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Extracellular polymeric substance (EPS) of anaerobic ammonium oxidation (anammox) sludge plays an important role in resisting the toxicity when treating heavy metal containing wastewater. Understanding the interaction mechanism between EPS and heavy metal is essential for stable and optimal operation of such technology. In this work, the identiﬁcation and preferential response of the binding sites, as well as the binding
thermodynamic and the conformational changes of EPS to Cu2+ were explored. Unlike the activated sludge
system, functional groups in EPS would coordinate with Cu2+ to form inner sphere complexes, which is an
endothermic and entropy-increasing process. Low concentration of Cu2+ was found to result in the reduced
electrostatic repulsion and bridging eﬀect, which promoted the compaction and agglomeration of EPS colloid.
Two-dimensional correlation spectroscopy analysis conﬁrmed that carboxyl groups of proteins were preferentially responded to Cu2+ compared to polysaccharides and hydrocarbons. More importantly, the secondary structure of the protein in EPS was disrupted and changed into loose state after combining with Cu2+. This
work is of great signiﬁcance for understanding the binding properties of anammox sludge EPS with Cu2+ and
may provide theoretical support for elucidating the resist mechanism of anammox bacteria to heavy metals.

1. Introduction
In the ﬁeld of biological nitrogen removal, anaerobic ammonium
oxidation (anammox) has become a research hotspot due to its energyeﬃciency and less footprint properties, with comparison to the traditional ones [1–3]. After decades of development, anammox technology
has been widely applied for the nitrogen polluted wastewater treatment
[4], including sludge digestion ﬂuids, landﬁll leachate, aquaculture
⁎

wastewater, etc [5–7]. Nevertheless, the actual performance of this
technology is vulnerably aﬀected by the toxic wastewater composition,
which greatly restricts its engineering application [8,9].
Heavy metals are a kind of pollutants that are potentially harmful to
the environment [10]. Previous studies have widely documented that
Cu2+, Zn2+, Cd2+, and Ni2+ would cause toxic eﬀects on anammox
sludge and inhibit the nitrogen removal rate [11–14]. Under the low
dosage condition, anammox sludge was able to resist the toxicity raised
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times with distilled water and 0.9% NaCl solution. The 15 mL of washed granular sludge was resuspended to the 50 mL of 0.9% NaCl solution, and then heat treated at 60 °C for 30 min. The sample mixture
was centrifuged at 12000 rpm for 15 min, and ﬁnally the centrifuge
mixture was ﬁltered through a 0.45 μm membrane to obtain EPS. In a
typical experiment, the extracted EPS was ﬁxed at 100 mg L−1 (total
organic carbon concentration, hereafter as the same) concentration and
a series of Cu2+ (0–50 mg L−1) was added to simulate their interactions. The mixture was placed on a shaker at 35 °C for 24 h to ensure
complexation equilibrium. Afterwards, the samples were withdrawn for
the characterization and analysis.

by heavy metals [15]. Among the diﬀerent works, extracellular polymeric substances (EPS) of sludge were found to play a crucial role in
protecting bacteria from being intoxicated. EPS is ubiquitous in the
interior and surface of biological aggregates and has important physiological functions. The main components of EPS in mature anammox
granular sludge include protein, polysaccharide and humic acid, etc. It
combines with cells to form a network structure through complex interactions [16,17] and acts as the ﬁrst barrier to prevent toxic heavy
metal ions penetrating into cells [17,18]. Studies have shown that
anammox sludge may produce more EPS than activated sludge, nitrifying sludge and denitrifying sludge [19]. Under the stress of heavy
metal ions, anammox bacteria would largely excrete EPS as a protective
response [10,15]. As a result, getting insight into the interaction mechanism between EPS and heavy metals is fundamental for applying
this technology to treat heavy metal containing wastewater.
Although many works have been conducted on the binding characteristics of heavy metals onto activated sludge EPS [17,20], the study
regarding on the anammox system is still scarce. Lately, Zhang et al.
[15] revealed that Cu2+ migrated from soluble EPS to bound EPS and
accumulated on the cell surface in anammox system. They found that
the protein content in the EPS varied with the increase of Cu2+ level, as
a sensitive self-defense response to Cu2+ stress. Further, they proposed
that the rich functional groups in EPS are responsible to combine with
Cu2+ by electrostatic attraction or other interactions to form organometallic complexes of multivalent cations [20]. By exploring the cell
surface characteristics and trace metal adsorption characteristics of
anammox consortia, Liu et al. [21] found that the carboxyl groups and
hydroxyl groups in the amino acids and polysaccharides easily formed
stable complexes with Cd2+. Although these works are helpful to have a
deep understanding on the adsorption property of EPS, the systematic
study on the binding sites identiﬁcation as well as the thermodynamic
characteristics is still lacking. More important, the priority order of
multiple adsorption sites for heavy metals and the conformational
changes of proteins that played an important role in the adsorption
process are still unclear.
As a consequence, this study aimed to comprehensively explore the
binding characteristics of heavy metal onto anammox sludge EPS from
a spectra metrology insight. Copper ion was selected as a model heavy
metal and the thermodynamic binding property of it onto the EPS of
anammox granular sludge was analyzed. More importantly, the binding
site and the conformational changes of EPS were investigated. Based on
the above results, the binding mechanism between Cu2+ and EPS was
proposed and discussed. This work is of great signiﬁcance for understanding the binding properties of Cu2+ onto anammox EPS, and also
provide a theoretical support for the mechanism illustration on the
resistance of anammox sludge to heavy metals.

2.2. Cu2+ binding parameters analysis
2.2.1. Thermodynamic analysis on Cu2+ binding to EPS
Isothermal titration calorimetry (ITC) is a fast, eﬃcient, and accurate method to acquire intermolecular binding and thermodynamic
information. As a result, the thermodynamic binding property of EPS
with Cu2+ was explored using an ITC-200 isothermal calorimeter
(MicroCal Co., USA). The concentration of EPS and Cu2+ used in the
experiment was 8.33 mM (quantiﬁed by total organic carbon) and
15.74 mM, respectively. The experimental temperature was set as 35 ℃
and the EPS solution volume was 500 μL. The initial heat balance time
was set to 120 s, and the Cu2+ volume per injection was 5 μL for
duration of 10 s, with an injection interval of 200 s. The experiment was
injected a total of 14 times. By Eq. (1), the binding Gibbs free energy ΔG
can be obtained.
(1)

ΔG=ΔH-TΔS

where ΔH is the binding enthalpy (kJ/mol), T is the temperature (K),
and ΔS is the entropy-changing (J/mol/K).
2.2.2. Dynamic binding parameter measurement
In this work, ultraviolet (UV) absorbance spectra were collected to
estimate the binding constant. After adding diﬀerent amount Cu2+
(0–50 mg L−1) into EPS solution, the pH of the mixture was adjusted to
6, 7, 8, and 9 using appropriate amount of HCl or NaOH solution. Then,
ﬁve sets of mixtures were shaken at 35 ℃ for 24 h to ensure suﬃcient
bonding and the resulting mixture was subjected to UV absorbance
spectra scanning within the range of 200–400 nm. The binding constant
between EPS and Cu2+ was calculated according to the double reciprocal formula (Eq. (2)) [24].

1
1
1
=
+
A − A0
a Â·K Â·C
a

(2)
2+

In the formula, A is the absorbance of Cu -EPS mixture, A0 is the
absorbance of EPS, a is a constant, and C is the Cu2+ concentration. The
linear regression is performed by plotting 1/(A − A0 ) to 1/ C , and the
binding constant K can then be obtained.
Besides the UV spectra, the ﬂuorescence quenching of EPS by Cu2+
was characterized using a ﬂuorescence spectrophotometer (F-4600,
Hitachi Co., Japan). The excitation and emission wavelength is set from
200 nm to 500 nm and 250 to 550 nm, respectively, with the wavelength interval of 5 nm. The slit of the excitation and emission was set
at 5 nm, with the scanning speed of 30,000 nm min−1 and photomultiplier tube voltage of 500 V [25]. MATLAB 2014b software was
used to perform parallel factor (PARAFAC) analysis to obtain the
change of the ﬂuorescent component. In the present work, the ﬂuorescence quenching involved in the binding process was studied by the
Stern-Volmer equation:

2. Materials and methods
2.1. EPS extraction and sample preparation
The anammox granular sludge was collected from an up-ﬂow
anaerobic sludge blanket reactor and cultivated at 35 °C. The reactor
has been operated stably for more than one year with a 2 L working
volume in the laboratory. The measurement of the speciﬁc anammox
activity was referred to the method that had been previously used by
our group [22]. The eﬀect of diﬀerent concentrations of Cu2+ on
anammox sludge activity was initially evaluated via batch experiments,
as shown in Fig. S1. Within the 4 h contact time, 0–5 mg L−1 Cu2+ was
found to have no obvious inhibition on sludge activity. However, when
the Cu2+ increased to 10 mg L−1, the speciﬁc activity of anammox
sludge signiﬁcantly declined, resulting in an inhibition. Herein, to
further explore the potential interaction between Cu2+ and EPS,
0–50 mg L−1 Cu2+ concentration was used in the present study.
EPS was extracted from anammox granular sludge by heat-extraction method [23]. The granular sludge was sequentially washed three

F0
= 1 + Ksv [Qt ] = 1 + kq τ0 [Qt ]
F

(3)

where F0 and F respectively indicates the ﬂuorescence intensity of the
system in the absence and presence of the quencher; Ksv is the SternVolmer quenching constant, M−1; [Qt ] is the concentration of the
2
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each addition. ΔH, N, K and ΔS of EPS and Cu2+ can be obtained by
nonlinearly ﬁtting the absorbed heat and the amount of Cu2+ added. As
shown in Table 1, a positive ΔH (26.41 kJ mol−1) indicated that the
process of Cu2+ adsorption by EPS was endothermic. This was completely diﬀerent from Sheng et al. [17]'s result, in which the combination of activated sludge and heavy metals was an exothermic reaction. It showed that the interaction between EPS of diﬀerent microbial
systems and heavy metals was indeed diﬀerent. ΔG < 0 revealed that
the binding reaction was thermodynamically active. ΔS > 0 proved
that the binding of Cu2+ increased the degree of disorder of EPS. The
traditional thermodynamic view holds that the combination of chemical functional groups and heavy metal ions to form stable complexes
should be a process of reducing the degree of confusion, that is, the
reduction of entropy. Gorman-Lewis et al. [30] reported that during the
process of coordination and complexation of two substances to form an
inner sphere complex, a large number of water molecules will be released or generated, which will lead to an increase in system chaos and
an increase in entropy. Therefore, in this study, ΔS > 0 indicated that
the complex reaction between Cu2+ and the adsorption sites on the
surface of EPS resulted in the formation of inner sphere complex.
pH might induce a signiﬁcant inﬂuence on the EPS binding with
Cu2+, the UV spectra of mixture under pH of 6, 7, 8, and 9 were collected and analyzed (Fig. 2). The spectrum changed signiﬁcantly with
the increasing Cu2+. A new band appeared at higher wavelengths and a
red-shifted UV spectrum was observed, which indicated that EPS interacted directly with Cu2+. Actually, this type of UV absorption shift
had long been considered as an evidence of metal chelation by organic
molecules [31,32]. Linear regression was performed by plotting
1/(A − A0 ) and 1/ C under diﬀerent pH to obtain the binding constant K.
It can be seen from Table 2 that pH signiﬁcantly aﬀected the binding of
Cu2+ onto EPS and the smallest binding constant at pH 9 was observed.
As the pH decreased, the binding constant gradually increased. Subsequently, the above process was further characterized by FTIR (Fig. S2).
FTIR results revealed that the vibration peaks around 1660 cm−1 and
1430 cm−1 showed signiﬁcant red and blue shifts with the increase of
pH, respectively. Moreover, the peak intensity in the range of
1200–1280 cm−1, which is indicated as the strength of hydrogen
bonding, decreases at pH of 9, implying the deprotonation process of
hydrogen bonding. Commonly, deprotonation was considered to be
beneﬁcial for EPS to combine the metal cations. However, the actual
binding mechanism of metal ion onto EPS is complicated, which might
include metal ionic attraction, metallic speciation with the presence of
hydroxylated forms and possible micro-precipitation of the metal in the
vicinity of the EPS [33,34]. In the present case, Cu2+ would be largely
bonded by the OH− under alkaline condition, which is electrostatically
unfavorable for its bonding to the negative-charged EPS (Fig. 1a). On
the other hand, Cu2+ would hydrate into the hydroxide precipitates
under alkaline condition and then adhere to the EPS surface, further
hindering the Cu2+ binding. The above two factors may lead to a declined binding constant between EPS with Cu2+ with the increase of
pH.

quencher, M; kq is the quenching rate constant of the biomolecule,
M−1s−1; τ0 is the average ﬂuorescence lifetime of biomolecule in the
absence of quencher, which is generally 1 × 10−8 s [26].
2.3. Two-dimensional correlation spectroscopy (2DCOS) analysis
The freeze-dried Cu2+-EPS mixtures were ground and pressed before performing the Fourier transform infrared (FTIR) spectroscopy
analysis (Vertex 70 spectrometer, Bruker Co., Germany). Each spectrum
had 64 scans with a resolution of 4 cm−1. In order to obtain the change
information of the EPS structure during the Cu2+ bonding process,
2DCOS analysis was performed based on the synchronous ﬂuorescence
and infrared spectrum data by using Cu2+ concentration as a disturbance. A series of spectra under diﬀerent perturbations are transformed into a cross-correlation function by Hilbert-Noda transform,
which can be decomposed into a pair of correlation intensity maps:
synchronous and asynchronous [27]. The sequence of changes is determined according to the signs of the peaks in the synchronous and
asynchronous spectrum. If (x, y) has the same sign in the synchronous
spectrum and asynchronous spectrum, the change of × precedes y,
otherwise the order is reversed. The sample spectrum was subtracted
from the background spectrum of the EPS without Cu2+ before the
2DCOS. The spectral data was imported into 2D Shige software
(Kwansei-Gakuin University, Japan), transformed into a new spectral
matrix suitable for 2DCOS maps. IR 2DCOS maps were drawn using
Origin 8.5 software.
2.4. Other analysis
The zeta potential and hydrodynamic radius (Rh) of 100 mg L−1
total organic carbon of EPS after dosing diﬀerent concentrations of
Cu2+ was determined using a DLS (NANO ZS3600, Malvern Co., UK).
The polysaccharide, protein, and humic acid were determined using the
anthracene chromogenic and modiﬁed Lowry method, respectively
[28]. Also, the elementary component of EPS was measured. The contents of C, H and N were determined by purge and trap chromatography
(VARIO Elementar EL, Elementar), and S was determined by ion
chromatography (IC 883 Plus, Methrom). Elemental O content was
calculated as the residual organic fraction. XPS was analyzed by an Xray photoelectron spectrometer (ESCALAB, Thermo Fisher, Inc., USA),
and C1s peak position at 284.4 eV compensated for surface charging
eﬀects. Three parallel tests were performed for each test.
3. Results and discussion
3.1. Charge and aggregation characteristics of EPS under Cu2+ stress
As shown in Table S1, the extracted EPS was mainly composed of
proteins, followed by humic acids and polysaccharides, which was
consistent with the other literature [29]. The zeta potential of pristine
EPS solution was about −25.1 ± 0.85 mV and the Rh was about
344.9 nm. With the addition of 5 mg L−1 Cu2+, the mixture zeta potential increased to −14 ± 0.9 mV and the Rh increased signiﬁcantly
(Fig. 1a and b). The main reason for the decrease in absolute value of
the zeta potential of EPS was that the positively charged Cu2+ was
adsorbed onto the EPS surface, neutralizing the negative charged substances. The repulsive force between the EPS colloidal particles decreased, increasing the polymerization degree of the EPS colloidal
particles.

3.3. Fluorescence component changes during the complexation of Cu2+ with
EPS
The Cu2+-EPS samples were scanned at an excitation wavelength of
200–500 nm to obtain EEM spectra, based on which the PARAFAC
analysis was performed to obtain the ﬂuorescence components and
intensity changes [35,36]. Through the test of core consistency, three
peaks were readily identiﬁed from the PARAFAC analysis of the samples at excitation/emission (Ex/Em): 225, 280/330 (component A),
235, 325/390 (component B) (Fig. 3a and 3b). The above two components in the samples corresponded to: protein-like (component A),
fulvic acid-like and humic acid-like (component B) [37]. After verifying
the two component models, the ﬂuorescence intensity was analyzed
and shown in Fig. 3c. The fulvic acid-like and humic acid-like

3.2. Thermodynamic binding characteristic of EPS with Cu2+
ITC can detect the adsorption heat change during the Cu2+ binding
process, which was helpful to analyze the main drivers. Fig. 1c and d
exhibited the heat absorption after each injection of the cationic solution into the EPS. An obvious endothermic peak was observed after
3
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Fig. 1. The eﬀect of Cu2+ on the zeta potential (a), particle size (b), heat change (c), and heat adsorption (d) of EPS.

Table 1
Thermodynamic parameters during the bonding of EPS and Cu2+.
ΔH (kJ/
mol)

N (sites)

K (103 L/
mol)

ΔS (J/mol/
K)

TΔS (kJ/
mol)

Table 2
Binding constants of Cu2+ and EPS under diﬀerent pH conditions.

ΔG (kJ/mol)

pH
4

−1

K (10 M
26.41

0.026

46.8

175.23

53.97

)

6

7

8

9

2.16

1.41

1.01

0.85

−27.56

Fig. 2. The eﬀect of Cu2+ concentration on UV absorption spectrum of EPS under diﬀerent pH conditions.
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Fig. 3. The two EPS components decomposed using the PARAFAC approach (a, b) and their ﬂuorescent scores (c).

(component B) substances exhibited a relatively low ﬂuorescence intensity compared to the protein-like substances (component A). Cu2+
showed a signiﬁcant inﬂuence on the EEM ﬂuorescence spectrum of
EPS, as evidenced by the intensity decline with the increasing Cu2+
concentrations.
Fluorescence quenching caused by the interaction of EPS and Cu2+
can be divided into dynamic quenching and static quenching. Dynamic
quenching is caused by the collision between the components in the EPS
and Cu2+ in the excited state. The static quenching is the combination
of the components in the EPS and Cu2+ to form a composite with no
ﬂuorescence or weak ﬂuorescence intensity [38,39]. This results in a
decrease in the ﬂuorescence intensity of the components. Fig. 3d shows
the Stern-Volmer curve of the two components, tryptophan protein-like
(component A), and polycarboxylate-type humic acid-like (component
B), quenching under diﬀerent Cu2+ concentrations. The values of Ksv
and kq calculated by Eq. (1) are shown in Table 3. A typical quencher
has a maximum diﬀusion collision quenching rate constant of 2 × 1010
M−1 s−1 with a biomacromolecule. The kq calculated by the formula is
compared with it. If kq > 2 × 1010 M−1 s−1, it belongs to static
quenching; if kq < 2 × 1010 M−1 s−1, it belongs to dynamic
quenching [40,41]. The quenching rate constant kq of Cu2+ to the two
components were signiﬁcantly higher than the maximum diﬀusion
collision quenching rate constant of typical quencher and macromolecule. This indicates that the quenching of protein and humic acid
in EPS by Cu2+ is static quenching process, i.e., caused by the formation
of complexes. The Ksv and kq of the protein-like were obviously larger
than humic acid-like, which indicated that the protein-like binds to the
Cu2+ preferentially over the humic acid-like.

3.4. Adsorption site analysis
EPS is a complex organic mixture secreted by microorganisms that
contains diﬀerent functional groups. Herein, FTIR spectra were collected when diﬀerent amounts of Cu2+ were added (Fig. S3a). The
peaks are attributed to: OeH stretching with hydrocarbons
(3430 cm−1), C]O stretch (amide I) associated with proteins
(1660 cm−1), C]O symmetric stretching of eCOOe groups (amide II)
from proteins (1390 cm−1), CeOH and CeO possibly from polysaccharides (1160 cm−1) [23]. With the addition of Cu2+, some
changes have taken place in the spectrum. Spectral peaks near 1660 and
1160 cm−1 shifted signiﬁcantly toward low wavelengths, indicating
that the Cu2+ was bounded to the functional groups of EPS.
XPS analysis was used to characterize the changes of C, O, and Cu in
EPS before and after adsorption (Fig. 4). After adsorption of Cu2+, the
peak area ratios of O]CeO and CeOH of C 1s of EPS decreased from
27.51% and 27.69% to 18.96% and 17.68%, respectively. XPS analysis
of the O 1s spectra had similar results. The peak area ratios of both COH and C]O decreased after adsorption of Cu2+. Further, Cu 2p
spectrum showed that Cu2+ was bonded onto EPS (Fig. 4d). Two sets of
Cu core-level XPS spectra were found: Cu 2p3/2 diﬀerentiated into two
subpeaks of 933.79 and 942.50 eV and Cu 2p5/2 composed of two
subpeaks of 954.01 and 962.17 eV. The components at 942.50 and
962.17 eV were cupric complexation with functional groups in EPS. The
signals at 933.79 and 954.01 eV may be cuprous complexation [42].
This indicated that Cu2+ was adsorbed on the EPS.
3.5. 2DCOS analysis
2DCOS greatly enhances spectral resolution by expanding a series of
dynamic spectra onto a two-dimensional scale. In turn, the overlapping
bands can then be resolved. The characteristic peaks of diﬀerent groups
on the spectrum are under external disturbance, and their intensity
changes often show a certain priority or lag sequence due to the selectivity of the group to external disturbance [27]. In the excitation
wavelength range of 200–500 nm, the corresponding emission wavelength were 310–610 nm, and the synchronous ﬂuorescence 2DCOS
map of EPS (Fig. 5a) had two signiﬁcant autocorrelation peaks at 335

Table 3
Stern-Volmer quenching constant and quenching rate constant of Cu2+ to EPS.
Fluorescence component

Ksv (M−1)

kq (M−1s−1)

R2

Protein-like
Humic acid-like

1 × 104
4 × 103

1 × 1012
4 × 1011

0.985
0.959

5
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Fig. 4. High resolution C 1s and Cu 2p XPS spectra before (a, c) and after (b, d) addition of 50 mg L−1 Cu2+.

335 > 385 nm, which implies the order of binding of Cu2+ to the EPS
component was protein → humic acid.
Fig. 5c and d shows an IR 2DCOS of an EPS that is externally disturbed by Cu2+ concentration. The synchronization spectrum gave
three signiﬁcant autocorrelation peaks at 3430, 1660, and 1160 cm−1.

and 385 nm, respectively. The order of the intensity changes of the two
peaks decreased, indicating that the protein components (335 nm) in
EPS were sensitive to Cu2+. The symbols shown in Fig. 5b and Table S2
for the cross-correlation peaks at the upper left corner of the asynchronous spectrum indicated that the order of the peaks was

Fig. 5. Synchronous (a) and asynchronous (b) 2D correlation maps from the synchronous ﬂuorescence spectra and 2D IR correlation maps (c and d) from an FTIR
analysis.
6
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molecule were exposed on the molecular surface, while the distribution
of hydrophilic groups on the surface was relatively reduced [47]. Protein particles cannot be miscible with water and lose the water ﬁlm,
which can easily cause intermolecular collision and aggregation and
precipitation [48]. The above results indicated that the Cu2+ might
lead to the function loss of EPS protein, and then cause the toxicity to
the anammox bacteria.

The cross-correlation peaks were positive. This indicated that the peaks
of other groups changed in the same direction. Asynchronous mapping
provides additional useful information about the order relationship
between two spectral sources during Cu2+ bonding. The (3430,
1660 cm−1), (3430, 1160 cm−1) cross peak located in the upper left
corner of the asynchronous map is a negative signal, and (1660,
1160 cm−1) is a positive signal. The speciﬁc peak assignment and
synchronous asynchronous spectrum symbols are shown in Table S3.
According to the sequential order rules, the order of EPS structural
change during its binding to Cu2+ was: 1660 cm−1, 1160 cm−1, and
3430 cm−1, which corresponds to C]O stretch (amide I), CeOH and
CeO possibly from polysaccharides, and OeH stretching with hydrocarbons, respectively. 2DCOS analysis showed that the sequence change
in the process of combining EPS with Cu2+ is as follows: proteins →
polysaccharides → hydrocarbons. This trend is related to the activity of
metal - binding sites in EPS. Cu2+ preferentially occupies active adsorption sites of carboxyl groups in proteins, and followed with binding
to other adsorption sites. Generally, only one oxygen atom of hydroxyl
group is used to complex the metal ion, while the carboxyl group can
use two oxygen atoms. Metal-carboxyl complexes can coordinate in
multiple types, including ionic or uncoordinated form, unidentate coordination, bidentate chelating coordination and bidentate bridging
coordination [43]. Therefore, the complexation of the Cu2+ with carboxyl group may be more stable.

3.7. Interaction mechanism between EPS and Cu2+
EPS serves as an important biological barrier between anammox and
the external water environment. The functional groups in the EPS are
mainly negatively charged. When the Cu2+ enters the anammox
system, it is initially contacted with the EPS. The reduced electrostatic
repulsion and bridging eﬀect promotes the compaction and agglomeration of the EPS colloid, so the absolute value of the zeta potential
decreases and the aggregate size increases. Afterwards, Cu2+ combines
with a molecular group in the EPS, which resulted in the ﬂuorescence
intensity slightly increased. As the concentration of Cu2+ further increases, the protein and humic acid ﬂuorescent components in the EPS
are quenched through forming a complex with no ﬂuorescence or weak
ﬂuorescence intensity. Analysis of spectroscopy and 2DCOS showed
that the carboxyl groups of the protein showed the fastest response to
Cu2+ compared to polysaccharides and hydrocarbons. Secondly, the
binding of the polysaccharide component occurs, and ﬁnally the hydrogen-bonded O–H in the hydrocarbon is also involved in the bonding.
During the combination of Cu2+ onto EPS, the α-Helix, β-Sheet,
random coil, and antiparallel β-sheet/aggregated strands structures of
the protein have been disrupted, leading to a loose state. ITC results
conﬁrmed that the thermodynamic response between them is feasible.
Functional groups in EPS exchange and coordinate with Cu2+, forming
inner sphere complexes, which is an endothermic and entropy-increasing reaction process.

3.6. Protein conformation
In order to understand the eﬀect of Cu2+ on the secondary structure
change of protein in EPS, the amide Ⅰ band of 1600–1700 cm−1 was
further ﬁtted and analyzed. Fig. S3b-i is a curve ﬁt of the amide Ⅰ region
of EPS after binding with Cu2+. Table 4 shows the relative content of
protein secondary structures in EPS corresponding to diﬀerent concentrations
of
Cu2+.
Among
them,
aggregated
strands
~1610–1625 cm−1, β-Sheet ~1630–1640 cm−1, random coil
~1640–1645 cm−1, α-Helix ~1648–1657 cm−1, 3-Turn helix
~1659–1666 cm−1, and antiparallel β-sheet/aggregated strands
~1680–1695 cm−1 can be observed [23]. It can be seen that the content of the α-Helix, β-Sheet, random coil, and antiparallel β-sheet/aggregated strands structure decreased greatly after the addition of 25 mg
L−1 Cu2+. α-Helix/(β-sheet and random coil) represented the compactness of the protein structure. The higher the ratio, the denser the
protein structure [44]. The ratios after adding Cu2+ were lower than
those without Cu2+, indicating that the protein structure in EPS became
loose after the Cu2+ were added.
Originally, proteins have a ﬁxed spatial structure, and it would
change after coordinating with metal ions [45]. The complexation of
Cu2+ with proteins causes the peptide chain to bend, thereby ensuring
that the Cu2+ are in the proper position [45,46]. The protein molecules
changed from the original orderly, coiled, compact structure to the
disordered, loose, stretched structure. Heavy metal ions diﬀuse faster
within the loose EPS structure and are easier to enter into the inner area
of the cell [11]. A large number of hydrophobic groups inside the

4. Conclusions
This work comprehensively investigated the role of EPS from anammox system in binding with Cu2+ through the integrated employ of
various analysis methods. The addition of low concentration Cu2+ resulted in the reduced electrostatic repulsion and bridging eﬀect, which
promotes the compaction and agglomeration of the EPS colloid. As the
concentration of Cu2+ increases, it combines with a molecular group in
the EPS. The carboxyl group of the protein has the fastest response
compared to polysaccharides and hydrocarbons. The α-Helix, β-Sheet,
random coil, and antiparallel β-sheet/aggregated strands structures of
the protein in EPS are found to disrupt to a loosen state after Cu2+
addition. Functional groups in EPS exchange and coordinate with Cu2+,
forming inner sphere complexes, which is an endothermic and entropyincreasing reaction process.

Table 4
Band assignments for the protein secondary structures of EPS corresponding to diﬀerent concentrations of Cu2+.
Secondary structures

Aggregated strands
β-Sheet
Random coil
α-Helix
3-Turn helix
Antiparallelβ-sheet/aggregated strands
α-Helix/(β-Sheet + Random coil)

At. %
Cu2+ concentration (mg L−1)
0

1

5

25

20.30 ± 0.32
17.17 ± 1.01
17.06 ± 0.15
15.82 ± 0.43
14.79 ± 0.91
14.85 ± 0.82
0.46 ± 0.37

26.21 ± 0.50
17.90 ± 0.22
10.79 ± 0.17
12.12 ± 0.58
13.52 ± 0.44
19.45 ± 0.23
0.42 ± 0.13

21.10 ± 0.09
23.07 ± 0.21
11.08 ± 0.68
9.16 ± 1.45
22.56 ± 0.47
13.02 ± 0.19
0.27 ± 0.32

41.64 ± 0.84
11.37 ± 0.29
8.02 ± 0.78
7.71 ± 0.65
23.25 ± 0.87
8.02 ± 1.75
0.39 ± 0.20
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