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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel dansyl-modified peptide fluo
rescence sensor was synthesized via 
Fmoc solid phase peptide synthesis. 

• The sensor displayed an excellent 
selectivity and high sensitivity for UO2

2+

detection by turn off fluorescence 
response. 

• The interaction of the sensor with UO2
2+

was characterized by ESI-MS, IR, XPS 
and Time-resolved fluorescence spec
troscopy and ITC measurement. 

• The sensor showed good practicality for 
UO2

2+ detection in lake water sample.  

A R T I C L E  I N F O   

Keywords: 
Dansyl-modified peptide sensor 
Fluorescence sensing 
Uranyl ion 

A B S T R A C T   

It is of great significance to sensitively and selectively detect uranyl ion (UO2
2+) in environmental and biological 

samples due to the high risks of UO2
2+ to human health. However, such suitable sensors are still scarce. A novel 

fluorescence sensor based on a dansyl-modified peptide, Dansyl-Glu-Glu-Pro-Glu-Trp-COOH (D-P5), was effi
ciently synthesized by Fmoc solid phase peptide synthesis. As the first linear peptide-based fluorescence sensor 
for UO2

2+, D-P5 exhibited high selectivity and sensitivity to UO2
2+ over 27 metal ions (UO2

2+, Cr3+, Cu2+, Ba2+, 
Hg2+, Pb2+, Co2+, Ag+, Fe3+, Ca2+, K+, Mg2+, Mn2+, Na+, Ni2+, Cd2+, Zn2+, Al3+, Dy3+, Er3+, Gd2+, Ho3+, La3+, 
Lu3+, Pr3+, Sm3+, Tm3+) by a turn-off fluorescence response in 10 mM HEPES buffer (pH 6.3). The effects of 
anions such as S2− , NO3

–, SO4
2− CO3

2–, HCOO–, antioxidant ascorbic acid and 4-nitrophenyl acetate on the 
selectivity for UO2

2+ detection were also studies. D-P5 sensor could be used for detecting UO2
2+ in a good linear 

relationship with concentration in the range of 0–8.0 μM with a low limit of detection of 83.2 nM. Furthermore, 
the interaction of the sensor with UO2

2+ was characterized by ESI-MS, IR, XPS and ITC measurements. The 1:1 
binding stoichiometry between the sensor and UO2

2+ was measured by the job’s plot and further verified by ESI- 
MS. The binding constant of the sensor with UO2

2+ was calculated to be 9.8 × 104 M− 1 by modified Benesi- 
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Hildebrand equation. ITC results showed that theΔHθ andΔSθ for the interaction of D-P5 with UO2
2+ were − (7.167 

± 1.25) kJ⋅mol− 1 and 66.5 J⋅mol− 1⋅K− 1, respectively. Time-resolved fluorescence spectroscopy indicated that the 
mechanism of fluorescence quenching of D-P5 by UO2

2+ ion was static quenching process. In addition, this sensor 
displayed a good practicality for UO2

2+ detection in lake water sample without tedious sample pretreatment.   

1. Introduction 

Uranium is located in the f-block of the periodic table and belongs to 
the actinide series [1]. Among various isotopes of uranium, U-235 is 
used as the fuel for nuclear power generation [2]. In this process, 
approximately 10− 5-10− 3 M uranium and other radioactive elements 
will be released. Uranium is radioactive and chemically toxic, which is 
harmful to animals, plants and humans [3]. When uranium is enriched 
in the human body, it will cause damage to human bones and kidneys 
[4]. UO2

2+ is one of the main forms of uranium in water solution. 
Therefore, it is of great importance to develop highly specific and sen
sitive analytical methods for the detection of UO2

2+ ion [5,6]. Currently, 
some methods have been used to detect uranyl ion including atomic 
absorption spectrometry [7], inductively coupled plasma mass spec
troscopy [8], ion chromatography [9], etc. Although these methods have 
high sensitivity and low detection limits, they require expensive 
equipment and complicated sample pretreatments. Fluorescence spec
troscopy is a simple and convenient method with many advantages such 
as good selectivity, high sensitivity, fast response, low detection limit 
and strong anti-interference ability. Many fluorescent sensors for 
detection of toxic metal ions such as Hg2+, Al3+ and Ag+ have been 
reported [10–12]. Until now, organic molecule fluorescence sensors 
with Schiff base, carboxylic acid, porphyrin, trimetazidine, tetraphe
nylethene film etc., have been developed for detecting UO2

2+ [13–18]. 
Although some of them have been successfully applied to the detection 
of UO2

2+, most of them exhibited the shortcoming of low water solubil
ity, resulting in aggregation and fluorescence quenching. Therefore, it is 
important to develop a novel uranyl detection method. 

Recently, peptide-based fluorescent sensors for metal ion detection 
have attracted considerable attention due to their good water solubility, 
biocompatibility, and low toxicity, and thus have important applications 
in environmental monitoring and bioanalysis [19]. UO2

2+ is one of the 
more stable forms in aqueous solution and under physiological condi
tions [20], which is a linear trans-dioxo cationic structure [21], which is 
classified as a hard Lewis acid. According to the hard soft acids and bases 
(HSAB) principle [22], –COOH and –NH2 groups have the tendency to 
coordinate with it. –COOH is a hard oxygen donor and is suitable for 
combining with UO2

2+ [23,24]. Peptides are composed of various amino 
acids, and among which, aspartic acid (Asp) and glutamic acid (Glu) can 
be used as carboxyl donors. Previous study confirmed that peptides 
containing the two amino acids have high binding ability to UO2

2+ [25]. 
However, only few studies on the binding of peptide with UO2

2+ have 
been reported. Le Clainche et al used a fragment peptide from the first 
calcium binding site in the paramecium calmodulin as a template to 
design and synthesize a peptide containing 33 amino acid residues CaM- 
M3c: EQAEFKEAFAALCTKDGTGTITTKELGTCMRSL [26], which had a 
specific and strong binding ability to UO2

2+. Although this fragment 
peptide has some advantages, its disadvantages do exist, its peptide 
chain is long and difficult to synthesize. In order to overcome those 
disadvantages, the model peptides DAHK and GGH were synthesized 
and the binding properties to UO2

2+ were study. For these model pep
tides, they have the advantage of easy synthesis due to the short peptide 
chain, but the disadvantage is that their binding ability to UO2

2+ is weak 
and cannot specifically recognize UO2

2+ ion. DAHK and GGH displayed 
binding ability not only to UO2

2+ but also to Cu2+ [27,28]. Therefore, 
specific recognition of uranyl ion in the presence of competition ions 
remains a big challenge. To overcome problems for the sophisticated 
synthesis of protein fragment peptide and the weak and non-specific 
binding ability to UO2

2+ of model peptides, several cyclic peptides 

have been investigated and showed the promising binding with uranyl 
ion, which were used as fluorescent sensors for the detection of uranyl 
ion [21,25]. However, to the best of our knowledge, report on the linear 
peptidyl fluorescence sensor for detection of UO2

2+ remains rare. 
In this study, we synthesized a novel linear peptidyl fluorescence 

sensor Dansyl-Glu-Glu-Pro-Glu-Trp-COOH (D-P5), in which the peptide 
was modified by a fluorescent dansyl group at the N-terminus (Scheme 
S1). Dansyl chloride is a strong fluorescent agent commonly used in the 
modification of peptide and protein. It can react specifically with pri
mary amino groups in both aliphatic and aromatic amines to produce a 
stable and strong blue- or blue-green-fluorescent sulfonamide adduct of 
dansyl-peptide. For the mechanism, it is obviously different from the 
detection of UO2

2+ by cyclic peptides. In this sensor, fluorescent dansyl 
group and tryptophan residue can concurrently trigger turn-off fluo
rescence response by adding UO2

2+, and UO2
2+ can be detected at the 

excitation wavelength of the two fluorescent groups. Compared with the 
organic molecular sensors, this sensor has better water solubility, 
biocompatibility and low toxicity, being detected in aqueous solution, 
and has higher selectivity and sensitivity. The sensor exhibited high 
selectivity and sensitivity to UO2

2+ with a low detection limit. In addi
tion, compared with protein fragment peptide and cyclic peptide, the 
synthesis process of linear peptide is simpler. To our knowledge, this is 
the first report on the fluorescent detection of UO2

2+ by a linear peptide, 
which provides a new idea for developing a more powerful biocom
patible UO2

2+ sensor. 

2. Experimental section 

2.1. Materials and instruments 

Fmoc-Glu(OtBu)–OH, Fmoc-L-Pro-OH, Fmoc-Trp(Boc)–OH and 
Wang Resin (loading: 0.71 mmol/g) were purchased from CS Bio 
(Shanghai) ltd. (Shanghai, China). Dansyl chloride was bought from 
Shanghai Yuanye Bio-Technology Co., ltd. (Shanghai, China). Other 
chemical reagents such as trifluoroacetic acid (TFA), triisopropylsilane 
(TIS), N,N-diisopropylethylamine and 2-(1H-benzotriazole-1-yl)- 
1,1,3,3- tetramethyluronium hexafluorophosphate were obtained from 
Shanghai Macklin Biochemical Co., ltd. (Shanghai, China). Acetonitrile, 
piperidine, dichloromethane, methanol, ethanol, diethyl ether and N,N- 
dimethylformamide were purchased from commercial suppliers. The 
stock solutions of 10 mM various metal ions including UO2

2+, Pb2+, Ag+, 
Cu2+, Ni2+, Dy3+, Er3+, Gd2+, Ho3+, La3+, Lu3+, Pr3+, Sm3+ and Tm3+

were prepared from their nitrate salts, and Cr3+, Ba2+, Hg2+, Co2+, Fe3+, 
Ca2+, K+, Mg2+, Mn2+, Na+, Cd2+, Zn2+ and Al3+ were prepared from 
their chloride salts. The stock solutions of 10 mM different anion ions 
including S2O3

2− , S2− , CN–, SO4
2− , NO3

–, HSO4
− , HCO3

–, HCOO–, CH3COO– 

were prepared from their sodium salt, and CrO4
2− were prepared from its 

sylvite, ascorbic acid and 4-Nitrophenyl acetate. The above-mentioned 
salts were purchased from Aladdin Reagent Co. ltd. (Shanghai, China) 
and from commercial suppliers. 2-[4-(2-hydroxyethyl)piperazin-1-yl] 
ethanesulfonic acid were purchased from Shanghai Bidepharm Co., 
ltd. (Shanghai, China). All the solutions used were prepared in 10 mM 2- 
[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer 
solution at pH 6.3. 

CS 136 Peptide Synthesizer (CS Bio Co., USA), Himac-CR22G II high 
speed refrigerated centrifuge (Hitachi, Japan), API 4500 QTRAP Mass 
Spectrometer (Applied Biosystems/MDS SCIEX, USA), Hitachi F-7100 
fluorescence spectrofluorometer (Hitachi Inc., Japan), FLS 1000 Pho
toluminescence Spectrometer (UK), ESCALAB Xi+ X- 
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ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, NEXSA, 
USA). Peaks from all of the high-resolution core spectra were fitted with 
Avantage 5.9 software. The structural information of the samples was 
measured by Nicolet 6700 Fourier transformation infrared spectrometer 
(FI-IR) (Nicolet 6700, Thermo Electron Co., USA) using the standard 
kalium bromatum disk method at wavelengths from 4000 cm− 1 to 500 
cm− 1. MicroCal ITC200 titration calorimeter (Microcal, GE Healthcare, 
UK). Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (ICAP 
RQ, ThermoFisher Scientific). 

2.2. Synthesis of D-P5 

The synthesis of D-P5 was performed on a CS136 solid phase peptide 
synthesizer by using standard Fmoc solid-phase peptide synthesis 
method. According to the peptide sequence of Dansyl-Glu-Glu-Pro-Glu- 
Trp-COOH (D-P5), the Fmoc-amino acids (1.5 mmol) were sequentially 
coupled to the Wang resin (0.5 mmol) from the C-terminus to the N- 
terminus. After deprotecting the Fmoc group, 0.4046 g (1.5 mM) dansyl 
chloride was added. The formed peptide and protecting groups were 
cleaved from the resin with 12 mL TFA-TIS-H2O solution (95:2.5:2.5, v/ 
v/v) for 3.5 h under ambient temperature [29]. The product was filtered 
in ether at − 20 ℃ and centrifuged at − 4 ℃ for 5 min with 10000 rpm. 

2.3. Fluorescence spectroscopic measurements 

A stock solution of 10 mM D-P5 was prepared in 10.0 mM HEPES 
buffer (pH 6.3). Fluorescence spectra were measured using a Hitachi F- 
7100 fluorescence spectrofluorometer. Fluorescence spectra of D-P5 in 
the absence and presence of different metal ions (UO2

2+, Pb2+, Ag+, 

Cu2+, Ni2+, Dy3+, Er3+, Gd2+, Ho3+, La3+, Lu3+, Pr3+, Sm3+ and Tm3+ as 
nitrate salts, Cr3+, Ba2+, Hg2+, Co2+, Fe3+, Ca2+, K+, Mg2+, Mn2+, Na+, 
Cd2+, Zn2+ and Al3+ as chloride salts) were measure. In addition, fluo
rescence spectra of D-P5 in the absence and presence of different anion 
ions (S2O3

2− , S2− , CN–, SO4
2− , NO3

–, HSO4
− , CrO4

2− , HCO3
–, HCOO–, 

CH3COO–), antioxidant (ascorbic acid) and nitroaromatic (4-Nitro
phenyl acetate) were recorded. All the fluorescence spectra were 
measured at the excitation wavelength of 280 nm and 330 nm, respec
tively. Excitation and emission slits were 5 nm and 10 nm, respectively, 
and the scanning speed was 1200 nm⋅min− 1. 

2.4. Determination of binding stoichiometry and binding constant for D- 
P5 with UO2

2+

The stoichiometric ratio of D-P5 and UO2
2+ was determined by the 

Job’s plot method. The fluorescence measurement of the Job’s plot was 
carried out in 10 mM HEPES buffer (pH 6.3). The concentration of D-P5 
decreased and the concentration of UO2

2+ increased according to the 
gradient, and the total concentration of both D-P5 and UO2

2+ was 20 μM. 
The binding constant of D-P5 with UO2

2+ was calculated by the 
modified Benesi-Hildebrand equation: 

ΔFImax/ΔFI = 1+M− n/K 

wherein, ΔFImax = FImax–FI0, ΔFI = FIx–FI0, FImax is the maximum 
fluorescence intensity of D-P5 in the presence of UO2

2+ at complete 
binding state, FI0 and FIx refer to the fluorescence intensity of D-P5 and 
D-P5 in the presence of different concentrations of UO2

2+, respectively. 
[M] is the concentration of UO2

2+ and n is the number of UO2
2+ ion bound 

to each D-P5 (here n = 1), while K is the binding constant [30,31]. 

Fig. 1. The fluorescence spectra and fluorescence responses of D-P5 in the presence of 27 metal ions, λex = 280 nm (a,b), λex = 330 nm (c, d). D-P5 concentration 
was 10 μM, metal ions concentrations were 20 μM. 
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2.5. Measurement of detection limit and quantification limit for UO2
2+

For the calculation of the detection limit and the limit of quantifi
cation (LOQ) for UO2

2+, their data were obtained from the fluorescence 
titration experiment by the following formula [32]: 

LOD = 3SD/m  

LOQ = 10SD/m 

where SD represents relative standard deviation of the blank and m 
represents the slope of the linear fitting line. 

2.6. Isothermal titration calorimetry (ITC) measurement 

ITC experiment was measured on a MicroCal ITC200 titration calo
rimeter at 298.2 K at the stirring speed of 250 rpm. The reference cell 
was filled with purified water, and the sample cell was filled with 0.5 
mM D-P5 solution. The first injection volume (0.4 μL) was rejected 
before data analysis. Subsequent titration steps involved 19 injections of 
2 μL each of 11 mM UO2

2+ solution into the sample cell containing 200 μL 
D-P5 solution. The duration and interval of each titration were 4 s and 
640 s, respectively. Two control experiments were conducted in order to 
correct for the dilution effects, in which D-P5 solutions were titrated 
with buffer and the mixture of buffer and UO2

2+ solutions, respectively. 
MicroCal Origin software provided by the ITC200 calorimeter was used 
for all data analyses. 

3. Results and discussion 

3.1. Fluorescence response of D-P5 to different metal ions 

D-P5 fluorescence spectra in the presence of 27 metal ions (UO2
2+, 

Cr3+, Cu2+, Ba2+, Hg2+, Pb2+, Co2+, Ag+, Fe3+, Ca2+, K+, Mg2+, Mn2+, 
Na+, Ni2+, Cd2+, Zn2+, Al3+, Dy3+, Er3+, Gd2+, Ho3+, La3+, Lu3+, Pr3+, 
Sm3+, Tm3+) measured at excitation wavelengths of 280 and 330 nm, 
respectively, are shown in Fig. 1a and 1c. It could be seen clearly that 
UO2

2+ has a selective and obvious effect on the fluorescence intensity of 
D-P5. Fig. 1b and 5d show the quenching degree of the D-P5 fluores
cence intensity at 360 nm and 550 nm by different metal ions, respec
tively. The ordinate is 1-F/F0, F represents the fluorescence intensity at 
360 nm and 550 nm of D-P5 after adding different metal ions, respec
tively, and F0 represents the fluorescence intensity of D-P5 itself, which 
can be found D-P5 can specifically bind to UO2

2+ ion. 
To further verify the selectivity of D-P5, competitive experiments 

were performed by adding other metal ions (30 μM) to D-P5 solution 
(10 μM) in the presence of UO2

2+. As shown in Fig. 2 (a, b, c, d), in the 
presence of coexisting ions including Cr3+, Cu2+, Ba2+, Hg2+, Pb2+, 
Co2+, Ag+, Fe3+, Ca2+, K+, Mg2+, Mn2+, Na+, Ni2+, Cd2+, Zn2+, Al3+, 
Dy3+, Er3+, Gd2+, Ho3+, La3+, Lu3+, Pr3+, Sm3+, Tm3+, the deviations of 
the fluorescence intensity of D-P5 +UO2

2+ were 4.63 % and 4.19 % at the 
excitation wavelengths of 280 nm and 330 nm, respectively. It can be 
seen that D-P5 showed higher selectivity to UO2

2+ in a competitive 
environment. 

In addition, to further investigated the selectivity of D-P5 sensor for 
UO2

2+, the fluorescence spectra in the presence of other competitive 

Fig. 2. Fluorescence spectra of D-P5 in the presence of UO2
2+ and coexisting metal ions, λex = 280 nm (a) and 330 nm (c). Fluorescence responses of D-P5 to UO2

2+ and 
coexisting metal ions, λex = 280 nm (b) and 330 nm (d). Metal ions concentrations were 30 μM, D-P5 concentration was 10 μM. 
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species such as some anions (S2O3
2− , S2− , CN–, SO4

2− , NO3
–, HSO4

− , CrO4
2− , 

HCO3
–, HCOO–, CH3COO–), antioxidant (ascorbic acid) and nitro

aromatic (4-Nitrophenyl acetate) were measured (Fig. S1). Results 
showed that these species have no obvious effects on the fluorescence of 
the D-P5 sensor, which further verified that D-P5 can specifically bind to 
UO2

2+. 
In comparison with other methods, the dansyl-modified peptide 

sensor has some advantages including analytical characteristics, speci
ficity, stability and reproducibility. The dansyl-modified peptide sensor 
has the advantages of both peptide and fluorescent group Dansyl. 
Compared with other types of sensors, peptide-based sensors have good 

water solubility, biocompatibility, and low toxicity, and therefore have 
important applications in environmental detection and bioanalytical 
diagnosis. Peptide sensors can achieve specific selectivity to different 
metal ions by adjusting their sequences because different peptides have 
different coordination to different metal ions. Dansyl is a strong fluo
rescent group commonly used in the modification of peptide because it 
can react specifically with primary amino groups at the N-terminal of 
peptide chain to produce a stable and strong fluorescent sulfonamide 
adduct of dansyl-peptide. In addition, the synthesized D-P5 sensor has 
good stability and reproducibility in aqueous solution for detecting 
UO2

2+ ion. 

Fig. 3. The fluorescence spectra of D-P5 (10 μM) in the presence of different concentrations of UO2
2+ (0–20 μM), λex = 280 nm (a), 330 nm (b); Job’s plot curve of the 

interaction between D-P5 and UO2
2+ (c); Benesi-Hildebrand curve of the interaction between D-P5 and UO2

2+(d). The linear relationship between fluorescence in
tensity of D-P5 (10 μM) and the increased concentration of UO2

2+ (c). 
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3.2. Binding stoichiometry, binding constant, detection limit and 
quantification limit 

The variations of D-P5 fluorescence intensity with increasing con
centration of UO2

2+ (1.0–20.0 μM) in 10.0 mM HEPES buffer (pH 6.3) 
were determined by the fluorescence titration experiments. As shown in 
Fig. 3a and 3b, the fluorescence intensity of D-P5 decreased with UO2

2+

concentration increasing, indicating that the coordination of UO2
2+ with 

D-P5 led to a rapid fluorescence quenching. 
The stoichiometric ratio between the sensor D-P5 and UO2

2+ was 
determined according to Job’s plot. Fig. 3c shows that the D-P5:UO2

2+

binding ratio was 1:1. The binding constant of UO2
2+ to D-P5 was 

calculated by the modified Benesi-Hildebrand equation (Fig. 3d). The 
binding constant was calculated to be 9.8 × 104 M− 1 (R2 = 0.99227), 
which means that D-P5 had a strong binding affinity to UO2

2+. 
The detection limit and quantification limit were measured based the 

fluorescence titration experiment at excitation wavelengths of 280 nm, 

the fluorescence intensity of D-P5 was linearly related to the concen
tration of UO2

2+. The detection limit and quantification limit were 
calculated to be 83.2 nM and 277.3 nM (R2 = 0.99338) from the formula 
LOD = 3SD/m and LOQ = 10SD/m, respectively (Fig. 3e). The result 
indicated that D-P5 has a high sensitivity for UO2

2+ detection. Table 1 
lists some other sensors for the detection of uranyl ion for comparison, 
indicating that D-P5 is a highly selective and sensitive fluorescence 
sensor for UO2

2+ in the water solution. 

3.3. Isothermal titration calorimetry (ITC) study 

ITC is one of the most direct methods to measure the thermal effect of 
ligand–protein interaction. Using this method, the binding constant, the 
number of binding site and the enthalpy change can be determined 
simultaneously for their interaction [34]. ITC profiles for the binding of 
D-P5 to UO2

2+ are shown in Fig. 4. The enthalpy changeΔHθ and entropy 
changeΔSθ for the interaction of D-P5 with UO2

2+ were − (7.167 ± 1.25) 
kJ⋅mol− 1 and 66.5 J⋅mol− 1⋅K− 1, respectively. The binding constant K 
obtained by fitting method was 5.32 × 104 ± 250 M− 1, indicating again 
that D-P5 has a good binding ability to UO2

2+. 

3.4. Characterization analysis for the binding of D-P5 with UO2
2+

3.4.1. ESI-MS 
ESI-MS analysis was set in the positive ion mode. Fig. 5 is the ESI-MS 

of D-P5 and D-P5 + UO2
2+. The successful synthesis was confirmed by 

ESI-MS. ESI mass of D-P5 is calculated as 922.3 [M + H+]. Observed 
922.3 as [M + H+], 966.3 as [(M− 2H+) + 2Na++H+] and 1028.3 as 
[(M− 3H+) + K++3Na+] (Fig. 5a). Fig. 5b shows the ESI-MS result of D- 
P5 + UO2

2+, it was found that the occurrences of peak 1190.3 and 1223.8 
correspond to [(M− 2H+) + UO2

2++H+] and [(M− 3H+) + UO2
2++2NH4

+], 
respectively. These results confirmed that D-P5 could bind to UO2

2+ in 
the ratio of 1:1 to form D-P5 + UO2

2+ complex. 

3.4.2. FT-IR 
FTIR spectral study was conducted to investigate which chemical 

groups of D-P5 played a vital role in the interaction with UO2
2+. Fig. 6a 

shows the IR spectra of D-P5 and D-P5 + UO2
2+. The IR peaks at 3413.39 

and 3067.47 cm− 1 can be attributed to N–H and the O–H stretching 
vibrations in D-P5. The IR peaks at 1721.49 cm− 1 and 1669.62 cm− 1 

were the characteristic absorption peaks of C––O groups in amide bond 
and carboxylic acid group, respectively. The peaks at 2360.25 and 
2956.34 cm− 1 are corresponding to stretching vibrations of O––S = O 
and C–H. The IR spectrum of D-P5 in the 1201.24–1516.34 cm− 1 region 
can be attributed to C–H deformation as well as C–N and C–S 
stretching vibrations. After adding UO2

2+ to the D-P5 solution, the peak 
at 3413.39 cm− 1 shifted to 3407.95 cm− 1 and 3067.47 cm− 1 and almost 
disappeared, indicating that the N–H and the O–H groups involved in 
the interaction with UO2

2+. Further, the peak shape changed and the 
intensity significantly reduced for the bands of 1721.49 cm− 1 and 
1669.62 cm− 1, which also proved that the carboxyl group of Glu and the 
amide group interacted with UO2

2+ [35,36]. In addition, compared with 
D-P5 itself, the peak at 936.08 cm− 1 in D-P5 + UO2

2+ should be attrib
uted to the stretching vibration of the O = U = O, which further proved 
that UO2

2+ was bound to D-P5 [22,37]. 

Table 1 
Comparison of present work with literature reports.  

Ref. Method of detection Sensor type Solution (v/v) Detection limit (nM) Binding constant 

[15] Fluorescence Conjugated polymer DMA: H2O = 20:80 7.4 1.11 × 106 

[33] UV–vis Nanomaterial H2O 500 – 
[16] Fluorescence Small molecule DMSO 41 9.4 × 105 

[25] Fluorescence phosphorylated cyclic peptide MES 360 2.4 × 105 

[3] Fluorescence Small molecule THF:H2O = 5:95 50 – 
This work Fluorescence Short peptide HEPES 83.2 9.8 × 104  

Fig. 4. ITC profiles for the binding of D-P5 to UO2
2+ at 298.2 K. The upper and 

lower panels represent the raw data for the titration of successive aliquots of 
UO2

2+ into D-P5 solution and the integrated heat after correction of the dilution 
heat, respectively. 
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3.4.3. XPS 
The XPS measurement was used to further explore which elements 

and chemical bonds existed in the interaction of the sensor D-P5 with 
UO2

2+. As shown in Fig. 6b-e, XPS spectra of C1s, O1s and N1s of D-P5 
and D-P5 + UO2

2+ were measured, and the obtained spectra were fitted 
with peaks by Avantage software. Tables S1-3 show the specific peaks 
splitting situation of the binding energy obtained of C1s, N1s, and O1s. 

By fitting the C 1 s peaks of D-P5 and D-P5 + UO2
2+ (Fig. 6c), it can be 

concluded that the main forms of C element in D-P5 are C–C, COOH, 
O––C-N. The C 1 s of D-P5 + UO2

2+ was nearly the same as that of D-P5, 
speculating that C in the peptide does not interact with UO2

2+. As shown 
in Fig. 6d, a fitting analysis was performed for the N1s peak. Compared 
with the N1s of D-P5, a new peak at 400.14 eV was found in that of D-P5 
+ UO2

2+, which could be assigned to U-N and demonstrate the coordi
nation of D-P5 with UO2

2+ [38,39]. After adding UO2
2+, O––C-N peak 

shifted from 399.25 eV to 399.27 eV [40], which originates from the 
electron cloud density and the outer electrons of the N atom attracted by 
the uranyl cation, resulting in a relatively high bond energy. It can be 
inferred that the N element of the amide bond in the peptide interacted 
with UO2

2+. In Fig. 6e, the O1s XPS spectrum of D-P5 can be divided into 

three overlapping peaks, which locate at 531.27 eV, 532.45 eV and 
533.70 eV and can be assigned to COO–, O––C-NH- and O––C, respec
tively. After adding UO2

2+, the three peaks of COO–, O––C-NH- and O––C 
are shifted to 531.50 eV, 532.21 eV and 533.38 eV, which indicated that 
the carboxyl of D-P5 also interacted with UO2

2+ [41–43]. Compared with 
the XPS spectra of the UO2(NO3)2⋅6H2O, the binding energy of U 4f was 
obviously decreased in D-P5 + UO2

2+ (inset in Fig. 6f), suggesting that 
the electron density of the U atom increased [44]. The U 4f core level 
was further deconvoluted into two doublets, which were attributed to U 
4f7/2 and U 4f5/2. The U4f spectrum was fitted and analyzed according to 
the previous work, which were attributed to U-O. In the fitted spectra, 
the higher binding energy (385.82 eV and 393.67 eV) may be due to the 
coordination of U-N or U-S. But according to the change in the spectrum 
of N1s (Fig. 6d), we speculated that these peaks are more in line with the 
characteristics of U-N coordination [45]. 

3.4.4. Time-resolved fluorescence spectroscopy 
To obtain the accurate information about the quenching mecha

nisms, the time-resolved fluorescence spectroscopy for D-P5 and D-P5 +
UO2

2+ were performed by FLS 1000 Photoluminescence Spectrometer. 

Fig. 5. ESI mass spectra of D-P5 (a) and D-P5 + UO2
2+ (b).  
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Fig. 7 is the fluorescence lifetime decay profiles excited at 280 nm (a) 
330 nm (b) for D-P5 and D-P5 + UO2

2+ in 10 mM Hepes buffer (pH 6.3). 
As shown in Fig. 7, under the excitation wavelength of tryptophan res
idues (a, 280 nm) and dansyl groups (b, 330 nm), the curves of the 
samples before and after the addition of UO2

2+ did not change signifi
cantly. The fitting formula of fluorescence lifetime curve was given by 

the instrument: R(t) = B1e(− t/τ1) + B2e(− t/τ2), and the obtained data were 
analyzed (Tables S4 and S5). From Tables S4 and S5, it can be seen that 
the slower and faster decay components (B1, B2) of Trp and dansyl had 
no obvious changes before and after adding UO2

2+. The corresponding 
average lifetimes can be calculated by the formula [τ] =

∑
τi⋅Bi. It is 

found that the average fluorescence lifetime of Trp residue of D-P5 

Fig. 6. FT-IR spectra of D-P5 (orange) and D-P5 + UO2
2+ (green) (a). XPS spectra of D-P5 and D-P5 + UO2

2+ (b), C1s (c), N1s (d), and O1s (e). XPS spectra of U 4f for 
D-P5 + UO2

2+ (f) (Inset: comparision of XPS spectra of U 4f for D-P5 + UO2
2+ with that for UO2(NO3)2⋅6H2O). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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sensor decreased a little after adding UO2
2+, but the average fluorescence 

lifetimes of dansyl group did not change. The result showed that the 
mechanism of fluorescence quenching by UO2

2+ ion was static quenching 
process [10,12,46]. The effect of UO2

2+ on the fluorescence lifetime of 
tryptophan residue could be explained as follows. In the quenching 
process, firstly, the interaction between UO2

2+ and D-P5 may lead to the 
distortion of the planarity of indole ring in Trp residue, thus changing 
the local environment around Trp residue, and resulting a little decrease 
of fluorescence lifetime of Trp residue. 

And the radiation rate constant (kr) and the non-radiation rate con
stant (knr) are obtained by the following formula [11,47]: 

kr = Q/[τ]

knr = 1/(Q⋅[τ] )

Where Q represents quantum yield and [τ] represents average fluo
rescence lifetime. 

The obtained radiation rate constants (kr) and non-radiation rate 
constants (knr) are listed in Tables S6 and S7, it can be seen that the kr 
values both of tryptophan residue and dansyl group in D-P5 decreased 
when UO2

2+ ions were added, which was due to the increase of polarity 
of tryptophan residue and dansyl microenvironment after adding of 
UO2

2+. However, their corresponding knr rate constants increased when 
UO2

2+ was added, which showed that the D-P5 sensor interacted with 
UO2

2+. 

3.5. Application for detection of UO2
2+ in lake water samples 

In order to explore the application of D-P5 fluorescence sensor for 

detecting UO2
2+ in real samples, we measured UO2

2+ in lake water. First, 
we used distilled water to prepare standard samples of UO2

2+, measured 
their fluorescence spectra and obtained a standard curve (0–8 μM) ac
cording to the concentration gradient. Then, we used lake water to 
prepare UO2

2+ solutions with concentrations of 2, 3, 5 and 7 μM. Fluo
rescence measurements were performed separately, and the obtained 
fluorescence intensity was used to calculate the concentration of UO2

2+

through the standard curve equation. To evaluate the statistical analysis 
for determination results, we also measured UO2

2+ in lake water by ICP- 
MS, a typical method for detecting UO2

2+. The results are shown in 
Table 2. Compared with ICP-MS method, the relative standard deviation 
(RSD) and the recovery rates of D-P5 sensor are similar for UO2

2+

detection in lake water. Importantly, D-P5 sensor is a simple, sensitive 
and selective method for the determination of UO2

2+ in real sample. 
Therefore, D-P5 can be used as a good potential sensor for environ
mental detection of UO2

2+ in water sample. 

4. Conclusion 

In summary, a novel dansyl-modified peptide fluorescence sensor (D- 
P5) has been synthesized for the detection of uranyl ion. As far as we 
know, it is the first linear peptide-based sensor of UO2

2+. The sensor 
displayed a turn-off fluorescence response mode for highly selective 
detection of UO2

2+. Among the common metal ions and rare earth metal 
ions in 10 mM HEPES buffer solution, D-P5 sensor exhibited specific and 
high affinity to UO2

2+ ion with a binding constant of 9.8 × 104 M− 1. The 
sensor showed highly selective and sensitive to UO2

2+, and its detection 
limit and quantification limit for UO2

2+ ion were estimated as low as 
83.2 nM and 277.3 nM, respectively. Furthermore, the interaction of D- 
P5 with UO2

2+ was investigated by IR, ESI-MS, XPS and ITC measure
ments. The fluorescence static quenching mechanism of D-P5 by UO2

2+

ion was inferred by time-resolved fluorescence spectroscopy study. In 
addition, this sensor was successfully used to detect UO2

2+ ion in lake 
water sample, indicating its great potential in practical use for the 
detection of UO2

2+ ion. More importantly, although the detection limit of 
the peptide-based UO2

2+ fluorescence sensor still has a certain gap 
compared with some organic compound fluorescence sensors, it is the 
first report on the linear peptide-based fluorescence sensor, which has 
some excellent advantages of peptide. Therefore, this sensor shows great 
potential in the applications in biological and environmental systems. 
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