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ARTICLE INFO ABSTRACT

A new dansyl-peptide dual-functional fluorescent chemosensor (D-ECEW-NH,, D-P4) was developed via Fmoc
solid phase peptide synthesis (SPPS), which displayed an excellent selectivity and high sensitivity for Hg>* by
FRET turn on response in 10 mM 2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) solution (pH 7.1).
Mercury ion The sensing mechanism for Hg>* is by two pathways, one is fluorescence resonance energy transfer (FRET)
Biothiols effect between tryptophan (donor) and dansyl (acceptor) fluorophores due to the interaction of Hg®* ion with D-
P4 evidenced by fluorescence excitation spectra at 290 nm, while the other is the chelation enhanced fluores-
cence (CHEF) effect evidenced by fluorescence excitation spectra at 330 nm. D-P4 sensor was used to detect
Hg?* with low detection limit of 23.0 nM. Furthermore, the binding stoichiometry and binding constant, as well
as pH influence of D-P4 for Hg?* were investigated. Surprising but interestingly, D-P4-Hg system has been found
a significant fluorescence enhancement response toward biothiols including cysteine (Cys), homocysteine (Hcy)
and glutathione (GSH), which can be used for the detection of biothiols. Its detection limit for Cys was 52.0 nM.

Keywords:
Peptide chemosensor

1. Introduction

Metallic ion detection is crucial because of its significance in bio-
logical, environmental, chemical, and medical fields [1,2]. Among
various heavy and transition metal (HTM) ions, Hg>* was seen as one
of the most hazardous and toxic environmental pollutants with grisly
immunotoxic, neurototoxic, and genotoxic effects [3,4]. Excess accu-
mulation of Hg>" and its derivatives in humans can lead to a series of
severe diseases, such as motor and cognitive disorders, kidney failure,
central nervous system damage and even death [5]. Allowable Hg**
level in drinking water is 10 nM according to the United States En-
vironmental Protection Agency (USEPA) [6]. Therefore, the detection
of Hg?" is of great significance.

Recently, various fluorescent chemosensors for heavy metal ions
detection have been reported, some of them are complicated and dif-
ficult to synthesize [7-12]. Table 1 lists some recent reports of fluor-
escent chemosensors for the determination of Hg2+ [13-26]. Ad-
ditionally, several Hg>* sensitive sensors usually showed low
selectivity due to interference from other metal ions (such as Ag™*,
Cu?*, and Cd?* ions) [27]. By contrast, the peptide based fluorescent
chemosensor for Hg?* exhibits excellent selectivity, high sensitivity,
and good water solubility. Peptide based fluorescent chemosensors
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have their own advantages [28]: matured solid-phase peptide synthesis
technology; tunable selectivity and sensitivity of sensors through pep-
tide backbone; variable recognition mode such as fluorescence re-
sonance energy transfer (FRET), photoinduced electron transfer (PET)
and chelation enhanced fluorescence (CHEF) [29,30]; peptide based
chemosensors are superior to organic sensors due to their low toxicity,
high water solubility and biocompatibility. Therefore, peptide fluor-
escent chemosensors have been widely used in metal ion detection,
biomacromolecule detection, bioimaging research, medical diagnosis
and treatment [31-37].

Based on these advantages, we designed and synthesized a dansyl-
peptide (D-ECEW-NH,, D-P4) chemosensor for Hg“. This chemosensor
contains a tryptophan residue (donor) and a dansyl (receptor) fluor-
ophore, which possesses both a donor moiety and a receptor moiety to
realize the sensing of Hg®* ion by two different mechanisms including
FRET and CHEF.

Among various chemosensors for metallic ions, only a few of che-
mosensors have multi-functional recognition based on the coordination
complex between the first analyte and host molecule [38].

Intracellular biothiols including glutathione (GSH), cysteine (Cys)
and homocysteine (Hcy) play important biological roles in cellular
metabolism and maintaining cellular redox homeostasis via their free
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Table 1
Various spectroscopic sensing systems for determination of Hg?*

Method System LOD Reference

Fluorescence  Chemosensor based on Schiff-base 22.68nM 13

Fluorescence  Naphthalene anhydride and imidazole- 16 nM 14
type sensor

Fluorescence  Dansyl-P23 1.4uM 15

Fluorescence  Perylene-bisimide sensor 2.2uM 16

Fluorescence  Cyclam derivative 7.9 yM 17

Fluorescence A squaraine-bis(rhodamine-B) derivative 6.48 uM 18

Fluorescence = Rhodamine B derivative 50 nM 19

Fluorescence  Fluorescein connected with rhodamine B 20.2nM 20
fluorophores

Fluorescence  Rhodamine derivative 120 nM 21

Fluorescence ~ NBD-CC-NBD 25.6nM 22

Fluorescence  N-[p-(dimethylamino)benzamido]-N"- 39.0nM 23
phenylthiourea

Fluorescence = Dansyl-AACAAHCWAE 25.9nM 24

Fluorescence  Pyr-Y 12nM 25

Fluorescence ~ Rhodamine 6G-based Chemosensor 170 nM 26

Fluorescence  Dansyl-ECEW-NH, 23.0nM This work

thiols [39]. GSH, an important tripeptide, play very important roles in
human body, change of cellular GSH level is associated with several
diseases, such as leucocyte loss, HIV infection and liver damage [40].
Among biological thiols, Cys has various vital biological functions in
human body, for example in detoxification and protein metabolism.
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Some neurological diseases, such as Parkinson's disease and Alzheimer's
disease were also connected with the abnormalities of Cys [41]. Hcy is a
variant of cysteine with a structure similar to Cys, its level is considered
as one of the important parameter for cardiovascular disease and Alz-
heimer's disease [42]. Due to various important biological functions of
biothiols in biological systems, fast and efficient detection method for
sensing and quantification of the level of biothiols in different samples
(environmental, cellular, and medicine) is imperative in biochemistry.
Scheme 1 is the proposed binding mode of D-P4 with Hg>* and bio-
thiols.

2. Experimental
2.1. Reagents and instruments

Fmoc-Rink Amide AM Resin (0.57 mmol/g) and Fmoc protected
amino acids (Fmoc-L-Glu(OtBu)-OH, Fmoc-L-Cys(Acm)-OH, and Fmoc-
L-Trp(Boc)-OH) were purchased from C S Bio. Co., USA. Dansyl chloride
was obtained from Shanghai Macklin Biochemical Co., Ltd. N,N-diiso-
propylethyla (DIEA), tri-isopropylsilane (TIS), Trifluoroacetic acid
(TFA) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU) were gained from Shanghai GL Biochem Ltd.
Amino acids, homocysteine (Hcy) and glutathione (GSH) were pur-
chased from Sigma Chemical Co. Ltd. All other chemicals used were of
analytical reagent grade unless otherwise noted. Stock solutions of the
various metal salts were prepared with 10 mM HEPES buffer (pH 7.1),
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Scheme 1. Proposed binding mode of D-P4 with Hg>* and biothiols.
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Fig. 1. ESI mass spectrum of D-P4 (10.0 uM) (A) and D-P4-Hg (10.0 uM) (B) in EtOH:H,O (1:1) solutions.

which were used throughout the study.

CS 136 Peptide Synthesizer (CS Bio Co., USA); Hitachi F-7000
spectrofluorometer (Hitachi Inc., Japan); Lambda 750 spectro-
photometer  (PerkinElmer, USA); High Performance Liquid
Chromatography (HPLC) system (model 426 HPLC pump, UVIS 201
detector, Alltech, USA); API 4500 QTRAP Mass Spectrometer (Applied
Biosystems/MDS SCIEX, USA). Nicolet 5700 Fourier transform spec-
trometer (Thermo Electron Corporation, USA). ESCALAB Xi + X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher Scientific Inc, USA).
Bruker AVANCE NEO 500 MHz spectrometer. FLS 1000
Photoluminescence Spectrometer (UK).

2.2. Preparation of D-P4

Dansyl-Glu-Cys-Glu-Trp-NH, (D-P4) was prepared via solid phase
peptide synthesis (SPPS) technology. Activated Fmoc-L-Trp-OH
(1.8 mM) using HBTU (1.8 mM) and DIEA (1.8 mM) was connected with
Rink Amide AM Resin (0.6 mM). The Fmoc group was then deprotected,
followed by the assembly of Fmoc-L-Glu(OtBu)-OH (1.8 mM), Fmoc-L-
Cys(Acm)-OH (1.8 mmol), and Fmoc-L-Glu(OtBu)-OH (1.8 mM), suc-
cessively. To the resin bound tetrapeptide, dansyl chloride (1.8 mmol)
in DMF was added. Then, the resin was dried by pumps after being
washed with DMF (30 mL), DCM (30 mL) and methanol (30 mL), three
times respectively. The peptide was obtained by cleavage from Rink
Amide AM Resin treated with a mixture of 185mL
TFA:Thioanisole:Phenol:H,O:EDT (82.5:5:5:5:2.5, v/v/v/v/Vv) in a dark
room at room temperature for 4 h. The crude peptide was precipitated
in ice-cold ether and then centrifuged at 8000 rpm for 5minat 4 °C,
multiple washings and centrifugations, finally freeze-dried. The ob-
tained crude peptide was analyzed and purified by a high performance
liquid chromatography (HPLC) using C18 column. Mobile phase A is
0.1% TFA and 80% CH3CN, mobile phase B is 0.1% TFA. ESI mass
spectrometry was operated in positive ion mode with the operating
parameters: the electrospray voltage was set to 5500 V; curtain gas, 20
psi; GS 1, 45 psi; GS 2, 50 psi. Temperature: 500 °C. Nitrogen was used
as neulizer and desolvation gas.

2.3. General spectroscopy measurements

1.5mM D-P4 stock solution was prepared in 10 mM HEPES buffer
solution (pH 7.1) and stored at cold and dark room. All spectral mea-
surements used this stock solution after appropriate dilution.
Fluorescence spectra were measured using a 1 cm path length quartz
cuvette at excitation wavelength of 330 nm and 295 nm, respectively.
Slit widths of 5nm were used for both excitation and emission.
Fluorescence spectra of D-P4 were measured in the absence and

presence of 17 metal ions (Na*, Mg®*, AI**, K*, Ca®*, Cr®**, Mn?*,
Fe**, Co**, Zn®*, Pb?*, Cd*>*, and Hg?" as chloride salts, Fe®* as
sulfate salt, Ni?*, Cu®* as acetate salts and Ag* as nitrate salt) and 9
anions (NaNOs, Na,SO4, NasPO,4, NaClO,4, NaAc, KF, NaCl, KBr, and KI)
in 10 mM HEPES buffer solution at pH 7.1

The fluorescence lifetime experiment was performed by a time-de-
pendent single-electron counting method using a pulsed xenon lamp as
a light source with an excitation wavelength of 295 nm and emission
wavelengths of 337 nm and 505 nm, respectively. The fitting formula
for fluorescence lifetime is given by the instrument: R(t) = By~ ¥
1) + Bze(ft/‘rZ); R(t) — Ble(ft/‘rl) + Bze(ft/‘rZ) + Bge(ft/'cB).
Fluorescence lifetime can be obtained by formula [t] = Xt;B;. The
quality of the fit can be determined by x? value.

2.4. pH influence on fluorescence spectra

The fluorescence spectra of D-P4, D-P4-Hg system were measured at
different pH solution with the excitation of 330 nm. The pH value of the
sample solution was adjusted by appropriate additions of HCIO,4 or
NaOH solution.

2.5. Fluorescence response of D-P4-Hg to biothiols

Fluorescence spectra of D-P4-Hg in the presence of GSH, Hcy, Cys
and other 19 amino acids were measured in 10 mM HEPES buffer so-
lution at pH 7.1 with the excitation of 330 nm. Slit widths of 5 nm were
used for both excitation and emission.

3. Results and discussion
3.1. Solid phase synthesis of D-P4

Dansyl-Glu-Cys-Glu-Trp-NH, (D-P4) was efficiently prepared via
SPPS using Fmoc-chemistry. After cleavage of the product from Rink
Amide AM Resin, D-P4 was purified from crude product by semi-pre-
parative HPLC with a C18 column. The successful synthesis was con-
firmed by ESI mass spectrometer (Fig. 1). ESI mass of D-P4 is calculated
as 798.25 [M + H']. Observed 798.5 as [M + H%], 820.2 as
[M + Na*]* and 836.7 as [M + K*]™ (Fig. 1A). Fig. 1B showed the
ESI MS results of D-P4-Hg, we found the occurrences of peak 998.6 and
1036.7 correspond to [D-P4+Hg?*-H*1* and [D-
P4+Hg?"-2H" +K*]7, respectively. At the same time, the peak in-
tensity of 798.5 is significantly lower than in Fig. 1 A. These results
confirmed that D-P4 could bind Hg?" in the ratio of 1:1.
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Fig. 2. Fluorescence spectra of D-P4 (20.0 uM) in the
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3.2. Fluorescence response of D-P4 for ions ~ 1600
S
Fig. 2 indicated the fluorescence response of D-P4 in the absence \E 14001
and presence of various metal ions and anions with excitation wave- % 1200-
length of 295 nm and 330 nm in 10 mM HEPES buffer solution (pH 7.1), qc)
respectively. The excitation wavelength at 295 nm was employed for kS 1000+
monitoring both the Trp and dansyl fluorophore emissions, and 330 nm 8 800
was employed for monitoring the dansyl fluorophore emission [43-45]. S
As shown in Fig. 2a, D-P4 has a maximum emission wavelength at 3 600
550 nm with excitation wavelength of 330 nm. When metal ions were o 400-
added to D-P4 solution, only Hg?* has a strong fluorescence enhanced 5
response to it among these ions with a 45 nm blue shift from 550 nm to L 200

505nm. The increase in the fluorescence intensity with a blue shift
could be attributed to a CHEF effect and a solvatochromic effect. In fact,
a close packing of indole and dansyl moieties could shield at least
partially the dansyl group from the solvent, thus reducing the polarity
of the environment of the fluorophore [43]. This result showed that
CHEF is one sensing mechanism of D-P4 to Hg>". From inset of Fig. 2a,
it can be seen that D-P4 solution itself shows yellow color excited by a
365 nm UV lamp, and the addition of Hg?* into D-P4 solution caused
the color to green, but the D-P4 solution containing the mixed other
metal ions still kept the yellow color. Fig. 2b showed that, while ex-
citing at 295 nm, D-P4 has a fluorescence emission peak at 337 nm and
550 nm, respectively, and the addition of Hg?" caused the fluorescence
intensity at 337 nm decreased. When Hg>" interacts with amino acid
residues of D-P4, the distance of between dansyl fluorophore (acceptor)
and Trp residue (donor) will shorten and it may result in the folding of
D-P4, thus inducing decrease of fluorescence intensity at 337 nm and
increase of fluorescence intensity at 505 nm. This result of exciting at
295 nm indicated the fluorescent resonance energy transfer (FRET) ef-
fect is another sensing mechanism of D-P4 to Hg2+ [43-45]. Therefore,
it can be seen that the sensing mechanism of D-P4 for Hg>* is by both
CHEF and FRET pathways, which is consistent with that of the reported
hexapeptide, dansyl-HPHGHW-NH, (dH3w) [43]. Compared with
dH3w, both of them contain tryptophan residue (donor) and dansyl
(receptor) fluorophore, but D-P4 is shorter and simpler. For different
peptides which contain different amino acid residues and have different
sequences, they should have different affinity for various metal ions.
dH3w sensor is sensitive for Zn®>* and Cu®*, but D-P4 is sensitive for
Hg>*.

Furthermore, we measured the time course for the detection of D-P4
to Hg?" ion, result showed that D-P4 sensor exhibits a rapid fluores-
cence enhancement effect on the detection of Hg®* (Fig. 3).

The energy transfer phenomenon was also confirmed through
fluorescence lifetime measurements for D-P4 and D-P4-Hg (Fig. 4).
When exciting at 295 nm, a decrease in the fluorescence lifetime of the
donor (Trp) after binding with Hg®>* was observed at 337 nm emission
peak, and the fluorescence lifetime was reduced from 2.80 ps to 2.77 ps.
Meanwhile, when D-P4 binds to Hg>™, the fluorescence lifetime of the
acceptor (Dansyl) increases significantly, and the fluorescence lifetime

0 100 200 300 400 500
Time (s)

Fig. 3. Time-dependent fluorescence intensity (505nm) change of D-P4
(20.0 uM) with the addition of Hg2+ (20.0 uM) in 10 mM HEPES buffer solution
(pH 7.1).

increases from 7.43 ps to 11.18 pus at 505 nm emission peak, which is a
typical energy resonance transfer [46].

To study the interference effect of 16 other metal ions and 9 anions
on the detection ability of D-P4 for Hg?*, the fluorescence responses of
D-P4 to Hg?>* were measured in the presence of them. Fig. 5 showed the
fluorescence responses of D-P4 to Hg?* in the presence of other ions
with excitation of 330 nm and 295 nm, respectively. Results indicated
that the fluorescence response of D-P4 to Hg®* was not interfered by 16
other metal ions and 9 anions.

The fluorescence spectra of D-P4 at different concentrations of Hg?*
in 10 mM HEPES buffer solution at pH 7.1 with excitation of 330 nm
and 295 nm showed in Fig. 6. As shown in Fig. 6a, the fluorescence
intensity of D-P4 at 505 nm continuously increased with the addition of
Hg?*. And, a 45nm blue shift from 550 to 505 nm of the maximum
fluorescence peak occurred. While exciting at 295 nm, the addition of
Hg?* caused the fluorescence intensity of D-P4 at 337 nm decreased,
but the intensity at 505 nm increased and 45 nm blue shift occurred for
this fluorescence peak (Fig. 6b).

3.3. The binding mechanism study of D-P4 with HZ®*

The binding stoichiometry of D-P4 for Hg?>* was investigated.
According to the fluorescent titration curve, about 20 uM concentration
of Hg?" was needed for the saturation of the fluorescence intensity of
D-P4 (20.0 uM), showing that the binding ratio of D-P4 with Hg** was
1:1. Job's plot was also used to evaluate the stoichiometry of the system.
The result exhibits a maximum at 0.5mol fraction for Hg?>* in10 mM
HEPES buffer solution at the concentration (20.0 uM) of D-P4 (Fig. 7a).
This result also suggests that D-P4 formed a 1:1 complex with Hg®* in
HEPES buffer solution.

The binding constant of D-P4 with Hg>* was obtained from the
Benesi-Hildebrand equation [47,48]: AFIL,../AFI = 1+([M]™"/K).
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Fig. 4. Fluorescence lifetime decay profiles excited at 295nm for D-P4 (10.0 uM) and D-P4-Hg (10.0puM) in 10 mM HEPES buffer solution (pH 7.1) (a)

Amax = 337 nm, (b) Apax = 505 nm.

Here, AFl. iS Flnax — Flp, AFI is Fy — Fy; F, is the fluorescence intensity
of D-P4 and F, is the fluorescence intensity of D-P4 at different con-
centration of ngJr ; [M] is the concentration of Hg2+ and K is the
binding constant. From Fig. 7b, the binding constant of D-P4 with Hg?*
was estimated and the value of K was found to be 9.09 x 10*M ™',
FTIR spectrum experiment was conducted to investigate which
chemical groups of D-P4 play a vital role in the interaction with Hg?*
(Fig. 8). The IR peaks at 3059 and 3323 cm ! can be attributed to N-H
and the O-H stretching vibrations in D-P4. The IR peaks at 1201 and
1668 cm ™~ ! can be attributed to the C-O and C=0 group. The peaks at
2363 and 2960 cm ™~ ! are corresponding to stretching vibrations of 0=
S=O0 and C-H. The IR spectrum of D-P4 exhibited bands in the 1323-
1525 cm ™! region that can be attributed to C-H deformation as well as
C-N and C-S stretching vibrations. It can be observed that the
stretching band of S-H at 2556 cm ! is disappeared in the presence of
Hg?™", which suggests that the thiol group of Cys may interaction with
Hg?*. The observed stretching band of N-H at 3059 cm ™! is also dis-
appeared in the presence of Hg>*, suggesting that the amide bonds of
D-P4 may be involved in the interaction of them. In addition, the
changed stretching bands of C-O and C=0 at 1201 and 1668 cm ™! in
the presence of Hg?™* can be attributed to the binding between carboxyl
groups of Glu and Hg?* [49,50].
The D-P4-Hg complex was confirmed

also through XPS

a [ D-P4+lons []D-P4+Other ions+ Ha*

= Y
N B
S o
e .5

Fluorescence Intensity(a.u.
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Fig. 5. Fluorescence response of D-P4 (20.0 uM) to Hg>*

measurement (Fig. 9). Distinct characteristic peaks corresponding to O
1s, N 1s, C 1s, Hg 4f, and S 2p were observed in both D-P4 and D-P4-Hg
compounds as shown in Fig. 9a. The binding energy of S 2p for free
thiol groups was between 163 and 164 eV [51]. In this study, the peak
of S 2p located at 163.16 eV corresponded to the unbound thiol group
as shown in Fig. 9b. In the presence of Hg?", the peak shifted from
163.16 to 162.56 eV, showing that the interaction of the thiol group
(—SH) of D-P4 with Hg?" resulted in the lower binding energy of S 2p.
The Hg?™ is a soft acid and the —SH is a soft base, which can interact
and form a strong coordination binding according to Hard Soft Acid
Base (HSAB) principle.

1H NMR titration experiments were carried out using 50% DMSO-dg
solution of DP-4 and tetramethylsilane as an internal standard. *H NMR
(500 MHz, 50% DMSO-dg) For Hg2+:D—P4 = 0:1: 6: 3.06 (s, 1H), 7.861
(d, 1H), 8.243 (d, 1H); For Hg>*:D-P4 = 0.5:1: 8: 3.06 (s, 1H), 7.884 (d,
1H), 8.240 (d, 1H); For Hg2+:D-P4 = 1:1: 6: 3.04 (s, 1H), 7.902 (d, 1H),
8.235 (d, 1H); For Hg?>":D-P4 = 2:1: §: 2.91 (s, 1H), 8.086 (d, 1H),
8.158 (d, 1H). As seen from Fig. 10, with the incremental amounts of
Hg?" to DP-4, the H peaks of DP-4 gradually changed and then un-
changed after the addition of 1 equivalent of Hg?". This result clearly
indicated that Hg®* coordinated with the specific functional groups of
DP-4 and their binding ratio is 1:1.

b M D-P4+ions (] D-P4+Other ions+ Hg{

= X
Pk

FK505VFK335

o
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in the presence of 16 metal ions and 9 anions (1 equiv.) with excitation wavelength of 330 nm (a) and

295 nm (b) in 10 mM HEPES solution at pH 7.1. The blue bars represent the addition of these ions (20 M) to D-P4 solution. The green bars represent the subsequent
addition of 20 yM Hg>* to the above solutions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 6. Fluorescence spectra of D-P4 (20.0 uM) with excitation wavelength of 330nm (a) and 295 nm (b) upon addition of increasing concentrations of I—Ig2+
(0-22 uM) in 10 mM HEPES buffer at pH 7.1.
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Fig. 10. 'H NMR titration spectra of D-P4 in the absence and presence of Hg?™.
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Fig. 11. Linear relationship of fluorescence intensity at 505 nm with the con-
centration of Hg®* in 10 mM HEPES buffer solution at pH 7.1.
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Fig. 12. Fluorescence intensity of D-P4 (20.0 uM) in the absence and presence
of Hg?>* (1 equiv.) at different pH values.

3.4. Detection limit of D-P4 for Hg"*

The limit of detection (LOD) was calculated by the fluorescence ti-
tration experiments. In order to ascertain the S/N ratio, the fluores-
cence intensity of D-P4 in the absence of Hg?>* ion was measured ten
times and the standard deviation of blank measurement was obtained.

Table 2
Determination of Hg>* in river water.

Sample Added Hg?* (uM) Detected Hg?* (uM) Recovery ratio (%)
1 0.1 0.106 106

2 0.3 0.29 96.7

3 0.6 0.57 95

4 1 1.03 103

5 1.5 1.52 101

Three independent duplication measurements of fluorescence intensity
were evaluated in the presence of Hg2" ion and the mean intensity was
plotted as a function of Hg?* concentration for determining the slope.
Then, the LOD for Hg?>* was obtained by the equation: LOD = 30/m,
where o is the standard deviation of the fluorescence intensity of D-P4,
m is the slope of the curve of the plot [52]. Fig. 11 showed a good linear
relationship between the fluorescence intensity and Hg>* concentra-
tion in the range of 0-14 uM with correlation cofficient R? = 0.9973.
According to the equation LOD = 30/m, the detection limit of D-P4 for
Hg?* is 23.0 nM.

3.5. Effects of pH on the detection

The influence of pH on the fluorescence detection of D-P4 for Hg?*
was measured, as shown in Fig. 12. Results indicate that D-P4 and D-P4-
Hg showed a weak fluorescence intensity in acidic solution (pH < 5),
which because that the charge transfer between dimethylamino group
and naphthyl moiety was prevented by the protonated dimethylamino
group of fluorophore dansyl chloride [53,54]. When pH 8-11, the ne-
gative charge for the sulfhydryl group of cysteine and the free carboxyl
group of glutamic acid in D-P4 is increasing, which can enhance for-
mation of the D-P4-Hg complex, thus resulting the fluorescence in-
tensity of D-P4-Hg system increased. Overall results indicated that D-P4
was a useful analytical tool for monitoring Hg>* at neutral or alkaline
environment.

3.6. Application of D-P4 for detecting Hg"*

In order to test the practical application of D-P4 for detecting Hg?™,
the standard detection curve of Hg?>* was obtained by standard addi-
tion of Hg2+ ion to D-P4 (20 uM) solution. In the same way, the same
concentration of Hg®* ion was added to the river water solution con-
taining D-P4 to obtain the measurement curve. By comparing the cal-
culated ion concentration with the actual concentration, the accuracy
and practicability of the detection method can be judged. Results were
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Fig. 13. Visual detection of Hg?" using D-P4 agarose
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Fig. 14. Visual detection of Hg>* using D-P4 test
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Fig. 15. Fluorescence spectra of D-P4-Hg (20.0 uM) excitated at 330 nm in the
absence and presence of biothiols (Cys, Hcy and GSH) and other 19 amino acids
(20.0 uM) in 10 mM HEPES buffer at pH 7.1. Inset: Emission color changes of D-
P4, D-P4-Hg and D-P4-Hg-biothiols systems excited by a 365 nm UV lamp. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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summarized in Table 2, it showed that this peptide based sensor ex-
hibits a good recovery for Hg>* in the range from 0.1 to 1.5uM for
monitoring Hg?* ion in river water. Therefore, the results indicated
that D-P4 can be used to monitor Hg?>* ion in river water and has
potential applications in environment.

In order to achieve effective visual detection of Hg?*, D-P4 is dis-
solved in agarose solution to make a circular gel sheet. D-P4 agarose gel
flakes were placed in the aqueous solution containing different con-
centration of Hg?* and placed for 10 min. The color of the prepared gel
flakes observed under the 365nm UV lamp is shown in Fig. 13. The
fluorescent green color gradually deepened with the increment of Hg?™*
concentration from 0 to 20 uM. In addition, D-P4 test papers were

paper under a 365 nm UV lamp.
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Fig. 17. Linear relationship of fluorescence intensity at 505nm with con-
centration of Cys.

Table 3
Various spectral sensing systems for determination of Cys.

Method System LOD Reference

Fluorescence  “T-Hg?*-T” system 2.4nM 51

Fluorescence  Sensor based on fluorescein and 0.5uM 52
triethylamine

Fluorescence  Naphthofluorescein-based near-infrared 0.18 uyM 53
(NIR)

Fluorescence  Coumarin-based compound 0.463uM 54

Fluorescence  4,5-di((E)-styryl)-1H-imidazole dye and 0.18 yM 55
aldehyde group

Fluorescence  m-conjugated triarylboron luminogen 0.18 uyM 56

Fluorescence ~ Curcumin and Hg?" system 1.0uM 57

Fluorescence ~ NBD 98 nM 58

Absorption PBI- Hg?* 91.0nM 59

Fluorescence = Naphthol AS-based sensor 0.5puM 60

Fluorescence A benzothiazole derivative 84nM 61

Fluorescence  Crotonoyl ester-functionalized oxazolidi- 5.0 uM 62
noindole

Fluorescence  Diketopyrrolopyrrole-based 5.0 uM 63
chemodosimeter

Absorption L-Hg?* complex 0.1 uM 64

Absorption DNA-Gold Nanoparticle 100 nM 65

Fluorescence  Rhodol 0.6 uM 66

Fluorescence  Acridine orange 110 nM 67

Fluorescence A rhodol thioester 44 nM 68

Fluorescence  Pyrenedione 0.15puM 69

Fluorescence  Quinazoline platform 0.35uM 70

Fluorescence  D-P4-Hg system 52.0 nM This work

prepared by immersing the dried filter paper in 20 uM D-P4 solution.
On Immersing the test paper in the aqueous solution of different con-
centration of Hg>*, the colors of the test papers from colorless to green
with the increment of Hg>* concentration from 0 to 25uM under
365 nm UV lamp, as shown in Fig. 14. Results suggest that D-P4 agarose
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Fig. 18. Time-dependent fluorescence intensity (505nm) change of D-P4-Hg

(20.0 uM) with the addition of biothiols (20.0 yM) in 10 mM HEPES buffer
solution (pH 7.1).

gel flake and D-P4 test paper can be used to the visual detection of
Hg?* in water samples.

3.7. Fluorescence response of D-P4-Hg to biothiols

It is very interesting and noteworthy that the D-P4-Hg systems can
be used to detect biothiols (Cys, Hcy and GSH). The fluorescence
spectrum of D-P4 sensor was not affected by these biothiols itself.
However, when these biothiols were added to D-P4-Hg system solution,
the fluorescence intensity of D-P4-Hg systems were strongly enhanced
(Fig. 15). And, other 19 amino acids were not affected the spectra of D-
P4-Hg system, inferring that D-P4-Hg system can be selective response
to biothiols.

Fig. 16 is fluorescence spectra of D-P4-Hg system at different con-
centrations of Cys (0-20.0 pM) in 10 mM HEPES buffer at pH 7.1. From
Fig. 16, it can be seen that the fluorescence intensity excitated at
330 nm gradually enhanced when the increasing concentrations of Cys
were added to the D-P4-Hg solutions (Fig. 16a). From Fig. 16b, with
excitation of 295 nm, the fluorescence intensity at 505 nm wavelength
was enhanced with the addition of Cys, but the fluorescence intensity at
337 nm wavelength was not change. Results indicated that the addition
of Cys can not chance the FRET effect between dansyl fluorophore and
Trp residue, but it can enhance the CHEF effect. It may be that Cys
occupied a week mercury ion coordination site on D-P4 to form a new
ternary complex, inducing the CHEF effect of dansyl fluorophore.

Some paper reported on the use of Hg®*-sensor complex to in-
directly detect Cys mainly by using the thiol group on Cys to bind the
Hg?* on Hg>"-sensor complex, thereby recovering its spectral peak
[55-57]. While in this study, for this D-P4-Hg system which itself
contains thiol group, the addition of Cys does not capture Hg>* from D-
P4-Hg system, but forms a ternary complex with them, changing the

SHHcyCys Gly Ala Leu

=11

GIn Thr Asn Tyr Asp Glu Lys Arg His

lle Val

s
:l

Pro Phe Met Trp Ser
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Table 4
Determination of total thiols in human serum samples using D-P4-Hg system.

Serum Content Determined Added Measured Recovery (%)
samples  of serum  biothiols (uM)  Cysteine (uM)
(uM)
1 10% 49.8 100.0 146.2 97.6
2 30% 151.6 100.0 272.0 108.1
3 50% 257.2 100.0 378.6 106.0
4 70% 348.6 100.0 441.4 98.4

microenvironment of dansyl fluorophore to induce CHEF effect, re-
sulting in a sharp increase in the intensity of the fluorescent peak.

The fluorescence intensity changes present a good linear relation-
ship to Cys at low concentration for D-P4-Hg system with correlation
coefficient RZ = 0.9996. Based on this analysis method, the limit of
detection for Cys was 52.0 nM (Fig. 17). From Table 3, it can be seen
that the D-P4-Hg system has lower detection limit for Cys than that in
previous reports [55-74]. Furthermore, fluorescence kinetics experi-
ment showed that the D-P4-Hg system exhibits a rapid fluorescence
enhancement effect on the detection of biothiols (Cys, Hcy and GSH)
(Fig. 18).

3.8. Visible detection for Hg”* and biothiols

Fig. 19a is the visible emission color changes of D-P4 solution in the
absence and presence of Hg?" and other ions excited by a 365nm UV
lamp. D-P4 solution itself showed yellow color, the addition of Hg?*
into D-P4 solution caused the color from yellow to green, and the D-P4
solutions containing other ions kept the yellow color. Fig. 19b showed
that the green color of D-P4-Hg system solutions grow rapidly lighter
upon the addition of biothiols (GSH, Hcy and Cys), and remained un-
changed when exposed to 19 other amino acids under a 365nm UV
lamp. This phenomenon of color change of this chemosensor could be
used to determine Hg?* and biothiols.

3.9. Application of D-P4-Hg for detecting biothiol

Yin et al. have reported some novel fluorescent sensor for biothiols
detection and its application [75-78]. In order to evaluate the applic-
ability of D-P4-Hg system for the determination of biothiols in biolo-
gical samples. Human serum samples were diluted to 10%, 30%, 50%
and 70% with 10 mM phosphate-buffered saline(pH 7.1) before de-
termination. We measured the total biothiol content in this human
serum sample was 510 uM, in agreement with the concentration of the
total biothiol in human blood [79]. The total biothiol content of human
serum was concluded by the standard titration experiment of cysteine
and the results are shown in Table 4. The recovery results ranged from
97.6% to 108.1%, suggesting that no significant interference with the
determination of biothiols in serum samples was encountered after an

Fig. 19. a.Emission color changes of D-P4 (20 uM)
upon addition of 1 equiv of 17 metal ions and 9
anions in 10 mM HEPES buffer solution at pH 7.1;
Fig. 19b Emission color changes of D-P4-Hg (20 pM)
system upon addition of 1 equiv of GSH, Hcy, Cys
and other 19 amino acids in 10 mM HEPES buffer
solution at pH 7.1. (For interpretation of the refer-
ences to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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appropriate dilution of the samples. It was found that D-P4-Hg system
great potential for detecting biothiols in biological samples.

4. Conclusions

In conclusion, we have developed a simple peptidyl dual-functional
fluorescent chemosensor (D-P4) for ngJr and biothiols. This chemo-
sensor showed turn on response to Hg?* with a low limit of detection
based on FRET effect and CHEF effect, which was not interfered by the
tested metal ions in HEPES buffer solution. Furthermore, we have
successfully detected biothiols including GSH, Hcy and Cys by using the
D-P4-Hg system. Thus, these results suggested that the peptidyl fluor-
escent chemosensor can be capable of performing multifunctional
monitor via different mechanisms in environmental systems. We hope
this study can promote the further development of multifunctional
probe based on peptide by optimizing modifiable amino acid sequence
for lots of practical applications in environmental and biological sys-
tems.
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