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a b s t r a c t
Interactions between heavy metals and organic contaminants can result in speciation changes of heavy
metals. Therefore, it is unknown whether organic contaminants in aquatic environments act as selective
agents to mediate the toxicity of heavy metals. To elucidate these interactions, the effects of the herbicide
imazethapyr (IM) on Cu(II) ecotoxicity to the aquatic unicellular alga Scenedesmus obliquus were investigated. It was found that the toxicity of Cu could be mediated by IM. To explore the mechanisms involved,
complex formation, the catalytic activity of the complex, the Cu species and the distribution of Cu and Fe
in the algal cell were characterized. The results showed that Cu(II) and IM formed an octahedral complex
with an IM:Cu molar ratio of 2:1. These complexes also catalyzed the disproportionation of hydrogen
peroxide. Analysis of the K-edge of Cu using XAFS spectroscopy indicated that when treated with Cu,
the Cu was bound to polygalacturonic acid (on the cell wall), and once inside the cell, Cu may complex
with the reduced glutathione (GSH) (in the cell). When the cell is treated with IM and Cu simultaneously,
IM–Cu may be the primary complex formed. Once Cu combines with IM, it is difﬁcult for it to interact with
the cell wall. In addition, using scanning transmission soft X-ray microscopy, it was found that Cu could
induce changes in the distribution of the essential trace element Fe, whereas IM–Cu cannot. This ﬁnding
demonstrates the importance of interactions between heavy metals and organic contaminants, which
are able to mediate the toxicity of heavy metals and should be considered in future risk assessments.
© 2013 Published by Elsevier B.V.

1. Introduction
The increasing contamination of freshwater systems with heavy
metals is a key environmental problem facing humanity worldwide (Liu et al., 2008; Zhang et al., 2008; Speijers and Speijers,
2004; Duan et al., 2008; Qian et al., 2009a,b; Posthuma et al., 1997;
Liao et al., 2003; Gatidou and Thomaidis, 2007). It is widely known
that the toxicity of heavy metals is governed mainly by the chemical composition of species in the aquatic environment and can be
modiﬁed by changes to environmental conditions, including the
presence of coexisting materials. It has been reported that Cu and
oxygenated PAHs are synergistically toxic to plants (Wang et al.,
2009).
In toxicology, depending on the presumed modes of action of
the components in a mixture, two concepts are used to predict the
effects of mixtures: concentration addition (CA) and independent
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action (IA). The effects of the mixture can be additive but if the
observed responses are stronger or weaker than expected, then
the combined effect is described as being either antagonistic or
synergistic, respectively (Christensen et al., 1996), which indicates
that interactions with mixtures occur. However, due to the varying
natures of the chemicals tested, a general concept cannot be used to
assess the interactions between chemicals (Sun et al., 2009). Thus,
for a better understanding of the mechanisms and effects of organic
contaminants on toxicity of heavy metals, more detailed studies of
the interactions between organic contaminants and heavy metals
are required.
Interactions between heavy metals and organic contaminants
can result in speciation changes in heavy metals. The presence
of natural dissolved organic carbon (DOC) can result in the formation of metal complexes. During this process, heavy metals
in the aquatic environment show slow redistribution between
the aquifer material and the solution, and changes in speciation
(Christensen et al., 1996). Though there were some researches that
have demonstrated the inﬂuence of xenobiotics on metal availability (Florence et al., 1983; Ahsanullah and Florence, 1984), to
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some extent, the mechanism of organic contaminant-mediated
toxicity of heavy metals to aquatic organisms remains to be elucidated.
Cu is an essential micronutrient for numerous physiological processes, when present at low concentrations, but Cu can be toxic at
high concentrations (Yruela, 2005). Various anthropogenic sources,
including Cu mine drainage, copper-based pesticides, industrial
and domestic wastes, and antifouling paints, increase the Cu levels
in aquatic ecosystems (Andrade et al., 2004). Additionally, pesticides have been used extensively in China (Zhang et al., 2011). For
example, imazethapyr (IM), is widely used throughout the world
because of its high herbicidal activity at low application rates and
its wide spectrum of weed control. IM is one of the imidazolinone
(IMI) herbicides. IMI are commonly applied as either pre- or postemergence herbicides. Duggleby and Pang reported that IMI binds
to ALS and subsequently inhibits the synthesis of branched-chain
amino acids (BCAA), particularly of valine (Val), leucine (Leu) and
isoleucine (Ile) (Duggleby and Pang, 2000). In China, 150–300 tons
of IM are used each year to control weeds in soybean ﬁelds (Qian
et al., 2009a,b). Therefore, environmental pollution resulting from
pesticide use is signiﬁcant (Zhang et al., 2011).
Thus, the aim of the present work was to investigate the
interactions between heavy metals and organic contaminants
as well as the impacts of these interactions on the toxicity
of heavy metals in aquatic environments. Given this background, Scenedesmus obliquus was chosen as a representative
biological indicator. Cu and the herbicide IM were chosen as
our model heavy metal and organic contaminant, respectively.
Attempts were made to explore the mechanism by examining the changes in growth inhibition, chlorophyll ﬂuorescence
of algal cells, catalase activity, Cu species and the distribution of Fe in the algal cell using a combination of scanning
transmission soft X-ray microscopy (STXM), X-ray absorption spectroscopy (XAS) and UV spectral analyses. This study indicates the
effects of interactions between heavy metals and organic contaminants on the toxicity of heavy metals and provides direct
microscopic and spectral evidence regarding the mechanisms
involved.

2. Materials and methods

2.3. Growth inhibition test and chlorophyll ﬂuorescence imaging
system
To maintain the pH of the culture solution for S. obliquus, both
IM and CuCl2 ·2H2 O were dissolved in HB-IV medium. First, the toxicities of (Rac)-IM at different concentrations (2.5, 5, 10, 20, 40 M)
and mixed solutions of IM and 10 M Cu (IM–Cu) were assessed,
and the results are given in Fig. S2 of the Supporting Information.
According to the results, two concentrations of Cu (5.0 and 10.0 M)
and two concentrations of IM (20 and 40 M) (either (Rac)-IM or
one of the two enantiomers, (R)-IM or (S)-IM) were used for the
following experiment, and the procedures of Wen et al. (2011)
were followed. The cell density of the cultures was monitored spectrophotometrically at 680 nm (OD680 , optical density at 680 nm).
The regression equations between cell density (y × 105 mL−1 ) and
OD680 (x) for S. obliquus was y = 162.1x + 1.3463(R2 = 0.9934). Each
treatment was replicated four times. The algae cell density was
monitored with a Shimadzu UV-2401 spectrophotometer at 72 h,
the growth percent inhibition was calculated as: percent inhibition = (cell mumber of control − cell mumber of sample)/cell
mumber of control × 100%.
Chlorophyll ﬂuorescence imaging was performed in a 96-well
plate using a Maxi-Imaging-PAM chlorophyll ﬂuorometer (IPAM)
(Heinz Walz GmbH, Effeltrich, Germany). Algal suspensions of S.
obliquus (200 L) treated for 72 h were pipetted into each well
and then incubated in the dark for 10 min. The maximum effective quantum yield of PSII was calculated as Fv /Fm = (Fm − F0 )/Fm
(Maxwell and Johnson, 2000). Fv is the difference between Fm and
F0 , which are the maximum and minimum ﬂuorescences of the
dark-adapted stage of PSII, respectively.

2.4. Spectroscopic investigations of interactions between IM and
Cu
Absorption spectra were taken at room temperature in a 1-cm
path length cell using a Shimadzu UV-2401 absorption spectrometer. The absorption spectra were determined by initially recording
absorption spectra in the 190–400 nm region of a set of solutions
containing a constant concentration of IM (100 M) and different
concentrations of Cu (400, 200, 100, 50, and 25 M). CuCl2 ·2H2 O
and (Rac)-IM dissolved in distilled water were used in this part.

2.1. Chemicals
(Rac)-IM (98% purity, Qingfeng Pesticide Company, China) was
separated according into its enantiomers using the method of Qian
et al., and the stereo conﬁguration of IM is shown in Fig. S1 (Qian
et al., 2009a,b). Other solvents used in this study were analytical or
HPLC grade and all glassware were sterilized in an autoclave.

2.2. The algal culture
The freshwater microalga S. obliquus was used as a test organism. Initial stocks were obtained from the Institute of Hydrobiology,
Chinese Academy of Sciences (Wuhan, China). Before the assay,
the algae were cultivated in algal growth media (sterilized HBIV) at 24 ± 1.0 ◦ C in an incubator under continuous illumination at
4500–5000 lux. The media was composed of 0.5 mL/L soil extract
and the following chemical ingredients (mg/L): (NH4 )2 SO4 , 200;
Ca(H2 PO4 )2 ·H2 O, 30; MgSO4 ·7H2 O, 80; NaHCO3 , 100; KCl, 25;
and FeCl3 , 1.5. In each incubator, the cultures were shaken ﬁve
times per day to ensure optimal growth. The algae were periodically inoculated into fresh media to keep the cells in the
logarithmic growth phase and to prepare them for subsequent
bioassays.

2.5. Scanning transmission soft X-ray microscopy (STXM)
STXM imaging was performed using the beamline BL08U1A at
the Shanghai Synchrotron Radiation Facility. Cells from the control,
Cu and IM–Cu treatments were collected at 72 h and centrifuged at
10,000 rpm for 15 min, after which the supernatant was discarded.
Collected algae were washed twice with 5 mL of sodium phosphate
buffer (50 mM, pH 7.0) and then ﬁxed with 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.0) for more than 4 h. Samples with
a thickness of 2 m were acquired by the protocol used for the
transmission electron microscopy (TEM) experiment (Wen et al.,
2011). CuSO4 ·5H2 O and IM–Cu were chosen as the reference materials and were sonically dispersed in ethanol and deposited on a
TEM grid. The grid was ﬁxed on a sample holder and loaded into
the experimental chamber. Single-energy images at the energies of
the L-edge and pre-edge for Cu were scanned and recorded as raw
data. Then, the image differences were calculated and analyzed for
mapping chemical species over the scanned areas using the dualenergy ratio contrast analysis method. The 2D spatial distribution of
the Cu element can be mapped quantitatively from the absorption
difference at two photon energies (705 eV and 708 eV) which are
just on-peak and pre-peak of the Cu absorption edge, respectively.
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2.6. X-ray absorption spectroscopy (XAS) analysis
X-ray absorption spectra were measured at the X-ray absorption
ﬁne structure (XAFS) station (Beamline BL14W1) of the Shanghai
Synchrotron Irradiation Facility with a stored electron energy of
3.5 GeV and ring currents of 200 mA. Standards were prepared
by mixing Cu with various ligands, and the ﬁnal concentration of
Cu was 3 mM. The ligands used were 0.5% polygalacturonic acid,
15 mM cysteine (Cys), 15 mM malic acid, 15 mM glutathione (GSH),
or 15 mM oxalic acid. Similarly, 3 mM aqueous solutions of the
metals (without additional ligand) were analyzed. Due to the small
nominal concentration of Cu in the sample, the data were collected
in ﬂuorescence mode. Data processing was performed with the use
of the IFEFFIT software package. The extended X-ray absorption
ﬁne structure (EXAFS) function, , was obtained by subtraction of
the post-edge background from the overall absorption and then
normalized with respect to the edge jump step.
2.7. H2 O2 and • OH determination
The complex of Ti(IV) with 4-(2-pyridylazo)resorcinol (PAR) was
used to measure trace amounts of hydrogen peroxide in vitro (Brian
et al., 1984). The reaction reagent was made daily by mixing equal
volumes of PAR and potassium titanium oxalate solutions (both
6 × 10−4 M) in water. A varying concentrations (2.0, 4.0, 6.0, 8.0,
10.0, 12.0, 14.0 M, based on concentration of Cu) of IM–Cu (molar
ratio IM: CuCl2 ·2H2 O = 2:1) and CuCl2 ·2H2 O were used to breaking
down H2 O2 . The IM–Cu or CuCl2 ·2H2 O with different concentration in 1.0 mL of sodium phosphate buffer (20 mM, pH = 7.0) was
added to the reaction buffer and H2 O2 to a total volume of 3.0 mL,
the initial concentration of H2 O2 was 50 nM. The color was developed at 45 ◦ C for 60 min and then determined the absorbance at
508 nm using a Shimadzu UV-2401 absorption spectrometer. The
remaining concentration of H2 O2 was determined according to the
standard curve.
Meanwhile, the production of • OH was determined. Coumarin3-carboxylic acid (3-CCA) was used as a detector for • OH in
aqueous solution (Yeﬁm et al., 1997). The major ﬂuorescent product
formed by chemical hydroxylation of 3-CCA is 7-hydroxycoumarin3-carboxylic acid (7-OHCCA). Fluorescence detection of 3-CCA
hydroxylation allows for real-time measurement of the kinetics
of • OH generation. 400 L of 3-CCA was added to the solution
of IM–Cu or Cu with 50 nM H2 O2 just as above, and the ﬂuorescence was measured using a multi-label microplate reader
(TECAN, Switzerland) with excitation and emission ﬁlters of 386
and 446 nm, respectively.
2.8. Data analysis
The data were analyzed using the Origin 8.0 program (OriginLab, Northampton, MA, USA) according to the methods provided by
the manufacturer of the test kit. The comparison was made using
one-way analyses of variance (ANOVA) followed by a multiple comparison test of means (Tukey test). The differences were considered
statistically signiﬁcant when p was less than 0.05.
3. Results and discussion
3.1. Effect on percent inhibition and chlorophyll ﬂuorescence
The percent inhibition of algal growth was used as one of the
indexes to evaluate toxicity as shown in Fig. 1a. For the 5.0 M
(Cu1) and 10.0 M (Cu2) Cu treatments, the percent inhibition
was 14.36% and 63.59%, respectively. As the Cu concentration was
increased, the toxicity effect became increasingly obvious. The toxicity of IM was also estimated. IM is a chiral herbicide and our

Fig. 1. (a) Toxicity of Cu, the enantiomers of IM and IM–Cu. Cu1 and Cu2 indicate Cu
concentrations of 5 M and 10 M, respectively. R1 and R2 indicate (R)-IM concentrations of 20 M and 40 M, respectively. S1 and S2 indicate (S)-IM concentrations
of 20 M and 40 M, respectively. Rac1 and Rac2 indicate (Rac)-IM concentrations
of 20 M and 40 M, respectively. Different letters above adjacent bars denote a
signiﬁcant difference (p < 0.05) between each treatment, whereas the same letter
indicates no signiﬁcant difference. (b) Images of maximum photochemical yields of
PS II (Fv /Fm ) in the dark-adapted state of algae cells. A false color code was applied
ranging from 0 (black) to 100 (purple). Cu1 and Cu2 indicate Cu concentrations of
5 M and 10 M, respectively. R1 and R2 indicate (R)-IM concentrations of 20 M
and 40 M, respectively. S1 and S2 indicate (S)-IM concentrations of 20 M and
40 M, respectively. Rac1 and Rac2 indicate (Rac)-IM concentrations of 20 M and
40 M, respectively. The replicates and Fv /Fm values were showed in supporting
information (Fig. S3 and Table S1). (For interpretation of the references to color in
the text, the reader is referred to the web version of the article.)

previous studies have shown that the chiral herbicide dichlorprop
can perturb Cu(II) toxicity (Chen et al., 2012). Therefore, the proper
enantioselective toxicity analysis of IM is essential for understanding its behavior. After growth for 72 h, the percent inhibition results
showed that the enantioselective toxicity of (R)- and (S)-IM to S.
obliquus was inconspicuous under these conditions because of the
low toxicity to the algal cells.
When Cu was added to S. obliquus with (R)-IM, we found that
the percent inhibition of (R)-IM–Cu was signiﬁcantly less than the
corresponding percent inhibition of Cu alone. For (R)-IM–Cu2, the
inhibition rate was −4.74%, while for Cu2, the rate was as high
as 63.59%, and that for (R)-IM2 was 1.69%. This phenomenon was
also observed for Cu with (S)-IM or (Rac)-IM. As mentioned above,
the enantioselective toxicity of (R)- and (S)-IM–Cu to S. obliquus is
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Fig. 2. Absorption spectra of IM (100 M) with different concentrations of Cu (400,
200, 100, 50 and 25 M).

(b)

3.2. Interaction between Cu and IM
To explore the mechanism of Cu(II) toxicity mediated by IM,
a spectrophotometric method was used to determine the interactions between Cu and IM (Fig. 2). As shown, IM exhibits a strong
absorption with a characteristic absorption peak in 271 nm. It was
found that the absorption spectrum of IM underwent changes
when Cu was added into the solution. The results also showed
that when IM (100 M) was added with different concentrations
of Cu (400, 200, 100, 50, and 25 M), the characteristic absorption peak moved to 264 nm, and a new characteristic absorption
peak indicates the formation of a novel compound, in other words,
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not obvious. However, the results of the percent inhibition experiment showed that the combined toxicity of Cu and IM was less than
treatments with Cu alone.
Algal cell growth depends on photosynthesis. If the photosynthetic system is inhibited by contaminants, a change in algal cell
growth is inevitable. Thus, inhibition of photosynthesis is a reliable
assay for the potential toxicity of contaminants toward algal cells
(Cid et al., 1995). It is clear that the photosynthetic process of green
algae depends on pigment content; additionally, measurement of
the ﬂuorescence of chlorophyll a in intact algal cells provides information on the absorption, distribution and utilization of energy in
photosynthesis (Ptsikka et al., 1998). Using a chlorophyll ﬂuorescence imager, the maximum photochemical yield of PSII (Fv /Fm )
was measured with a saturating pulse in dark-adapted algae cells
(Fig. 1b). The ﬁrst two wells in the top row show the control cells,
where the Fv /Fm value was approximately 0.65–0.68. When treated
with the two concentrations of (Rac)-IM and the two enantiomers
of IM, the corresponding Fv /Fm values stayed the same. Compared
with the control, the change in the Fv /Fm value was small when
treated with 5.0 M Cu (Cu1), while an obvious shift from blue
to green was observed when the samples were incubated with
10.0 M Cu (Cu2). However, when Cu was added with 20 or 40 M
IM, almost no change in the Fv /Fm values was observed. In addition,
no obvious enantioselective differences were observed between
the enantiomers and the racemic form of IM.
Therefore, based on the inhibition rates and the Fv /Fm ratio, we
can tentatively conclude that the combined toxicity of Cu and IM
was less than the Cu or IM treatments alone. In other words, the toxicity of Cu can be mediated by IM. In addition, because there were
no obvious enantioselective differences with IM, we only studied
the effect of (Rac)-IM on Cu toxicity in the following studies.
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Fig. 3. Cu K-edge XANES of the IM–Cu(II) complex and Cu(OH)2 and (b) is the magniﬁcation of (a).

IM forms complexes with Cu and that this complex formation
produces observable changes in the absorption spectra. To conﬁrm
the obtained complex ratio of Cu to IM, we determined the value
of f (f = c(Cu)/(c(Cu) + c(IM))) by the method of continuous variation (Job’s method) and then plotted the absorption at 265 nm (A)
against the f value according to the reference (Jean and Jean, 2002).
The results in Fig. S4 showed that the turning point of the f-A curve
was 0.333. Therefore, according to Job’s method, the corresponding
ratio of Cu to IM was 1:2.
To further conﬁrm the structure of the IM–Cu complex, detailed
information regarding near neighbor atoms around Cu and their
distances to the central Cu atom was provided by the analysis
of XAS data in this study. The Cu K-edge X-ray absorption nearedge structure (XANES) of IM–Cu was investigated and is shown
in Fig. 3. The XANES data for the IM–Cu complex showed a similar edge jump with Cu(OH)2 , and an intense peak at approximately
8996.5 eV (C) may be attributed to the 1s-to-4p transition that indicates the existence of Cu(II) (Hsiao et al., 2001); in particular, the
weak pre-edge peak (A) at 8978 eV normally results from 1s-to-3d
transitions, demonstrating that the Cu exists in octahedral symmetry. The shoulder structure half-way up to the edge (B) shown in
the Cu(OH)2 spectrum indicates that the binding structure of Cu in
Cu(OH)2 is a tetragonally distorted octahedron; however, this feature was not observed in the IM–Cu complex spectrum. Thus, we
concluded that the tetragonally distorted octahedral did not exist
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3.3. Catalytic activity of the IM–Cu complex

(a)
The residual concentration of H 2O2 (nm)

in the binding structure of Cu in the IM–Cu complex (Katsumi et al.,
1988; Xia et al., 1997). The results of EXAFS analysis for Cu(OH)2
(Table S2) showed that four oxygen atoms are close to the central Cu
atom, which corresponds to the octagonal transverse four oxygen
atoms. The nearest coordination atoms of Cu in the IM–Cu complex
may be O or N, and their coordination numbers are 4.2 ± 0.3 and
5.2 ± 0.5, respectively, which are both near 4.
Thus, by XAFS analysis, Cu(II) with an octahedral and squareplanar structure was observed, and the coordination number of the
Cu ion in the IM–Cu(II) complex is six. Based on this and previous
research (Anna et al., 1996), we proposed possible models for the
IM–Cu(II) complex, as shown in Fig. S5, and a 2:1 molar ratio of
IM:Cu.
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3.4. Chemical speciation and the distribution of heavy metals in
algal cells
As reported above, the toxicity of heavy metals is governed
mainly by chemical speciation in the aquatic environment. Previous
studies have indicated that primarily the ionic form of heavy metals
is toxic to phytoplankton (Stauber and Florence, 1987). This form
results in the overproduction of ROS, direct inhibition of cell division, and growth inhibition, decay and death (Knauert and Knauer,
2008). Therefore, to further understand the effect of the herbicide
IM on Cu(II) ecotoxicity to the aquatic unicellular alga S. obliquus,
chemical speciation and the distributions of Cu(II) in the algal cell
must be investigated. However, accurately exploring the chemical species of Cu(II) in algal cells is still challenging because of the
complexity of the cell composition. Thus, direct characterization of
chemical species and distribution of Cu(II) in algal cells can improve
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Oxygen-related free radicals and other ROS, which mainly
include the primary superoxide (O2 − ), (• OH), and some non-radical
species such as H2 O2 and other compounds, are produced continuously in vivo and result in cell death and tissue damage (Halliwell
and Gutteridge, 1999). Generally, in the presence of transition
metals, there are two destinations for H2 O2 in biological systems
(Fig. S6). One is that H2 O2 will undergo the Fenton reaction, which
then generates the more toxic • OH. In the other, H2 O2 can be broken
down to form water and oxygen, wherein the toxicity of H2 O2 will
be decreased; the best-known catalyst for this reaction is catalase
(CAT) (Choo et al., 2004).
Based on previous research, metal ions or their complexes can
catalyze the disproportionation of H2 O2 . Among the complexes of
ions mentioned, those of Fe(III) and Cu(II) are particularly active
(Helmut et al., 1979). To verify whether Cu or the IM–Cu complex
can catalyze the disproportionation of hydrogen peroxide or just
undergo the Fenton reaction, we evaluated their ability to eliminate
H2 O2 or produce • OH, and the relevant results are shown in Fig. 4.
Both IM–Cu and Cu can eliminate H2 O2 (Fig. 4a). However, IM–Cu
demonstrated stronger scavenging activity, and Fig. 4b indicated
that compared with Cu, the IM–Cu complex also produced less • OH.
Based on these two results, IM–Cu does possess the role of catalase.
Previous research has shown that 1:1 complexes of Cu2+ and
2,2 -bipyridyl (Bipy) can also catalyze the disproportionation of
H2 O2 (Sigel, 1969); because IM has a chemical structure similar to
Bipy, the IM–Cu complex in our study primarily exhibited a 2:1
molar ratio of IM:Cu (the concentration for IM was 40 M and
for Cu was 10 M in this experiment) and also showed catalase
activity. The relation between structure and catalytic activity has
previously been shown for Cu2+ complexes: it was found that complexed Cu2+ must have free coordination sites available to form the
ternary Cu2+ -peroxo ligand complexes required for catalysis (Sigel,
1969).

i

5

450

c

a

a

b

a

a

d

400
350
300
250

e

f

f

f

g

g

200

h

150
100
50
0

2.0

4.0

12.0
10.0
8.0
6.0
Concentration of Cu (μM)

14.0

Fig. 4. The decomposition of H2 O2 by Cu and IM–Cu, the initial concentration of
H2 O2 used in this part was 50 nM. (a) The residual concentration of H2 O2 . The Xaxis was the concentration of Cu or the concentration of Cu in IM–Cu complex,
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OH. Different letters above adjacent bars denote a signiﬁcant difference (p < 0.05)
between each treatment, whereas the same letter indicates no signiﬁcant difference.

our understanding of the toxic mechanisms of Cu(II). Recent developments in synchrotron radiation technology provide possibilities
for such investigations. Due to its high sensitivity for probing the
structure of matter at the local atomic scale surrounding almost
any element in the periodic table (Klepka et al., 2008), the chemical
species of Cu(II) in an algal cell can now be characterized. Therefore,
the chemical species of Cu in the algae cell were investigated by Cu
K-edge XAFS spectroscopy. The normalized Cu K-edge XAFS spectra
of copper samples and reference copper compounds extracted by a
standard procedure are in shown in Fig. 5. It was observed that the
algae treated with Cu showed spectra similar to those of the algae
treated by mixed solutions of IM and Cu and that both of them are
similar to that of standard IM–Cu. These results indicated that Cu(II)
was bound to some compounds in algal cells through the uptake
of Cu(II). Heavy metals are known to enter cells through the cell
wall and cell membrane. Therefore, the organic complexation of
Cu(II) with polygalacturonic acid, Cys, malic acid and oxalic acid on
the cell wall was investigated. Additionally, previous research has
shown that the toxicity of Cu results from its strong binding afﬁnity to sulfhydryl groups, which are essential for enzymatic activity
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Fig. 5. The normalized Cu K-edge XAFS spectra of Cu- and IM–Cu-treated S. obliquus
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and the protein structure. Following Cu transport into the cell, Cu
may react with SH enzyme groups and free thiols (e.g., GSH), disrupting the active sites of enzymes and cell division (Chen et al.,
2012). Thus, the complexation of GSH with Cu(II) was also investigated. As shown in Fig. 5, of the samples treated by malic acid-Cu,
oxalate-Cu, Cys-Cu, GSH-Cu or polygalacturonic acid-Cu, the samples treated by GSH-Cu or polygalacturonic acid-Cu showed spectra
similar to those observed for algae treated with Cu. Therefore, we

inferred that when cells are treated with Cu, Cu binds to polygalacturonic acid, and once inside the cell, it may also bind with
GSH. Similarly, Nishizono et al. reported that 70–90% of the Cu in
roots of Athyrium yokoscense was located in the cell wall (Nishizono
et al., 1987). These observations are consistent with the proposal of
Kopittke et al., who suggested that Cu inhibits root growth, at least
in part, by binding to the cell wall and preventing the wall from
loosening during the elongation process (Kopittke et al., 2008). Our
previous study also showed that the algae cell wall was deformed
when treated with Cu. Because the cell wall lost tension, an ovalshaped cell became a circular-shaped one (Wen et al., 2011). As
far as the IM–Cu-treated cell, Cu may interact with IM, GSH and
polygalacturonic acid; however, considering the difference in the
toxicity of IM–Cu and Cu, we eventually deduced that the IM–Cu
interaction is the main form produced. Once Cu combines with IM,
it is difﬁcult for it to complex with polygalacturonic acid (on cell
wall) and GSH (in cell). As reported above, IM–Cu showed catalase
activity and can remove reactive oxygen species (ROS), which play
a primary role in Cu toxicity. Perhaps, GSH-Cu and polygalacturonic acid-Cu do not exhibit catalase activity. It has been reported
that the GSH-Cu complex is not active because the protective effect
of GSH against free radical formation enables it to stabilize Cu in
the Cu(I) oxidation state, preventing the generation of free radicals
(Mates et al., 2010).
The formation of heavy metal-organic complexes can
cause heavy metal redistribution in the aquatic environment
(Christensen et al., 1996). In addition, a previous study has shown
that heavy metals can affect the uptake of essential trace elements
(Bernala et al., 2006). Fe is known to be essential for optimal

Fig. 6. The distribution of Fe in S. obliquus cells (a) control cells, (b) cells treated with Cu, (c) cells treated with IM and (d) cells treated with the IM–Cu complex. The
concentration of Cu used in this part was 10 M and IM was 20 M.
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formation of the photosynthetic apparatus (Bernala et al., 2006).
Therefore, the distributions Fe in the treated algae cells were
investigated, as shown in Fig. 6. The distribution of the essential
trace element Fe in the algae cells showed obvious differences
when treated with Cu, IM and the IM–Cu complex (Fig. 6). In the
control cells, Fe was rare and indistinct but evenly distributed
(Fig. 6a). In the IM and IM–Cu-treated cells, the distribution of
Fe is intensive and uniform (Fig. 6c and d). However, Cu-treated
cells showed an aggregated distribution pattern, especially in the
periphery of the algae cell (Fig. 6b). This indicated that Cu can
induce a change in the distribution of Fe, whereas IM–Cu cannot,
which may also be one of the reasons for the variations in toxicity.
4. Conclusion
The occurrence of interactions between heavy metals and
organic contaminants could have important environmental significance. The impact of such interactions on the toxicity of heavy
metals in aquatic environments raises new questions regarding the
assessment of the combined toxicity of heavy metals and organic
contaminants. Our research results showed that the herbicide IM
can attenuate the toxicity of the heavy metal Cu by formation of the
IM–Cu complex, which led to a decrease in the toxicity of Cu to algal
cells. Although this study considered only one heavy metal (Cu) and
one organic molecule (IM), the concept is likely relevant for other
heavy metals, and the ﬁndings may have broad implications. For
instance, such interactions may attenuate or enlarge the combined
toxicity. Obviously, such an assessment is very limited and could
lead to overestimation or underestimation of the combined toxicity
of those pollutant complexes.
Although previous studies have shown that heavy metals could
affect the distributions of other essential trace elements in plants,
the lack of research may be attributed to the fact that distributions
of essential elements for plants are not easily measured. Given the
increasing contamination of freshwater systems with various pollutants, a more comprehensive understanding of the signiﬁcance of
interactions between multi-pollutants and the competitive effects
of heavy metals and trace elements are imperative for improving
the risk assessment and regulation of these pollutants. Combined
contamination by heavy metals and organic contaminants often
occur in the aquatic environment. However, determining the effects
of organic contaminants on the toxicity of heavy metals to organisms remains a daunting challenge in environmental toxicology.
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