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nfrared fluorescent probe with
rapid response and large Stokes shift for the
selective and sensitive detection of zinc(II) and its
application in living cells†

Weixia Zhang, Xinxin Jin, Wei Chen, Chunhui Jiang* and Hongfei Lu *

Herein, a new near-infrared turn-on fluorescent probe, YPT, was designed and synthesized for the rapid

detection of Zn2+, which exhibited low limit of detection for Zn2+ (12 nM) as well as a favorable large

Stokes shift (lem � lex ¼ 168 nm). In addition, the probe showed rapid detection progress within 30 s,

accompanied by a distinct change in fluorescence from colorless to bright red. Moreover, the sensing

mechanism of YPT towards Zn2+ was supported by the Job's plot, HR-MS analysis, 1H NMR titration

analysis and density functional theory (DFT) results. In addition, YPT was applied as a visible test strip for

the detection of Zn2+. Finally, the NIR fluorescence imaging of Zn2+ was successfully performed in living

cells using this probe. All the results indicate that this probe can be used to detect Zn2+ in both solution

and living systems.
1 Introduction

Zinc is considered as the second most abundant transition
metal element aer iron in the human body and has signicant
inuence on various biological processes including gene
expression, neural signal transmission and DNA binding or
recognition.1–6 Moreover, zinc mainly acts as a structural and
catalytic cofactor in proteins.7 Thus, an appropriate amount of
zinc is benecial for human health. On the other hand, zinc
deciency can lead to some serious diseases such as low blood
sugar, Alzheimer's disease, Parkinson's disease, epilepsy and
cerebral ischemia.8–11 Therefore, it is of great importance to
develop sensitive and selective tools for the detection of zinc to
monitor human health.

A number of traditional analytical methods, mainly
including atomic absorption spectrometry (AAS), atomic emis-
sion spectrometry (AES), inductively coupled plasma mass
spectrometry with microprobes and electrochemical methods,
have been established for the detection of zinc;12–16 however, all
these approaches need sophisticated and expensive instru-
ments, rigorous experimental conditions, as well as long time
for detection. Compared with these methods, uorescent
probes have been paid signicant attention owing to their
excellent selectivity, high sensitivity, shorter detection time,
ing, Jiangsu University of Science and
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403
operational simplicity and low cost towards zinc
monitoring.17–19

To date, some uorescent zinc probes have been developed.
These probes were mainly derived from uorescein,20 tetra-
phenylethene,21 anthryl,22 BODIPY,23,24 coumarin,25 triphenyl-
ethylene,26–28 and uorescent pyrene derivatives.29,30 Despite the
achievement of these probes, the development of probes for
zinc still remains a challenging task because of their intrinsic
properties such as narrow Stokes shi (<60 nm), long response
time (typically >20 min) and uorescence changes in a short
wavelength window (<600 nm).31–34 To overcome these limita-
tions, red-NIR uorescent probes are applicable alternatives
owing to their minimal background interference, improved
tissue depth penetration and high image sensitivities.35–37 Thus,
there is still a strong demand for the design of red-NIR uo-
rescent probes towards the detection of zinc.

In this regard, dicyanoisophorone-based dyes have certain
excellent advantages including large Stokes shi, emissions in
the NIR region, good photostability and less toxicity.38,39

Therefore, dicyanoisophorone-based dyes have been widely
used in dye-sensitized solar cells, organic nonlinear optical
crystals and uorescent dyes.40,41 Purine derivatives are well
used in the construction of biological probes due to their low
toxicity.42 Moreover, the purine derivatives that bear a hetero-
atom have good binding ability.43,44 On this basis, we developed
a new dicyanoisophorone-based uorescent YPT from a purine
derivative moiety with the remarkable nature of a naked-eye
‘off–on’ sensing system for the detection of zinc (Scheme 1).
Importantly, this probe exhibited excellent sensitivity and
selectivity (detection limit: 12 nM) and rapid response (within
This journal is © The Royal Society of Chemistry 2019
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30 s). Furthermore, YPT was successfully used for the bio-
imaging of Zn2+ in living cells and applied as a visible test
strip for the detection of Zn2+ in water.
2 Experimental
2.1 Materials and methods

All chemicals were purchased from Energy Chemical, and all
solvents were obtained from Shanghai Wohua Chemical Wohua
Co. Ltd. All reagents and organic solvents were used as received
without further purication, and double distilled water was
used throughout the experiments. Thin layer chromatography
(TLC) analysis was conducted using the Haiyang silica gel F254
plate, and column chromatography was conducted using
Haiyang silica gel (mesh: 200–300, 300–400).
2.2 General instrumentation

The 1HNMR and 13C NMR spectra were obtained via the Bruker-
Avance DPX 400 MHz spectrometer using DMSO-d6 as a solvent
and tetramethylsilane (TMS, 0.00 ppm) as an internal standard.
Mass spectrometry was performed using Agilent-6110.
Elemental analysis was performed by Germany Elementar
Vario EL. Melting points were determined by the XY-51 melting
point apparatus. High-resolution mass spectrometry (HRMS)
spectra were obtained using the Bruker microTOF-Q instru-
ment. Fluorescence spectra were obtained using the spectro-
uorometer FS5. UV-vis absorption spectra were acquired using
the U3010-vis spectrophotometer. The pH levels were detected
using FE20. The cell viability assay was carried out by CCK-8.
Cell images were obtained using a laser confocal microscope
(Leica TCS SP2 AOBS).
2.3 Synthesis

2.3.1 Synthesis of compound 1. To a solution of malono-
nitrile (1.87 g, 28.3 mmol) and isophorone (3.9 g, 28.3 mmol) in
DMF (10 mL), two drops of piperidine, two drops of acetic acid,
and ten drops of acetic anhydride were added. The mixture was
stirred for 1 h and then heated at 80 �C for 1 h. Aer this, 4-
Scheme 1 The synthetic route of YPT.

This journal is © The Royal Society of Chemistry 2019
hydroxybenzaldehyde (3.45 g, 28.7 mmol) was added to the
abovementioned mixture under a N2 atmosphere for 1 h, and
themixture was then poured into 200mL water containing 6mL
of concentrated hydrochloric acid. The precipitate was obtained
by ltration and recrystallized by acetonitrile to afford the
compound 1 as a red solid (3.53 g, 43%).

1H NMR (400 MHz, DMSO-d6) d: 9.99 (s, 1H), 7.63–7.49 (m,
2H), 7.30–7.13 (m, 2H), 6.85–6.75 (m, 3H), 2.59 (s, 2H), 2.53 (s,
2H), 1.01 (s, 6H). 13C NMR (101 MHz, DMSO-d6) d: 170.72,
159.79, 157.15, 138.74, 130.32, 127.58, 126.70, 121.83, 116.35,
114.58, 113.77, 75.28, 42.80, 38.67, 32.12, 27.90. ESI-MS: calcd
for [M–H]+ 289.14, found 289.1.

2.3.2 Synthesis of compound 2. A solution of compound 1
(580 mg, 2 mmol) in 10 mL triuoroacetic acid was added to
hexamethylenetetramine (272 mg, 1.94 mmol). Aer being
reuxed for 2 h, the reaction mixture was cooled down to room
temperature and poured into ice water. The precipitate was
obtained by ltration and further puried by silica gel chro-
matography to produce a yellow powder (312 mg, 49%).

1H NMR (400 MHz, DMSO-d6) d: 11.18 (s, 1H), 10.28 (s, 1H),
7.96 (d, J¼ 2.3 Hz, 1H), 7.88 (dd, J¼ 8.7, 2.4 Hz, 1H), 7.29 (d, J¼
1.5 Hz, 2H), 7.04 (d, J¼ 8.7 Hz, 1H), 6.85 (d, J¼ 1.2 Hz, 1H), 2.59
(s, 2H), 2.52 (s, 1H), 1.01 (s, 6H). 13C NMR (101 MHz, DMSO-d6)
d: 191.14, 170.71, 162.25, 156.53, 137.15, 135.58, 129.26, 76.26,
42.75, 38.61, 32.10, 27.90.

2.3.3 Synthesis of compound 3. To a mixture of 5-amino-
4,6-dichloropyrimidine (2.5 g, 15 mmol) and 1-naphthylamine
(4.292 g, 30 mmol) in methanol (25 mL), HCl (2.5 mL, 30 mmol)
was added followed by reuxing for 24 h. The mixture was
cooled down to room temperature and evaporated under
reduced pressure. The residue was dissolved in 1 N NaOH, and
the solution was extracted with ethyl acetate (3 � 40 mL) fol-
lowed by the removal of solvents under reduced pressure. The
crude product was puried by recrystallization using methanol–
H2O (1 : 5). The compound 3 was obtained as a pale violet
powder (2.795 g, 69%)

1H NMR (400 MHz, DMSO-d6) d: 8.79 (s, 1H), 8.00–7.94 (m,
1H), 7.89 (ddd, J ¼ 7.4, 2.2, 0.9 Hz, 1H), 7.86–7.81 (m, 1H), 7.64
(s, 1H), 7.56 (d, J ¼ 2.2 Hz, 1H), 7.54 (d, J ¼ 2.6 Hz, 1H), 7.53 (t, J
¼ 2.3 Hz, 1H), 5.76 (s, 1H), 5.47 (s, 2H). ESI-MS: calcd for [M +
H]+ 271.07, found 271.1. Mp 173.8–175. 1 �C.

2.3.4 Synthesis of compound 4. A solution of compound 3
(1.968 g, 7.3 mmol), PPA (9.868 g, 29.2 mmol), acetic acid
(2.19 g, 36.5 mmol) and DTAC (0.193 g, 10%mmol) in POCl3 (20
mL) was stirred at 80 �C overnight. Aer the starting materials
disappeared, the mixture was cooled down to room temperature
and evaporated under reduced pressure. Then, ice water was
poured to the mixture, which was then ltered to obtain a light
yellow powder (1.03 g, 48%).

1H NMR (400 MHz, DMSO-d6) d: 8.60 (s, 1H), 8.26 (dt, J¼ 8.0,
1.1 Hz, 1H), 8.17 (d, J ¼ 8.2 Hz, 1H), 7.83–7.73 (m, 2H), 7.66
(ddd, J¼ 8.2, 6.9, 1.2 Hz, 1H), 7.52 (ddd, J¼ 8.3, 6.9, 1.3 Hz, 1H),
7.21 (dd, J ¼ 8.5, 1.0 Hz, 1H), 2.38 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) d: 156.89, 151.31, 148.73, 145.94, 134.27, 130.78,
130.51, 130.10, 128.93, 128.38, 127.41, 127.19, 126.20, 123.55,
122.33, 14.11. ESI-MS: calcd for [M + H]+ 295.07, found 295.1.
Anal. Methods, 2019, 11, 2396–2403 | 2397
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Mp 223.6–224.7 �C. Elemental analysis (%): calcd C 65.20, N
19.01, H 3.76; found, C 65.31, N 19.15, H 3.77.

2.3.5 Synthesis of compound 5. Compound 4 (1.371 g, 4.67
mmol) was dissolved in methanol (30 mL), and then, hydrazine
was added to the mixture followed by reuxing for 3 h. The
reaction mixture was cooled down to room temperature and
ltered to obtain a light yellow powder (1.219 g, 90%).

1H NMR (400 MHz, DMSO-d6) d: 9.00 (s, 1H), 8.20 (dt, J¼ 7.9,
1.2 Hz, 1H), 8.13 (dd, J ¼ 8.2, 1.1 Hz, 1H), 8.07 (s, 1H), 7.75–7.68
(m, 2H), 7.63 (ddd, J ¼ 8.2, 6.9, 1.2 Hz, 1H), 7.51 (ddd, J ¼ 8.3,
6.9, 1.3 Hz, 1H), 7.05 (dd, J ¼ 8.4, 1.1 Hz, 1H), 4.61 (s, 2H), 2.24
(s, 3H). 13C NMR (101 MHz, DMSO-d6) d: 156.86, 155.05, 151.87,
148.05, 134.34, 131.03, 130.02, 129.81, 129.02, 127.56, 122.34,
14.74. ESI-MS: calcd for [M + H]+ 291.13, found 291.1. Mp 224.6–
225.9 �C. Elemental analysis (%): calcd C 66.19, N 28.95, H 4.86;
found, C 66.21, N 29.05, H 4.74.

2.3.6 Synthesis of compound YPT. Compound 2 (1.75 g, 5.5
mmol) and compound 5 (1.451 g, 5 mmol) were dissolved in
ethanol (60 mL), and the mixture was reuxed for 5 h. Then, the
mixture was ltered and washed three times with ethanol. The
compound YPT was obtained as a red solid (2.542 g, 85%).

1H NMR (400 MHz, DMSO-d6) d: 12.15 (s, 1H), 11.93 (s, 1H),
8.34 (s, 1H), 8.26–8.19 (m, 2H), 8.17–8.13 (m, 1H), 7.80–7.72 (m,
3H), 7.68–7.58 (m, 2H), 7.53 (ddd, J ¼ 8.3, 6.9, 1.3 Hz, 1H), 7.26
(d, J ¼ 2.3 Hz, 2H), 7.13 (dd, J ¼ 8.5, 1.1 Hz, 1H), 6.99 (d, J ¼
8.5 Hz, 1H), 6.81 (s, 1H), 2.60 (s, 2H), 2.54 (d, J ¼ 6.5 Hz, 2H),
2.31 (s, 3H), 1.02 (s, 6H). 13C NMR (101 MHz, DMSO-d6) d:
170.62, 158.75, 156.76, 152.38, 151.41, 144.63, 137.81, 134.35,
130.80, 130.54, 130.11, 128.97, 128.32, 127.91, 127.54, 127.42,
127.32, 126.26, 122.44, 122.22, 119.79, 118.18, 114.45, 113.69,
75.68, 42.76, 38.65, 32.09, 27.93, 14.52. ESI-MS: calcd for [M–H]+

589.25, found 589.2. Elemental analysis (%): calcd C 73.20, N
18.97, O 2.71, H 5.12; found, C 73.25, N 18.95, O 2.72, H 5.08.
2.4 General procedure for UV-vis and uorescence
spectroscopy experiments

The stock solutions (1 mM) of metal salts (i.e. Zn2+, Ag+, Ni2+,
Cs2+, Fe3+, Hg2+, Ca2+, Mg2+, Co2+, K+, Cu2+, Na+, Al3+, Pt2+, Cd2+,
Pb2+, Cr3+, Ba2+ and Pd2+) were prepared in DMSO–H2O (3 : 2 v/
v, pH 7.4, HEPES buffer, 0.5 mM). The stock solution of the
probe YPT (1 mM) was prepared in DMSO–H2O (3 : 2 v/v, pH 7.4,
HEPES buffer, 0.5 mM). The UV-vis spectra and uorescence
spectra were obtained at room temperature (lex ¼ 502 nm, lem
¼ 670 nm slit: 2.5 nm/2.5 nm). Statistical analysis of the data
was carried out by Origin 8.
2.5 Preparation of paper test strips

Filter papers were dipped in the stock solution of YPT (1 mM),
and then, the test strips coated with YPT were dried in air to
measure different concentrations of Zn2+.
Fig. 1 The absorption (:) and emission (C) spectra of YPT (black line)
and YPT + Zn2+ (red line) in DMSO–H2O (3 : 2 v/v, pH 7.4, HEPES
buffer, 0.5 mM).
2.6 Cell studies of YPT

2.6.1 Cytotoxicity of YPT. YPT was dissolved in DMSO to
prepare a stock solution. Then, HeLa cells were incubated with
YPT at concentrations ranging from 0 to20 mM. Lastly, MTT
2398 | Anal. Methods, 2019, 11, 2396–2403
assays for HeLa cells were performed to determine the cyto-
toxicity of YPT.

2.6.2 Fluorescence imaging in living cells. In the control
group, the HeLa cells were incubated with 10 mM of YPT at
37 �C. Aer 30 min, the cells were washed three times with PBS
buffer and then imaged. In the experimental group, the HeLa
cells were treated with YPT (10 mM) for 30 min at 37 �C, washed
three times with PBS, and then treated with 20 mM of Zn2+.
Aer this, the HeLa cells were imaged using a confocal
microscope.
3 Results and discussion
3.1 UV-vis absorption and uorescence spectral studies

Aer the probe was obtained, we rst determined the feasi-
bility of Zn2+ sensing by YPT using the UV-vis absorption and
uorescence spectra obtained in DMSO–H2O (3 : 2 v/v, pH 7.4,
HEPES buffer, 0.5 mM). As shown in Fig. 1, the?> UV-vis
spectra of free YPT (10 mM) exhibited an absorption peak
with maximum at 434 nm; however, upon the addition of 5.0
equiv. of Zn2+ to this solution, the maximum absorption peak
red-shied to 502 nm. Compared with that of YPT, the spec-
trum of YPT + Zn2+ exhibits a red shi of 68 nm. Moreover,
YPT displayed weak uorescence emission upon the addition
of 5.0 equiv. of Zn2+, and the uorescence intensity of the
reaction solution reached the maximum value at 670 nm.
Moreover, we found that the large Stokes shi (lem � lex) of
the probe YPT could reach up to 168 nm, which was highly
benecial because it effectively reduced the background
interference caused by the excitation and scattered light in
practical applications.
3.2 Selectivity of YPT towards various analytes

High selectivity is one of the most signicant properties for
a uorescent probe. To evaluate the selectivity of the proposed
probe, various common and important metal ions, such as
Zn2+, Ag+, Ni2+, Cs2+, Fe3+, Hg2+, Ca2+, Mg2+, Co2+, K+, Cu2+,
Na+, Al3+, Pt2+, Cd2+, Pb2+, Cr3+, Ba2+ and Pd2+, were added at
up to 5.0 equiv. to the solution of YPT (10 mM); as shown in
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Fluorescence spectral changes of YPT (10 mM) upon the
addition of different concentrations of Zn2+ (0.0–15 mM) in DMSO–
H2O (3 : 2 v/v, pH 7.4, HEPES buffer, 0.5 mM). Inset: fluorescence
images of YPT (10 mM) in the absence (left) and presence (right) of Zn2+

under a 365 nm UV lamp. (b) A plot of fluorescence intensity changes
at 670 nm of YPT (10 mM) as a function of Zn2+ concentrations.

Fig. 2 (a) Fluorescence spectral changes of YPT (10 mM) in DMSO–H2O
(3 : 2 v/v, pH 7.4, HEPES buffer, 0.5 mM) after the addition of various
metal ions at 5.0 equiv. (b) Color changes of YPT (10 mM) upon the
addition of Zn2+ (5.0 equiv.) and other metal ions (5.0 equiv.) in DMSO–
H2O (3 : 2 v/v, pH 7.4, HEPES buffer, 0.5 mM) under 365 nm UV light.
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Fig. 2a and b, only the addition of Zn2+ induced an obvious
uorescence enhancement at 670 nm, whereas the addition of
other metals induced only negligible changes. This result
indicates that YPT is highly selective for Zn2+ over other
metals.
Fig. 4 Job's plot of YPT complexed with Zn2+ in DMSO–H2O (3 : 2,
pH 7.4, HEPES buffer, 0.5 mM).
3.3 Sensitivity of YPT

To evaluate the sensitivity of YPT, the uorescence titrations of
YPT against Zn2+ in DMSO–H2O (3 : 2 v/v, pH 7.4, HEPES
buffer, 0.5 mM) were performed, and the titration data are
depicted in Fig. 3. With an increase in the concentration of
Zn2+ (0–1.5 equiv.) in the solution of YPT (10 mM), the uo-
rescence intensity of YPT increased gradually (maxima at 670
nm) with a 168 nm Stokes shi because of the complexation of
YPT with Zn2+. Moreover, we could observe that the probe
solution had almost no uorescence upon the addition of Zn2+

at different concentrations to the solution of YPT; however,
a strong red uorescence was observed under a 365 nm UV
lamp (Fig. 3a). When 1.5 equiv. of Zn2+ was added, the uo-
rescence intensity gradually reached a maximum at 1.0 equiv.
(Fig. 3b). Furthermore, a good relationship between the uo-
rescence intensity at 670 nm and the concentration of Zn2+ (1–
10 mM) was obtained with R2 ¼ 0.9906 (y ¼ 1.0548 � 104 �
�3.3884 � 103) (Fig. S17†).45,46 The limit of detection was
calculated to be 12 nM on the basis of 3s/S. Moreover, the
association constant was calculated to be 8.33 � 104 M�1 using
This journal is © The Royal Society of Chemistry 2019
the Benesi–Hildebrand equation based on the result of uo-
rescence titrations (Fig. S18†).47 These results indicated high
sensitivity of YPT towards Zn2+.

3.4 Job's plot of YPT and Zn2+

Solutions of Zn2+ and YPT were prepared with a total concen-
tration of 50 mM, and the mole fraction of Zn2+ to YPT ranged
Anal. Methods, 2019, 11, 2396–2403 | 2399
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from 0 to 1. As shown in Fig. 4, the Job's plot for the binding
between YPT and Zn2+ revealed a 1 : 1 stoichiometry.
Fig. 6 Time-dependent intensity changes of only YPT (10 mM) and
upon the addition of Zn2+ (5.0 equiv.) in DMSO–H2O (3 : 2 v/v, pH 7.4,
HEPES buffer, 0.5 mM).
3.5 Effect of other competitive metal ions

A competitive experiment was conducted to estimate the spec-
icity of YPT towards Zn2+ in DMSO–H2O (3 : 2 v/v, pH 7.4,
HEPES buffer, 0.5 mM). For the competition test, YPT was
treated with 5.0 equiv. of Zn2+ in the presence of various
competitive ions (5.0 equiv.), including Ag+, Ni2+, Cs2+, Fe3+,
Hg2+, Ca2+, Mg2+, Co2+, K+, Cu2+, Na+, Al3+, Pt2+, Cd2+, Pb2+, Cr3+,
Ba2+ and Pd2+, in DMSO–H2O (3 : 2 v/v, pH 7.4, HEPES buffer,
0.5 mM). As shown in Fig. 5, the uorescence intensities of the
YPT–Zn2+ solution did not show obvious interferences from the
interfering metal ions.

Thus, the designed probe YPT could be used as an excellent
probe with high selectivity for Zn2+ in the presence of various
other metal ions.
3.6 Effect of pH on Zn2+ sensing

A suitable pH range is an essential factor for the detection of
Zn2+ in environmental systems. The spectral response of the
probe YPT was investigated in the pH range 2.0–12.0 in DMSO–
H2O (3 : 2 v/v, pH 7.4, HEPES buffer, 0.5 mM). As shown in
Fig. S19,† YPT showed very low uorescence intensity in pH 2.0–
12.0. Upon the addition of Zn2+, the uorescence intensity at
670 nm rapidly increased obviously from 5.0 to 8.0. These
results clearly indicate that YPT can be used as a probe to detect
Zn2+ under physiological conditions.
3.7 Effect of response time on Zn2+ sensing

To obtain an appropriate reaction time, time-independent
modulation in the uorescence spectra was monitored in the
presence of 5.0 equiv. of Zn2+. As displayed in Fig. 6, it could be
observed that the uorescence intensity increased rapidly and
reached a plateau in just 30 s. This result suggested that YPT
Fig. 5 Fluorescence intensity changes at 670 nm of YPT (10 mM)
towards Zn2+ (5.0 equiv.) in the presence of other competitive metal
ions (5.0 equiv.) in DMSO–H2O (3 : 2 v/v, pH 7.4, HEPES buffer, 0.5
mM).

2400 | Anal. Methods, 2019, 11, 2396–2403
could potentially serve as a detector for the real-time moni-
toring of Zn2+.

3.8 The proposed sensing mechanism

ESI-mass spectrometry analysis. The peak at m/z 589.2471 ob-
tained before complexation corresponded to [YPT–H]+

(Fig. S20†). Upon the addition of Zn2+ to the solution of YPT, the
mass spectrometry peak appeared at m/z 653.1765 (Fig. S21†).
This was assigned to the complex [YPT2� + Zn2+ + H+]+ and the
1 : 1 binding model between YPT and Zn2+.

To better understand the binding site of YPT with Zn2+, 1H
NMR titration experiments were carried out in DMSO-d6. As
shown in Fig. S22,† upon the addition of Zn2+ at 0–4 equiv.
concentrations, the peaks of the phenolic –OH (a), the imine
–NH (b) and –CH]N– (c) were gradually weakened. This result
might conrm that YPT might chelate Zn2+ by the coordination
of the oxygen atom of the phenolic –OH, the nitrogen atom of
the imine –NH on purine and the nitrogen atom of –CH]N–
with Zn2+.

To further investigate the binding mechanism of YPT with
Zn2+, we performed DFT calculations using the B3LTP/6-31G*
method. The spatial distributions and orbital energies of the
HOMO and LUMO of the YPT and YPT–Zn2+ complex were
investigated and are shown in Fig. 7. The HOMO–LUMO energy
bands of YPT and YPT–Zn2+ were respectively calculated as
0.09043 a.u. and 0.0883.8 a.u., which exhibited that the binding
of Zn2+ to YPT lowered the HOMO–LUMO energy gap of YPT.
This result suggested that the chelation of Zn2+ with YPT
stabilized the energy of PET transition. Based on the above-
mentioned studies, the proposed mechanism for the recogni-
tion of Zn2+ by ZPT is shown in Scheme 2.

3.9 Fast detection of Zn2+ with the test strips

For practical application, we used test strips containing the
probe YPT to detect Zn2+. The lter papers were immersed in
a solution of YPT (1 mM) and then dried in air. Aer the test
strips were exposed to Zn2+ at different concentrations for
several seconds and dried in air, we could observe that the test
strips underwent a rapid colour change under 365 nm UV light.
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Fluorescence imaging of YPT (10 mM) in HeLa cells in the (a)
absence and (b) presence of Zn2+ (20 mM).

Scheme 2 Fluorescence enhancement mechanism of the YPT–Zn2+

complex.

Fig. 7 HOMO and LUMO orbitals of the YPT and YPT–Zn2+

complexes.
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As shown Fig. 8, the test strips displayed colorimetric changes
from being colourless to red under 365 nm UV light. Thus, YPT
can be used as a test paper for the quantitative detection of Zn2+

without any instrumental analysis.
3.10 Cell experiments

To examine the ability of YPT to track the level of intracellular
Zn2+, cytotoxicity investigation and uorescence imaging
Fig. 8 Images of the test strips of YPT treated with of Zn2+ at different
concentrations under 365 nm UV light.

This journal is © The Royal Society of Chemistry 2019
experiments were carried out. The standard MTT assays for HeLa
cells at different concentrations (0–20 mM) were performed to
determine the cytotoxicity of YPT. The estimated cellular viability
was over 80% aer 24 h, indicating that the probe YPT had low
cytotoxicity and could be used to detect Zn2+ in living cells
(Fig. S23†). Next, uorescence imaging experiments were carried
out in HeLa cells, and a confocal laser microscope was used for
uorescence imaging. The HeLa cells were incubated with YPT
(10 mM) for 30 min at 37 �C. As shown in Fig. 9a, the probe YPT in
the cell nucleus showed no uorescence signal. As shown in
Fig. 9b, it displayed strong bright uorescence aer incubation
with Zn2+. These results indicate that the probe YPT can be used
for the uorescence imaging of Zn2+ in living cells.
4. Conclusions

In summary, we synthesized a novel “off–on” uorescent probe
YPT based on a dicyanoisophorone derivative for the detection
of Zn2+. YPT displayed extremely high selectivity and sensitivity
for Zn2+ in DMSO–H2O (3 : 2 v/v, pH 7.4, HEPES buffer, 0.5 mM).
In addition, the probe YPT showed a rapid response time (30 s),
a good binding constant (8.33 � 104 M�1) and a low detection
limit (12 nM). Moreover, Job's plot, HR-MS, 1H NMR titration
analysis and DFT calculations showed the response mechanism
of YPT towards Zn2+. The cell experiments demonstrated that
the probe could be used to detect intracellular Zn2+ in living
cells. Furthermore, the probe YPT could be made into test
papers to detect Zn2+ by naked eyes.
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