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The environmental copper pollution seriously threatens the health of organisms and the safety of ecosys-
tem. Therefore, the development of a simple and sensitive method to detect copper ion is very important.
In this study, we have developed a fluorescent biosensor based on biological recognition element pyover-
dine to selectively detect copper ion. The fluorescence of pyoverdine is quenched obviously after binding

with copper ion. A good linearity within the range of 0.2-10 M (R=0.997) is attained and the detection
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limit is 50 nM. The biosensor has been successfully utilized for the detection of copper ion in drinking
water, seawater and bio-samples and the results agree well with those obtained by the inductively cou-
pled plasma mass spectrometry. Therefore, the established biosensor is a creditable method to detect
copper ion with high sensitivity and selectivity, which can be utilized as a powerful tool to monitor
copper pollution in the environment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Copper ion, as an important cofactor or structural component
for various metal-coenzymes, plays critical roles in diverse bio-
logical physiological processes of organisms [1]. However, under
overloading condition, copper ion can lead to a series of diseases
such as Alzheimer’s disease, Menkes disease and Wilson disease
[2]. Additionally, the elevated copper ion level may also contribute
to several cancers by activating oncogenic BRAF signal [3]. Consid-
ering the Janus-faced role of copper ion, its upper limit in drinking
water is set at 20 wM by U.S. Environmental Protection Agency [4].
However, the level of copper ion is usually much higher in pol-
luted waters, which may seriously threaten the health of human
beings [5]. Therefore, the credible detection of environmental cop-
perionis very necessary. To date, inductively coupled plasma-mass
spectrometry (ICP-MS) and atomic absorption spectrometry (AAS)
are the most widely used methods for copper ion determination
[6,7]. In spite of the advantage of high-efficiency, these methods
possess some inevitable shortcomings, such as long determination
time and requirement of expensive and sophisticated equipment.
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Therefore, the development of simple methods for the detection
of trace copper ion has caused scientists’ wide interest. Recently,
various colorimetric sensors, electrochemical techniques and fluo-
rescence probes have been established to detect copper ion [8-18].
The colorimetric sensors based on nanomaterials own outstanding
advantages such as good sensitivity and can be directly recog-
nized by naked eyes. However, some of the colorimetric sensors
are easily influenced by complicated matrix. Compared with other
techniques, fluorescence probes attract much attention for their
high sensitivity and selectivity. And a myriad of functioned mate-
rials have been synthesized with extensive efforts to establish
fluorescence probes. Among them, nanoparticles and fluorescent
chromophores are the most widely used materials for their small-
size and specific molecular recognition [13-18]. However, the
design and synthesis of these materials are a little complicated and
difficult, which is usually a big challenge for developing new flu-
orescence probes. In comparison, biological recognition elements
can be directly obtained from several organisms, which is much
easier than synthetic probes. Additionally, biological recognition
elements are smart for their special bio-functions as well as good
biocompatibility. Hence, these biological recognition elements are
suitable to develop novel, simple and selective fluorescence biosen-
SOrs.
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Pyoverdine is a kind of extracellular siderophore of Pseu-
domonas aeruginosa, which can be largely secreted under
iron-deficient conditions [19]. It helps Pseudomonas aeruginosa
uptake iron to overcome iron limitation as well as protects them
from heavy metal toxicity [20]. As the excellent fluorescence prop-
erty of pyoverdine, it has already been utilized to established
biosensors for the detection of dissociative ferric ion and furazoli-
done [21,22].In this work, we have discovered that the fluorescence
of pyoverdine can be quenched obviously in the presence of copper
ion under neutral condition. Utilizing this phenomenon, a fluores-
cence biosensor based on pyoverdine for the detection of copper
ion has been developed, which is much simpler than the previ-
ous reported methods. The detection of copper ion will not be
influenced by dissociative ferric ion, because it only exists in acid
environment. Additionally, furazolidone is almost nonexistent in
the water and can be removed by ultraviolet digestion, which also
will not influence the detection. Therefore, our biosensor can detect
copper ion with excellent selectivity. Furthermore, our biosensor
can detect copper ion with satisfied sensitivity, which has great
potential to detect copper ion in real samples.

2. Experimental section
2.1. Reagents and apparatus

KCl, NaCl, LiCl, CaCl,, MgCl,, ZnCl;, Cd(NO3 )2, MnCl,, Pb(NO3),,
HgCl, and FeCl; were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All other chemicals and metal salts
used in this research were of analytic grade or better. Fluorescence
change of pyoverdine in the absence/presence of copper ion was
observed by naked eyes with triple UV analyzer WFH-203B (Jingke
Industral Co., Ltd., Shanghai, China). And fluorescence intensity
of pyoverdine in the absence/presence of copper ion was quan-
titatively measured by FluoroMax-4 spectrofluorometer equipped
with a xenon lamp (HORIBA Scientific, Japan).

2.2. Pyoverdine purification

Crude pyoverdine was obtained from Pseudomonas aeruginosa
PA1, and the isolation method had been reported in our previous
work [22]. The crude pyoverdine was firstly purified by copper-
chelate chromatography. Then the preliminary purified pyoverdine
with 10mM EDTA was further purified by Sephadex G-15 col-
umn (1.5 x100cm) [23]. The column was eluted by deionized
water and fractions with the highest fluorescence intensity (exci-
tation/emission at 410/460 nm) were collected. The fractions were
lyophilized to obtain pure pyoverdine. Then the purified pyover-
dine was analyzed by HRMS spectroscopy. The molecular weight
of purified pyoverdine was about 1278 (Fig. S7), which was simi-
lar with the previous researches [24,25]. The little difference was
resulted from the variable peptide chain of pyoverdine, which
could also be utilized as a fingerprint method to distinguish strains
from each other [26]. Finally, the purified pyoverdine was dis-
solved in 10 mM 4-(2-hydroxyerhyl) piperazine-1-erhanesulfonic
acid (HEPES) buffer solution (pH 7.0) to 1 g/L to detect copper ion.

2.3. Detection of copper ion by pyoverdine

Pyoverdine was incubated with copper ion in 50 mM HEPES
buffer solution (pH 7.0) at 25°C for 30min. The fluorescence
intensity of the mixed solution was detected at the excitation wave-
length of 410 nm with FluoroMax-4 spectrofluorometer.

2.4. Selectivity and sensitivity for the copper ion detection

To examine the selectivity of the biosensor, pyoverdine was
incubated with 100 wM Cu?*, 1 mMK®, Na*, Li*, Ca2*, Mg?*, Zn2*,
Cd2*, Mn2*, Pb2*, Hg2* and Fe3* in 50 mM HEPES buffer solution (pH
7.0) at 25°C for 30 min, respectively. To further explore it’s speci-
ficity, the biosensor in the presence of 100 wuM Cu?* along with
100 pMK*, Na*, Li*, Ca?*, Mg?*, Zn?*, Cd?*, Mn?*, Pb%*, Hg?* and
Fe3* was incubated in 50 mM HEPES buffer solution (pH 7.0) at
25°C for 30 min, respectively. To investigate the linear range and
detection limit of the biosensor, pyoverdine was incubated with
different concentrations of copper ions (0, 0.5, 1, 2, 4, 6, 8, 10, 20,
40, 60, 80 and 100 M) in 50 mM HEPES buffer solution (pH 7.0) at
25°C for 30 min. The detection limit of the sensor was calculated
by signal-to-noise (S/N) ratio equal to 3.0.

2.5. Detection of copper ion in the spiked samples

The drinking water sample was collected from municipal water
supply system (Yantai, China). The seawater sample was collected
from the Bohai Sea. The artificial cerebrospinal fluid was prepared
followed the previous work [27]. All above samples were filtered
by 0.22 wm membrane for further use. The shellfish sample was
purchased from Yanda market. The shellfish sample was washed
by double deionized water (ddH,0) for three times and frozen at
—20°Cinrefrigerator for 12 h. The shellfish sample was completely
dried in a freeze-dryer and then grinded to powder. Next, 0.3 g
powder sample was added into 10 mL concentrated nitric acid and
incubated in a high pressure digestion tank at 150 °C for 6 h. After
centrifuged, the supernatant was diluted to 50 mL by ddH,0 and
the pH was adjusted to pH 7.0 by 1M NaOH. The pH value of all
these samples was adjusted to pH 7.0 by HEPES buffer before use.
The concentrations of copper ion in these samples were detected
both by our pyoverdine-based biosensor and ICP-MS, respectively.

3. Results and discussion
3.1. Sensing principle of the biosensor for copper ion detection

The proposed sensing mechanism of our biosensor for the detec-
tion of copper ion is shown in Scheme 1. Generally, the structure
of pyoverdine is composed of three parts: a fluorescent dihydrox-
yquinoline chromophore, a variable peptide chain, and an acyl side
chain. The metal-binding center is formed by the cooperation of
dihydroxyquinoline and peptide chain, which can bind metal ions
efficiently and further quench the fluorescence of pyoverdine. The
quenching mechanism of the biosensor by copper ion is similar
to some artificial fluorescence copper probes such as Compound
1, and BODIPY 1 [28,29]. It is known that heavy metal ions can
turn off the emission of fluorophore by their partially filled orbitals,
unpaired electrons or heavy-atom effects, which quench the fluo-
rescence through electron-transfer pathways [30]. In our reseach,
copper ion can be captured by the hydroxyl and carbonyl group on
pyoverdine and the electron transfer takes place between pyover-
dine and copper ion, which further results in the fluorescence
quenching of pyoverdine (Scheme 1). The fluorescence quenching
of pyoverdine in the presence of copper ion can be quantitatively
detected by FluoroMax-4 spectrofluorometer and the fluorescence
quenching efficiency is calculated by (Fy — F;)/Fg x 100%, where Fy
and F; mean the fluorescence intensity of pyoverdine in the absence
and presence of copper ion, respectively [31]. To further examine
the quenching mechanism, we obtained the fluorescence quench-
ing data referred to Stern-Volmer (SV) equation:

F

FT) =1+Ksw[Q]
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Scheme 1. Proposed mechanism for the detection of copper ion by pyoverdine.
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Fig. 1. The Stern-Volmer equation plots of pyoverdine in the presence of copperion.
The pyoverdine with different concentrations of copper ion (0, 0.1, 0.5, 1.0, 2.0, 4.0,
8.0 and 10 wM) in 50 mM HEPES solutions, pH 7.0 and incubated at 25 °C for 30 min.
Data were the means for five independent experiments.

where K, meant the quenching constant and [Q] meant the con-
centration of copperion. As shownin Fig. 1, the SV plots were nearly
linear at low copper ion concentrations and tended to diverge from
linearity and bended upwards with the concentration of copper ion
increasing, which indicated a combination of dynamic and static
quenching of pyoverdine in presence of copper ion [32]. Thus, the
concentration of copper ion can be quantified by the fluorescent
quenching efficiency of pyoverdine and a simple biosensor to detect
copper ion is developed. Additionally, the fluorescence stability and
photo stability of the pyoverdine-based biosensor were also inves-
tigated by us. As shown in Figs. S1 and S2 , the biosensor owned
satisfied fluorescence stability and photo stability, which was fitted
for the detection of copper ion.

3.2. The detection of copper ion by the biosensor

To investigate the influence of copper ion on the fluorescence
spectra of our biosensor, the purified pyoverdine with 100 .M cop-
per ion was incubated in 50 mM HEPES solution at 25 °C for 30 min.
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Fig.2. (a)The fluorescence intensity of pyoverdine in the presence of 100 M copper
ion. (b) The fluorescence quenching efficiency of pyoverdine in the presence of 0 nM,
100nM, 1 M, 10 wM, 100 .M copper ion. Bottles insert were watched directly by
naked eyes under the triple UV analyzer at 325 nm. Data were the means for five
independent experiments.

As shown in Fig. 2a, the fluorescence intensity of pyoverdine was
almost completely quenched in the presence of 100 WM copper ion.
According to Stern-Volmer equation, the fluorescent quenching
efficiency of pyoverdine by 100 .M copper ion could reach 82.5%.
Next, the biosensor was incubated with 100 nM, 1 wM, 10 M and
100 wM copper ion in 50 mM HEPES buffer solution (pH 7.0) at
25°C for 30 min. The fluorescence of the biosensor was detected
by the FluoroMax-4 spectrofluorometer and identified by naked
eyes with the help of triple UV analyzer at 325 nm. As shown in
Fig. 2b, the fluorescence quenching efficiency increased gradually
with the concentration of copper ion increasing. And the fluores-
cence quenching of pyoverdine in the presence of 1 wM copper ion
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could be distinguished clearly by naked eyes with the help of triple
UV analyzer.

3.3. Parameter optimization of the biosensor

To investigate the optimal condition for the detection of cop-
per ion by our biosensor, experimental parameters such as variety
and concentration of buffer solution, pH and incubation time were
taken into consideration. As buffer solution usually played an
important role in the detection of copper ion, HEPES, B-R and PBS
buffer solutions were investigated for their effects on the detec-
tion of copper ion by our biosensor. Pyoverdine with 10 wM copper
ion was added in different buffer solutions and incubated at 25°C
for 30 min. As shown in Fig. 3a, the response of our biosensor to
copper ion was the best in 50 mM HEPES buffer. And different con-
centrations of HEPES buffer showed no obvious influence on the
performance of our biosensor (Fig. 3b). Next, we evaluated the
effect of pH value on the quenching efficiency of copper ion to our
biosensor. As shown in Fig. 3¢, pH value from 5.0 to 9.0 showed little
influence on the performance of our biosensor in the detection of
copper ion. And pH 7.0 was chosen for the following experiments
because it was more convenient than detecting in acidic or alka-
line environment and this pH value was similar to those of natural
water samples. Additionally, the dissociative ferric ion could not
interference the detection of copper ion at this pH value. Addition-
ally, the detection of copper ion by the developed biosensor could
be finished within 30 min (Fig. 3d). Therefore, the detection of cop-
per ion by our biosensor was carried out in 50 mM HEPES buffer,
pH 7.0 and incubated at 25 °C for 30 min.

3.4. Sensitivity and selectivity of our biosensor for the detection
of copper ion

To verify the selectivity of the biosensor, pyoverdine with
100 M Cu?*, 1 mM Na*, K*, Li*, Ag*, Ca*, Zn?*, Mg?*, Mn?*, Cd?",
Hg2*, Pb2* and Fe3* was incubated in 50 mM HEPES buffer solution
(pH 7.0)at 25 °Cfor 30 min, respectively. As shown in Fig. 4a, the flu-
orescence of pyoverdine was only quenched by copper ion, which
could also be recognized by naked eyes. Additionally, we examined
the quenching efficiency of 100 wM copper ion to our biosensor in
the presence of other ions, whose concentration was equal with
that of copper ion. As shown in Fig. 4b, the quenching efficiency
of copper ion would not be influenced by the coexisting ions. The
previous research discovered that the fluorescence of pyoverdine
could also be quenched by dissociative ferric ion under acidic con-
dition [21,33]. Considering that the solubility product constant of
ferricionis 2.79 x 10739, the concentration of dissociative ferric ion
is only 2.79 x 10~18 M under pH 7.0. We also examined the UV-vis
absorption changes of pyoverdine-based biosensor toward copper

ion and other metal ions. As shown in Fig. S3, the UV-vis absorp-
tion of pyoverdine was not be influenced by copper ion and other
metal ions. Therefore, the detection of copper ion by our biosen-
sor would not be influenced by dissociative ferric ion under our
experiment condition. Additionally, we investigated the effects of
sulphide, sulphate and other common anions on the detection of
copper ion. As shown in Fig. S4a, the fluorescence of pyoverdine
could not be influenced by sulphide, sulphate and other common
anions. But the quenching efficiency of copper ion to pyoverdine
could be influenced obviously by sulphide (Fig. S4b), because sul-
phide could react with copper ions to form a low-solubility product
CuS (Ksp =6.3 x 10-36) [34]. However, the sulphide and copper ion
could not coexist in the environmental samples [35]. Therefore,
the sulphide could not influence the detection of copper ion by our
pyoverdine-based biosensor.

Next, we investigated the performance of our biosensor to quan-
titatively detect copper ion. Different concentrations of copper ion
from 0.2 to 100 M were added and detected under optimal con-
dition. As shown in Fig. 4a and b, a good linear correlation was
obtained between the quenching efficiency and the concentration
of copper ion from 0.2 to 10 wM. And the detection limit of biosen-
sor pyoverdine to copper ion was up to 50 nM (signal to noise ratio
equal to 3.0), which was equal with the established copper ion
fluorescence probes by polyamine-functionalized carbon quantum
dots and pyoverdine-similar chemosensors [14,36,37]. The results
indicated that the developed biosensor can detect copper ion with
satisfied sensitivity. Additionally, we also investigated the reuse
ability of the pyoverdine-based biosensor. As shown in S5, the flu-
orescence of pyoverdine could be recovered by 0.1 mM EDTA. And
then the pyoverdine could be regained by Sephadex G-15 column,
which still could be utilized to detect copper ion. As shown in S6,
the pyoverdine-based biosensor could be reused for at least 5 times.

3.5. Applications of the biosensor to spiked samples

To explore the applicability of our biosensor for practical sam-
ple analysis, copper ion in spiked water and biological samples was
detected by our biosensor and traditional method ICP-MS, respec-
tivey. As shown in Table. 1, the concentrations of copper ion in
these samples were very low (0.01 wM in drinking water, 0.04 uM
in seawater, 0.03 wM in shellfish samples and not detected in arti-
ficial cerebrospinal fluid samples), which could not be detected
directly by our developed biosensor. However, the spiked copper
in these samples could be detected by the developed biosensor and
the results agreed well with those obtained by traditional method
ICP-MS. Considering that the concentration of copper in the pol-
luted area could be higher than 20 wM [5]. Therefore, our developed
pyoverdine-based biosensor could be utilized to detect copper ion
in polluted water samples. Additionally, the concentration of cop-

Table 1
Comparison of the results obtained by our biosensor and ICP-MS for the detection of copper ion in spiked samples (n=5).
Sample Added Detected/uM Recovery (100%) ICP-MS/puM
Conc./pM
Drinking Water 0 ND ND 0.01
5 4.89+£0.21 97.8+4.2 5.13
10 10.12+0.46 101.2+4.6 9.96
Seawater 0 ND ND 0.04
5 5.17+0.19 103.4+3.8 4.98
10 9.69+0.32 96.9+3.2 10.14
Shellfish 0 ND ND 0.03
5 53240.27 106.4+5.4 5.22
10 9.84+0.41 98.4+4.1 9.75
Cerebrospinal Fluid 0 ND ND ND
5 5.16 +£0.41 103.2+8.2 5.27
10 10.17+0.89 101.7+8.9 10.39

ND means not detectable.
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per ion in cerebrospinal fluid would rise in patients of Parkinson’s
disease [38]. Therefore, our pyoverdine-based biosensor could also
be used in disease prediction. All these results indicated that the
developed biosensor were practically feasible for the detection of
copper ion in real samples with good reliability and high accuracy.

4. Conclusions

We have developed an effective fluorescent biosensor for the
detection of copper ion based on bio-element pyoverdine secreted
by Pseudomonas aeruginosa PA1. The biosensor is designed based on
copper-ion-induced fluorescence quenching of pyoverdine. Under
optimal condition, the detection limit of our biosensor for copper
ion is 50nM. And 1 pM copper ion can be distinguished directly
by naked eyes under UV light. Additionally, the biosensor has
been successfully applied to detect copper ion in spiked drinking
water, seawater and bio-samples. Therefore, our biosensor owns
outstanding advantages of high selectivity and sensitivity for cop-
per ion detection and shows great potential application in the real
sample analysis.
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