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ABSTRACT
A fluorescence peptide-based sensor (Dansyl-His-Thr-Glu-His-Trp-NH2, D-P5) was synthesized
by Fmoc solid phase peptide synthesis, using dansyl group as the fluorophore. The sensor
exhibited different fluorescence responses and sensitive detections for copper(II), mercury(II)
and zinc(II) ions as a multifunctional sensor. The detailed investigation suggested that the lim-
its of detection were 37.6 nmol�L�1, 37.8 nmol�L�1 and 59.4 nmol�L�1 for copper(II), mercury(II)
and zinc(II) ions, respectively, and the highly sensitive sensor was not influenced by other spe-
cies. The sensor exhibited a strong binding ability to copper(II), mercury(II) and zinc(II) ions
with the binding constants of 3.23� 105 L�mol�1, 6.37� 105 L�mol�1 and 6.0� 104 L�mol�1,
respectively. The binding stoichiometries of the sensor to copper(II), mercury(II) and zinc(II)
ions measured by Job’s plot were all 1:1. Furthermore, The sensor has been successfully used
for the detections of copper(II), mercury(II) and zinc(II) in actual water samples.
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Introduction

With the continuous development of industrializa-
tion, various pollution problems have been brought,
among which heavy metal ion pollution caused by
industrial pollution is the most urgent.[1] Due to
the non-degradability and long-term accumulation
of heavy metal ions, the accumulation of a large
amount of heavy metal ions in the human body will
cause various diseases.[2–7] Copper is one of the
most abundant transition metals in the human
body, and is a trace element required by living
organisms. However, excessive accumulation of
Cu2þ results in many serious human afflictions,
such as neurodegenerative diseases.[8–11] Among
the heavy and transition metal ions, mercury is con-
sidered to be a highly toxic metal ion, and its envir-
onmental pollution has brought serious problems
to human health and ecology.[12–15] Long-term
exposure to mercury will damage the digestive
organs, kidneys and endocrine system, etc.[16–18] In
addition, as the second most abundant transition
metal ion in the human body, zinc plays an import-
ant role in maintaining activities in the body and

normal life. Disruption of intracellular Zn2þ ion
may be associated with numerous diseases includ-
ing Parkinson’s syndrome, arteriosclerosis and
immunodeficiency.[19–21] Due to the importance of
these ions in biological activity, to develop simple
and sensitive methods for detecting Cu2þ, Hg2þ,
and Zn2þ will be of great significance.

Researchers have developed a variety of mature
methods in the detection of metal ions, such as
Atomic Absorption Spectroscopy (AAS), Atomic
Emission Spectrometry (AES) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS),
etc.[22–25] However, these traditional methods have
some disadvantages such as pretreatment of sam-
ples, slow detection speed, and expensive detection
costs. In recent years, peptide-based fluorescent
sensors for the detection of metal ions have received
considerable attention. As important small bio-
logical molecules, peptides have the advantages of
simple and well-developed synthetic methods with
low costs, and can provide multidentate coordin-
ation to metal ions, etc. Peptide-based sensors have
high sensitivity and high selectivity to metal ions
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and can be further optimized by adjusting the pep-
tide sequence. Compared with other types of sen-
sors, peptide-based metal ion sensors have good
water solubility, biocompatibility, and low toxicity,
and therefore have important applications in envir-
onmental detection and bioanalytical diagno-
sis.[26–28] Therefore, we designed a peptide-based
sensor fluorescence sensor. To date, some peptide-
based fluorescence sensors for detecting Cu2þ,
Hg2þ and Zn2þ ions have been reported.[29–39]

Most of the reported methods are single metal
detection, and few multianalyte peptide fluorescent
sensors for the simultaneous detection of three dif-
ferent metal ions have been reported.

In this work, a peptide-based fluorescence sensor
(Dansyl-His-Thr-Glu-His-Trp-NH2, D-P5) was
synthesized. His containing imidazole group and
Glu containing carboxyl group can interact with
several heavy metal ions such as Agþ, Cu2þ, Zn2þ

and Hg2þ. Moreover, the exogenous fluorescent
group Dansyl and the endogenous fluorescent
group tryptophan (Trp) are used as signal markers.
Dansyl chloride is a strong fluorescent agent com-
monly used in the modification of peptide and pro-
tein because it can react specifically with primary
amino groups at the N-terminal of peptide chain to
produce a stable and strong fluorescent sulfonamide
adduct of dansyl-peptide. Therefore, in this paper,
we have designed a dansyl modified peptide as a
metal ion sensor by combining the advantages of
the strong fluorescence of dansyl group and the
metal ion binding property of peptide. Through the
measurement of fluorescence spectra, D-P5 showed
different types of fluorescence responses to the
three metal ions of Cu2þ, Hg2þ and Zn2þ. The cal-
culated binding constants were 3.23� 105 L�mol�1,
6.37� 105 L�mol�1 and 6.0� 104 L�mol�1, respect-
ively, which indicated that D-P5 has a high affinity
for Cu2þ, Hg2þ and Zn2þ. In addition, the D-P5
sensor can be applied to the detection of metal ions
in real water samples.

Materials and experimental

Materials and instruments

Rink amide resin, Fmoc-Glu(OtBu)-OH, Fmoc-
Thr(tBu)-OH, Fmoc-His(Trt)-OH and Fmoc-
Trp(Boc)-OH) were purchased from CS Bio. Co.,

USA. Dansyl chloride, trufluoroacetic (TFA), Tri-
isoproylsilane (TIS) and N,N-diisopropylethyl-
amine (DIEA) were obtained from Shanghai
Macklin Biochemical Co., Ltd. Stock solutions of
metal ions (10mmol�L�1) were prepared with
nitrate or chloride salts in distilled water, includ-
ing Naþ, Kþ, Ba2þ, Cr3þ, Ca2þ, Mn2þ, Co2þ,
Ni2þ, Fe3þ, Zn2þ, Cd2þ, Hg2þ, Cu2þ, Pb2þ,
Mg2þ and Al3þ, and various anion solutions (F�,
Cl�, Br�, I�, PO4

3�, NO3
�, SO4

2�, ClO4
� and

Ac�) were prepared with the same concentration
of sodium or potassium salts.

CS 136 Peptide Synthesizer (CS Bio Co., USA),
API 4500 QTRAP Mass Spectrometer (Applied
Biosystems/MDS SCIEX, USA), Hitachi F-7000
fluorescence spectrofluorometer (Hitachi Inc.,
Japan), Jasco J-810 Spectropolarimeter (Jasco
Corp., Japan), Hitachi UH-4150 spectrophotom-
eter (Hitachi Inc., Japan).

Synthesis of peptide-based sensor

Based on our previous reports,[40–43] D-P5 was
synthesized by standard Fmoc solid-phase synthe-
sis. According to the peptide sequence (Dansyl-
His-Thr-Glu-His-Trp), the Fmoc-amino acids
(0.6mmol) were sequentially coupled to the Rink
Amide resin (0.2mmol) from the C-terminus to
the N-terminus. Then, after deprotecting the
Fmoc group, 0.6mmol dansyl chloride was
added. The formed peptide and protecting groups
were cleaved from the Rink Amide resin by treat-
ment with a mixture of 6mL TFA:TIS:H2O
(95:2.5:2.5, v/v/v) at room temperature for 4 h
(Fig. S1). Finally, the peptide was extracted in
ether at �20 �C and centrifuged at 10,000 rpm for
5min at �4 �C. ESI-MS (m/z) of L calculated
value: 940.4; Observed value: 941. 3 ([MþHþ]þ);
985.3 ([(M-2Hþ)þ2NaþþHþ]þ) (Fig. S2).

General fluorescence measurements

D-P5 was dissolved in distilled water to prepare a
3.0mmol�L�1 stock solution. A certain amount of
D-P5 stock solutions were added to the distilled
water (pH 7.4) to prepare solutions of the desired
concentration. The fluorescence emission spectra
of D-P5 sensor were measured in the presence of
16 kinds of metal ions (Naþ, Kþ, Ba2þ, Cr3þ,
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Ca2þ, Mn2þ, Co2þ, Ni2þ, Fe3þ, Zn2þ, Cd2þ, Hg2þ,
Cu2þ, Pb2þ, Mg2þ and Al3þ) and 9 kinds of anions
(F�, Cl�, Br�, I�, PO4

3�, NO3
�, SO4

2�, ClO4
�

and Ac�). Measurement conditions: kex ¼ 295 nm,
kex ¼ 330 nm; Scan speed: 1200 nm/min.

The pH values of the sample solutions were
adjusted by addition of different amounts of HCl
or NaOH solutions. Fluorescence emission spec-
tra of D-P5 and D-P5-Cu/Hg/Zn system were
determined at various pH values with excitation
wavelength of 330 nm.

Job’s plot

A series of solutions containing 0, 2, 4, 6, 8, 10,
12, 14, 16, 18 and 20 mmol�L�1 D-P5 and 20, 18,
16, 14, 12, 10, 8, 6, 4, 2 and 0 mmol�L�1 metal
ions (Cu2þ, Hg2þ, Zn2þ), respectively, were pre-
pared. These solutions kept different molar con-
centration ratio of D-P5 to Cu2þ, Hg2þ, and
Zn2þ and to make the total concentration at
20 mmol�L�1. The fluorescence emission spectra
of these solution were measured at excitation
wavelength of 330 nm, and the scan speed was
1200 nm/min.

Binding constants of peptide-based sensor to
copper(II), mercury(II) and zinc(II)

Based on the fluorescence titration experiments
of D-P5 with Cu2þ, Hg2þ and Zn2þ, the binding
constants of D-P5 with Cu2þ, Hg2þ and Zn2þ

were calculated according to the Benesi-
Hildebrand equation:[37]

DFImax=DFI ¼ 1þ ð½M��n=KÞ

DFImax ¼ FImax－FI0, DFI ¼ FIx－FI0, FImax is
the maximal fluorescence intensity of D-P5 in the
absence of metal ions, FI0 is the fluorescence
intensity of D-P5 in the absence of metal ions,
FIx is the fluorescence intensity of D-P5 in the
presence of different concentrations of Cu2þ,
Hg2þ and Zn2þ, [M] is the added concentration
of Cu2þ, Hg2þ and Zn2þ, K is the binding con-
stant of D-P5 sensor with Cu2þ, Hg2þ and Zn2þ.

Determination of detection limits for copper(II),
mercury(II) and zinc(II)

The detection limits of D-P5 for Cu2þ, Hg2þ,
Zn2þ were determined based on the titration
curves of D-P5 with Cu2þ, Hg2þ, Zn2þ. The
fluorescence emission intensity of D-P5 was
measured ten times and then the standard devi-
ation of blank measurement was determined.
According to the titration experiment, the fluor-
escence intensities corresponding to different
Cu2þ, Hg2þ, and Zn2þ concentrations were lin-
early fitted to determine the slope. The detection
limits were obtained according to the following
formula: LOD¼ 3SD/m. SD represents the stand-
ard deviation of the blank, and m represents the
slope of the linear fitting line.

Ultraviolet and circular dichroism spectra
measurements

Ultraviolet absorption spectra and circular
dichroism (CD) spectra of D-P5 samples were
determined in distilled water (pH 7.4). CD spec-
tra of D-P5 were recorded between 200 nm and
330 nm in a 1 cm path length quartz optical cell
with the scanning speed of 500 nm/min.

Results and discussion

Fluorescence response of peptide-based sensor to
metal ion and anion

The prepared peptide-based sensor showed good
stability measured by the absorption spectra. The
fluorescence spectra of D-P5 were measured
under excitation at 295 nm and 330 nm, and the
fluorescence response changes of D-P5 in the
presence of 16 metal ions and 9 anions were
measured. As shown in Fig. 1a, D-P5 had two
strong fluorescence emission peaks at 360 nm and
550 nm at an excitation wavelength of 295 nm,
respectively. The emission peak at 360 nm is the
fluorescence response of tryptophan (Trp), and
the emission peak at 550 nm is the fluorescence
response of Dansyl. When different metal ions
and anions were added, the presence of Cu2þ

reduced the fluorescence intensity of the Trp and
Dansyl; the presence of Hg2þ caused the intensity
decrease of the Trp and the U-shaped intensity
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decrease of the Dansyl; the addition of Zn2þ

caused the Trp intensity to decrease and the
intensity of Dansyl peak was strongly enhanced
with a blue shift of 15 nm. Since Cu2þ is a para-
magnetic substance, the inherent mechanism of
the paramagnetic substance will quench the fluo-
rophore, so it exhibited an obvious quenching
effect.[44] Cu2þ can also act as a quencher for the
electron transfer process. In the presence of
Hg2þ, the fluorescence intensities of the Trp and
the Dansyl groups were decreased, and the emis-
sion peak of Dansyl group was blue-shifted. It is
possible that the excited Dansyl group transfers
electrons to mercury, which caused the fluores-
cence intensity to be quenched.[35] The addition
of Zn2þ may cause the folding of D-P5 by bind-
ing with the amino acid residues of the peptide
chain to bring the Trp group (Donor) and the
Dansyl group (receptor) closer, thereby generat-
ing a fluorescence resonance energy transfer
(FRET) effect from donor Trp to receptor
Dansyl group.[39]

When excited at 330 nm, D-P5 had a strong
fluorescence response at 550 nm (Fig. 1b). D-P5
had the special fluorescence response to Cu2þ,
Hg2þ and Zn2þ among various ions, and the
fluorescence intensity changes were similar to
those at 295 nm excitation. The result can further
explain that the inherent paramagnetic mechan-
ism of Cu2þ is the main factor leading to the
quenching of fluorescence intensity;[11] in the
presence of Hg2þ, it is possible that the excited
Dansyl transfers electrons to the mercury, result-
ing in a decrease in the intensity of the Dansyl

peak at 550 nm;[35,43] the addition of Zn2þ may
destroyed photoinduced electron transfer (PET)
process and caused the fluorescence intensity to
recover.[33,38] The results showed that the micro-
environment of Dansyl in the solution is easily
disturbed by the three metal ions.

Fluorescence titration in the presence of different
concentrations of copper(II), mercury(II)
and zinc(II)

Under the conditions of kex ¼ 295 nm and kex ¼
330 nm, respectively, fluorescence titrations were
measured for Cu2þ, Hg2þ and Zn2þ at different
concentrations. Fig. 2 shows the fluorescence
titration measurements of 10.0 mmol�L�1 D-P5
with 0–7.3 mmol�L�1 Cu2þ. As shown in Fig. 2a,
the fluorescence intensity of Trp and Dansyl
gradually decreased (kex ¼ 295 nm). The intensity
of Dansyl at 550 nm also decreased with the
increased Cu2þ concentration under 330 nm exci-
tation (Fig. 2b). The result showed that Cu2þ had
an inherent quenching mechanism to D-P5, so
Cu2þ can be used as a quencher for D-P5.

As shown in Fig. 3a, with the increased con-
centration of Hg2þ (0–4.6 mmol�L�1), the fluores-
cence intensity of Trp gradually decreased, and
the intensity of Dansyl decreased with a blue shift
under the excitation wavelength of 295 nm.
When kex ¼ 330 nm (Fig. 3b), the intensity of
Dansyl also decreased in a U-shape with a blue
shift from 550 nm to 490 nm. The significant
blue-shift of the maximum emission observed at
high Hg2þ concentrations could be attributed to

Figure 1. Fluorescence emission spectra of peptide-based sensor in the presence of different metal ions and anions. The spectra
reveal the change of fluorescence signal induced by different metal ions and anions, aiming to measure the selectivity of the sen-
sor for metal ions: (a) excitation wavelength: 295 nm; (b) excitation wavelength: 330 nm. Cu2þ: copper(II); Hg2þ: mercury(II); Zn2þ:
zinc(II); concentrations of the sensor: 10mmol�L�1; concentrations of metal ions and anions: 33.3mmol�L�1.
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the deprotonation of the dansyl-sulfonamide moi-
ety upon binding to the strongly electrophilic
Hg2þ ion. In this complex, deprotonation and
direct binding of the NH group of the sulfona-
mide to Hg2þ was always accompanied by a blue
shift in the emission due to the reduced conjuga-
tion between the deprotonated sulfonamide and
the (dimethylamino)naphthalene moiety.[45]

When kex ¼ 295 nm, the fluorescence intensity
of Trp (donor) gradually weakened with the
increase of Zn2þ concentration (0–33.3 mmol�L�1),
while the fluorescence intensity of Dansyl grad-
ually enhanced, and blue shifts from 550 nm to
505 nm (Fig. 4a). It can be inferred that it occurred
a FRET from Trp to Dansyl group. Furthermore,
when the excitation wavelength was at 330 nm, the
fluorescence intensity of Dansyl gradually
increases with the increase of Zn2þ concentration
(Fig. 4b). The ‘turn on’ response indicated that the
PET process was disrupted, leading to the recovery
of fluorescence intensity. Table 1 lists some

different sensor mechanisms for detecting Cu2þ,
Hg2þ and Zn2þ ions.

pH effects

In order to test the ability of the D-P5 sensor to
detect Cu2þ, Hg2þ and Zn2þ ions, the effects of
pH values on the fluorescence spectra of D-P5
and D-P5-Cu/Hg/Zn systems were studied
(Fig. 5). When the pH was from 1.0 to 5.0, the
fluorescence intensities of D-P5 and D-P5-Cu/
Hg/Zn systems at 550 nm were weak. The reason
is that D-P5 and D-P5-Cu/Hg/Zn systems were
in protonated state under acidic conditions,
which hinders the charge transfer between the
dimethylamino group (pKa � 4) and the naph-
thalene ring, resulting in weaker fluorescence
intensity.[52–54] When in the pH range from 5 to
13, the alkalinity of the solution increases the
negative charge of the imidazole on the His resi-
due and the carboxyl group on the Glu residue

Figure 3. Fluorescence emission spectra of peptide-based sensor with different concentrations of mercury(II) ion. The spectra show
the change of fluorescence signal induced by mercury(II) ion; (a) excitation wavelength: 295 nm; (b) excitation wavelength: 330 nm.
Hg2þ: mercury(II); concentrations of the sensor: 10mmol�L�1; concentrations of mercury(II): 0–4.6mmol�L�1 from top to bottom.

Figure 2. Fluorescence emission spectra of peptide-based sensor with different concentrations of copper(II) ion. The spectra show
the change of fluorescence signal induced by copper(II) ion; (a) excitation wavelength: 295 nm; (b) excitation wavelength: 330 nm.
Cu2þ: copper(II); concentrations of the sensor: 10mmol�L�1; concentrations of copper(II): 0–7.3mmol�L�1 from top to bottom.
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in D-P5, thereby promoting the interaction of D-
P5 with Cu2þ, Hg2þ, and Zn2þ. The overall ana-
lysis results showed that the fluorescent peptide
sensor D-P5 can effectively detect Cu2þ, Hg2þ,
and Zn2þ in a neutral environment.

Binding ability of peptide-based sensor with
copper(II), mercury(II) and zinc(II)

The chemical binding ratios of D-P5 to Cu2þ,
Hg2þ and Zn2þ through job’s plot experiments
were investigated. As shown in Fig. 6a, as the
molar ratio of Cu2þ increased, the intensity of
the emission peak at 550 nm gradually decreased,
the fluorescence response has an inflection point
when the ratio is at 0.5. The result demonstrated
that D-P5 formed a 1:1 complex with Cu2þ.
Similarly, Fig. 6b, c demonstrated that D-P5 forms
a 1:1 complex with Hg2þ and Zn2þ, respectively.

Figure 4. Fluorescence emission spectra of peptide-based sensor with different concrntrations of zinc(II) ion. The spectra show the
change of fluorescence signal induced by zinc(II) ion: (a) concentrations of zinc(II): 0–4.6mmol�L�1 from bottom to top; excitation
wavelength: 295 nm. (b) concentrations of zinc(II): 0–33.3mmol�L�1 from bottom to top; excitation wavelength: 330 nm.

Table 1. Various sensing mechanisms for detecting copper(II), mercury(II) and zinc(II) ions.
Detection agent Detection ion Mechanism/Phenomenon References

Dansyl-GC Copper(II) Paramagnetism quenching [11]
Dansyl-HKH-Dansyl [33]
Dansyl-ECEW [37]
Dansyl-SPGH [38]
FITC-SSH [46]
Dansyl-CC-Dansyl Mercury(II) Blue Shift [17]
Dansyl-HPGW [35]
Dansyl-Met [47]
Dansyl-Y [48]
Dansyl-MH [49]
Dansyl-ECEW Zinc(II) Fluorescence resonance energy transfer [37]
Dansyl-HQRTHW [39]
Dansyl-HPGHWG [50]
Dansyl-HKH-Dansyl Photoinduced electron transfer [33]
Dansyl-SPGH [38]
Dansyl-KHG [51]
Dansyl-SPGH Chelation enhanced fluorescence [38]
Dansyl-HPGHWG [50]

Dansyl-GC: Dansyl-Gly-Cys; Dansyl-HKH-Dansyl: Dansyl-His-Lys-His-Dansyl; Dansyl-ECEW: Dansyl-Glu-Cys-Glu-Trp; Dansyl-SPGH: Dansyl-Ser-Pro-Gly-His; FITC-SSH:
Fluorescein 5-isothiocyanate-Ser-Ser-His; Dansyl-CC-Dansyl: Dansyl-Cys-Cys-His-Dansyl; Dansyl-HPGW: Dansyl-His-Pro-Gly-Trp; Dansyl-Y: Dansyl-Tyr; Dansyl-MH:
Dansyl-Met-His; Dansyl-HQRTHW: Dansyl-His-Gln-Arg-Thr-His-Trp; Dansyl-HPGHWG: Dansyl-His-Pro-Gly-His-Trp-Gly; Dansyl-KHG: Dansyl-Lys-His-Gly.

Figure 5. Fluorescence intensities at 550 nm of peptide-based
sensor in the absence and presence of copper(II) (1 equiv.),
mercury(II) (1 equiv.) and zinc(II) (1 equiv.) ions at different pH
values. The curves show the change of fluorescence signal
induced by pH value. FI550: fluorescence signal at 550 nm; D-
P5: Dansyl-His-Thr-Glu-His-Trp-NH2; D-P5-Cu: Dansyl-His-Thr-
Glu-His-Trp-NH2—copper(II); D-P5-Hg: Dansyl-His-Thr-Glu-His-
Trp-NH2—mercury(II); D-P5-Zn: Dansyl-His-Thr-Glu-His-Trp-
NH2—zinc(II); concentration of the sensor: 10mmol�L�1.
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The job’s plot showed that D-P5 forms a 1:1 com-
plex with all three metal ions.

In addition, based on the fluorescence titration
experiments of D-P5 with the three metal ions,
the binding constants of D-P5 with Cu2þ, Hg2þ

and Zn2þ were further studied (Fig. 7). Based on
the Benesi-Hildebrand curves, the binding con-
stants of D-P5 and Cu2þ, Hg2þ and Zn2þ were
calculated as 3.23� 105 L�mol�1 (R2 ¼ 0.9989),
6.37� 105 L�mol�1 (R2 ¼ 0.9952) and 6.0� 104

L�mol�1 (R2 ¼ 0.9911), respectively. The overall
results showed that D-P5 had a high binding
affinity to the three metal ions.

Detection limit of peptide-based sensor for
copper(II), mercury(II) and zinc(II)

Based on the fluorescence titration experiments, the
detection limits of the peptide sensor for the three
metal ions were calculated. Fig. 8 shows the linear
fitting curves for titrations of D-P5 with different
concentrations of Cu2þ, Hg2þ and Zn2þ, and the
correlation coefficients of the fitted curves were R2

¼ 0.9900, R2 ¼ 0.9891, R2 ¼ 0.9919, respectively.
When the concentrations of Cu2þ, Hg2þ and Zn2þ

were in the range of 0–10mmol�L�1, the fluores-
cence intensities had a good linear relationship with

Figure 6. (a) Job’s plot for determining the stoichiometry of peptide-based sensor with copper(II) ion. FI (550 nm): fluorescence
signal at 550 nm; the total concentration of the sensor and copper(II) ion was 20.0mmol�L�1; excitation wavelength: 330 nm. (b)
Job’s plot for determining the stoichiometry of peptide-based sensor with mercury(II) ion. FI (550 nm): fluorescence signal at
490 nm; the total concentration of the sensor and mercury(II) ion was 20.0mmol�L�1; excitation wavelength: 330 nm. (c) Job’s plot
for determining the stoichiometry of peptide-based sensor with zinc(II) ion. FI (550 nm): fluorescence signal at 505 nm; the total
concentration of the sensor and zinc(II) ion was 20.0mmol�L�1; excitation wavelength: 330 nm.

Figure 7. (a) Benesi-Hildebrand plot for the determination of the binding constant of peptide-based sensor with copper(II) ion.
DFImax ¼ FImax－ FI0, DFI ¼ FIx－ FI0, FImax is the maximal fluorescence intensity of the sensor in the absence of copper(II) ion, FI0
is the fluorescence intensity of the sensor in the absence of copper(II) ion, FIx is the fluorescence intensity of the sensor in the
presence of different concentrations of copper(II) ion. Concentration of the sensor: 10mmol�L�1; excitation wavelength was 330 nm.
(b) Benesi-Hildebrand plot for the determination of the binding constant of peptide-based sensor with mercury(II) ion. DFImax ¼
FImax－ FI0, DFI ¼ FIx－ FI0, FImax is the maximal fluorescence intensity of the sensor in the absence of mercury(II) ion, FI0 is the
fluorescence intensity of the sensor in the absence of mercury(II) ion, FIx is the fluorescence intensity of the sensor in the presence
of different concentrations of mercury(II) ion. Concentration of the sensor: 10mmol�L�1; excitation wavelength was 330 nm. (c)
Benesi-Hildebrand plot for the determination of the binding constant of peptide-based sensor with zinc(II) ion. DFImax ¼ FImax－
FI0, DFI ¼ FIx－ FI0, FImax is the maximal fluorescence intensity of the sensor in the absence of zinc(II) ion, FI0 is the fluorescence
intensity of the sensor in the absence of zinc(II) ion, FIx is the fluorescence intensity of the sensor in the presence of different con-
centrations of zinc(II) ion. Concentration of the sensor: 10mmol�L�1; excitation wavelength was 330 nm.
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metal ion concentration. The detection limits of D-
P5 for Cu2þ, Hg2þ and Zn2þ were calculated by the
formula LOD¼ 3SD/m to be 37.6 nmol�L�1,
37.8 nmol�L�1, and 59.4 nmol�L�1, respectively. The
result indicates that D-P5 has a high sensitivity for
the detection of three metal ions.

Ultraviolet and circular dichroism spectra of
peptide-based sensor in the presence of copper(II),
mercury(II) and zinc(II)

The interactions of D-P5 with different concen-
trations of Cu2þ, Hg2þ and Zn2þ were studied
through the ultraviolet absorption spectrum. As
shown in Fig. S3, the peak at 220 nm was mainly
the characteristic absorption peak of the amide
bond, while the peak at 330 nm corresponded to
the characteristic absorption peak of Dansyl

group. With the increasing concentration of the
three metal ions, the absorption peaks at 220 nm
and 330 nm gradually decreased. It can be
inferred that D-P5 may pass through the sulfona-
mide group of the Dansyl fluorophore and the
side chain group of amino acid residues (such as
histidine) chelated with Cu2þ, Hg2þ and Zn2þ.

Circular dichroism (CD) spectroscopy is com-
monly used to analyze the conformational
changes of biological molecules. Therefore, circu-
lar dichroism spectroscopy was used to analyze
the conformational effects of Cu2þ, Hg2þ and
Zn2þ on D-P5. As shown in Fig. 9, the CD spec-
trum of D-P5 was mainly composed of two nega-
tive absorption peaks at 225 nm and 245 nm. As
the concentrations of the three metal ions con-
tinue to increase, the intensities of the two peaks
also gradually decreased. Meanwhile, the addition

Figure 8. (a) Fluorescence intensity at 550 nm of peptide-based sensor as a function of copper(II) ion concentration for the meas-
urement of limit of determination. (b) Fluorescence intensity at 550 nm of peptide-based sensor as a function of mercury(II) ion
concentration for the measurement of limit of determination. (c) Fluorescence intensity at 550 nm of peptide-based sensor as a
function of zinc(II) ion concentration for the measurement of limit of determination. F550: fluorescence signal at 510 nm; concentra-
tion of the sensor—10.0mmol�L�1; excitation wavelength: 330 nm.

Figure 9. (a) Circular dichroism spectra of peptide-based sensor in the presence of different copper(II) concentrations.
Concentration of the sensor—50.0mmol�L�1; copper(II) concentrations—0–20mmol�L�1 from bottom to top. (b) Circular dichroism
spectra of peptide-based sensor in the presence of different mercury(II) concentrations. Concentration of the sensor—
50.0mmol�L�1; mercury(II) concentrations—0–9.3mmol�L�1 from bottom to top. (c) Circular dichroism spectra of peptide-based
sensor in the presence of different zinc(II) concentrations. Concentration of the sensor—50.0mmol�L�1; zinc(II) concentrations—
0–46.6mmol�L�1 from bottom to top.
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of Cu2þ not only caused the peak intensity to
decrease, but also became a positive absorption
peak. Through the analysis of CD spectra, it is
speculated that D-P5 interacted with Cu2þ, Hg2þ

and Zn2þ, resulting in a huge change in the con-
formation of D-P5.

Application for the determination of lake
water samples

In order to further study the application of D-P5
in real water sample detection, this sensor was
used to detect Cu2þ, Hg2þ and Zn2þ in lake
water (pH ¼ 7). The standard curves were
obtained by adding Cu2þ, Hg2þ and Zn2þ to dis-
tilled water, and then add Cu2þ, Hg2þ and Zn2þ

to the lake water sample solution to determine
the recovery rate. The standard curves are shown
in Fig. S4. The results showed that the recovery
rate were 95.1% for Cu2þ, 104.4% for Hg2þ and
101.3% for Zn2þ in the range of 1–3 mmol�L�1,
and it can be used to measure the concentration
of Cu2þ, Hg2þ and Zn2þ in water samples.

Conclusion

In this study, a new peptide-based sensor (Dansyl-
His-Thr-Glu-His-Trp-NH2, D-P5) was designed
and synthesized through the Fmoc solid-phase pep-
tide synthesis method. The fluorescent peptide sen-
sor showed different types of fluorescence responses
to Cu2þ, Hg2þ and Zn2þ ions with good selectivity
over the other metal ions examined. D-P5 had a
higher binding constants for Cu2þ, Hg2þ and Zn2þ,
respectively, which can be used to detect three metal
ions of Cu2þ, Hg2þ and Zn2þ with lower detection
limits. Compared with other reported fluorescence
sensors, the peptide-based sensor was a multianalyte
fluorescent sensor by monitoring the changes in
fluorescence spectral in different sensing patterns.
The detection limits of D-P5 for Cu2þ (37.6 nM),
Hg2þ (37.8 nM) and Zn2þ (59.4 nM) were lower
than that of the other literature. Importantly, it can
be easily distinguished these three ions by fluores-
cence effect of D-P5, thus achieving the detection of
these three ions. In addition, it could be used for the
detection of real lake water. Therefore, this work has
an important significance for the establishment of
peptide-based fluorescent sensors for multi-ion

detection in environmental systems via differ-
ent mechanisms.
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