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¢ and

A peptide-based fluorescent probe (Dansyl-His-Pro-Gly-Trp-NH,, D-P4) bearing the dansyl fluorophore
and tryptophan residue has been developed for the detection of Hg®*, Cu?* and biothiols (-SH). DP-4
exhibited high selectivity and sensitivity for Cu?* and Hg?* in the presence of 17 metal ions and
6 anions. D-P4 could differentiate Hg?* and Cu?* via a ratiometric response toward Hg?* and quenching
response toward Cu?*. Upon the addition of Hg?* or Cu?* ions, the D-P4 solution displayed a colour
change, which was visible to the naked eyes under a UV lamp. The limits of detection (LOD) of DP-4 are
37 nM for Hg®* and 105 nM for Cu®*, which for Cu®" is much lower than the EPA drinking water
maximum contaminant level. Additionally, the binding stoichiometry, binding affinity and pH influence of
D-P4 for Hg?* and Cu®* ions were studied. Determination of Hg>* and Cu®* in river water samples with
D-P4 showed satisfactory results. It is noteworthy that the D-P4-Hg system could be regenerated using
cysteine (Cys), which was confirmed via circular dichroism (CD) and UV-vis absorption spectroscopy.
Moreover, the D-P4-Hg system could be used to detect cysteine, homocysteine (Hcy) and glutathione
(GSH). These results indicate that the D-P4-Hg system can selectively detect cysteine among the
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Introduction

Heavy and transition metal (HTM) ions are non-biodegradable
contaminants in living organisms, which represent a growing
environmental problem and have affected various components
of the environment, including the terrestrial and aquatic biota."
Some heavy metals, including mercury (Hg), lead (Pb), arsenic
(As), cadmium (Cd) and chromium (Cr), are highly toxic and
hazardous to living organisms.>* Among the various HTM ions,
Hg>" is considered to be the most toxic and hazardous to
humans and biological organisms, which is released by many
anthropogenic sources such as coal plants, oil drilling, steel
plants, mercury lamps, barometers and thermometers.” In
general, inorganic or organic mercury enters from the sur-
roundings to the food chain through contaminated water or
polluted air and accumulates in higher organisms, which can
further cause several severe diseases, including Hunter-Russell
syndrome, acrodynia, anaemia, dermatitis, gastric disorders
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20 common amino acids with an LOD of 82 nM.

and Minamata disease.®® As the third most abundant transi-
tion metal ion in living organisms, Cu®>" also plays a key role in
various biological processes, and its homeostasis is critical for
the metabolism and development of humans and biological
organisms.""> HTM ions are released into the environment
through cosmetics and their by-products, fertilizers and other
chemicals generated from industrial wastewater and household
waste. According to the United States Environmental Protection
Agency (USEPA), the permissible drinking water maximum
contaminant levels of Hg”* and Cu** are 2 ppb (10 nM) and
1.3 ppm (20 pM), respectively.">'* Therefore, it is of great
importance to establish fast, accurate and reliable techniques
for the detection of HTM ions. Table 1 lists some recent reports
on spectrofluorimetric and spectrophotometric sensing sys-
tems for the determination of Cu®" and Hg?*.">* Among them,
peptide-based probes have received considerable attention due to
their easy synthesis, timely response and biocompatibility.>>™”
The selectivity of peptide-based probes mainly depends on the
metal chelating ability of the amino acid residues in their
receptors.®® According to the analysis of the Protein Data Bank
(PDB), some special amino acid residues are easily chelated to
metal ions in biological systems, such as the carboxyl groups of
glutamic acid (Glu) and aspartic acid (Asp), imidazole groups
of histidine (His) and sulfhydryl groups of cysteine (Cys).*°
The imidazole group of histidine and the indole group of
tryptophan can be used as active ligands in the chelation of
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Table 1 (a) Various spectroscopic sensing systems for the determination of Cu®*. (b) Various spectroscopic sensing systems for the determination

of Hg?*

Method System Detection limit Ref.
(@)

Fluorescence Dansyl-MH 95.0 nM 15
Fluorescence Dansyl-HKH-Dansyl 78.0 nM 16
Fluorescence Dansyl-GGDGGDGGDGGDGGW 500.0 nM 17
Fluorescence Dansyl-HPGW 105.0 nM This study
Fluorescence DNAzyme 35.0 nM 18
Fluorescence Cyclam derivative 260.0 nM 19
Fluorescence 2-Hydroxy-1-naphthaldehyde based ADA 15.8 nM 20
Fluorescence BODIPY 200.0 nM 21
Absorption 1,5-naphthalenediamine based Schiff base 19.0 nM 22
Absorption Naphthalimide-based Schiff base 10.0 pM 23
Absorption N-Butylbenzene-1,2-diamine 3.97 uyM 24
(b)

Fluorescence Unnatural amino acids conjugated with dansyl 9.3 nM 25
Fluorescence Dansyl-P23 1.4 yM 26
Fluorescence Dansyl-AACAAHCWAE 25.9 nM 27
Fluorescence NBD-CC-NBD 25.6 nM 28
Fluorescence Dansyl-HPGW 37.0 nM This study
Fluorescence Pyr-Y 12.0 nM 29
Fluorescence Rhodamine B derivative 50 nM 30
Fluorescence Cyclam derivative 7.9 uM 19
Fluorescence A new rhodamine derivative 120.0 nM 32
Fluorescence N-[p-(Dimethylamino)benzamido]-N’-phenylthiourea 39.0 nM 33
Absorption DNA-functionalized gold nanoparticles 60.0 nM 34
Absorption Schiff-based colorimetric chemosensor 390.0 nM 9
metal ions.*>*! Although some amino acids or peptide-based

probes have been developed for metal ion monitoring, multi-
analyte recognition using a unique class of sensors remains a
major challenge.”” Only a few examples of fluorescence sensors
show a ratiometric response to Hg®" and can regenerate their
ability for detection using cysteine.*>** Intracellular thiols,
including Cys, Hcy and GSH, play vital roles in cellular function
and metabolism.** For example, protein thiol groups are crucial
for the formation of the mitotic apparatus.*® Cys, as one of the
basic amino acids, is involved in the formation of the three-
dimensional structure of protein.*® Several studies have indi-
cated that Cys can balance the concentration of heavy metal
ions in biological processes. Moreover, Cys is essential for the
activity of many proteins, where protein disorders are closely
related to Alzheimer’s and Parkinson’s diseases.?”**® Moreover,
Hcy is structurally similar to Cys, but its functions in vivo are
entirely different. Hey level is considered as one of the impor-
tant parameters for cardiovascular disease and Alzheimer’s
disease.*® GSH is a very important tripeptide in the human
body, and a change in the cellular GSH level is associated
with several diseases, such as leucocyte loss, HIV infection
and liver damage.*® Thus, the detection of biothiols is of great
significance.

Herein, a new peptide-based fluorescent probe (Dansyl-His-
Pro-Gly-Trp-NH,, DP-4) was synthesized, and could monitor
Cu”* via a turn-off response and Hg*" via a ratiometric response
with very low LODs in 10 mM HEPES buffer solution. Moreover,
the D-P4-Hg system showed an exclusive response to biothiols
(Cys, Hey, and GSH). Scheme 1 displays the possible binding
modes of D-P4 with Cu®**, Hg®" and biothiols. Importantly,
this study provides the new possibility of using a simple

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Scheme 1 Proposed binding modes of D-P4 with Cu?*, Hg?* and biothiols.

peptide-based probe for multidetection. We also expect that
this probe could have practical applications in the environ-
mental and biological fields.

Experimental

Materials and instruments

Fmoc-His(Trt)-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Trp(Boc)-
OH and Rink Amide resin were purchased from CSBio. Co., USA.
Trifluoroacetic acid (TFA) and dansyl chloride were purchased
from Shanghai Macklin Biochemical Co., Ltd. Tri-isopropylsilane
(T1S), N,N'-diisopropylcarbodiimide (DIC), 2-(1H-benzotriazole-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and
N,N-diisopropylethylamine (DIEA) were purchased from Shanghai
GL Biochem Ltd. Amino acids, homocysteine (Hcy) and gluta-
thione (GSH) were purchased from Sigma Chemical Co. Ltd.
Other chemical reagents were analytical grade unless otherwise
noted. All metal ion salt sample solutions were prepared in
10 mM HEPES buffer solution at pH 7.1.

New J. Chem., 2018, 42, 15770-15777 | 15771


http://dx.doi.org/10.1039/c8nj03624a
李连之
高亮


Published on 22 August 2018. Downloaded by Liaocheng University on 9/28/2018 4:00:02 AM.

NJC

Instruments included CS 136 Peptide Synthesizer (CS Bio Co.,
USA), API 4500 QTRAP Mass Spectrometer (Applied Biosystems/
MDS SCIEX, USA), High Performance Liquid Chromatography
(HPLC) system (model 426 HPLC pump, UVIS 201 detector,
Alltech, USA), Hitachi F-7000 fluorescence spectrofluorometer
(Hitachi Inc., Japan), Jasco J-810 circular dichroism (CD) spectro-
photometer (Japan) and Lambda 750 UV-visible absorption
spectrophotometer (Perkin Elmer, USA).

Solid phase synthesis of D-P4

Dansyl-His-Pro-Gly-Trp-NH, (D-P4) was synthesized using Fmoc
chemistry and solid phase peptide synthesis technology. Fmoc-
protected Fmoc-Trp(Boc)-OH (0.6 mmol) was assembled on Rink
Amide resin (0.2 mmol). After deprotecting the Fmoc group from the
resin-bound Trp, Fmoc-Gly-OH (0.6 mmol), Fmoc-Pro-OH (0.6 mmol)
and Fmoc-His(Trt})OH (0.6 mmol) were assembled, successively.
Then, dansyl chloride (0.6 mmol) in DMF was added to the resin
bound tetrapeptide. Cleavage of the peptide from the resin was
achieved via treatment with a mixture of 6.0 mL TFA: thioanisole :
phenol: H,O:EDT (82.5:5:5: 5: 2.5, v/v/v/v/v) in a dark room at room
temperature for 3 h. The crude DP-4 was precipitated in ice-cold
ether and then centrifuged at 8000 rpm for 10 min at —4 °C. The
crude peptide was purified via high-performance liquid chromato-
graphy (HPLC) using a C18 column. Mobile phase A was 0.1% TFA
solution and mobile phase B was methanol. ESI mass spectrometry
was performed in positive ion mode with the following operating
parameters: the electrospray voltage, 5500 V; curtain gas, 20 psi;
GS 1, 45 psi; and GS 2, 50 psi. The source temperature was 500 °C,
and nitrogen was used as the nebulizer and desolvation gas.

Fluorescence spectra measurement

Initially, 3.0 mM D-P4 stock solution was prepared in 10 mM
HEPES buffer (pH = 7.1) and stored in a dark room at 4 °C.
The stock solution of D-P4 was appropriately diluted for all
spectral measurements. Each metal ion and anion solution was
prepared in 10 mM HEPES buffer (pH 7.1). The fluorescence
spectra (350-650 nm) of D-P4 in the absence and presence of
17 metal ions (Cr*", Mn*", Fe’*, Co™*, Ni**, zn**, Ccd**, Hg”*, Pb*",
AP, Ca®™, Mg®, K" and Na' as chloride salts, Fe*" and Cu®" as
sulfate salts, and Ag" as nitrate salt) and 6 anions (NaNOj3, Na,SO,,
Na;PO,, NaClO,4, NaAc and NaCl) were measured with excitation
of 295 nm and 330 nm in 10 mM HEPES buffer (pH 7.1),
respectively. The fluorescence spectra of D-P4-Hg in the presence
of 20 amino acids, Hcy and GSH were also measured under the
same conditions. Both excitation and emission wavelength slit
widths were 5 nm.

pH influence on fluorescence spectra

Fluorescence emission spectra of the D-P4, D-P4-Cu®" and
D-P4-Hg”"* systems were measured at different pH with excitation
of 330 nm. The pH value of the sample solution was adjusted by
appropriate additions of HCIO, or NaOH solutions.

Binding stoichiometry and binding constant

The binding stoichiometry of this probe was obtained from the
Job’s plot between the mole fraction of Cu®>" and Hg”" and
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relative emission intensity. The binding constant was
obtained from the modified Benesi-Hildebrand equation:**"*
AFI,,ax/AFI = 1 + ([M]"/K), where AFly iS Flya — Flo, AFI is
F, — Fy, F, is the emission intensity of D-P4, F, is the emission
intensity of D-P4 in the presence of a relative concentration of
Hg”" and Cu”', [M] is the concentration of Hg>* and Cu®*, and
K is the binding constant.

Limit of detection

The limit of detection (LOD) was calculated using the data from
the fluorescence titration experiments as follows: LOD = 3g/m,
where ¢ is the standard deviation of the blank measurement,
which was obtained from the fluorescence intensity of D-P4 in
the absence of Cu®" or Hg>" and measured ten times, m is the
slope of the fluorescence intensity versus the concentration of
Cu® or Hg”" ion. The detection limit of cysteine for the D-P4-Hg
system was also calculated using this equation.”

Application for the detection of Cu®* and Hg** in river water

To test the practical application of the D-P4 probe, it was applied
for the determination of Cu®* and Hg>" in river water samples.
The measured river water samples were simply filtered previously
to remove impurities. The pH of the river water was adjusted
to 7.1. The level of Hg>" in the river samples was determined
using the standard addition method. The fluorescence spectra
of D-P4 in the presence of a series of low concentrations of Cu**
or Hg”" ions in river water at pH 7.1 were measured.

UV/Vis and CD spectra studies

The UV-vis absorption spectra of D-P4 in the presence of Cu**
and Hg”" ions were measured in 10 mM HEPES solution at
pH 7.1. CD spectra were recorded on a Jasco J-810 spectro-
polarimeter in the range of 250-190 nm with 1 cm path length
quartz optical cell at room temperature. Each spectrum was the
average of three accumulations at a 1 s-response time with a

data pitch of 0.5 nm and scan speed of 200 nm min~".

Results and discussion
Solid phase peptide synthesis

The fluorescent peptide probe (Dansyl-His-Pro-Gly-Trp-NH,, D-P4)
was synthesized via solid phase peptide synthesis technology. After
cleavage of the product from Rink Amide resin, D-P4 was purified
from the crude product by HPLC with a C18 column. The success-
ful synthesis was confirmed by ESI mass spectrometry. ESI mass of
DP-4 calculated: 728.83 [M + H']; observed: 728.3 [M + H']. DP-4
exhibits good solubility in 100% aqueous solution.

Fluorescence response of D-P4 with metal ions and anions

Fig. 1a shows the fluorescence response of the probe to 17 metal
ions and 6 anions with the excitation wavelength of 330 nm in
10 mM HEPES solution at pH 7.1. The results indicated that
D-P4 displays excellent sensitivity and high selectivity for
Cu”" and Hg>" ions among the tested ions, and there was no
response for the other various metal ions and anions.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 1 (a) Fluorescence spectra of DP-4 (20 uM) excited at 330 nm in the
presence of various ions in 10 mM HEPES buffer at pH 7.1. The molar ratio
of metal/D-P4 was 1: 1. (b) Emission color changes of the systems excited
by a UV lamp (365 nm).

Fig. 1b presents the color changes of the D-P4 solution in the
absence and presence of Cu®", Hg?" and other ions excited by a
365 nm UV lamp. The D-P4 solution itself was yellow in color. The
addition of Cu®" to the D-P4 solution caused its color to change
from yellow to colorless, and Hg** changed the D-P4 solution color
from yellow to green. However, the D-P4 solutions containing the
other 15 metal ions retained their yellow color.

To investigate the interference effect of 16 other metal ions
and 6 anions on the detection ability of DP-4 for Cu®>" and Hg>",
the fluorescence responses of DP-4 to Cu®>" and Hg>* were
measured in the presence of these ions. Fig. 2 shows the fluor-
escence responses of this probe in the absence and presence of
different ions systems. The results indicate that the fluores-
cence response of DP-4 for Cu®" is not affected by the 15 metal
ions and 6 anions except Hg>", and we still could differentiate
Hg”" because it caused a blue shift in the fluorescence from
550 nm to 505 nm (Fig. 1a). Moreover, the detection of Hg>" was
not interfered by all the ions including Cu*".

As shown in Fig. 3, the fluorescence intensities decreased
continuously and with a faint blue shift with the addition of
increasing concentrations of Cu®** to the peptide probe. The
decrease in fluorescence intensity can be explained in terms of
effective electron transfer from the excited dansyl fluorophore
to the complexed copper cation."®>*** Upon the addition of

N
o

(@) I D-Pa+ions [ D-P4+other ions+Cu™* (b) EEEID-Pations D-Pa+other ion+Hg™

0.

Fl (505 nm)/F (550 nm)

‘
DN
500-# EEF Iy

Fig. 2 Fluorescence response of DP-4 (20 pM) in the presence of
17 metal ions and 6 anions (1 equiv.) in 10 mM HEPES buffer at pH 7.1.
The red bars represent the addition of these ions (20 uM) to the DP-4
solution. The green bars represent the subsequent addition of 20 uM Cu?* (a)
and Hg?" (b) to the above solutions (Jex = 330 nm).
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Fig. 3 Fluorescence emission spectra of D-P4 (20.0 uM) excited at 330 nm
with the addition of increasing concentrations of Cu?* (0-22.0 uM) (a) and
Hg?* (0-6.7 pM) (b) in 10 mM HEPES buffer at pH 7.1.

increasing concentrations of Hg>", the fluorescence intensities
at 550 nm decreased and the intensities at 505 nm increased.
Also, a 45 nm blue shift from 550 to 505 nm for the maximum
fluorescence peak was observed, which indicates that D-P4 is a
ratiometric probe for Hg>" ions in HEPES buffer. In this titration
curve, 1/3 equiv. Hg>" was sufficient for saturation of the 45 nm
blue shift, and a 3.2-fold ratiometric (FIs50/FIs05) change occurred
after the addition of Hg>".

The excitation wavelength at 330 nm was employed for
monitoring the dansyl fluorophore emission and 295 nm was
employed for monitoring both the Trp and dansyl fluorophore
emissions. While exciting at 295 nm, the fluorescence intensity
of D-P4 at 355 nm and 550 nm decreased in the presence of
Cu”", and the addition of Hg*" caused the fluorescence inten-
sity of D-P4 at 355 nm to decrease. However, the intensity at
550 nm increased and a 45 nm blue shift was observed (Fig. S1,
ESIT). When Hg*" interacts with amino acid residues of D-P4,
the distance between the dansyl fluorophore (acceptor) and Trp
residue (donor) is shortened, which may result in the folding of
D-P4. This result indicates that the mechanism of the inter-
action between Hg>" and D-P4 is the fluorescent resonance
energy transfer (FRET) effect.

With the addition of increasing concentrations of Cu®*,
the fluorescence intensities at 355 nm and 550 nm gradually
decreased. For the titration curve of Hg?", the maximum emis-
sion intensity of the dansyl fluorophore (550 nm) decreased
and then increased, which was accompanied with a 45 nm blue
shift (Fig. S2, ESIT).

Several chemosensors for monitoring Cu®* and Hg>" have
been reported.">>>”>° However, only a few sensors can selec-
tively detect Cu** and Hg** via different channels. Lee et al.'®
reported a peptide-based sensor for the selective detection of
Ag", Cu®" and Hg>" via different response types. In their peptide-
based probe, two fluorophores, dansyl and Trp, were conjugated
as an acceptor and donor for FRET, respectively.

Effects of pH on the detection for Cu”* and Hg**

The influence of pH on the detection of D-P4 for Cu®* and Hg>*
ions is shown in Fig. 4. At pH values lower than 5.0, D-P4
showed a very weak fluorescence intensity at 550 nm regardless
of the absence and presence of Cu”* and Hg”*, which was
attributed to the protonation of the imidazole ring of His and
the electron-donating dimethyl amino group (pK, = 4) of the

New J. Chem., 2018, 42, 15770-15777 | 15773
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Fig. 4 Fluorescence intensity of D-P4 (20.0 uM) in the absence and
presence of Cu®* (1 equiv.) and Hg?" (1/3 equiv.) ions at different pH values.

dansyl fluorophore at acidic pH.>” However, at pH > 5.0, the
fluorescence intensity of D-P4-Cu decreased and the fluores-
cence intensity of D-P4-Hg increased with an increase in pH,
which was due to the deprotonation of the imidazole ring of His
and sulfonamide group (pK, = 10) of D-P4 in basic conditions."

Binding stoichiometry and binding affinity

As shown in Fig. 5, the Job’s plot exhibits a maximum at
0.5 mole fraction of Cu®", which indicates that a 1:1 complex
was formed between D-P4 and Cu®" in 10 mM HEPES buffer
solution. In the case of Hg>" monitoring, the Job’s plot exhibited
the maximum at a mole fraction of 0.25, indicating that D-P4
formed a 3:1 complex with Hg*".

According to the fluorescence titration curve (Fig. 3), the
binding constants were calculated using the modified Benesi-
Hildebrand equation. The binding constants K of D-P4 with
Cu”" and Hg?" were calculated to be 8.82 x 10* M~ and 2.87 x
10° M, respectively (Fig. S3, ESI).

Detection limit of D-P4 for Cu®* and Hg>*

The limits of detection of D-P4 for Cu®>" and Hg>" were calcu-
lated using the good linear relationship of the fluorescence
intensity at 550 nm with concentration of Cu** and Hg>" ions
(Fig. 6). According to the equation LOD = 3¢/m, the detection
limits of DP-4 were 105.0 nM for Cu** and 37.0 nM for Hg>"
This result indicates that the detection limits for Cu*" is much
lower than the standard EPA value for drinking water maximum
contaminant levels.

Application for the detection of river water samples

The standard and measurement curves were obtained by standard
addition of Cu®" and Hg”* to sample solutions. The results are
summarized in Table 2a and b, and show that this fluorescent
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Fig. 5 Job’s plots for D-P4 with Cu* (a) and Hg?* (b) in 10 mM HEPES
buffer at pH 7.1 (FI = Flyay).
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Fig. 6 Linear relationship of fluorescence intensity at 550 nm with con-
centration of Cu?* (a) and Hg?* (b) in 10 mM HEPES buffer at pH 7.1.

Table 2 (a) Determination of Hg®* in river samples. (b) Determination of
Cu?* in river samples

(@)

Water sample

Hg>" added (uM)

Hg>" found (uM)

Recovery (%)

1 3.0 2.94 98.0
2 6.0 5.95 99.1
3 9.0 8.55 95.0
4 12.0 10.92 91.3

(b)

Water sample

Cu*" added (uM)

Cu** found (uM)

Recovery (%)

1 0.2 0.18 90.1
2 0.4 0.35 87.5
3 0.6 0.58 96.7
4 0.8 0.75 93.8
5 1.0 0.98 98.0

peptide probe exhibits a good recovery of 95.9.0% for Cu®* in the
range from 3 to 12 pM and 93.2% for Hg”" in the range from
0.2 to 1.0 pM for monitoring Hg>* and Cu”* ions in river water.
Therefore, these results indicate that this peptide probe can be
used to monitor Cu** and Hg>" ions in river water and has
potential applications in the environmental field.

UV/Vis and CD spectra of the D-P4-Cu®*/Hg>" systems

The interactions of D-P4 with Cu®>" and Hg>" were investigated
via UV/Vis absorption spectroscopy. The absorption spectrum of
D-P4 shows four absorption bands at 220 nm, 250 nm, 280 nm,
and 330 nm (Fig. S4, ESIt). Upon the addition of Cu**, the peak
intensity at 220 nm decreased, but the peak intensities at 250 nm,
280 nm, and 330 nm increased. In contrast, in the absorption
spectrum of D-P4 with the addition of Hg>", the absorption bands
at 250 nm and 280 nm disappeared, while the absorption band
at 330 nm exhibited a red shift. From the absorption spectra
changes, we can infer that D-P4 may chelate with Cu®* and Hg”"
via the sulfonamide group of the dansyl fluorophore and side
chain group of the amino acid residues.

Circular dichroism (CD) spectroscopy is highly sensitive to
structural changes in biomolecules. Fig. 7 illustrates the CD
spectra of D-P4 in the absence and presence of Cu®* and Hg*" in
10 mM HEPES buffer. The CD spectrum of D-P4 consists of a
positive band at 220 nm and a negative band at 250 nm. Upon
the addition of Cu®" and Hg*", the intensities of the 250 nm
band decreased significantly and the intensity of the band at
220 nm changed from positive to negative. The degree of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 7 CD spectra of D-P4 (100.0 uM) in the absence and presence of
Cu?* (0.5 equiv.) and Hg?" (0.2 equiv.) in 10 mM HEPES buffer at pH 7.1.

change at 220 nm for Hg>" was more than that for Cu®".
Moreover, a positive band at 275 nm appeared after the addi-
tion of Hg”". Hence, we infer the formation of D-P4-Cu and
D-P4-Hg complex systems from the conformational changes in
the peptide probe.

Regeneration of the D-P4-Hg system

The regeneration of probes has always been important for
the design of chemosensors. According to the hard and soft
acid-base (HSAB) theory, thiol-containing Cys is regarded as an
effective ligand for Hg>" ions. Therefore, we chose Cys as a
chelating agent for Hg”*. The fluorescence emission spectrum
of D-P4 was recovered perfectly when Cys was added to the
D-P4-Hg system solution (Fig. S5a, ESIt). In addition, Cys did
not influence the emission intensity of D-P4 (Fig. S5b, ESIT).
When Hg>" was added to the D-P4 solution containing Cys, the
emission spectrum of D-P4 remained unchanged. In addition,
the detection of Cu®" using D-P4 was not affected. Therefore, Cys
can be used to mask the interference of Hg>" when selectively
monitoring Cu®".

The addition of Cys restored the fluorescence emission peak
of D-P4 because the thiol-containing Cys can remove Hg”" from
the D-P4-Hg system and release D-P4 (Fig. S4a, ESIT). Five detec-
tion cycles demonstrate that this probe is suitable for repeated
use without considerable influence on the detection of Hg>"
(Fig. 8). Moreover, the UV/Vis and CD spectra also show that
they can be well-restored when Cys was added to the D-P4-Hg
system solution (Fig. S6 and S7, ESL, respectively).

Detection of biothiols using the D-P4-Hg system

To evaluate the selectivity of D-P4-Hg for thiol-containing Cys,
the emission spectrum of the D-P4-Hg system in the presence
of 20 amino acids was recorded. Fig. 9a shows that the D-P4-Hg
system exhibits exclusive selectivity for Cys via the restoration
of fluorescence intensity and the maximum emission peak,

[ D-P4 [ D-P4+Hg™

FI(550 nm)/Fl (505 nm)

Fig. 8 Five detection cycles using the fluorescent peptide probe (D-P4
20.0 pM), Hg?* (1/3 equiv.), and Cys (1/3 equiv.).
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Fig. 9 (a) Fluorescence spectra of DP-4-Hg excited at 330 nm in the
presence of 20 amino acids (10.0 uM) in 10 mM HEPES buffer at pH 7.1.
(b) Emission color changes in the systems excited by a 365 nm UV lamp.

but it has no fluorescent response to the other 19 amino acids.
Therefore, the D-P4-Hg system can selectively detect Cys, as
indicated by the regeneration of the fluorescent peak without
interference from 19 other amino acids. Fig. 9b shows the
visible fluorescent color change of the D-P4-Hg system solution
in the presence of Cys and 19 other amino acids under a
365 nm UV lamp. The D-P4-Hg system solution itself is a bright
green color, but it was restored from a green color to a yellow
color when Cys was added to this solution. However, the D-P4-Hg
systems containing the 19 other amino acids still displayed a
bright green color.

The D-P4 system can selectively distinguish Cys from other
amino acids. Thus, it was important to further investigate
whether the D-P4 system can distinguish thiol-containing
Cys, Hey and GSH from one another because the structures
and reactivity of these biothiols are similar. As shown in Fig. 10,
the addition of Cys, Hcy, and GSH restored the fluorescence
peak of the D-P4-Hg system to the state of D-P4. This result
shows that the D-P4-Hg system can effectively monitor these
biothiols.

1000 1000
k3 2z
& 800 2 800
£ 2
3600 ;600
] g
S 400 § 400}
g 3
S 200 S 200
- 0 S E
400 450 500 550 600 650 350 400 450 500 550

Wavelength (nm)

Fig. 10 Fluorescence spectra of DP-4 (20 uM) and D-P4-Hg(7.0 uM) in
the presence of Cys, Hcy and GSH (10.0 uM) in 10 mM HEPES buffer at
pH 7.1. (@) Zex = 330 nm and (b) Aex = 295 nm.
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Fig. 11 Fluorescence emission spectra of D-P4-Hg (6.7 pM) with the

addition of increasing concentrations of Cys (0-7.5 uM) in 10 mM HEPES
buffer at pH 7.1 (Aex = 330 nm).
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Table 3 Various spectral sensing systems for the determination of Cys

Method System Detection limit Ref.
Fluorescence Curcumin and Hg*" system 1.0 yM 60
Fluorescence Naphthol AS-based sensor 500.0 nM 61
Fluorescence Diketopyrrolopyrrole-based chemodosimeter 5.0 uM 62
Fluorescence HMBQ-Nap 1 29.0 nM 63
Fluorescence Quinazoline platform 350.0 nM 64
Fluorescence n-Conjugated triarylboron luminogen 180.0 nM 65
Fluorescence D-P4-Hg system 82.0 nM This study
Fluorescence Acridine orange 110.0 nM 46
Fluorescence Hg”*-Sensor complex 5.2 uM 66
Fluorescence A benzothiazole derivative 84.0 nM 67
Absorption Hg>*-Sensor complex 100.0 nM 9
Absorption PBI-Hg>* 91.0 nM 68

To further determine the LOD of D-P4-Hg for biothiols, the
fluorescence titration of cysteine was conducted. As shown in
Fig. 11, the emission intensity returned to the initial state of
D-P4 after the addition of 1 equiv. Cys to the DP-4-Hg system
solution. According to the good linear relationship between the
fluorescent intensity at 505 nm and the concentration of Cys,
the LOD of the system for monitoring Cys was calculated to be
82.0 nM (Fig. S8, ESIt). From Table 3, it can be seen that the
D-P4-Hg system has lower detection limit for Cys than that in
previous reports.

Conclusions

In conclusion, a new multi-functional peptide-based fluorescent
probe was synthesized for the detection of Cu** and Hg>". D-P4
showed highly selective and sensitive fluorescence response to
Cu** via a turn-off response and Hg”" via a ratiometric response,
which rendered low detection limits. This peptide-based fluo-
rescent probe exhibited good practicality for river water samples
without performing tedious sample pretreatments. In addition,
D-P4 was used for the cyclic detection of Hg®" under the
treatment of cysteine. Furthermore, the D-P4-Hg system was
also successfully used to monitor biothiols. Significantly, this
peptide-based probe exhibits numerous advantages including
easy synthesis, good water solubility, excellent sensitivity and
selectivity, fast response and good reversibility. Therefore, we
anticipate that this probe can promote the development of
peptide-based sensor and has potential practical application
in the environment.
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