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A B S T R A C T   

A new fluorescent sensor of dansylated tryptophan (DW) was synthesized using solid phase peptide synthesis 
(SPPS). Upon the addition of different metal ions, only the presence of Hg2+ induced an increase in DW fluo
rescence intensity with a blue shift from 550 to 496 nm. DW was highly sensitive and selective for detecting Hg2+

with a low detection limit of 6.53 nM in 20 mM HEPES buffer (pH 7.4). The turn-on response could be attributed 
to the combination of chelation enhanced fluorescence (CHEF) and solvatochromic effects. The binding constant 
of DW with Hg2+ ion was determined to be 9.4 × 104 M− 1/2 with a stoichiometric ratio of 2: 1. The DW + Hg2+

complex can be reversed with EDTA and reused with excellent circulation effect. The fluorescence lifetime and 
absolute quantum yield of DW were studied before and after the addition of Hg2+. Further characterizations of 
the interaction between DW and Hg2+ were conducted by IR and NMR.   

1. Introduction 

Amino acids are the simplest biological structural units, and they 
have good biocompatibility [1,2]. However, with the exception of 
tryptophan, phenylalanine, and tyrosine [3,4], natural amino acids 
generally do not exhibit fluorescence properties. Concurrently, certain 
amino acids can serve as active sites for toxic metals [5]. On the other 
hand, dansyl fluorophore has been extensively utilized in fluorescent 
sensors for the detection of metal ions specific to sulfonamide groups. 
Furthermore, the internal charge transfer (ICT) effect that involves 
dimethylamino and sulfonamide makes the dansyl moiety sensitive to its 
surrounding microenvironment and specific metal ions. The detection of 
toxic metal ions in aquatic ecosystems has always been an important 
topic. Mercury is known as one of the most common and toxic elements 
[6]. The toxicity of Hg2+ to organisms is mainly due to its ability to 
combine with sulfhydryl groups in enzymes and proteins, resulting in 
their inactivation and loss of function. This can eventually lead to some 
diseases, such as heart disease and renal failure. Mercury ions are 
widespread in the environment and can be enriched in the human body, 
posing a significant threat to human health [7–10]. Therefore, it is 
increasingly important to find a method for detecting Hg2+ with a low 
detection limit, high sensitivity, simple detection and recyclability. 

Currently, traditional methods for detecting Hg2+ include atomic ab
sorption spectroscopy (AAS) [11], atomic emission spectroscopy (AES) 
[12] and inductively coupled plasma mass spectrometry (ICP-MS) [13]. 
Nevertheless, these methods frequently necessitate the use of costly 
instrumentation, involve intricate sample preparations, employ tedious 
detection processes and require specialized operational techniques. 

Compared with traditional techniques, sensors based on fluorescent 
measurements have received much attention for detecting toxic metal 
ions. Currently, many fluorescence sensors for detecting Hg2+ have been 
developed, such as carbon dots (CDs), DNA enzymes, nanoparticles and 
proteins [14–17]. Nevertheless, these fluorescence sensors have some 
disadvantages, including complicated synthesis processes, poor solubi
lity in water, and the need for a high proportion of organic solvents or 
long reaction time at high temperature. These limitations are a hin
drance because Hg2+ is often present in biological and ecological envi
ronments of aqueous solutions. Therefore, it is becoming increasingly 
important to find a simple, fast, and recyclable sensor for Hg2+ detection 
in aqueous solutions [6,18]. In this paper, we designed and synthesized a 
new fluorescent sensor, dansyl-tryptophan (DW). The sensor displayed 
highly selective and sensitive detection of Hg2+ based on the chelation- 
enhanced fluorescence effect and solvatochromic effect in HEPES buffer 
[19]. 
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Scheme 1. (A) Solid phase synthesis scheme of the sensor DW. (B) The proposed principle of DW for detecting Hg2+ ion.  

Fig. 1. (A) Fluorescence spectra of 20.0 μM DW in the presence of 16 metal ions and 7 anions (20.0 μM) with excitation wavelength of 330 nm in 20 mM HEPES 
buffer at pH 7.4. Inset picture in (A) is the color changes of the systems excited by a 365 nm UV lamp in the presence of different metal ions. (B) The yellow bars in the 
histogram represent the fluorescence intensity values of different ions added to the DW system. The green bars represent the subsequent addition of 20.0 μM Hg2+ to 
the above solutions. 
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2. Experimental 

2.1. Reagents and instruments 

The details of the reagents and apparatus are given in the Supple
mentary Information. 

2.2. Preparation of the sensor DW 

DW was synthesized using a CS136 peptide synthesizer (Scheme 1). 
The details of the experimental steps are listed in the Supplementary 
Information. The HRMS of DW was analyzed in the positive ion mode 
(Fig. S1). The HRMS was calculated as 437.2 [DW + H+]. Observed 
437.3510 as [DW + H+] and 261.1751 as [DW + HCOOH + K++H+]. 

1H NMR (500 MHz, DMSO‑d6) δ 10.91 (d, J = 2.5 Hz, 1H), 8.76 (d, J 
= 8.5 Hz, 1H), 8.10 (d, J = 8.6 Hz, 1H), 8.03 (d, J = 5.6 Hz, 3H), 7.96 – 
7.92 (m, 1H), 7.58 (d, J = 9.5 Hz, 1H), 7.52 – 7.45 (m, 2H), 7.44 (d, J =
7.9 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.10 (d, J = 2.4 Hz, 1H), 6.98 (ddd, 
J = 8.1, 6.9, 1.1 Hz, 1H), 6.92 – 6.87 (m, 1H), 4.05 (dt, J = 11.5, 5.8 Hz, 
1H), 3.13 (d, J = 9.4 Hz, 2H), 3.06 (s, 6H) (Fig. S2). 13C NMR (126 MHz, 

DMSO‑d6) δ 173.1, 137.0, 136.3, 129.4, 129.3, 129.2, 128.4, 127.9, 
127.5, 124.5, 123.8, 121.2, 120.3, 118.6, 117.2, 115.7, 114.8, 111.6, 
109.6, 57.3, 45.6, 29.1 (Fig. S3). 

2.3. Fluorescence measurements 

A stock solution of 1.3 mM DW was prepared in 20 mM HEPES buffer 
solution (pH 7.4) and stored at 4 ◦C. For all spectral measurements, 
appropriate dilutions were made using the same stock solution. Fluo
rescence spectra were measured in the range from 400 nm to 650 nm at 
an excitation wavelength of 330 nm [20]. Both excitation and emission 
slits were set at 5 nm. Fluorescence spectra of DW were recorded in the 
absence and presence of 16 metal ions (Hg2+, Al3+, Ba2+, Ca2+, Cd2+, 
Co2+, Cr3+, Cu2+, K+, Mg2+, Mn2+, Na+, Ni2+, Pb2+ and Zn2+ as chloride 
salts, and Ag+ as a nitrate salt) and 7 anions (NaNO3, Na2SO4, Na3PO4, 
Na2CO3, NaAc, KF, and KBr) in 20 mM HEPES buffer solution at pH 7.4. 
All solutions were prepared immediately before use. Additionally, the 
binding reversibility of DW to Hg2+ was investigated by adding excess 
EDTA to the DW + Hg2+ system [21,22]. 

The fluorescence lifetime and fluorescence absolute quantum yields 

Fig. 2. (A) Fluorescence spectra of 20.0 μM DW with excitation wavelength of 330 nm upon addition of increasing concentrations of Hg2+ (0.0–20.0 μM) in 20 mM 
HEPES buffer at pH 7.4. Inset picture in (A) is the color changes of the systems excited by a 365 nm UV lamp. (B) Plot of the fluorescence intensity of DW as a function 
of concentration ratio of [Hg2+]/[DW] (C) Linear relationship of fluorescence intensity at 496 nm with increased concentration of Hg2+ in 20 mM HEPES buffer at pH 
7.4. (D) Job’s plot for DW with Hg2+ in 20 mM HEPES buffer at pH 7.4. 
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were measured using an FLS 1000 Photoluminescence Spectrometer 
(UK). The fitting of fluorescence lifetime was carried out according to 
the following formula: R(t) = B1e(− t/τ1) + B2e(− t/τ2); R(t) = B1e(− t/τ1) +

B2e(− t/τ2) + B3e(− t/τ3). The fluorescence lifetime was obtained by [τ] =
ΣτiBi. The quality of the fit could be determined by the χ2 value [23–26]. 

2.4. Determination of the binding constant of DW with Hg2+

The binding constant between DW and Hg2+ was calculated by the 
modified Benesi-Hildebrand equation: ΔFImax/ΔFI = 1 + M− n/K, where 
ΔFImax = FImax − FI0 and ΔFI = FIx − , FImax is the maximum fluorescence 
intensity of DW in the state of complete Hg2+ binding, FI0 is the fluo
rescence intensity of DW and FIx is the fluorescence intensity of DW at 
various Hg2+ concentrations. [M] presents the Hg2+concentration, and n 
is the binding number of Hg2+ ion to each DW molecule (here n = 1/2), 
while K is the binding constant [27,28]. 

3. Results and discussion 

3.1. DW selectivity for Hg2+ and interference from other ions 

The fluorescence responses of DW (20.0 μM) to 16 metal ions (Hg2+, 
Al3+, Ba2+, Ca2+, Cd2+, Co2+, Cr3+, Cu2+, K+, Mg2+, Mn2+, Na+, Ni2+, 
Pb2+ and Zn2+ as chloride salts, and Ag+ as a nitrate salt) (20.0 μM) and 
7 anions (NaNO3, Na2SO4, Na3PO4, Na2CO3, NaAc, KF, and KBr) (20.0 
μM) were measured in 20.0 mM HEPES buffer (pH 7.4). As shown in 
Fig. 1A, among the various metal ions, only Hg2+ showed a strong 
fluorescence-enhanced response along with a 54 nm blueshift from 550 
nm to 496 nm (yellow to green). The observed fluorescence enhance
ment and blueshift effect may be due to the chelation-enhanced fluo
rescence (CHEF) effect and the solvatochromic effect [29]. The close- 
packed indole and dansyl moieties partially shielded the dansyl group 

from the solvent and increased its hydrophobic environment. In the inset 
of Fig. 1A, the DW solution showed a yellow colour under a 365 nm UV 
lamp, while the addition of Hg2+ caused the colour to turn green. The 
DW solution containing other mixed-metal ions still retained the yellow 
colour. The interference of other ions with DW fluorescence in the 
presence of Hg2+ was studied. As shown in Fig. 1B, it was observed that 
other ions had little effect on the fluorescence intensity of DW-Hg2+ and 
remained green, demonstrating its ability to detect Hg2+. 

3.2. Detection limit and binding mechanism study of DW with Hg2+

First, the fluorescence spectra of 20 μM DW were measured at 
different concentrations of Hg2+ in a 20 mM HEPES buffer (pH 7.4) at a 
330 nm excitation wavelength. As shown in Fig. 2A, with the continuous 
addition of Hg2+, the emission peak of the fluorescence spectra of DW 
gradually blueshifted. The maximum fluorescence emission peak shifted 
by 54 nm from 550 nm to 496 nm, and its fluorescence intensity 
exceeded that of DW itself at an excitation wavelength of 330 nm. From 
the inset of Fig. 2A, it can be seen that the addition of different con
centrations of Hg2+ into the DW solution gradually changed the colour 
from yellow to green under irradiation with a 365 nm UV lamp. Fig. 2B 
shows the fluorescence intensities at 496 nm under different ratios of 
Hg2+ to DW. Fig. 2C shows the DW fluorescence titration of Hg2+ ion in 
the range from 6 μM to 13 μM, which exhibited a good linear relation
ship between the fluorescence intensity and Hg2+ concentration (R2 =

0.9974). Then, the limit of detection (LOD) was calculated as 3σ/k, 
where σ refers to the standard deviation of blank measurements, and k is 
the slope of the line. According to the equation, the detection limit of 
DW for Hg2+ was as low as 6.53 nM. Table S1 shows a comparison of the 
performance between this method and other methods reported previ
ously. The high sensitivity of the DW sensor for fluorescence detection of 
Hg2+ makes this method a comparable, if not better, method than other 
reported approaches. This detection limit is within the safety level for 
drinking water stipulated by the World Health Organization (WHO). The 
binding stoichiometry of DW for Hg2+ was investigated by Job’s plot 
method for the system (Fig. 2D). The result exhibited a maximum 
fluorescence intensity at 0.3 mol fraction for Hg2+ in a 20 mM HEPES 
buffer at DW concentrations from 20.0 μM to 0.0 μM. This result also 
suggests that DW formed approximately 2:1 complex with Hg2+ in the 
HEPES buffer. 

3.3. UV and CD spectra of the DW-Metal ions system 

As shown in Fig. S4, the UV spectral results showed that DW exhibits 

Fig. 3. (A) Fluorescence lifetime decay profiles excited at 330 nm for DW (10.0 μM) and DW + Hg2+ (10.0 μM) in 20 mM HEPES buffer (pH 7.4) at 496 nm emission. 
(B) 10 μM DW and 10 μM DW + Hg2+ fluorescence quantum yields. 

Table 1 
Summary of fluorescence lifetime measurements and quantum yield (QYs) in 
HEPES solution.  

Sample λex λem τ[ns] (contribution, %) χ2 QYs 

DW 330 nm 496 nm τ1 = 1.1072 (64.01) 1.005 6.31 % 
τ2 = 6.8514 (35.99) 
τ = 3.17 

DW + Hg2+ 330 nm 496 nm τ1 = 1.1160 (36.32) 1.065 10.41 % 
τ2 = 8.6366 (63.68) 
τ = 5.91  
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absorption peaks at 220 nm, 250 nm, 285 nm (tryptophan residue), and 
330 nm (Dansyl), respectively. In the presence of 16 metal ions, where 
the addition of Hg2+ leads to an obvious decrease at 220 nm in the DW 
spectra. The result indicated that DW may be chelated with Hg2+ via the 
sulfonamide group of the dansyl fluorescent moiety and the side chain 
group of the amino acid residues. 

However, except for 220 nm, the change of absorption of other 
wavelengths is small, so it is difficult to act as a sensor to detect Hg2+ by 
UV–Vis spectra. Furthermore, the visible area is not absorbed. 

Next, we analysed the circular dichroism (CD) spectra of DW alone 
and with added metal ions. As shown in Fig. S5, the CD spectrum of DW 
(50 μM) displayed a positive peak at 233 nm and a negative peak at 248 
nm. Among the 16 tested metal ions, the positive and negative peaks of 
the CD spectra were significantly reduced only when Hg2+ was added. 
As the concentration of Hg2+ increased from 0 to 50 μM, the two peaks 
gradually decreased until the Hg2+ concentration reached 25 μM. After 
this point, the signal no longer changed regularly, and the curve 
remained stable (Fig. S6). This observation indicated that DW interacted 

specifically with Hg2+. 
Second, the binding constant of Hg2+ to DW calculated by the 

modified Benesi-Hildebrand equation was 9.6 × 104 M− 1/2 (R2 =

0.9935) (Fig. S7), indicating that DW had a strong binding affinity to 
Hg2+. 

Additionally, the fluorescence lifetime and absolute quantum yields 
(QYs) of DW and DW + Hg2+ solutions were further examined. As shown 
in Fig. 3A, the fluorescence lifetime decay profiles of DW and DW +
Hg2+ solutions revealed that the fluorescence lifetime of DW was 3.17 ns 
at 550 nm emission, and it increased to 5.91 ns after the combination of 
DW and Hg2+. The results of the fluorescence lifetime measurements are 
presented in Table 1. Moreover, as shown in Fig. 3B, the QYs of DW and 
DW + Hg2+ were determined, and it was observed that the QYs of DW 
and DW + Hg2+ were 6.31 % and 10.41 %, respectively (Table 1). These 
findings indicated that the QY of DW + Hg2+ was higher than that of 
DW. It is worth noting that the fluorescence intensity, fluorescence 
lifetime, and QYs of DW + Hg2+ were all enhanced compared with those 
of DW alone. This serves as evidence for the CHEF effect between Hg2+

and DW. 

3.4. Application of DW for detecting Hg2+

To enable accurate visual detection of Hg2+ ion, DW was dissolved in 
agarose solution to create a circular gel sheet. The agarose gel flakes 
were then immersed in aqueous solutions of varying Hg2+ concentra
tions and left for 30 min. The colours of the resulting gel flakes were 
observed using a 365 nm UV lamp, as depicted in Fig. 4. We used a 
smartphone to capture pictures of the colour change process and read 

Fig. 4. (A) Schematic diagram of Hg2+ detection by a smartphone. (B) Circular gel sheet of DW in agarose for visual recognition of Hg2+. (C) The relationship 
between the colour change (R/B) of the circular gel sheet and the Hg2+concentration. 

Table 2 
Detection of Hg2+ in tap water.  

Water sample Hg2+ added (µM) Hg2+ found (µM) Recovery (%) 

1  6.0 7.7 ± 0.74 128.3 ± 0.12 
2  7.0 8.2 ± 0.42 117.1 ± 0.60 
3  8.0 8.9 ± 0.41 111.2 ± 0.05 
4  9.0 9.4 ± 0.29 104.4 ± 0.03 
5  10.0 9.9 ± 1.82 99.0 ± 0.18  
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the RGB values using a colour recognition APP (Fig. 4A). The RGB ratio 
(R/B) corresponding to the red and blue channels was plotted against 
the Hg2+ concentration. We found that the fluorescent green colour 
deepened gradually as the concentration of Hg2+ increased from 0 to 70 
μM. In the gel sheet system, the R/B value and Hg2+ concentration 
showed a good linear relationship in the range of 10–70 μM. The cor
responding linear regression equation was R/B = –0.0171X + 1.3832 
(R2 = 0.9969). 

In addition, in order to further study the application of DW in real 
water sample detection, the sensor was used to detect Hg2+ in tap water. 
The fluorescence titration curve was used as a standard curve and then 
recovery was achieved by adding Hg2+ to the tap water sample. As 
shown in Table 2, the DW sensor has good recoveries for Hg2+ in the 
range of 6–10 μM, indicating its potential for monitoring Hg2+ in real 
water samples. 

3.5. Recycling test of DW to Hg2+ by EDTA and effect of pH 

To better understand the reversibility of the interaction between DW 
and Hg2+, we performed an EDTA reversible experiment. Our results 
showed that when 30 μM DW and 30 μM Hg2+ reacted to form a che
lation complex, green fluorescence was generated. However, upon the 
addition of 2.0 equiv EDTA, which acts as a chelator, the interaction 
between Hg2+ ion and DW was reversed, leading to a change in fluo
rescence from green to yellow. Additionally, cycle experiments 
demonstrated that the detection of Hg2+ ion by DW was reversible and 
could be cycled up to 10 times (Fig. 5). Therefore, the fluorescence 
property of DW can be used for repeating “off-on-off” switching as 
needed. 

The influences of pH on the DW, DW + Hg2+ and DW + Hg2++EDTA 
systems were measured. Fig. 6 shows that at acidic pH levels (pH < 6), 
both DW and DW + Hg2+ exhibited weak fluorescence intensities, 
rendering the detection of Hg2+ impossible. However, at alkaline pH 
levels (pH 7 ~ 12), the fluorescence intensities of DW and DW + Hg2+

were significantly different, and the fluorescence intensity of DW +
Hg2+ appeared to be the maximum in the pH 9 solution in which the 
formation of the DW + Hg2+ complex was conducive. Therefore, DW is 
an effective sensor for monitoring Hg2+ in neutral or alkaline environ
ments. When 2.0 equiv of EDTA was added to the DW + Hg2+ solution at 
different pH values, its fluorescence intensity was almost constant at pH 
2–10, but it was ineffective when pH > 11. 

To further study the effects of pH on fluorescence of DW + Hg2+, as 
shown in Fig. S8, DW and DW + Hg2+ were separately irradiated at 
different pH solutions under a 365 nm UV lamp, the results were 
consistent with the above spectral measurements. 

3.6. Characterization of DW and DW + Hg2+

IR spectroscopy was used to identify the chemical groups of DW that 
interacted with Hg2+, as shown in Fig. S9. Peaks at 3424.6 cm− 1 and 
3286.7 cm− 1 indicate the stretching vibrations of NH2 and N-H in DW, 
respectively [30]. The peak at 3128.0 cm− 1 represents the stretching 
vibration of Ar-H. The peaks at 1871.6 cm− 1 and 1384.9 cm− 1 corre
spond to the stretching vibration and asymmetric vibration of the 
O––S––O covalent group [31,32]. The stretching vibration peaks of the 
amide bond are observed at 1693.9 cm− 1 and 1654.0 cm− 1 [20]. The 
bands of C–N, C–S stretching vibrations, and C–H deformation are 
displayed between 1454.3–1102.5 cm− 1. The disappearance of the 

Fig. 5. (A) The fluorescence spectra for reversibility experiment of DW toward Hg2+ by adding EDTA in 20.0 mM HEPES buffer (pH 7.4). (B) The cycle index of DW- 
Hg (30.0 μM) reacting with EDTA (2.0 equiv). Emission wavelength: 496 nm. 

Fig. 6. The pH effect on the fluorescence intensity of 20.0 μM DW (black line) 
and in the presence of 1.0 equiv Hg2+ (red line) and 2.0 equiv EDTA (blue line). 
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stretching vibration of the N-H and O––S––O peaks, as well as the 
decrease in the stretch vibration peak of the amide bond, in the presence 
of Hg2+ suggest the involvement of these chemical groups in the inter
action with Hg2+. 

1H NMR experiments were conducted to determine binding sites in 
the interaction between DW and Hg2+, as depicted in Fig. 7. The addi
tion of Hg2+ caused a downfield chemical shift in imino H(2) linked to 
the dansyl group, indicating involvement in the coordination to Hg2+. 
Additionally, the H in the benzene ring region changed slightly, poten
tially due to environmental changes after coordination of DW to Hg2+. 

3.7. Density functional theory investigation 

All data in this study were calculated with the Gaussian 16 software 
package [33], and were optimized at the B3LYP level of density func
tional theory (DFT) [34]. The basis set 6-31G was selected for all non- 
metal atoms and lanl2dz for Hg2+. Vibrational frequency analysis was 
computed to ensure the points that the minimum have no imaginary 
frequency. All the energetic values reported in this work are Gibbs free 
energies at 298.15 K. The calculation results are shown in Fig. 8. The 
binding of the two molecules DW and Hg2+ reduces the Gibbs free en
ergy by 325.0 kcal/mol, indicating that the reaction is easy to proceed. 

4. Conclusions 

We have synthesized a highly selective, sensitive and effective sensor 
for Hg2+, dansyl-modified tryptophan (DW). DW exhibited a 

fluorescence turn-on response to Hg2+ in 20 mM HEPES buffer with a 
low detection limit based on the CHEF effect and solvatochromic effect. 
The fluorescence lifetime of the sensor changed from 3.17 ns to 5.91 ns 
before and after the addition of Hg2+ at an excitation wavelength of 330 
nm and an emission wavelength of 550 nm. The QYs increased from 
6.31 % to 10.41 % after the addition of Hg2+. Moreover, DW exhibited 
reversible behaviour for Hg2+ detection in the presence of EDTA. The 
study could provide a new method for developing low-cost and sensitive 
sensors for Hg2+ detections in both biological and environmental 
applications. 
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