actively transported
across the cell membrane and into the cytoplasm followed by the dif-
fusion and subsequent binding on proteins and peptides such as glu-
tathione (GSH), metal transporter, oxidative stress reducing agents, and
phytochelatins (PCs) [20]. Therefore, not only the extracellular but also
the intracellular metal speciation at a molecular scale confers the un-
derstanding to regulatory mechanisms of organisms in response to de-
toxification of heavy metals.

To the best of our knowledge, this study is the first attempt to de-
termine the capacity and related mechanisms of Pb(II) ions sorption on
Cyanidiales (red microalgae). To date, Cyanidiales are classified into
three genera and seven species: Cyanidium caldarium (Cc),
Cyanidioschyzon merolae (Cm), Galdieria sulphuraria (Gs), G. maxima
(Gm), G. partita (Gp), G. daedala (Gd) and G. phlegrea (Gph) with cell
size from 1.5 to 16.5 μm [21]. Of the extremophilic organisms, the
acidophilic and thermophilic Cyanidiales that have been often found in
volcanic areas, such as Yellowstone National Park in America, the
central volcanic area in Italy, the Honshu area in Japan, and the
Yangmingshan National Park in Taiwan [22,23] are able to thrive at
temperatures up to 63 °C and pH ranging from 0.2 to 5.0 [21]. It is well
known that geothermal environments are characterized by high tem-
perature, extremely acidic or basic pH, and the enrichment of toxic
metals such as mercury (Hg), arsenic (As), lead (Pb), etc., thus arousing
scientists’ interest in how Cyanidiales adapt to such extreme environ-
ments. Lately, a wide range of applicable genes such as arsenic me-
thyltransferase genes have been discovered in Cyanidiales [22]. The
tolerance and withstanding for extreme stresses of heat, acid, salts, and
heavy metals as well as the proliferation even when exposed to 100%
CO2 implies that Cyanidiales hold newly uncharacterized enzymes that
are suitable for heavy metal retention. Among Cyanidiales, Cm is able
to influence As cycling by oxidizing and methylating arsenite [As(III)]
[22], and Cc could act as a role for the electron-dense bodies in iron
(Fe) storage [24]. To date, related mechanisms have not to be con-
firmed yet. Recent studies showed that Cyanidiales performs horizontal
gene transfer (HGT) from prokaryotic sources, endowing them with
remarkable metabolic versatility (e.g. glycerol metabolism) and the
ability to survive in hostile environments (e.g. genes to detoxify metals)
[25]. In addition, growth rate of Cyanidiales in liquid medium could be
accelerated by optimizing culture condition [23]. Such attributes
render Cyanidiales as promising and practical materials applied for the
remediation of heavy metals in wide range of environmental conditions
[4]. However, the understanding for their metal detoxification

mechanisms, particularly at a molecular scale from the perspective of
extracellular and intracellular metal speciation, has been limited.
Knowledge of unique microbial processes has motivated technological
advancement relevant to contaminant remediation, wastewater treat-
ment, etc. The subsequent determination for the decisive genetic re-
source might designate the novel enzymes and proteins that have po-
tential values in bioremediation of heavy metals.

Therefore, the objective of this study was to determine the extent
and mechanism at a molecular scale for Pb(II) ion sorption on
Cyanidiales in relation to the speciation of sorbed Pb and the dis-
tribution of protein secondary structure of Cyanidiales. Wherein, the
Cyanidiales species including Gm, Cm, and Cc, which belong to dif-
ferent genera, were tested. Relative distributions of sorbed Pb pre-
senting as inorganic precipitates or bonding with organic functional
groups in relation to changes of protein secondary structure of
Cyanidiales is needed to develop mechanisms for Pb accumulation on
Cyanidiales. The sorption isotherms in conjunction with spectroscopic
analyses including X-ray photoelectron spectroscopy (XPS), synchro-
tron-based Fourier-transform infrared (FTIR) spectroscopy, and Pb LIII-
edge X-ray absorption spectroscopy (XAS) showed the promise to
identify factors controlling the Pb accumulation on Cyanidiales. In
addition, 3-D images of Cyanidiales with sorbed Pb(II) ions were col-
lected using the transmission X-ray microscopy (TXM). This study
provides valuable insights to improve future development of an effi-
cient and commercially viable technology for microalgae-based heavy
metal bioremediation.

2. Material and methods

2.1. Cyanidiales collection and cultivation

In this study, three species of Cyanidiales including Galdieria
maxima (Gm), Cyanidioschyzon merolae (Cm), and Cyanidium caldarium
(Cc) were tested. The Gm was isolated from fresh minerals collected
from the Tatun Volcanic Group (TVG) area at Yangmingshan National
Park, Taiwan. The Cm (NIES 3377) and Cc (NIES 551) were purchased
from National Institute for Environmental Studies (NIES Collection,
Tsukuba, JAPAN). Cells were cultured in modified Allen’s medium with
addition of 1% glycerol and adjustment to pH 2.5 using 10% H2SO4

[26]. Suspensions containing Cyanidiales were orbitally shaken at
120 rpm and room temperature with 12:12 h of light–dark cycle using
Philips T5 6000 k lamps.

2.2. Lead sorption isotherms

Sorption isotherms of Pb on Cyanidiales were conducted in sus-
pensions with cell density of 0.5 g L-1. Amounts of cells were counted
using the cell counter (Marienfeld/Hausser, 0.10 mm depth,
0.0025 mm2). Prior to sorption isotherms, cells were washed three
times with 5 mM sodium nitrate (NaNO3) by shaking for 30 min and
centrifuging to remove the residue of culture medium. Final cells were
re-suspended in 5 mM NaNO3 and adjusted to pH 5.0 using 5 mM HNO3

and/or NaOH. Various amounts of 5 mM Pb(NO3)2 solution were added
into cell suspensions to achieve the Pb concentration up to 500 mg L-1.
The pH of suspensions was adjusted to pH 5.0 using 5 mM HNO3 and/or
NaOH over the course of the reaction. After shaken at 25 ± 0.5 °C for
6 h, cells were separated from suspensions by centrifuging at 3000 rpm
for 15 min. Lead concentrations in supernatants were determined using
inductively coupled plasma atomic emission spectroscopy (PerkinElmer
Avio 200). Collected solids were freeze-dried for 48 h for further ana-
lyses. Sorption data were fitted using the Freundlich isotherm models.
The Freundlich equation is Qe = KCe

1/n, where Qe is the sorption ca-
pacity (mg g−1), Ce is the equilibration concentration (mg L-1), K is the
distribution coefficient, and n is a correction factor [13].
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2.3. Transmission X-ray microscopy (TXM) analyses

2-D and 3-D images for selected samples collected from sorption
isotherms were acquired using the TXM at beamline TLS 01B1 of
National Synchrotron Radiation Research Center (NSRRC) in Taiwan.
The operation of beamline in energy range of 8–11 keV is in phase
contrast mode with a spatial resolution of 60 nm. A series of 2-D TXM
images captured from −85 to +85° at rotational increments of 1° were
loaded for reconstructing the 3-D tomography using the filtered back

projection algorithm. For better reconstruction quality, an iterative
image registration algorithm (Faproma) [27] was used before the to-
mography reconstruction.

2.4. X-ray photoelectron spectroscopy (XPS) analyses

To determine elemental compositions near surfaces of collected
solids, XPS analyses were performed using an electron spectroscope
(ULVAC-PHI, PHI 5000 VersaProbe) with monochromatic Al Kα radia-
tion focused on 45° to the sample surface. The energy step size for high-
resolution scans was < 0.5 eV. Surface concentrations of elements (in
atom percent) were obtained from spectral deconvolution by fitting C 1
s, N 1 s, O 1 s, P 2p, S 2p and Pb 4f signals.

2.5. Pb LIII-edge X-ray absorption (XAS) analyses

Lead speciation for solids collected from sorption isotherms was
determined using the Pb LIII-edge XAS analysis. Approximately 0.2 g of
samples were mounted in acrylic sample holders sealed with Kapton
tape for data acquisition. XAS spectra were collected at the beamline
12B2 of Spring-8, Japan, 17C1 and 44A of NSRRC, Taiwan. The
monochromator energy calibration to 13035 eV was monitored during
data collection using a Pb foil placed between the transmission (It) and
reference (Ir) ion chamber detectors. Spectra were acquired at photon
energies from −200 eV to a wavenumber (k) of 13 Å−1 relative to
13035 eV, using a step size of 0.5 eV in the near edge region (−30 to
+40 eV) and a step size of k = 0.05 Å−1 at higher energies. Spectra of
inorganic Pb species including hydrocerussite [Pb(OH)2·2PbCO3], PbO,
PbO2, pyromorphite [Pb5(PO4)3Cl], Pb3(PO4)2, PbCl2, Pb(NO3)2,
PbSO4, and Pb sorbed on kaolinite, birnessite, Al-hydroxide, and ferri-
hydrite as well as organic species including Pb sorbed on/complexed
with thiol peptide, malate, citrate, oxalate, pectin, acetate,
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Fig. 1. The adsorption isotherms of Pb on Galdieria maxima (Gm),
Cyanidioschyzon merolae (Cm), and Cyanidium caldarium (Cc) at pH 5.0.

Fig. 2. The 2-D images for (a-b) Galdieria maxima (Gm), (c-d) Cyanidioschyzon merolae (Cm), and (e-f) Cyanidium caldarium (Cc) with and without sorbed Pb. Sorbed
Pb was 38, 214, and 298 mg g−1 on Gm, Cm, and Cc.
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polysaccharide, organic functional group, and biochar were also col-
lected as references used in linear combination fitting (LCF). See our
previous study [28] for reference preparation. All of the XAS data were
background removed, normalized, and merged using the IFEFFIT pro-
gram [29]. The speciation of Pb was determined by LCF analyses across
the region from 2.2 to 8.0 A-1 using the Athena program [29].

2.6. Synchrotron-based Fourier-transform infrared spectroscopy (FTIR)
analyses

In order to determine the changes in functional groups of
Cyanidiales after Pb(II) ions sorption, synchrotron-based FTIR spectra
were acquired at beamline TLS 14A1 of NSRRC using a FTIR spectro-
meter (Nicolet 6700; Thermo-Nicolet Instruments, Madison, WI, USA)
equipped with an infrared confocal microscope (Continuum; Spectra
Tech Inc., Oak Ridge, TN, USA) and a LN-cooled mercury-cadmium-
tellurite (MCT) detector. The spectra of cell samples were acquired in
the reflection mode in the range of 4000–650 cm−1 with the spectral
resolution of 4 cm−1 and the focused synchrotron infrared beam size of
20 × 20 µm2. Cell samples were dropped and air-dried onto low-e
microscope slides (Kevley Technologies, Chesterfield, OH, USA). A
background spectrum of the clean slide was acquired before sample
analyses. Collected spectra were analyzed using the OMNICTM 8.0
(OMNIC, 1992–2012; Thermo Fisher Scientific, Waltham, MA, USA).
The amide I and II bands in the region of 1760–1465 cm−1 was de-
convoluted to determine changes in protein secondary structure of cells
using Peak Resolve in OMNICTM.

3. Results

3.1. Lead sorption on Cyanidiales

Fig. 1 showed results of Pb(II) ions sorption isotherms on Cyani-
diales along with the Freundlich isotherm models (parameters in Table
S1). The maximum observed Pb(II) ions sorption Cc, Cm, and Gm was
298.4, 214.0, and 38.2 mg g−1, respectively. Compared with other
macroalgae and microalgae species, whose sorption capacities for Pb
range from 1.5 to 247.4 mg g−1 [5–11], Cyanidiales, particularly Cc,
showed the superior ability to retain Pb (Table 1). In terms of the
classification of sorption isotherms, Pb(II) ions sorption on Gm and Cm
was categorized as Type I curve, but that on Cc was more similar as the
Type III shape [30]. The Type III isotherm implied an unrestricted
multilayer formation process, wherein the affinity between Cc surfaces
and Pb increased with increasing equilibration concentration [30].
Such multisite and heterogeneous sorption of Pb was also found on
Caulerpa serrulata [31]. In addition to the sorption/complex with
functional groups on cell wall of algae, the precipitation on cell surfaces

and/or the assimilation by algae might possibly account for the mul-
tilayer formation and heterogeneous sorption of Pb on Cc [19]. These
divergent Pb(II) ions sorption behaviors among Cc, Cm, and Gm im-
plied various capabilities of Cyanidiales genera in the remediation of
heavy metals.

3.2. Tomography for Cyanidiales with sorbed Pb

High-resolution 2-D TXM images of Cyanidiales suggested that the
diameter of Gm cell (~2.5 μm) was greater than that of Cm and Cc
(~1 μm) (Fig. 2). Such 2-D images were used to reconstruct the 3-D
tomography shown in the movie S1-S3 in the Supporting information.
In the case of Gm, both the 2-D image and the reconstructed 3-D to-
mography clearly showed the periphery outline for the cell. Given that
the data were collected in phase contrast mode, the darker shadows
along with the cell outline in Gm with sorbed Pb implied that Pb gen-
erally distributed around the cell surface (Fig. 2b). By contrast, TXM
images for Cm and Cc with sorbed Pb showed darker shadows that
scattered around the cell (Fig. 2d and 2f), suggesting the plausible in
vivo accumulation for Pb. These significant variations in the tomo-
graphy of Cyanidiales upon Pb(II) ions sorption indicated that alter-
native mechanisms for Pb tolerance might be adopted by individual
Cyanidiales genera.

3.3. Chemical composition near surfaces of collected solids

After the Pb(II) ions sorption, we used XPS technique to determine
distributions of C, N, O, P, S, and Pb near surfaces of collected solids. As
shown in Table 2, the molar fraction of Pb on Cyanidiales presented a
positive correlation (r2 = 0.9725) with the amounts of Pb(II) ions
sorption. Among results, the noteworthy point was the emerging sulfur
(S) component on Cc upon the exposure to Pb. The S component might
be assigned to sulfated polysaccharides on cell wall and/or thiol li-
gands, which has been recognized as one of the key functional group to
enhance metal tolerance [20]. Regarding changes in N proportion, it
increased by 1.15% as sorbed Pb increased from 0 to the maximum
observed capacity of 38 mg g−1 on Gm. Such increasing extent was
about 2.5 times greater than that for Cm and Cc as sorbed Pb amount
increased to their maximum observed capacity of 214 and 298 mg g−1.
This result indicated that the N related functional groups on cell surface
of Gm were relatively sensitive to Pb exposure as compared with Cm
and Cc, wherein Pb might be coordinated by the NH group of poly-
saccharides on cell walls [32].

In terms of the P proportion, tested Cyanidiales contained com-
parable proportion of P (~0.4%) prior to Pb(II) ions sorption, implying
the similar P-containing functional groups on all cell surfaces. After the
exposure to Pb, the P proportion decreased to 0.21, 0.10 and 0.23 for

Table 2
XPS results including molar fraction, valence state, and proposed component for Galdieria maxima (Gm), Cyanidioschyzon merolae (Cm), and Cyanidium caldarium (Cc)
with and without sorbed Pb.

Samples Sorbed Pb Molar fraction Valence state and proposed component

C 1 s N 1 s O 1 s P 2p S 2p Pb 4f P 2p Pb 4f5/2 Pb 4f7/2

Binding energy -PO3 Binding energy P-N Binding energy Binding energy
mg g−1 % eV % eV % eV eV

Gm 0 79.25 2.72 17.60 0.43 – – 133.20 61.90 132.30 38.10 – –
Gm Pb13 13 76.29 4.66 18.89 0.13 – 0.03 133.30 43.70 132.40 56.30 142.80 137.60
Gm Pb38 38 78.95 3.87 16.91 0.21 – 0.07 133.90 26.40 132.60 73.60 142.80 138.20
Cm 0 78.17 1.48 19.89 0.45 – 133.20 65.70 132.30 34.30 – –
Cm Pb72 72 74.21 2.66 22.70 0.34 – 0.10 133.20 56.10 132.20 43.90 143.00 138.00
Cm Pb214 214 78.74 1.94 19.03 0.10 – 0.18 133.60 30.40 132.70 69.60 143.20 138.20
Cc 0 78.90 3.21 17.48 0.41 – – 133.20 67.40 132.30 32.60 – –
Cc Pb60 60 74.27 5.25 19.90 0.17 0.34 0.07 133.20 60.30 132.40 39.70 142.80 138.00
Cc Pb298 298 75.26 3.66 20.45 0.23 0.11 0.29 133.20 59.10 132.20 40.90 143.10 138.20
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Gm, Cm, and Cc contained its maximum observed capacity of 38, 214,
and 298 mg g−1, respectively. The decreasing P proportion along with
the increasing amount of Pb(II) ions sorption suggested that P-con-
taining functional groups in polysaccharides seemed to serve as the first
and general defense line for Pb tolerance. The deconvolution for the P
2p XPS peaks showed that the P proportion near surfaces of tested
Cyanidiales was dominated by the -PO3 group at ~133.2 eV and P-N
bonding at ~132.3 eV (Table 2), which was assigned to phosphate and
phosphate groups complexed with amine occurred in algae surfaces,
respectively [33,34]. After the Pb(II) ions sorption, the band of -PO3

group tended to shift to higher energies for Gm and Cm along with the
essential decreases in the relative proportion. Such decreasing trend
was particularly significant for Gm samples, wherein the proportion of
-PO3 group decreased from 61.9% to 43.7% as Gm containing 13 mg Pb
g−1 and further to 26.4% as the sorbed P amount increased to
38 mg g−1. By contrast, the constant binding energy with slightly de-
creasing proportion for -PO3 group as the function of sorbed Pb amount
on Cc implied that the -PO3 group did not highly participate in Pb re-
sistance for Cc. Collectively, using -PO3 group in polysaccharides to
enhance Pb tolerance seemed to only take place on Cm and particularly
on Gm.

3.4. Lead speciation on collected solids

Lead species on solids collected from sorption isotherms was iden-
tified and quantified using the LCF across the Pb XAS spectra. XAS data
for our samples and selected Pb references were shown in Figs. S1-S2.
Results of LCF shown in Fig. S2 and Table 3 indicated that the Pb in-
ventory in all samples was dominated mainly by Pb complexed with
organic functional groups (Pb-organic functional group) (43–67%) with
lesser amount of Pb5(PO4)3Cl (17–35%), Pb-polysaccharide (13–22%),
and Pb-thiol peptide (3–18%). Although both inorganic and organic Pb
species were found in all samples, Pb retention on collected solids was
primarily contributed by the complex with organic functional groups/
ligands (up to 83%) such as carboxylic acid (–COOH), amine (–NH2),
and thiol (-SH) groups [35]. As amounts of sorbed Pb increased, how-
ever, distinct changes in the distribution of Pb species were found for
individual Cyanidiales genera. While Pb5(PO4)3Cl was the major species
increased with increasing Pb(II) ions sorption on Gm, the proportion of
Pb-organic functional group essentially increased by 19% on Cm as
sorbed Pb increased from 72 to 214 mg g−1. Noteworthily, proportions
of both Pb5(PO4)3Cl and Pb-organic functional group species remained
unchanged on Cc as sorbed Pb increased from 60 to 298 mg g−1. In-
stead, the substantial increase was found in the proportion of Pb-thiol
peptides that was up to six times greater than other Cyanidiales sam-
ples. Thiol peptides are essential substrates for the synthesis of glu-
tathione (GSH), which is a primary cellular antioxidant and a precursor
for phytochelatin (PC) that is heavy-metal-binding peptide involved in

heavy metal tolerance and sequestration [36,37]. Therefore, the rela-
tively great proportion of Pb-thiol peptide on Cc plausibly implied a
unique defense mechanism against toxicity of heavy metals, leading to
the greatest Pb(II) ions sorption capacity on Cc.

3.5. Functional groups and protein secondary structures on collected solids

Fig. 3 showed the FTIR spectra of solid samples collected after Pb(II)
ions sorption isotherms. The peak at 3307, 1653, and 1542 cm−1 is
attributed to the vibrational motion of NH stretching, C = O stretching,
and CN stretching coupled with NH bending on amide A, amide I, and
amide II bands, respectively [38]. The amide A band seemed to be
widened by the occurrence of OH stretching at 3400 cm−1. In addition,
the contribution of –CH2/–CH3 stretching and C=O stretching of ester
was determined at 2922 and 1745 cm−1 [39]. The C–O stretching vi-
brations of polysaccharide at 1146 and 1027 cm−1 and P]O stretching
vibration of phosphodiester at 1078 cm−1 were also observed in col-
lected solids [40,41].

While the width of absorption bands at 2922 and 1745 cm−1 re-
mained nearly constant for all Cyanidiales samples no matter with or
without sorbed Pb, significant variations in band width and intensity
for amide A (3307 cm−1), polysaccharide (1146 and 1027 cm−1) and
phosphodiester (1078 cm−1) were found in relation to different
Cyanidiales genera and Pb(II) ions sorption amounts. Previous study
suggested that amide bands were involved in Pb retention but in var-
ious degree [8,42,43]. For example, metal sorption on marine algae led
to decreasing intensity for bands at 3370–3410 cm−1 and
1516–1535 cm−1 [8]. In terms of the amide A band, the shoulder
contributed by the hydroxyl group around 3400 cm−1 was discernible
for the pristine Gm and Cm but absent for the Cc. This spectral dis-
crepancy implied the unique distribution of amide A and/or OH groups
on Cc surfaces among tested algae [44,45]. As amounts of sorbed Pb on
Gm and Cm increased, however, the intensity of such shoulder tended
to decrease, accompanied with the decreasing intensity for the poly-
saccharide and phosphodiester bands. Particularly for Gm, the signal
around 1146–1027 cm−1 was nearly indiscernible as sorbed
Pb ≥ 13 mg g−1. On the contrary, spectral features for the poly-
saccharide and phosphodiester bands on Cc remained nearly constant,
irrespective of sorbed Pb amounts. These collective results suggested
that while polysaccharide and phosphodiester on Gm highly responded
to Pb stress conditions, the Pb stressor caused insignificant changes in
polysaccharide/phosphodiester amounts on Cc [46].

Given that the peak area 1027 cm−1/1078 cm−1 corresponds to the
polysaccharide/phosphodiester ratio that is indicative of the metabolic
turnover of the cell as polysaccharide, i.e. glycan, on cell membrane
proteins play important roles in many cellular processes such as re-
cognition and apoptosis [47], such ratios were plotted as the function of
sorbed Pb amount in Fig. 4. The polysaccharide/phosphodiester ratio

Table 3
Results of LCF analyses to determine the Pb species on Galdieria maxima (Gm), Cyanidioschyzon merolae (Cm), and Cyanidium caldarium (Cc) as the function of sorbed
amounts.a

Samples Sorbed Pb Inorganic species Organic species R-factorc

Pb5(PO4)3Cl Pb-organic functional group Pb-polysaccharide Pb-thiol peptide

mg g−1 %

Gm Pb13 13 30.9( ± 3.0)
b 43.1( ± 3.5) 16.4( ± 2.2) 9.6( ± 5.1) 0.0538

Gm Pb38 38 35.3( ± 4.5) 43.7( ± 5.4) 12.6( ± 3.4) 8.4( ± 7.8) 0.1076
Cm Pb72 72 24.0( ± 2.9) 47.9( ± 3.5) 21.9( ± 2.2) 6.2( ± 5.1) 0.0660
Cm Pb214 214 16.5( ± 2.5) 67.2( ± 3.0) 13.2( ± 1.9) 3.0( ± 4.3) 0.0418
Cc Pb60 60 17.4( ± 3.5) 46.3( ± 4.0) 22.2( ± 2.5) 13.5( ± 5.8) 0.0648
Cc Pb298 298 18.7( ± 4.5) 46.0( ± 5.3) 17.4( ± 3.3) 17.9( ± 7.7) 0.0941

a The fitted spectral range was between 2.2 and 8.0 Å−1. The weighting factors on each fit were summed to 100 ± 1% and were normalized to 100%.
b Mean ± standard deviation.
c Normalized sum of the squared residuals of the fit (R-factor = ∑(data-fit)2/∑data2.
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was 1.36, 1.40 and 1.11 for pristine Gm, Cm, and Cc. As sorbed Pb
amount increased to 38, 214 and 298 mg g−1 on Gm, Cm, and Cc, such
ratio dropped by 0.33, 0.22, and 0.03, respectively. There were three
distinct trends in Fig. 4. While the exposure to Pb led to the sharp de-
crease in the polysaccharide/phosphodiester ratio of Gm, such decrease
was only found on Cm as Pb amount ≥ 72 mg g−1. Moreover, no es-
sential change in the ratio as the function of sorbed Pb was found on Cc.
Such results suggested that polysaccharides on Gm served as the major
defense line to resist Pb stress, leading to the negative effect on Gm
growth and metabolism [48]. However, the cell proliferation and/or
metabolism of Cc seemed not to be affected by the Pb stress as indicated
by the unchanged polysaccharide/phosphodiester ratio, implying Cc is
endowed with a unique mechanism to modulate Pb tolerance.

Regarding the amide I and amide II bands at 1653 and 1542 cm−1,
they could show the information of protein secondary structures (PSS)
in vivo of cells as the amide I band is attributed to the peptide bond of
PSS, and more than 80% of its intensity is contributed from the C]O
stretch vibration motions of peptide linkages [49]. Due to the adjacent
location and extensive overlapping to one another, individual compo-
nents of PSS that are technically unresolvable have been generally de-
termined by means of deconvolution [50,51]. To understand the PSS
underlying Cyanidiales’ flexible responses against Pb stress, thereby,
the spectral region of 1760–1465 cm−1 were further deconvoluted to
determine the relative proportion of individual components that
showed quantitative alterations of protein misfolding and/or aggrega-
tion in Cyanidiales [52–54].

Fig. 3. Representative FTIR spectra (4000–900 cm−1) for Galdieria maxima (Gm), Cyanidioschyzon merolae (Cm), and Cyanidium caldarium (Cc) with and without
sorbed Pb. Amounts of sorbed Pb were 13 and 38 mg g−1 on Gm; 72 and 214 mg g−1 on Cm; 60 and 298 mg g−1 on Cc.
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1.0

1.1
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1.3
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retseidohpsohp / edirahccasyloP

Pb sorbed on algae (mg g-1)
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Fig. 4. Ratios of peak intensity for polysaccharide (1027 cm−1) to phospho-
diester (1078 cm−1) as the function of sorbed Pb amounts on Galdieria maxima
(Gm), Cyanidioschyzon merolae (Cm), and Cyanidium caldarium (Cc).
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Amide I and amide II bands in our tested samples were deconvo-
luted into PSS components including (anti-)parallel β-strands, β-turn, α-
helix, and unordered structure (Fig. 5 and Table S2) [39,54]. The ab-
sorption band at 1741 cm−1 and 1513 cm−1 was assigned to ester
carbonyl C]O stretching vibration of phospholipid and the amino acid
of tyrosine by the C–N–H bending coupled with N–H stretching motion,
respectively [39,55]. From the qualitative point of view, variations in
the position and the absorbance of component bands derived from
deconvolution results correlate closely with changes in PSS. For Gm and
Cm samples, α-helix is the major component of PSS, which increased to
32.6 and 29.1% for Gm and Cm as they bore the maximum sorption
amount of Pb. In fact, changes in individual PSS components of Gm as
the function of sorbed Pb amount was imperceptible. This might be
reasonable as the observed maximum Pb(II) ions sorption capacity on
Gm was only 38 mg g−1. For Cm samples, the proportion of α-helix
increased by 6.3% as Pb(II) ions sorption reached the maximum amount
of 214 mg g−1. Such increase was accompanied with the minor increase
of β-turn (1.3%) and decreases in unordered structures (3.0%), β-strand
(2.3%), and amide II (3.6%). In contrast, the PSS of β-turn
(1666 cm−1), α-helix, unordered structure, and β-strand showed
comparable proportions on the pristine Cc. As sorbed Pb (II) increased
to the maximum observed amount of 298 mg g−1 on Cc, although the
proportion of 1666-cm−1 β-turn remained nearly constant, that of α-
helix decreased by 9.6%, accompanied with ~4% increases in un-
ordered structure and β-turn at 1614 cm−1.

Due to the heterogeneous morphology in algae surfaces, changes of

Fig. 5. Representative decomposition results for FTIR spectra (1760–1465 cm−1) of (a-c) Galdieria maxima (Gm), (d-f) Cyanidioschyzon merolae (Cm), and (g-i)
Cyanidium caldarium (Cc) with and without sorbed Pb. Amounts of sorbed Pb were 13 and 38 mg g−1 on Gm; 72 and 214 mg g−1 on Cm; 60 and 298 mg g−1 on Cc.
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Fig. 6. Ratios of peak intensity for α-helix (1652 cm−1) to parallel β-strand
(1631 cm−1) on protein secondary structure as the function of sorbed Pb
amounts on Galdieria maxima (Gm), Cyanidioschyzon merolae (Cm), and
Cyanidium caldarium (Cc).
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α-helix was normalized by that of β-strand to obtain relatively accurate
trends caused by the Pb(II) ions sorption process. In addition, the me-
tallothionein protein that regulates metal homeostasis and imparts
defense against heavy metal toxicity by intracellular sequestration
contains N-terminal and C-terminal motifs joined by α-helix and β-
strand elements [56,57]. Thus, it is reasonable to postulate the α-helix/
β-strand ratio as the major indicator responsible for metal stress tol-
erance in Cyanidiales. Changes of α-helix/β-strand ratio as the function
of Pb(II) ions sorption amount were revealed as two different trends
showed in Fig. 6. While α-helix/β-strand ratio positively correlated
with sorbed Pb concentrations on Gm (r2 = 0.8458) and Cm
(r2 = 0.9931), that showed an inverse relationship with sorbed Pb(II)
on Cc (r2 = 0.9597). These structural changes in PSS implied the de-
naturation of existing proteins and/or the variation in protein dis-
tribution during apoptosis [58]. Therefore, an inverse relationship
suggested the disruption or modification of α-helix by Pb stress. Among
tested Cyanidiales, Cc showed the unique response for the metal tol-
erance, wherein α-helix was prone to unfold as sorbed Pb increased.
Such protein denaturation in vivo agreed with the greatest proportion
of unordered structure in the sample of Cc Pb298 (Table S2). In prin-
ciple, the disruption or modification of α-helix might facilitate solva-
tion of the nonpolar interior of the barrel, destabilize its folded struc-
ture, and thus induce conformational fragility [59].

4. Discussion

Mechanisms of Pb accumulation in algae involved several intricate
processes [60,61]. In the study, we conducted Pb(II) ions sorption
isotherms on three out of seven species of thermoacidophilic Cyani-
diales. The Gm, Cm, and Cc species belongs to three different Cyani-
diales genera. Although Pb(II) ions sorption on all tested Cyanidiales
could be well described using the Freundlich model, Cc showed a dis-
tinctive sorption curve. While amounts of sorbed Pb on Cc increased
nearly exponentially with increasing equilibrium Pb concentration, that
on Gm and Cm were prone to reach plateaus (Fig. 1). Such sorption
behavior endowed Cc with the relatively great capacity for Pb(II) re-
tention, whose sorption capacity for Pb was almost eight times greater
than that on Gm (Table S1). This finding implied an essential dis-
crepancy in metal retention potential and metal stress tolerance of in-
dividual Cyanidiales species.

While polysaccharide on Gm highly responded to Pb stressor
(Fig. 4), which damaged the cell growth and metabolism, the increasing
proportion of Pb-phosphate precipitates [Pb5(PO4)3Cl] with increasing
sorbed Pb amount (Table 3) might be counted as another mechanism
for Pb tolerance on Gm. Previous study reported that organisms could
detoxify metals by means of hydrolysis of polyphosphate associated
with energy-producing cellular structures, membranes, and nucleic
acids. The hydrolysis is initiated upon exposure to heavy metals,
leading to the subsequent metal-phosphate precipitation against heavy
metal toxicity [20]. For our Cyanidiales samples, however, the positive
correlation between proportions of Pb-phosphate precipitate and con-
centrations of sorbed Pb was only found on Gm (Table 3). As far as the
relatively low sorbed capacity of Pb on Gm is concerned (Table S1),
polyphosphate hydrolysis might not be the dominant process re-
sponsible for metal tolerance of Cm and Cc.

Regarding Cm, in addition to the sharp decrease in the poly-
saccharide/phosphodiester ratio as sorbed Pb amount ≥ 72 mg g−1

(Fig. 4), the proportion of Pb bound to organic functional groups in-
creased significantly by 19.3% as sorbed Pb increased from 72 to
214 mg g−1 (Table 3). Unlike Gm and Cc, Cm is devoid of many en-
zymes involved in synthesis, modification, and degradation of cell wall
[62]. In this case, Pb might readily penetrate cell membrane, lead to the
structural alteration of polysaccharide, and subsequently be stored in
the compartment of cell vacuoles [63]. The vacuolar sequestration has
been reported as a key mechanism for the metal tolerance common to
Funaria hygrometrica [64]. This might be a reasonable postulation for

the physiological role of Cm in Pb detoxification as the enhanced pro-
portion of Pb-organic functional group could be interpreted as in-
creasing degree of Pb sequestration in vacuoles [64].

According to the almost indiscernible change in polysaccharide/
phosphodiester ratio on Cc as the function of sorbed Pb amount (Fig. 4),
the cell proliferation and/or metabolism of Cc seemed not to be affected
by the Pb stress. Based on XPS results (Table 2), the elemental com-
position near surfaces of pristine Cc was similar to that of origin Gm and
Cm. After the Pb accumulation, however, the emerging sulfur compo-
nent was found on Cc surfaces but not on other two Cyanidiales. This
result corresponded to the promoted proportion of Pb-thiol peptide
species with increasing amounts of sorbed Pb on Cc (Table 3). Based on
the Hard-Soft-Acid-Base theory, sulfur in the thiol side chain of cysteine
is a relatively soft atom and thereby tends to bind to soft and borderline
elements such as Pb [65]. Moreover, cysteine is the major component in
peptides that consist of metallothionein, a well-characterized group of
heavy metal-binding ligands in plant cells [20]. From the perspective of
distribution variations in PSS, the significant decrease in α-helix ac-
companying with the essential increase in unordered structure upon the
Pb(II) ions sorption plausibly evidenced the denaturation of peptides
that modulate metal tolerance (Table S2). The possible explanation for
the coincidence of this PSS change and the promoted proportion of Pb-
thiol peptide was the formation of thiol bound complexes like Pb(GSH)3

as amounts of such heavy-metal-binding peptides would be induced
above basal levels upon Pb exposure [19]. Therefore, rather than use
polysaccharide as the major defense line to resist Pb stress, Cc took
advantage of the formation of Pb-thiol peptide species to enhance the
Pb tolerance. The thiol ligands could not only directly chelate Pb and
launch transport to vacuoles but also induce the redistribution of Pb
from inorganic precipitates to organic complexes by means of the
partial dissolution of Pb-PO4 precipitates [19].

Collectively, despite Pb complexation with organic functional
groups and the conceivable transport to vacuoles accounted for the
majority of Pb inventory on all tested Cyanidiales, discrepancy in other
Pb species concomitant with increasing Pb accumulation implied the
variation in Pb tolerance mechanism specific to individual Cyanidiales
species. While polysaccharide and pronounced Pb-PO4 precipitation
served as the additional strategy against Pb toxicity on Gm, supple-
mentary responses on Cm and Cc might be the Pb redistribution from
PO4-related precipitates to organic complexes. Such reasonable postu-
lation, based on the collective spectroscopic results, was in line with
TXM images (Fig. 2) that showed the tendency towards in vitro Pb
distribution on Gm but in vivo Pb distribution on Cm and Cc. As far as
organic Pb complexes on Cm were concerned, their possible destination
was the storage compartment in cell vacuoles. On Cc, by contrast, a
further putative assimilation by altering PSS and the chelation with
thiol peptides improved the Pb tolerance, leading to a heterogeneous
retention mechanism that was suggestive of a superior sorption capa-
city for Pb.

5. Conclusions

In this study, the adsorption isotherms in conjunction with syn-
chrotron-based spectroscopic analyses were performed to determine the
extent and mechanism of Pb(II) ion sorption on Cyanidiales. Among
three Cyanidiales genera, Pb(II) sorption capacity of Cyanidium cal-
darium (Cc) (298.4 mg g−1) was up to eight times greater than that of
other two species and even comparable to that of latest developed in-
organic nanomaterials (Table 1). Such great Pb(II) adsorption capacity
provides a niche opportunity allowing Cyanidiales to benefit the green
remediation. The modulation of Pb tolerance by Cyanidiales was sum-
marized as four mechanisms: the defense line provide by poly-
saccharide, the inorganic Pb-PO4 precipitation, the organic Pb com-
plexation concomitant with the transport to cell vacuoles, and the
specific Pb-thiol chelation involved in disruption of protein secondary
structures. The fluctuation in Pb speciation as the function of sorbed Pb

Y.-L. Cho, et al. Chemical Engineering Journal 401 (2020) 125828

9



amount suggested a dynamic response against metal toxicity. While all
of four mechanisms were generally performed by tested Cyanidiales,
the formation of Pb-thiol peptide species was significantly pronounced
in Cc, leading to the greatest Pb(II) sorption capacity. Wherein, the thiol
ligands not only chelated Pb(II) ions and subsequently launched the
transport to vacuoles but also induced the redistribution of sorbed Pb
from inorganic species to organic complexes by means of the partial
dissolution of Pb-PO4 precipitates. With the information regarding Pb
(II) adsorption capacities and tolerance strategies against Pb stress, the
transcriptome of closely related Cyanidiales isolates that present dis-
tinct detoxification responses could be further determined and com-
pared to decipher the underlying genetic mechanism. Once the decisive
genetic resource is designated, novel enzymes that endow Cyanidiales
with adaption to Pb stress could improve the application of Cyanidiales
as efficient green materials in bioremediation under extreme environ-
mental conditions. In addition to the capability to retain and induce
redox transformation for metals, Cyanidiales might be able to enhance
the precipitation of Fe-base coagulants aerobically and even anaerobi-
cally via the biotic Fe(II) oxidation (our ongoing study). Given that the
secreted extracellular organic polymers that nucleate Fe(III) pre-
cipitates might also serve as bio-flocculants to reduce the dosage of Fe-
base coagulants, it is promising to apply Cyanidiales/Fe biocomposites
as alternative wastewater treatment processes in terms of enhancing
metal removal and reducing sludge production.
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