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Abstract

A fluorescence ratio sensor based on dansyl-peptide, Dansyl-Glu-Cys-Glu-Glu-Trp-NH, (D-P5), was efficiently synthesized by
Fmoc solid phase peptide synthesis. The sensor exhibits high selectivity and sensitivity for Ag* over 16 metal ions in 100 mM
sodium perchlorate and 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid buffer solution by fluorescence reso-
nance energy transfer. The 1:1 binding stoichiometry of the sensor and Ag" is measured by fluorescence ratio response and the
job’s plot. The dissociation constant of the sensor with Ag* was calculated to be 6.4 x 10~° M, which indicates that the sensor has
an effective binding affinity for Ag”. In addition, the limit of detection of the sensor for Ag* was determined to be 80 nM, which
also indicates that the sensor has a high sensitivity to Ag*. Result showed that the sensor is an excellent Ag* sensor under neutral
condition. Furthermore, this sensor displays good practicality for Ag" detection in river water samples without performing
tedious sample pretreatment, as well as for silver chloride detection.

Keywords Fluorescence ratio sensor - Peptide - Ag” - Fluorescence resonance energy transfer

Introduction

Silver is a very important metal which is widely used in elec-
trical industry, photographic materials and medical applica-
tions. Silver itself has good electrical and thermal conductivity
as an electronic material, silver halide can be used as a photo-
sensitive material, and silver ion and silver-containing com-
pounds can kill or inhibit bacteria and viruses [1-3]. On the
other hand, due to the non-biodegradability of heavy metals
and transition metals, it will accumulate in the environment
and organisms [4]. Long-term accumulation of these metals
can cause a series of hazards to the environment and organ-
isms [5-9]. Silver ion is considered to be harmful substance
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and is also a major environmental pollutant. Moreover, it can
damage enzymes and combine with amines and various me-
tabolites, posing a threat to environmental safety and human
health [10, 11]. Therefore, a fast and sensitive method for
detecting Ag" is needed.

Standard method for detection of silver in water, such
as inductively coupled plasma-mass spectrometry (ICP-
MS) [12], is a complicated and time-consuming procedure.
Compared with other detection methods, fluorescence de-
tection has many advantages such as good selectivity, high
sensitivity, fast response, low detection limit and strong
anti-interference ability [13-21]. Many fluorescent chemi-
cal sensors for transition metal ion (HTM) and heavy met-
al detection have been reported [22-28], and significant
achievements have been made in immunoassay, drug anal-
ysis and environmental pollution monitoring and so on
[29-41]. Peptide is a kind of biomolecule existing in na-
ture [42], it is formed by the dehydration and condensation
of amino acids. Therefore, there are many sites that can
chelate metal ions with multiple coordination [43], which
provide strong and fast binding ability. At the same time,
due to the difference of the sequence of amino acids, the
structures of peptides are also different, so the selectivity
of peptide to metal ion can be optimized by adjusting the
sequence of amino acids [44], thereby achieving high
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sensitivity and selectivity [45-47]. By optimizing the se-
quence of peptide, the selectivity and sensitivity of the
sensor to metal ion can be improved, which makes the
peptide-based chemical sensor to be effective in detection
of heavy metal ions. Currently, comparing with other met-
al ions, few methods for detecting silver ion have been
reported [48—57]. Therefore, we have done some re-
searches on this aspect and reported several peptide-based
sensors for the detection of Hg®*, Cu®* and Cd** [33, 34,
41-44]. As a part of this series of research work, herein
we synthesized the Dansyl-Glu-Cys-Glu-Glu-Trp-NH, as a
sensor because it contains cysteine (Cys) and glutamic
acid (Glu). Cys containing sulfydryl group and Glu con-
taining carboxyl group can interact with several heavy
metal ions such as Ag*, Cu?*, Zn®* and Hg**. Based on
the principle of fluorescence resonance energy transfer
(FRET) effect, D-P5 can effectively detect Ag* by fluores-
cence ratio response. Scheme 1 is the proposed fluores-
cence detection mode of D-P5 for Ag*. This sensor could
have some practical applications in the environmental and
biological fields.
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Scheme 1 Proposed fluorescence ratio detection mode of the sensor for Ag*
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Experimental
Materials and Instruments

Fmoc-L-Glu(OtBu)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-
Trp(Boc)-OH and Rink amide resin were bought from CS
Bio. Co., USA. Dansyl chloride and trifluoroacetic acid
(TFA) were from Shanghai Macklin Biochemical Co., Ltd.
Thioanisole, N,N-diisopropylethylamine (DIEA), N,N'-diiso-
propylcarbodiimide (DIC) and 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
were obtained from Shanghai GL Biochem Ltd. The solutions
of different metal ions with concentration of 10 mM were
prepared from NaCl, KCl, BaCl,, CrCl;, MnCl,, CoCl,,
NiClz, ZnClz, Cdclz, chlz, CUSO4, Mg(NO3)2, AI(NO3)3,
AgNO;, Pb(NO3), and Fe(NO;); in distilled water. All the
solutions used were prepared in 100 mM NaClO,4, 50 mM
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES) buffer solution at pH ="7.0.

CS 136 Peptide Synthesizer (CS Bio Co., USA), CR22G
high speed refrigerated centrifuge (Japan), AP1 4500 QTRAP
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Mass Spectrometer (Applied Biosystems/MDS SCIEX,
USA), Hitachi F-7000 fluorescence spectrofluorometer
(Hitachi Inc., Japan).

Synthesis of the Sensor

The synthesis of D-P5 was performed on a CS136 solid phase
peptide synthesizer by using standard Fmoc solid-phase pep-
tide synthesis method. Fmoc-Trp(Boc)-OH (0.6 mmol) was
assembled on Rink Amide resin (0.2 mmol). When the Fmoc
group was deprotected from the resin bound Trp, Fmoc-
Glu(OtBu)-OH (0.6 mmol), Fmoc-Glu(OtBu)-OH
(0.6 mmol), Fmoc-Cys(Trt)-OH (0.6 mmol) and Fmoc-
Glu(OtBu)-OH (0.6 mmol) were successively assembled.
Then, the solution of dansyl chloride (0.6 mmol) of DMF
was added to the resin bound to pentapeptide. After all amino
acid couplings were finished, the resultant resin was washed
with anhydrous methanol and dried under vacuum. Then, the
peptide was cleaved from the Rink Amide resin by treatment
with a mixture of 6 mL TFA:thioanisole:phenol:H,O:EDT
(82.5:5:5:5:2.5, v/v/v/v/v) at room temperature for 4 h [58].
Finally, the peptide was extracted in ether at =20 °C and cen-
trifuged at 10000 rpm for 5 min at —4 °C. The resulting prod-
uct D-P5 was characterized by ESI mass spectrometry in pos-
itive ion mode.

General Fluorescence Measurements

A stock solution of 3.0 mM D-P5 was prepared in 100 mM
NaClOy4, 50 mM HEPES buffer, pH 7.0. Fluorescence spec-
tra were measured in a buffer containing 100 mM NaClOy,
50 mM HEPES at pH =7.0 using a Hitachi F-7000 fluores-
cence spectrofluorometer. Emission spectra of the sensor in
the presence of various metal ions (K*, Na*, Ba®*, Mn?",
Cr*, Co**, Ni**, Zn**, Cd** and Hg** as chloride salts,
Mg>*, AP*, Ag*, Pb>" and Fe’* as nitrate salts, Cu®" as
sulfate salts) were measured by excitation with 280 nm and
330 nm wavelengths, respectively. Excitation and emission
slits were 5 nm and 10 nm, respectively, and the scanning
speed was 300 nm'min .

Fluorescence emission spectra of D-P5 and D-P5-Ag sys-
tem were determined at various pH values with excitation
wavelength of 280 nm. The pH values of the sample solutions
were adjusted by addition of different amounts of HC1O4 or
NaOH solutions.

Binding Stoichiometry, Dissociation Constant (K,) and
Limit of Detection

The Job’s plot was used to determine the binding stoichiom-
etry of D-P5 with Ag* ion. The fluorescence measurement for
Job’s plot was performed in 100 mM NaClO,4, 50 mM HEPES
buffer solution at pH = 7.0. The D-P5 concentration gradually

decreased, while Ag" concentration increased gradually, and
the total concentration of D-P5 and Ag™ was 20 uM.

The dissociation constant could be calculated by the non-
linear least squares fitting of the data with the following equa-
tion [36].

(ID] + [x] + Kd)—\/([D] + [x] + Ka)*~4[D][x]

F=F

where F is the fluorescence signal of D-P5 in the presence of
the relative Ag"™ concentration, and F,,,,, is the final fluores-
cence signal, [D] and [x] are the total concentration of peptide
(D-P5) and metal ion (Ag"), respectively. K, is the dissocia-
tion constant.

The measurement of limit of detection (LOD) is based on
the titration curve of D-P5 with Ag*. The fluorescence spectra
of D-P5 were performed ten times and then the standard de-
viation of the blank was measured. The fluorescence signal
corresponding to different Ag* concentrations was linearly
fitted to the plot of Ag* concentration to obtain a slope. The
limit of detection was calculated by the equation:

LOD = 3SD/m,

where SD is the relative standard deviation of the blank and m
is the slope of the line.

Results and Dicussion
Solid Phase Synthesis of the Sensor

The success of the synthesis was confirmed by ESI mass
spectrometer (Fig. 1). ESI mass of D-P5 was calculated as
927.3 [M +H"]. Since D-P5 contains multiple carboxyl
groups, it is possible to take off H" and combine with Na*,
K*, NH," ions. It was observed that peaks at 927.1 can be
assigned as [M + H*]*, 971.3 as [(M-2H") + 2Na*+H*]* and
983.4 as [(M-3H") + Na*+2NH,*+H*]" (Fig. 1a). The ESI-
MS results of D-P5-Ag showed the occurrence of peak
1089.4, corresponding to [(M-3H") + Ag*+K*+NH,+H*]*
(Fig. 1b). These results confirmed that D-P5 could bind Ag*
in the ratio of 1:1.

Fluorescence Spectra

The selective detection ability of D-P5 for metal ion was studied
by fluorescence spectra in the presence of 16 metal ions includ-
ing Cd**, Co**, Zn**, Hg”*, Mn**, Ni**, Cr’*, Ba™, K*, Na*,
AP*, Pb**, Mg**, Ag*, Cu®* and Fe** in 100 mM NaClO,,
50 mM HEPES buffer at pH =7.0 with excitation of 280 nm
and 330 nm, respectively. The excitation wavelength at 280 nm
was employed for monitoring both the Trp and dansyl

@ Springer



240

J Fluoresc (2021) 31:237-246

~ ™ 4Q1: 10 MCA scans from Sample 1 (TuneSamplelD) of MT20191022153031.wiff (Turbo Spray)

1.03e8 927.1

1.00e8 (a) ) [M o H+]+

9.50e7
9.00e7
8.50e7
8.00e7
7.50e7 -
7.00e7

6.50e7 971.3

Max. 1.0e8 cps.

_-[(M-2H*) + 2Na* + H']*

6.00e7
5.50e7
5.00e7

Intensity, cps

4.50e7
983.4
4.00e7

_[(M-3H*) + Na* + 2NH,* + H']*

3.50e7
3.00e7
2.50e7

2.00e7

1027.2
1.50e7 561.4

749.4 1121.5

1.00e7 657.2

| 7242 ‘95
8 s 7 10395' 1775

L1881 973(1 9g94

Lt s ]
700 800 900 1000

‘ 595.3 949.3

5.00e0 504.4 5§7 4 694.3

0.00% -
500

\
I

1100

600

1200

141 3 3
1400

Ao A

1900

1300 1500 1600 1700 1800 2000

m/z, Da

™ 4Q1: 40 MCA scans from Sample 3 (20191025-01) of DataTEST.wiff (Turbo Spray)

9.0e7
8567 (b)
8.0e7
10894

7.5e7

7.0e7

6.5e7

6.0e7

5.5e7

5.0e7

4.5e7

Intensity, cps

4.0e7
3.5e7
3.0e7
2.5e7

2.0e7 51‘7’3

5966 073 ‘

568.7 '
) l 026248

" | 642,4

%“ H*

, U.

1.5e7

1.0e7 824.4
|

705.6 1094.3
\
769.3 795.5 11410

o fon,
WA N A h«»\, AV SR

800 900 1000 1100

5.0e6 930 29834

1151.3
adl o
700 1200

A 1418.
10, 12693013353 1418-91473.9

Max. 9.1e7 cps.

_I(M-3H") + Ag'+K' + NH," + H']'

1305.0
|
1525 0

1 600

1800 1900 2000

1300 1400 1500 1 700

m/z, Da

Fig. 1 ESI mass spectrum of D-P5 (10.0 uM) (a) and D-P5-Ag (10.0 uM) (b) in ethanol:water (EtOH:H,0) (1:1) solutions

fluorophore emissions, while 330 nm was used only for moni-
toring the dansyl fluorophore emission. Figure 2 shows the fluo-
rescence response of D-P5 in the absence and presence of

@ Springer

different metal ions with excitation wavelength of 280 nm and
330 nm. As shown in Fig. 2a, only the addition of Ag" caused
the significant decrease of fluorescence signal at 355 nm and
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Fig. 2 Fluorescence spectra of the sensor (10.0 M) in the absence and presence of 16 different metal ions (10.0 pM) at Ao, =280 nm (a) and Aex =330 nm (b)

significant increase of fluorescence signal at 550 nm with a
concomitant blue shift to 510 nm, while the addition of other
metal ions only caused a slight fluorescence signal decrease of
the D-P5. Hence, the addition of Ag" leads to a fluorescence
signal decrease of Trp group and fluorescence signal increase of
dansyl fluorescent group. When excited at 330 nm, D-P5 has a
maximum emission peak at 550 nm. In the presence of different
metal ions, only Ag* induced a strong fluorescence enhance-
ment with a 40 nm blue shift from 550 nm to 510 nm (Fig.
2b). The fluorescence spectrum of dansyl group is very sensitive
to the change of its microenvironment [59]. The fluorescence
quenching of dansyl group may be due to photoinduced electron
transfer (PET) from the amino acid residues of peptide chain to
the dansyl fluorophore, leading to a turn-off response, but its
fluorescence property is then recovered when D-P5 coordinates
to Ag* [60]. The result thus showed that D-P5 has a high selec-
tivity to Ag™.

The selectivity of D-P5 to metal ion is also reflected by the
fluorescence ratio (Fs;¢/F3s5) histogram excited at 280 nm.
Figure 3 shows the fluorescence ratio (F’s;o/F’;55) of D-P5 in
the presence of different metal ions. After adding the same
concentration of Pb**, Cd**, Mn**, AI**, Cr*, Ni**, Mg**,
Ba®*, Zn**, Co**, Na*, K*, Hg**, Cu®* and Fe** ions to D-P5
solutions, the fluorescence ratio (F's;¢/F355) of D-P5 did not
change significantly. Meanwhile, the free D-P5 (1.0 mM)
displayed a yellow fluorescence under 365 nm UV lamp ex-
citation. Upon the addition of various metal ions (1.0 mM) to
D-P5 solutions, it showed high selectivity for Ag* (1.0 mM) in
a “turn-on” mode with the fluorescence colour change from
yellow to green under 365 nm UV lamp excitation. This indi-
cates that the interference of these ions on the detection of Ag*
by the D-P5 is negligible.

There are a large amount of alkali and alkaline earth metal
ions in environmental and biological organisms. Therefore,
the effects of these alkali and alkaline earth metals on the

fluorescence spectra of D-PS5 and D-P5-Ag solutions were
studied. As shown in Fig. 4a, when the concentrations of these
metal ions are 1000 times those of Ag*, the fluorescence emis-
sion signal of D-P5-Ag system is not significantly affected.
This result indicates that both alkali and alkaline earth metals
have little interference on the detection of Ag™.

Similarly, for investigating the effects of different anions
on the fluorescence property of the system, the fluorescence
spectra of D-P5 and D-P5-Ag in the presence of different
anions were measured under the same conditions. As shown
in Fig. 4b, when adding sodium salts consisting of different
anion to the D-P5-Ag solution and the concentrations of these
salts reached 1000 times those of D-P5-Ag, there were no
obvious effects on the fluorescence ratio (F's;¢/F’;355) of D-P5
and D-P5-Ag. The change indicates that these anions have
little interference with the detection of Ag®.
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Fluorescent titration spectra of D-P5 with varying concen-
trations of Ag® in 50 mM HEPES buffer at pH =7.0 with
excitation of 280 nm are shown in Fig. 5a. When excited at
280 nm, the fluorescence emissions of the Trp group and
dansyl group were observed. As Ag" concentration increased
from 1.0 to 10.0 uM, the fluorescence signal at 355 nm grad-
ually weakened, while the fluorescence signal at 550 nm grad-
ually increased with a blue shifted to 510 nm. While excited at
330 nm, the fluorescence signal of D-P5 at 550 nm continu-
ously increased with the addition of Ag", and a 40 nm blue
shift from 550 to 510 nm of the maximum fluorescence peak
occurred (Fig. 5b).

The phenomenon that occurs after the addition of Ag* is
because the folding of D-P5 in the presence of Ag* brings the
Trp group and the dansyl group closer, thereby generating
fluorescence resonance energy transfer (FRET) from the Trp
group to the dansyl group. To further verify the FRET
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mechanism, we quantitatively compared the two fluorescence
signal increments at 510 nm of dansyl group under excitation
of 280 nm and 330 nm in the presence of the same concentra-
tions of Ag*. In the presence of the same concentrations of
Ag", the fluorescence signal increments of dansyl under
280 nm excitation were much bigger than those under
330 nm excitation (Fig. 6). Combining with the result of de-
crease of fluorescence signal at 355 nm of Trp group under
excitation of 280 nm, it can be concluded that it occurred a
FRET from the Trp group to the dansyl group.

The D-P5 system showed a high Ag" selectivity and FRET
effect. D-P5 (Dansyl-Glu-Cys-Glu-Glu-Trp-NH,) consists of
cysteine (Cys) and glutamic acid (Glu) residues, sulfhydryl (-
SH) of Cys and carboxyl (-COO") of Glu can interact with
Ag*. The property of that D-P5 selectively binds to Ag* ion
but not to other ions is attributed to both of the natures of Ag*
and the amino acid composition and specific sequence of D-
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Fig. 5 Fluorescence spectra of the sensor (10.0 tM) in the presence of different concentrations of Ag* at A., =280 nm (a) and A, = 330 nm (b)
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P5. The binding of D-P5 with Ag” shortens the distance be-
tween Trp (fluorescent donor) and dansyl (fluorescent recep-
tor), resulting in a FRET effect. However, D-P5 can hardly
bind to other metal ions due to the nature of its nature, hence
other metal ions can’t make it FRET.

pH Effect

The effect of pH value on the fluorescence spectra of D-P5
and D-P5-Ag solutions were studied. As shown in Fig. 7a, the
fluorescence ratio (Fs;¢/F3s55) of D-P5 hardly changed with
the pH value changed from 1 to 12, so the effect of pH on
the fluorescence ratio of D-P5 is not very obvious. When the
pH was lower than 4, the fluorescence ratio of D-P5-Ag was
weak, indicating that the interaction between Ag* and D-P5 is
weak in acidic condition. When the pH was between 4 and 7,
the fluorescence ratio F's;y/F3s55 of D-P5-Ag increased. This
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Table 1 Various methods for detecting Ag* Table 3  Detection of silver chloride in lake water
Detection agent LOD/ Reference Water sample [AgCl] added (uM) [AgCl] found (uM) Recovery (%)
nM
o 2.0 2.04 +£0.17 102.0 £ 8.5
ssDNA/nano—graphite 0.3 10 4.0 414 + 028 106.0 = 7.0
Monolayer g-CsN, 523 11 3 6.0 573+ 045 95.5 + 7.5
0S-g-C;3Ny-dots 2 49
Dithiourea-appended 1,8-naphthalimide 1200 51
AuNPs-Tris 410 52 F3s5) and Ag* (Fig. 7d). The detection limit of 80 nM is
Single-cytosine 0.02 53 obtained by the formula LOD =3SD/m (R*=0.9894). The
Graphene quantum dots and 250 54 detection limit for Ag(I) (80 nM) was much lower than the
o-phenylenediamine EPA’s drinking water maximum contaminant level of Ag*
Glutathione-mediated MnO; nanosheets 423 35 (0.1 mg/L) [62]. Table 1 gives some methods for detecting
Rose Bengal dye 98 56 silver ion.
Heptamethine cyanine dye 30 57
D-P5 80 This
work Application for the Detection of Lake Water Samples

indicates that D-P5 can strongly bind to Ag™ at this pH range,
hence the FRET effect is significantly enhanced. This is due to
the deprotonation of the side chain -SH group of the Cys
residue which increases the negative charge [61]. When
pH > 8, Ag" was prone to hydrolysis reaction, which reduces
its binding ability to D-P5. When pH =7, the fluorescence
ratio F's;¢/F;s5 reached a maximum, indicating that D-P5 is
optimal for Ag" detection in the neutral state.

Binding Stoichiometry, Dissociation Constant (Ky) and
Detection Limit

Figure 7b is the Job’s plot of the fluorescence signal for D-
P5 and Ag* solutions. The binding stoichiometry can be
obtained from this plot. It indicated that a 1:1 binding
was obtained between D-P5 and Ag* in 50 mM HEPES
solution. The dissociation constant of D-P5 with Ag" was
calculated to be 6.4x10° M (R*=0.9948) from the non-
linear least squares fitting of the data with the equation in
the reference, which indicated that D-P5 has a strong bind-
ing affinity to Ag" (Fig. 7c).

The limit of detection of D-P5 for Ag* could be calculated
by the linear relationship between the fluorescence ratio (F's;o/

Table 2  Detection of Ag" in lake water

Water sample [Ag*] added (uM) [Ag*] found (uM) Recovery (%)

1 1.0 1.07 = 0.03 107.0 £ 3.0
2 2.0 232 +0.06 116.0 £ 3.0
3 3.0 3.48 £0.10 116.0 £ 4.0
4 4.0 424 +£0.12 106.0 = 3.0
5 5.0 484 +0.14 96.8 £ 2.8

@ Springer

Based on the high selectivity and sensitivity of D-P5 to Ag™,
this sensor can be used for detecting Ag” in lake water sam-
ples. The standard curve is gained by adding AgNO; standard
solution to distilled water. It can be seen from the fluorescence
titration curve (Fig. S1) that there is a good linear relationship
when the concentration of Ag* is in the range of 1.0-5.0 uM.
Based on this result, we added AgNOj3 (1.0-5.0 uM) solutions
to the lake samples and then detected their Ag* concentra-
tions, the recovery rates were obtained in Table 2. Result
indicated that D-P5 exhibits a good recovery for Ag*. In ad-
dition, D-P5 can be also used for detecting Ag(I) existed in the
form of silver chloride. As shown in Table 3, D-P5 shows a
good recovery rate for AgCl, indicating that the binding of D-
P5 to Ag" is much stronger than that of CI” to Ag™. Therefore,
the results showed that D-P5 has good potential application
for environmental detection.

Conclusions

In summary, a new dansyl-based peptide fluorescence probe
(D-P5) was synthesized. It exhibited a high selectivity, sensi-
tivity and affinity for Ag* ion over other common metal ions
in 100 mM NaClOy4, 50 mM HEPES solution. The sensor is
based on FRET from tryptophan residue to dansyl group for
Ag" detection with excitation wavelength of 280 nm. This D-
PS5 sensor had a low detection limit of 80 nM with a dissoci-
ation constant of 6.4 x 10~° M. This fluorescent peptide sensor
displayed good practicality for river water samples without
performing tedious sample pretreatment. In addition, the ef-
fect on the fluorescence response under different pH condi-
tions indicates that the detection of Ag" is more favourable
under neutral conditions, which provides a basis for future
application prospects in biological and environmental
systems.
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