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Abstract Biosorption of extracellular polymeric sub-
stances (EPS) from Synechocystis sp. (cyanobacterium)
with Cu(II) was investigated using fluorescence spectro-
scopy. Three fluorescence peaks were found in the
excitation-emission matrix (EEM) fluorescence spectra of
EPS. Fluorescence of peak A (Ex/Em = 275/452 nm) and
peak C (Ex/Em = 350/452 nm) were originated from
humic-like substances and fluorescence of peak B (Ex/
Em = 275/338 nm) was attributed to protein-like sub-
stances. Fluorescence of peaks A, B, and C could be
quenched by Cu(II). The effective quenching constants (lg
Ka) were 2.8–5.84 for peak A, 6.4–9.24 for peak B, and
3.48–6.68 for peak C, respectively. The values of lg Ka

showed a decreasing trend with increasing temperature,
indicating that the quenching processes were static in
nature. The binding constants (lg Kb) followed the order of
peak A> peak B> peak C, implying that the humic-like
substances in EPS have greater Cu(II) binding capacity
than the protein-like substances. The binding site number,
n, in EPS-Cu(II) complexes for peaks A, B, and C was less
than 1. This suggests the negative cooperativity between
multiple binding sites and the presence of more than one
Cu binding site.
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1 Introduction

Extracellular polymeric substances (EPS), excreted by
microorganisms, are mixture of macromolecules including

polysaccharides, proteins, nucleic acids, and humic
substances [1]. EPS contain a number of negative
functional groups such as carboxyl, phosphoric, amine
and hydroxyl groups [2] so that they have strong
adsorptive capacity for heavy metals [3–6]. Liu et al.
showed that 1 mg of EPS could adsorb 0.25–1.48 mg of
heavy metals [3]. The interaction of EPS and heavy metal
ions can form complexes and consequently contribute
much to biosorption of heavy metals.
Copper is an essential micronutrient for synthesis of

various proteins and plays an important role in numerous
metabolic processes. However, Cu in excess is highly toxic
to organisms by modifying membrane permeability,
protein synthesis, enzymatic activities, photosynthetic
and respiratory processes [7,8].
There are a few reports on Cu(II) biosorption of EPS

[9,10]. The maximum Cu(II) biosorption capacity of EPS
in literature varies greatly, depending on the sources of
EPS, from 7.81 mg$g–1 for Paenibacillus jamilae [11] to
1602 mg$g–1 for Paenibacillus polymyxa [9]. Recently, the
binding constants of EPS for heavy metals including Cu(II)
have also been calculated using polarogaphic method
[2,12–14]. However, limited quantitative information was
available about conditional stability constants and binding
constants of EPS from cyanobacteria toward heavy metals.
Three-dimensional excitation-emission matrix (EEM)

fluorescence spectroscopy was well known for its speedi-
ness, good selectiveness and high sensitiveness in detect-
ing fluorophorous substances [15]. The EEM fluorescence
spectrum provides information on composition of organic
matter and the relative content of the fluorescent
components [16,17]. EEM fluorescence spectroscopy has
been extensively used for studying dissolved organic
matter (DOM) [18]. Recently, EEM fluorescence spectro-
scopy has also been proved to be a useful tool for studying
EPS. Limited studies showed that there were several peaks
in EEM spectra of EPS from activated sludge, being
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assigned to protein-like substances, humic-like substances
and fluvic-like substances [15,17,19].
The aim of the present study was to investigate

interaction of Cu(II) with EPS from Synechocystis sp., a
common cyanobacterial species in various aquatic envir-
onments, using EEM fluorescence spectroscopy.

2 Materials and methods

2.1 Culture of cyanobacterium

The cyanobacterium Synechocystis sp., supplied by
Institute of Hydrobiology, Chinese Academy of Sciences,
was cultured photoautotrophically in BG-11 growth
medium at 25°C and about 25 µmol$m–2$s–1 [20].

2.2 Extraction of EPS

EPS of the cyanobacterial cells was extracted by
centrifugation [5,21]. This EPS extraction method would
not cause cell lysis [21]. The cyanobacterial cells were
centrifuged at 4300�g for 10 min at 4°C in order to remove
medium and other solved substances [22]. The residue was
suspended in high-purity Milli-Q water and EPS were
separated by centrifugation at 20000�g at 4°C for 20 min
[5]. The supernatants were filtered through 0.22 µm acetate
cellulose membranes and stored at 4°C for use.

2.3 EEM fluorescence spectroscopy and fluorescence
titration

The EEM spectra of the EPS solution were recorded with a
fluorescence spectrophotometer (F-7000, HITACHI,
Japan). The EEM spectra were collected at 5 nm
increments over an excitation range of 230–400 nm, with
an emission range of 250–500 nm by every 2 nm. The

excitation and emission slits were set to 5 and 10 nm of band-
pass, respectively. The scan speed was 1200 nm$min–1. The
Milli-Q water blank was subtracted from the sample’s
EEM spectra and EEM data was processed using the
software SigmaPlot 2000 (Systat, US).
EPS solution in a 1 cm � 1 cm quartz cuvette was

titrated with the incremental additions of 5 µL 0.1
mol$L–1Cu(II) at room temperature. 0.01 mol$L–1 KNO3

was used as the ionic strength adjustment solution. After
each addition of Cu(II) solution, the mixed solution was
stirred using a magnetic stirrer for 15 min. Fluorescence
quenching titrations of EPS by Cu(II) at various tempera-
tures were conducted.

3 Results and discussion

3.1 Fluorescence characterization of EPS

Three fluorescence peaks (peaks A, B, and C) were
identified in the EEM spectra of EPS from Synechocystis
sp. (Fig. 1(a)). The peak A (Ex/Em = 275/452 nm) and
peak C (Ex/Em = 350/452 nm) could be assigned to humic-
like fluorescence [16,17]. The peak B (Ex/Em = 275/338
nm) could be identified as protein-like substances [17–19].
Sheng et al. showed that the protein-like fluorescence peak
for EPS from activated sludge was found at Ex/Em: 225/
340–350 nm [17]. The location of peak B showed blue-
shift compared with their results [17]. However, peak A
was not found in EEM fluorescence spectra of EPS from
activated sludge [15,17,19]. These results suggest that
composition of EPS from Synechocystis sp. is significantly
different from that of activated sludge.

3.2 Fluorescence titration of EPS with Cu(II)

It is shown that fluorescence of peaks A, B, and C were

Fig. 1 (a) EEM fluorescence spectra of Synechoeystis sp. in absence Cu(II) at 298 K; and (b) EEM fluorescence spectra of Synechoeystis
sp. in presence of 0.0003 mol$L–1 Cu(II) at 298 K
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clearly quenched by Cu(II) at all experimental tempera-
tures (278 K, 288 K, and 298 K) (Fig. 1(b) and Fig. 2).
Peaks B and C disappeared in presence of 0.0003 mol$L–1

Cu(II). This indicates that the fluorescent components in
the EPS from Synechocystis sp. reacted strongly with
Cu(II). The strong quenching effect of Cu(II) may be due
to its paramagnetic effect. Cu(II), with unpaired electron
spins (d9), increases intersystem crossing and thus the
chealation of a fluorescent system with Cu(II), which
significantly decreases the fluorescence [23].

To quantify the stability of EPS-Cu(II) complexes and
understand the mechanisms involved in the fluorescence
quenching of EPS by Cu(II), the modified Stern–Volmer
model was used to fit the fluorescence titration data
[24,25]:

F0=ΔF ¼ F0=ðF0 –FÞ ¼ 1=
�
faKa½CuðIIÞ�

�
þ 1=fa, (1)

where F0 and F are the fluorescence intensity in absence
and presence of quencher (Cu(II)), respectively. Ka is the
Stern-Volmer quenching constant of the accessible frac-
tion, fa represents the fraction of the initial fluorescence,
which is accessible to quencher (Cu(II)), and [Cu(II)] is the
concentration of Cu(II).
All the fluorescence titration data were satisfactorily

represented with the modified Stern-Volmer equation
(R2> 0.975). The parameter lg Ka of fluorophores at

peaks A, B, and C at various temperatures was calculated
and listed in Table 1. The values of lg Ka were close to
those for complexation of EPS with heavy metals
determined using other methods [2,12–14]. For example,
using polarographic methods, Guibaud et al. [12,14]
determined the relative stability constants of metal
complexation of EPS from activated sludge for Cd, Pb,
Cu, and Ni to be 1.54–3.35, 0.45–1.28, 3.0–4.4, and 2.6–
3.0, respectively. Comte et al. [2] showed that the
conditional binding constants for Cu(II) and Cd(II) and
Pb(II) to EPS from two different activated sludges were
3.2–4.5 and 3.7–5.0, respectively.
Generally, the fluorescence quenching process is divided

into static quenching process and dynamic quenching
process. Dynamic quenching is attributed to the collision
between fluorophore and quencher at excited state whereas
the static quenching is due to the formation of a complex
between fluorophore and quencher with the external forces
[26,27]. To distinguish static quenching from dynamic
quenching, the changes in Ka with temperature were
examined. Because higher temperature causes larger
diffusion coefficient and thus larger amounts of collisional
quenching and the dynamic quenching is dependent on the
diffusion of the fluorophore and the quencher, Ka increases
with increasing temperature for dynamic quenching [28].
On the contrary, Ka for static quenching decreases with
increasing temperature because higher temperature typi-
cally causes dissociation of weakly bound complexes. In
the present study, Ka for peaks A, B, and C showed
decreasing trends with increasing temperature, indicating
the quenching processes at peaks A, B, and C were static
[27]. A few previous studies also reported that Cu(II)
fluorescence quenching of fulvic acids was governed by
static processes [24,29].

3.3 Binding site number

To quantify the binding affinity between EPS and Cu(II),
the Hill Eq. (2) was used to calculate the binding constant
(Kb) and the binding site number (n) [30]:

lg ½ðF0 –FÞ=F� ¼ lg Kb þ nlg ½CuðIIÞ�, (2)

where F0 and F are the fluorescence intensities of
fluorophore in absence and presence of Cu(II), respec-
tively; Kb is the binding constant, describing the bonding
affinity between EPS and Cu(II) at equilibrium, and n is the
binding site number.

Fig. 2 Variation of the fluorescence intensities of the peaks A, B,
and C with increasing Cu(II) concentration

Table 1 Calculated conditional stability constants of peaks A, B, and C at various temperatures

T/K
peak A peak B peak C

lg Ka R2 lg Ka R2 lg Ka R2

278 4.25 0.997 4.36 0.976 4.22 0.995

288 3.92 0.999 4.20 0.991 4 0.999

298 3.84 0.997 4.21 0.989 3.94 0.998
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There was a good linear relationship (R2> 0.975)
between lg ½ðF0 –FÞ=F� and lg ½CuðIIÞ�. The values of
binding constant, binding site number n and the correlation
coefficients were listed in Table 2. The binding constant,
lg Kb, followed the order of peak A> peak B> peak C,
indicating that the humic-like substances have greater
binding capacity than the protein-like substances. The
binding site number, n, for complexation EPS with Cu(II)
for peaks A, B, and C was less than 1, implying the
presence of more than one Cu binding site and the negative
cooperativity between multiple binding sites. In addition,
the values of lg Kb and n for all the three peaks were higher
at 288 K and 298 K than those at 278 K. This shows that
the Cu(II) binding affinity of EPS increased with
increasing temperature because of the increasing binding
sites in the EPS for Cu(II) at higher temperatures.

4 Conclusions

Biosorption of Cu(II) to Synechocystis sp. EPS was
examined using EEM fluorescence spectroscopy. Two
groups of humic-like fluorophores and one group of
protein-like fluorophores were observed. Fluorescence of
these three groups of fluorophores could be statically
quenched by Cu(II), indicating formation of Cu(II)-EPS
complexes. The humic-like substances in EPS have greater
Cu(II) binding capacity than the protein-like substances.
The cooperativity between multiple binding sites was
negative and more than one Cu(II) binding site was
present.
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