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A B S T R A C T   

The form of a single response to a single target analyte limits the development of fluorescent probes. Here, a 
probe (HBTA) based on HBT (2-(2-Hydroxyphenyl)-benzothiazole) was synthesized to achieve a concept about 
nested probe, completing continuous detections. HBTA through low concentration Cu2+ gives birth to a new 
probe (HBT-CHO) that can detect Cu2+ by complexation and Cys by cyclization (HBT-Cys). These processes are 
accompanied by different fluorescent signal changes and can quantitatively detect Cys and Cu2+. Furthermore, 
HBT-CHO, HBT-Cys, and Cys can bind Cu2+, so competitive fluorescent response of Cu2+ can take place through 
alternate addition of Cu2+ and Cys. At this stage, the response becomes too complex to accurately quantify, but it 
is still dependable to predict changes in the content of the mixture system through competitive fluorescent 
changes. In summary, it is because of the existence of the nested pattern that HBTA completes multiple forms of 
responses to Cu2+ and Cys.   

1. Introduction 

Fluorescent probes play vital roles in many areas [1–4], and are 
attractive to many researchers for their unique sensitivity and selec
tivity, convenient application, practicality, and economy [5–7]. How
ever, compared to the traditional detection methods, there are 
drawbacks such as the single-narrow response range due to the limit of 
their own concentration. Most fluorescent probes have only one 
response site, which makes them only respond to one analyte and pro
duce enhanced, ratio or quenching fluorescence signals [8–11]. Through 
designing the structure of fluorescent probes, either by increasing 
response sites [12–15] or by synergistic interactions with other sub
stances [16], researchers achieved multiple response ranges. In this 
work, we proposed a nested probe model that can continue to act as a 
new probe for two or even multiple responses, which provided a way for 
the problem to some degree. 

Many fluorescent probes based on Cu2+ have been discovered 
[17–21]. Complexation were often used to detect Cu2+ [22,23], and 
probes based on the reaction are few. Zhang et al. [24] designed a NIR 

probe based on the hydrolysis of ester bonds caused by Cu2+. According 
to the idea, Gu et al. [7] synthesized a chromene-based probe to detect 
Cu2+. Zhang et al. [18] designed a reactive probe catalyzed by Cu2+ to 
achieve a bilinear response to Cu2+. Li et al. [25] synthesized a 
double-responsive probe for detecting Cu2+ by using the instability of 
the imine structure. Additionally, the affinity of imine for Cu2+ was 
discussed in our previous work [26]. In addition, according to literature 
reports, HBT analogs can complex with Cu2+ to form a 2:1 complex [27, 
28]. Therefore, the idea that Cu2+ can act as a trigger to disintegrate 
probes to play other roles is feasible. Therefore, HBTA (ΦHBTA = 0.09) 
with a double imine structure based on different Cu2+ concentrations as 
triggered signals was designed and synthesized. Detection processes 
show the corresponding fluorescence signals include enhanced, ratio, 
and quenching with the continuous increase of the Cu2+ concentration. 
At the same time, the product (HBT-CHO, ΦHBT-CHO = 0.16) obtained by 
the reaction of HBTA with 0.1 eq (mole equivalent) of Cu2+ carries a 
formyl group. It is a Cys recognition group and the mechanism has also 
been proven [29–32]. The respond of HBT-CHO to Cys shows additional 
ratio-fluorescent changes (ΦHBT-Cys = 0.13). Moreover, Cys can 
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competitively complex Cu2+ to achieve off-on alternation [33–35], 
which further adds to functionality and application value of HBTA. 
Design ideas and the main response methods involved are shown in 
Scheme 1. 

On the other hand, Cu2+ as a common cation widely is found in soil 
[36,37], water [38,39], and organism organisms [40–43]. 20 μM of 
Cu2+ in drinking water was provided by the EPA (US Environmental 
Protection Agency) [44]. Extra Cu2+ in human body affects the nervous 
system and causes neurological diseases like Parkinson’s, Alzheimer’s, 
Menkes’ and Wilson’s disease [45–48]. As a fundamental 
thiol-containing amino, Cys acid is concerned with physiological pro
cesses such as detoxification, metabolism, protein synthesis and 
post-translational modification [49,50]. Anomalous Cys levels in human 
body can cause a variety of diseases including lethargy, edema, slow 
growth, hair depigmentation, skin lesions, liver damage, Alzheimer’s 
and cardiovascular diseases [51,52]. HBTA realized the continuous 
detection to Cu2+ and Cys and logical fluorescence output according to 
concentration change and order of addition. Anyway, we hope to pro
vide a new way of designing probes to detect interrelated analytes to 
play a more important role in environmental, bioimaging, disease 
treatment, etc. 

2. Experiment 

2.1. Materials and equipment 

Analytical grade 2-aminobenzenethiol was purchased from Aladdin 
Reagent Co., LTD. Trifluoroacetic Acid (TFA) was purchased from 
Tianjin Kemiou Chemical Reagent Co., LTD. Hexamethylenetetramine 
(HMTA) was purchased from Tianjin Guangfu Technology Development 
Co., LTD. Other solvents and test agents were purchased from Tianjin 
fengchuan chemical reagent technology Co., LTD. All chemicals were 
used without further purification. Thin layer chromatography (TLC) and 
column chromatography (200–300 mesh silica gel) were purchased 
from Qingdao ocean chemical Co., LTD and was used to monitor re
actions and purify the products. 

IR spectra were obtained by a TENSOR37 FT-IR through KBr disks. 
1H NMR were measured with a Bruker Advance III HD 400 MHz spec
trometer in DMSO-d6 (TMS as an internal standard). The UV–vis spectra 
were obtained by Purkinje General TU-1901 UV–vis spectrophotometer. 
The fluorescence spectra were obtained by F-380 fluorescence spectro
photometer. HRMS was obtained by Bruker micro TOF-QII instrument. 
Standard quartz cuvettes of 1 cm path length were used in all optical 
measurement. The pH was carried out on a Mettler Toledo pH meter. 

E. coli bioimaging was obtained through an upright fluorescence mi
croscope (Olympus bx 53). All cells were observed by the Leica SP5 
confocal microscopy. Reaction intermediates was determined though 
UPLC-MS data by UPLC H-CLASS Xevo TQ-D MS. 

2.2. Quantum yield measurement 

Quinine sulfate as a reference (Φ = 0.54), the fluorescence quantum 
yield (Φ) is calculated according to Eq. (1). Specifically, Quinine sulfate 
was tested in 0.1 mol L− 1 H2SO4 solution, and probes (HBTA, HBT-CHO, 
and HBT-Cys) in this experiment was dissolved in Tris/MeOH (v/v = 9/ 
1, 50 mM, pH = 7.4). Five concentration gradients of probes and qui
nine sulfate were made. The absorbance in the 10 mm cuvette was kept 
under 0.05 for quinine sulfate and 0.1 for probes to minimize the re- 
absorption effects. The integrated fluorescence intensity is the integral 
area of the fluorescence spectrum at the optimal excitation wavelength. 
Then the graph was plotted using the integrated fluorescence intensity 
against the absorbance and the intercept is zero. 

Φx = Φst
Gradx

Gradst

(
ŋx

ŋst

)2

(1)  

Where Φ is the quantum yield, Grad is the gradient from the plot of 
integrated fluorescence intensity vs absorbance, η is refractive index of 
the solvent. The subscript “st” refer to quinine sulfate and “x” refer to the 
sample. 

2.3. The cell imaging 

MDA-MB-231 cells were incubated in an in-vitro incubator under 
humidified 5% CO2 at 37 ℃ containing 10 % FBS and Penicillin- 
Streptomycin Solution. First, Nystatin was added to MDA-MB-231 cells 
in a 35 mm glass-bottomed petri dish for 30 min, then washed 3 times 
with PBS, and then 10 μL of HBTA (1 mM,) and nystatin were added for 
another 30 min. The Cells were divided into three groups as blank, 5 μL 
of Cu2+ (1 mM) + 20 μL of NEM (1 mM), 10 μL of Cys (1 mM) for 
another 60 min. The extra 10 μL of Cys (1 mM) was added to the group 
of Cu2+ + NEM for 60 min. After washing three times with PBS, fluo
rescence imaging was performed by a fluorescence confocal microscope. 

2.4. Synthesize of 2-(benzo[d]thiazol-2-yl) phenol (HBT) 

HBT was synthesized according to a reported method [53]. EtOH 
solution with salicylaldehyde (2.0 mL, 19.2 mmol) and 

Scheme 1. The design idea based on response types. a. Cu2+ caused hydrolysis of imine; b. Cyclization between fluorophore containing formyl and Cys; c. HBT 
analogue complexing Cu2+; d. Structure of HBTA based on the above reaction mechanisms. 
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2-aminobenzenethiol (2.0 mL, 18.7 mmol) was stirred for 30 min at rt. 
Then 30 % H2O2 (2.3 mL, 74.8 mmol) and 38 % HCl (1.1 mL, 
37.3 mmol) was added with stirring for 2 h under N2. The reaction 
mixture was poured into ice water and the pale-yellow solid was 
precipitated out. The suspension was extracted with ethyl acetate 
(EtOAc) and water. The organic layer was dried under vacuum after 
treatment with anhydrous sodium sulphate. The crude product was 
recrystallized in ethanol to afford a almost white to light yellow crystal 
(3.5 g, 81.2 % yield). 

2.5. Synthesize of 3-(benzo[d]thiazol-2-yl)-2-hydroxybenzaldehyde 
(HBT-CHO) 

HBT-CHO was synthesized according to Duff reaction. HBT (1.0 g, 
4.4 mmol) was added to 15 mL TFA solution cooled in ice-bath. HTMA 
(1.0 g, 7.1 mmol) was added to the solution in 30 min then heated up to 
80 ℃ for 9 h. Then 20 mL 4 N HCl was added to the solution refluxing 
for 30 min. The hot solution was cooled to RT and extracted with 
dichloromethane (DCM). The organic layer was dried under vacuum 
after treatment with anhydrous sodium sulphate to afford a yellow solid. 
The crude product was purified by column chromatography (silica gel, 
100–200 mesh, petroleum ether: ethyl acetate = 5:1, v/v) as yellow 
solid (0.5 g, 46 % yield). 

2.6. Synthesize of 2-(benzo[d]thiazol-2-yl)-6-(((2,4-dimethylphenyl) 
imino) methyl) phenol (HBTA) 

HBT-CHO (0.2 g, 0.8 mmol) and 2,4-dimethyl aniline (174.6 μL, 
1.4 mmol) was added to 40 mL methanol solution. One drop of acetic 
acid was added to the solution. Then the reaction solution was heated to 
70 ℃. The reaction was monitored by TLC until the material point dis
appears (10 h). Then the solution was dried under vacuum to afford a 
red solid. The crude product was purified by column chromatography 
(silica gel, 100–200 mesh, petroleum ether: ethyl acetate = 100:1, v/v) 
to afford a red powder (0.15 g, 55 % yield) 1H NMR (400 MHz, DMSO- 
d6) δ 9.19 (s, 1 H), 8.59 (d, J =7.7 Hz, 1 H), 8.16 (d, J =7.9 Hz, 1 H), 
8.05 (d, J =8.1 Hz, 1 H), 7.82 (d, J =7.5 Hz, 1 H), 7.57 – 7.49 (m, 2 H), 
7.43 (t, J =7.5 Hz, 1 H), 7.18 (d, J =13.0 Hz, 2 H), 7.10 (t, J =7.6 Hz, 

1 H), 2.44 (s, 3 H), 2.32 (s, 3 H). 13C NMR (101 MHz, DMSO-d6) δ 
163.34 (s), 161.93 (s), 161.44 (s), 151.45 (s), 140.47 (s), 137.24 (s), 
135.94 (s), 135.53 (s), 132.70 (s), 131.39 (d, J =19.6 Hz), 127.80 (s), 
126.17 (s), 124.63 (s), 122.18 (s), 121.97 (s), 121.40 (s), 119.04 (s), 
117.76 (d, J =5.8 Hz), 20.62 (s), 17.73 (s). HRMS (ESI) m/z: calcd for 
C22H19N2OS [M + H]+ 359.1213, found: 359.1215 and C22H18N2OSNa 
[M + Na]+ 381.1032, found: 381.1035. FTIR (KBr) νmax/cm-1 3344, 
2918, 2851, 1615, 1478, 1427, 1296, 1202, 1109, 1036, 756, 617. M. 
p. = 138–141 ℃. (Scheme S1) 

3. Results and discussion 

3.1. The segment detection of HBTA on Cu2+

Titration experiments of Cu2+ were carried out at Tris buffer/MeOH 
(v/v = 9/1, 50 mM, pH = 7.4). With Cu2+ concentration from 
0.2–160 μM, the spectra change was displayed at Fig. S5. At different 
concentration ranges of Cu2+, HBTA displayed different fluorescence 
signal change. Fluorescent color changed from orange to green with the 
addition of a small amount of Cu2+. A ratio response of a linear range 
between I525/I590 and concentration of 0.2–1.6 μM was acquired (I525/ 
I590 = 0.234[Cu2+] + 0.69; R2 = 0.985). A detection limit of 86.9 nM 
(3σ/k) was obtained in the concentration range (Fig. 1a and d). At the 
concentration of 6–12 μM, green fluorescence at 525 nm was continu
ously enhanced to obtain a linear range (I525 = 101.61[Cu2+] + 60.29; 
R2 = 0.979). The limit of detection in the range was calculated to be 
2.6 nM (3σ/k) (Fig. 1b and e). In Cu2+ concentration of 40–160 μM, the 
green fluorescence was quenched and detection limit was calculated as 
87.5 nM (3σ/k) (I525 = − 3.04[Cu2+] + 731.4; R2 = 0.997) (Fig. 1c and 
f). The linearity in the transition phase of these ranges was instable, thus 
the quantitative detection failure (Fig. S5). This phenomenon of fluo
rescence signal variation at different Cu2+ concentration ranges are in 
line with our expectation, and these processes will interact with each 
other. 

The prominent lone pair electron and the small steric hindrance of 
the imine structure makes imine have affinity for Cu2+ [26]. Therefore, 
selective experiment was carried out. A stock solution (2.0 mM) of 
HBTA was prepared in MeOH. Stock solutions (2.0 mM, high 

Fig. 1. Fluorescence titration of Cu2+ to HBTA (Tris/MeOH v/v = 9/1, 50 mM, pH = 7.4, incubation time: 30 min). a. Fluorescence spectra of HBTA in a Cu2+ range 
of 0.2 – 1.8 μM (λex =350 nm); b. Fluorescence spectra of HBTA in a Cu2+ range of 6 – 12 μM (λex =400 nm); c. Fluorescence spectra of HBTA in a Cu2+ range of 40 – 
160 μM (λex =400 nm); d. Linearity in a Cu2+ range of 0.2 – 1.6 μM; e. Linearity in a Cu2+ range of 6 – 12 μM ; f. Linearity in a Cu2+ range of 60 – 160 μM. 
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concentration) of cation (Na+, Mg2+, Al3+, K+, Ca2+, Cr3+, Mn2+, Fe2+, 
Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Ba2+, Hg2+, and Pb2+) were 
prepared in distilled water. 200 μL HBTA solution and 200 μL cationic 
solution were added to a 10 mL volumetric flask with a stock solution of 
Tris buffer/MeOH (v/v = 9/1, 50 mM, pH = 7.4). All ions except Cu2+

had no effect on fluorescence of HBTA, and only Cu2+ quenched its 
fluorescence at 590 nm (Fig. 2a). Then competition experiments showed 
that HBTA had good selectivity to Cu2+ (Fig. 2b). 

3.2. Effect of Time and pH on detecting Cu2+

The effect of time on probe performance was studied to provide a 
basis for detection conditions and preliminary mechanism judgment. 
Three conditions including without Cu2+, 0.1 eq Cu2+, and 2 eq Cu2+

were test. In the case of no Cu2+, fluorescence at 525 nm and 590 nm 
was synchronously reduced for the first 20 min and then remained sta
ble. When 0.1 eq Cu2+ was added, fluorescent intensity at 525 nm first 
increased and then slowly decreased. The fluorescence spectrum re
mains stable after 30 min. Fluorescent intensity at 590 nm dropped in 
the first 30 min and then remained stable (Fig. 3b). In Fig. 3c, fluores
cence almost disappeared within 50 min and remained stable when 2 eq 
Cu2+ were added. It was as expected that low concentrations of Cu2+ can 
cause decomposition [25] of HBTA and the decomposition product can 
further complex Cu2+ [28]. 

The effect of pH on the test was carried out as shown in Fig. 3d. 
Fluorescence intensity at 525 nm and 590 nm were recorded at different 
pH values. In pH of 7–11, HBTA showed a high degree of quenching and 
stability for Cu2+. Blank control sample showed a change from orange to 
green with the change of pH and the fluorescence was green at lower pH 
(<6.5). The reason for this change in fluorescence under strong acid 
conditions should be due to the instability of the Schiff base structure on 
HBTA. 

3.3. Detection of Cys after HBTA completes a response to 0.1 eq Cu2+

The formyl group hidden in HBTA was exposed by low concentration 
of Cu2+. Subsequently, the selective experiment after this response was 
carried out. Only Cys can cause a new peak at 473 nm among 17 kinds of 
amino acids (Pro, Trp, Met, Phe, Ala, His, Thr, Arg, Gly, Tyr, Ser, Glu, 
Asp, GSH, Hcy, Ile, Val), and S2− , SO3

2− (Fig. 4a). Affected by the 
complicated solution, bad competitive (Fig. S6) and long response time 
(Fig. 4b) was obtained. The color of the solution no longer changed 
almost after adding Cys 40 h. A liner relationship between I473/I525 and 
Cys was obtained to be I473/I525 = 0.00363[Cys] + 0.250 (R2 = 0.987) 
in concentration range of Cys in 25–200 μM, and the corresponding 

detection limit was calculated to be 5.41 μM (3σ/k) (Fig. 4c and d). HBT- 
CHO can cyclize with Cys to form HBT-Cys (MS m/z: HBT-Cys, calcd: 
358.04, found: 357.21, Fig. S15) and achieve a fluorescent color from 
green to blue. 

3.4. Mechanism study of HBTA for Cu2+ and Cys 

To get insight into the reaction mechanism of HBTA with Cu2+ and 
verify the conjecture, nuclear magnetic experiment was carried out as 
shown in Fig. S7. After adding 0.1 eq of Cu2+, 1H NMR showed three 
distinct new peaks: at 10.3 ppm of formyl groups, at 8.3 ppm and 
7.8 ppm of benzene ring, and peak at 3.9 ppm of aniline (2,4-dimethyl 
aniline, MS m/z: [C8H10N]− calcd: 120.08, found: 120.49, Fig. S11). 
Peaks of 1H NMR belonging to benzene ring were brought together by 
influence of Cu2+. 1H NMR results showed that HBTA was disappeared 
under the action of Cu2+ to form its precursor (HBT-CHO, MS m/z: 
[C14H8NO2S]- calcd: 254.03, found: 254.03, Fig. S12) with green 
fluorescence. 

In FT-IR spectrum (Fig. S8), hydroxyl peak at 3434 cm− 1 gradually 
broadened and formed multiple peaks at 3486 cm− 1, 3357 cm− 1, and 
3167 cm− 1 eventually as concentration of Cu2+ increases. Emerging 
doublets indicated the formation of primary amines. The movement of 
hydroxyl peak to high wave number indicated that it participated in 
complexation of Cu2+. The broadening of these peaks indicated that 
Cu2+ caused an association effect on some groups. The “–C––N–” 
stretching vibration peak at 1618 cm− 1 moved to 1641 cm− 1, which 
indicated the involvement in complexation of Cu2+. Peak at 1668 cm-1 is 
a characteristic peak of formyl group indicating disappearance of HBTA 
in presence of 2 eq Cu2+. The intensity of stretching vibration peak of 
“C–O” at 1109 cm− 1 and stretching vibration peak of “C–S” at 
617 cm− 1 were enhanced with increasing Cu2+ concentration, which 
reflected the participation of Cu2+. 

From 1H NMR titration and IR titration spectrum, decomposition of 
HBTA and formation of HBT-CHO can be inferred. These conclusions can 
also be obtained by using the changes in UV–vis spectrum (Fig. S9) to 
give mutual confirmation. Shoulder peak at 282 nm belongs to π-π* 
transition (benzenoid bands) on HBTA benzene ring conjugated system. 
The peak is inconspicuous due to influence of dimethylaniline. It was 
blue-shifted after Cu2+ indicating that dimethylaniline fall off. The fine 
structure is to some extent similar with HBT-CHO. Due to formation of 
formyl group, absorption peak caused by n-π* transition was red shifted 
from 372 nm to 435 nm according with the UV–vis spectrum of HBT- 
CHO. Formyl as a chromophore can cause R band to red-shift. The 
phenomenon is also caused by the generation of the resonance structure 
belonging to HBTCHO structure with ESIPT process (Fig. S9 Inset). The 

Fig. 2. a. Fluorescence spectra of HBTA (40 μM) upon addition of different cation (40 μM) in Tris buffer/MeOH (v/v = 9/1, 50 mM, pH = 7.4, λex =350 nm); b. The 
F/F0 value of HBTA + other ions and HBTA + other ions + Cu2+ in Tris buffer/MeOH (v/v = 9/1, 50 mM, pH = 7.4, λex =350 nm). (incubation time: 30 min). 
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peak at 435 nm shifted to 400 nm indicating a formation of complex 
after adding 2 eq Cu2+. By comparing UV–vis spectra of HBTA, HBT- 
CHO and HBTA with Cu2+, changes of absorption peak were consis
tent with previous validation and expectations. 

B3LYP/6-31 g(d) was choose to optimize the ground state structure 
of the molecule (Fig. S10), and then use the optimized result as the 
initial value of the excited state to calculate the excited state, and finally 
get the TD-DFT result. TD-DFT of HBTA and its decomposition product 
(HBT-CHO) was calculated and shown in Fig. 5. Energy gap was changed 
from 1.200 eV to 6.595 eV, which indicated that HBT-CHO has a shorter 
emission wavelength and accords with experimental phenomenon. The 
narrow band gap of HBTA makes electrons in the ground state more 
easily excited. Therefore, HBTA molecules exhibit a certain degree of 
instability. TD-DFT calculation provided a theoretical basis for experi
mental phenomena and interpretation. 

Complexation between HBT-CHO and Cu2+ was further studied by 
Job’s and B-H experiments. Detection process of HBTA on Cu2+ had 
been confirmed, then Job’s titration was carried out in order to inves
tigate the complex ratio of HBT-CHO to Cu2+. A series of solutions, 
decomposed HBTA and Cu2+ with a total concentration of 40 μM were 
prepared. As proportion of Cu2+ concentration increases, the value of F0 
- F reached maximum at abscissa of 0.32 as showed in Fig. 6a. Ratio of 
HBT-CHO complexing Cu2+ was determined to be 2:1 by Job’s experi
ment (2HBT-CHO@Cu2+, MS m/z: [C28H17N2O4S2Cu]+, calcd: 571.99, 
found: 572.14, Fig. S13). In B-H experiment, absorption value at 435 nm 
was continuously decreased and absorption value at 400 nm was 
increased with the concentration of Cu2+, and the isoabsorbation point 
at 410 nm (Fig. 6b). This indicated that HBT-CHO was continuously 
complexed with Cu2+ to form a new complex product. Absorption peak 
at 400 nm was selected to fit the B-H equation according to previously 

reported methods [26] (see ESI). Fitting curve was y = 184.35x – 47.24 
(R2 = 0.987) (Fig. 6c) and corresponding binding constant was 256.3 
M− 0.5. Confirmation of complexing process and binding constant is a 
prerequisite for subsequent competition of Cys for binding to Cu2+. 

In summary, suggested plausible mechanism of HBTA detection of 
Cu2+ and Cys can be summarized as follows: at low concentrations, Cu2+

will first combine with imine of HBTA (HBTA@Cu2+, MS m/z: 
[C22H18NO2SCu]2+, calcd: 421.04, found: 422.40, Fig. S14), and then 
HBTA initiate decomposition resulting in fluorescence color change 
[55]. As Cu2+ concentration increases, decomposition products begin to 
complex with Cu2+ and dominate whole process, causing fluorescence 
quenching. On the other way, the decomposition product can detect Cys 
and generate blue fluorescence (HBT-Cys). The Above process is shown 
in Scheme 2 and further verified by mass spectrometry. Continuously 
reaction and complexation of Cu2+-responsive probe (HBTA) shows 
three-stage linear response ranges and three different signal changes 
[56,57], which indicates its advantages and potentials compared to 
some Cu2+ probes discovered in recent years (Table S1) [58–62]. 

3.5. HBTA imaging in E. coli and MDA-MB-231 cells 

In order to preliminarily verify whether HBTA can be applied to 
organism, E. coli imaging experiments were carried out. Slides immo
bilized with E. coli were immersed in HBTA solution for 30 min, and 
then observed with a fluorescent upright microscope. Rod-shaped E. coli 
was observed in bright and red channels (Fig. S16a and S16b). Slide was 
removed and placed in a solution containing a low concentration of 
Cu2+ for 30 min. Green and blue fluorescence were observed in the 
microscope (Figs. S16c and S16d). For comparison, another piece of 
E. coli-loaded slide was immersed in a solution of HBTA treated with 

Fig. 3. a. Effect of time on fluorescence of HBTA at 525 nm and 590 nm; b. Effect of time on fluorescence of HBTA at 525 nm and 590 nm after adding 0.1 eq Cu2+; c. 
Effect of time on fluorescence of HBTA at 525 nm and 590 nm after adding 2 eq Cu2+; d. Effect of pH (6 – 11) on fluorescence of HBTA at 525 nm and 590 nm after 
adding 2 eq Cu2+ and blank control. (Tris/MeOH v/v = 9/1, 50 mM, pH = 7.4, λex =350 nm). 
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Fig. 4. a. Fluorescence spectra of HBT-CHO (tested after HBTA reacted with 0.1 eq Cu2+ in Tris buffer) (10 μM) upon addition of different amino acids (Cys 120 μM) 
in Tris buffer/MeOH (v/v = 9/1, 50 mM, pH = 7.4, λex =385 nm, after 27 h); b. Value of I473/I525 versus time after adding 3 eq Cys; c. Fluorescence changes of HBTA 
in Cu2+ concentration range of 25 – 200 μM (λex =385 nm, after 10 h); d. Linear relationship of Cys in 25 – 200 μM. 

Fig. 5. HOMO-LUMO energy levels and orbitals of HBTA and HBT-CHO calculated from CAM-B3LYP/6-31G* level of theories.  
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Fig. 6. a. Job’s plot of HBT-CHO and Cu2+ in solution of Tris/MeOH (v/v = 9/1, 50 mM, pH = 7.4, λex =440 nm); b. UV–vis spectra change from decomposition 
product of HBTA (20 μM) upon addition of 0 – 11 μM of Cu2+; c. B-H plot based on a 2:1 association stoichiometry between the decomposition product and Cu2+. 
(incubation time: 30 min). 

Scheme 2. Suggested plausible reaction process of HBTA to Cu2+.  

Fig. 7. Confocal fluorescence images at bright, blue channel, green channel, red channel, and merge (left – right, respectively). (a – e). MDA-MB-231 cells incubated 
with HBTA; (f – j). MDA-MB-231 cells incubated with Cu2+ and NEM; (k – o). MDA-MB-231 cells incubated with Cys; (p – t). MDA-MB-231 cells incubated with Cu2+

and Cys. 
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Cu2+. Fluorescent image was observed after 30 min as shown in 
Fig. S16e and S16f. The results indicated that HBTA can stain E. coli and 
respond to external Cu2+, which revealed that it has potential applica
tions in biological detection. 

Then HBTA was used to detect Cu2+ and Cys in breast cancer cells 
(MDA-MB-231). As shown in Fig. S17, cell viability was assessed by MTT 
assay, and HBTA had low cytotoxicity to the cells. The results of HBTA 
imaging in cells were shown in the Fig. 7a–e. It can be observed that the 
cells mainly showed red fluorescence in different channels, which 
indicated that the cell environment will not cause its decomposition. In 
order to remove the effect of thiol in cells on the detection of Cu2+ by 
HBTA, NEM together with Cu2+ were added to the culture medium. As 
shown in Fig. 7f–j, the fluorescence in the red channel was weakened, 
and the green fluorescence was dominant. Therefore, Cu2+-induced 
decomposition had already taken place. As comparison, the results of 
culturing Cys with cells without adding Cu2+ were shown in Fig. 7k–o. 
The results were similar to blank experiments, which revealed that only 
Cys did not cause change color of HBTA in cells. Finally, in order to show 
that Cys can cause the cyclization process after Cu2+ response, Cu2+ and 
Cys were used to culture cells together. As shown in Fig. 7p–t, the blue 
fluorescence was mainly shown. In summary, HBTA can be used in cells 
based a nested mode. This logical response made HBTA a potential tool 
for studying the intrinsic relationship between Cu2+ and Cys in organ
isms [63]. 

3.6. Competitive fluorescent response 

After HBTA was hydrolyzed by Cu2+, HBT-CHO continuedly as a new 
probe response to Cu2+ and Cys achieving different fluorescence signal. 
Therefore, HBTA can be regard as a secondary probe. Because of the 
detoxification of Cys to Cu2+ in vivo, it can adjust the concentration of 
heavy metal ions. This had been reported in literatures that Cys can 
complex Cu2+. Based on this, we thought that HBTA could be used as a 
three-stage even multistage probe. Cu2+ and Cys were alternately added 
to the solution of HBT-CHO. The result showed that green fluorescence 
was continuously quenched and recovered (Fig. S18a). On the other 
hand, Cu2+ and Cys were alternately added to the solution of HBT-Cys 
and the blue fluorescence was changed continuously (Fig. S18b). 

In above experiments, we had accomplished color change from or
ange to green to colorless and from orange to green to blue as the signal 
response. Based on the effect of Cys on Cu2+, we further achieved the 
color change from orange to green to colorless to green to blue and 
displayed by fluorescence spectroscopy (Fig. 8a). In addition, changing 
order of addition achieved the color change from orange to green to blue 
to colorless to blue (Fig. 8b). The logical relationship diagram be ob
tained in Fig. 8c and d, which shows the relationship between adding 
order and amount and fluorescence. Mechanisms and processes are 
illustrated in Scheme S2 (Scheme 3). 

Fig. 8. Fluorescence spectrum changes after adding Cu2+ and Cys. a. Changes of fluorescence spectrum based on the addition order of 0.1 eq Cu2+, 2 eq Cu2+, 6 eq 
Cys and 9 eq Cys (inset: photos of fluorescent change); b. Changes of fluorescence spectrum based on the addition order of 0.1 eq Cu2+, 3 eq Cys, 9 eq Cu2+ and 12 eq 
Cys (inset: photos of fluorescent change); c. Color change according to the addition order of 0.1 eq Cu2+, 2 eq Cu2+, 6 eq Cys and 9 eq Cys; d. Color change according 
to the addition order of 0.1 eq Cu2+, 3 eq Cys, 9 eq Cu2+ and 12 eq Cys. 

F. Yan et al.                                                                                                                                                                                                                                      



Journal of Photochemistry & Photobiology, A: Chemistry 407 (2021) 113065

9

4. Conclusion 

Inspired by instability and affinity of imine structure to Cu2+, a 
nested fluorescence probe was designed for breaking the single response 
defect of current fluorescence probes. According to design ideas, HBTA 
had achieved a three-stage response to Cu2+ including ratio, enhance
ment, and quenching based on hydrolysis and complexation. The LOD of 
responses are 86.9 nM, 2.6 nM, and 87.5 nM. The binding ratio of hy
drolysate (HBT-CHO) to Cu2+ is 2: 1 and the binding constant is 256.3 
M− 0.5. In addition, HBT-CHO can selectively detect Cys through cycli
zation with a formyl group to achieve fluorescent change from green to 
blue and the LOD is 5.4 μM. Based on the affinity of Cys to Cu2+, HBTA 
has achieved a logical response of color change corresponds to con
centration change of Cu2+ and Cys, verifying the feasibility and rich 
variability of nested probes. 
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