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A dual fluorescent chemosensor for AI** and Zn?" ions based on inhibition of ESIPT can be
applied in bioimaging .
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A Tetrazole derivative 1-[(1H-tetrazol-5-ylimino)methyl]naphthalen-2-ol (H,L) as fluorescent

chemosensor for AI** in DMSO and Zn?>' in DMF was designed and synthesized. From

"HNMR data, Job plot and ESI-MS spectrum, 1:1 stoichiometric complexation between H,L
and AI**/Zn*" was found in DMSO and DMF, respectively. The theoretical calculations at the
level of B3LYP/6-311G** for ground state and TD-B3LYP/6-311G** for excited state
revealed the sensing mechanism is the inhibition of excited state intramolecular proton transfer
(ESIPT). And the possible fluorescent species formed in the DMSO and DMF solutions were
deduced to be [AI(HL)(OH)(NO;)(H,O0)(DMSO)] and [Zn(HL)(OH)(H,O)(DMF)]. What’s
more, It is confirmed that H,L could be used to detect AI*" and Zn?" in cells by bioimaging.

Introduction

In recent years, the development of fluorescent chemosensors
toward biologically and environmentally important species has
their high
simplicity and real-time monitoring with rapid response time.'

attracted increasing attention for sensitivity,
Aluminum, the most prevalent metal element in the earth’s
crust, is widely used in modern life with a wvariety of
applications.>® However, high amounts of aluminum ion in
human body may lead to some health issues, for instance,
Parkinson’s disease, dialysis encephalopathy, impairment of
memory and osteoporosis.*> Zinc, the second most abundant
transition metal ion in the human body, plays an important role
as an anti-oxidant.®’ Besides, Zn?' is actively involved in
diverse fundamental biological processes, such as structural and
gene
metalloenzymes, neural signal transmission and apoptosis.®>!! A

catalytic  cofactors, transcription, regulation of
small quantity of Zn®" is necessary for the living organism,
while extremely high intakes will bring in some overt toxicity
symptoms and neurodegenerative disorders.'*'® Owing to the
importance of AI’* and Zn?', many fluorescent sensors for
separate detection of A" jon'" and Zn*' ion?**’ have been
reported. However, most of them contain potential toxic
their the

environment and do harm to human health. In addition, many

substance in ingredients, which will pollute
sensors require complicated syntheses involving harsh reaction
conditions and expensive chemicals. More importantly, very

few fluorescent chemosensors can selectively detect both AI**

This journal is © The Royal Society of Chemistry 2013

and Zn* 3839 ¢

fluorescent chemosensors with high selectivity and sensitivity

simultaneously. is desirable to develop
for multi-metal ions that are easily prepared and can be applied
in vivo and in vitro. This is a real challenge.

Tetrazole derivatives have received special attention due to
its  wide medicinal and
pharmacology,
coordination

applications  in
40-43

chemistry
materials chemistry,** organometallic and

45,46 47-49

chemistry, and organocatalysis.

Compounds containing tetrazole rings have particular
biological activities, which are usually attributed to the
possibility of this moiety to mimic a carboxyl group or a cis-
amide bond.*® It is reported that many drugs containing this
fragment have been used in various branches of medicine.
Those suggest that some tetrazole derivatives have a low
toxicity to environment and human body. In addition,

chemosensors  containing  nitrogen- and  oxygen-rich
coordination atoms generally bind multi-metal ions depending
on reaction conditions.”'™* Herein, we report a tetrazole
derivative (H,L) as the fluorescence “turn-on” chemosensor for
distinct detections of AI*" and Zn*" based on inhibited excited-
state intramolecular proton transfer (ESIPT). The ESIPT
mechanism was inferred through experimental and DFT
theoretical methods. Furthermore, the chemosensor was used to

detect the A" and Zn*" ions in cells by bioimaging.
Results and Discussion

Fluorescent response of H,L to metal ions in different solvent

J. Name., 2013, 00, 1-3 | 1
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H,L was soluble in DMSO and DMF, slightly soluble in
CH,Cl, and insoluble in water and alcohols. The selectivities of
H,L to various metal ions were examined in DMSO and DMF.
The addition of 1.0 equiv of Na*, K¥, Mg2+, Ca2+, Mn2+, Fe3+,
Co™", Cr'', Cd*", Cu®’, Pb>", Ni*", Zn*" and AI’* ions was used
to measure the selectivity of H,L for metal ions in DMSO and
DMF, respectively. As shown in Fig. la, H,L itself displays
very weak fluorescence emission in DMSO and only AI** ion
causes a large fluorescence intensity enhancement at 470 nm,
while no obvious fluorescent response could be observed upon
the addition of other metal ions. However, in the DMF solution
of H,L, Zn*" caused a significant fluorescence enhancement at
483 nm, and AI’* displayed a weak fluorescence enhancement,
while other metal ions have no effect on the fluorescence
emission (Fig. 1b).
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Fig. 1 (a) Fluorescence responses of HoL (20 uM) in DMSO with 1.0 equiv
of A", zn*, Cd*, Co*", Ca*, Cr*', Mn*, Ni*", Fe**, Cu*", Pb>", Na', K*
and Mg>". A, = 420 nm. (b) Fluorescence responses of H,L (20 pM) in
DMF with 1.0 equiv of above metal ions. Aex = 420 nm.

To validate the high selectivity of H,L as a chemosensor for
the detection of AI*" and Zn®" in practice, the competitive
experiments were carried out by addition of 1.0 equiv of AI**/
Zn** to the H,L solutions in the presence of 1.0 equiv of other
metal ions. As shown in Fig. Sla, there is no interference for
the detection of AI’" in presence of other metal ions.
Furthermore, Zn>" can be easily detected in the presence of
some competing metal (Fig. S1b). These results
demonstrate that H,L displays an excellent selectivity for Al**
in DMSO solution and H,L has higher selectivity for Al** than
Zn*".

ions
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Stoichiometric complexation and association constants of H,L
with AI** and Zn?* and their detection limits
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Fig. 2 Job plot for the determination of the stoichiometry in the
complexation of H,L with AI** in DMSO (a), HoL with Zn>" in DMF (b);
Fluorescence titration profiles (Aex = 420 nm) of H,L in the presence of
increasing amounts of AI*" in DMSO, inset: the emission intensity of HaL
with the AI’" increasing at 470nm (c), and of Zn*" in DMF, inset: the

emission intensity of H,L with the Zn®" increasing at 483nm (d).

The Job plot was obtained from emission data. As shown in
Fig. 2a and b, 1:1 stoichiometric complexation of H,L with AI**
in DMSO and Zn*" in DMF was confirmed. In the fluorescence
titration profiles (Fig. 2c and 2d), an increase of fluorescence
intensity could be observed with increasing AI’* and Zn*'
concentration until 1.0 equiv, while the emission intensity tends
to be the same with further increase of AI’** and Zn**
concentration. The saturation behaviors of the fluorescence
intensity after 1.0 equiv of AI*" and Zn®" also reveal the 1:1
stoichiometry

Based on the fluorescence titration data, the association
constant K of complexation of H,L with AI** and Zn*" was

This journal is © The Royal Society of Chemistry 2012
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calculated by the Benesi-Hildebrand expression.”> The
association constants were determined to be 1.02x10* for the
complex of H,L with AI*" in DMSO and 5.06x10* for the
complex of H,L with Zn*" in DMF (Fig. 3a and 3b). Besides, in
Fig. 3c and 3d, a linear regression curve was obtained between

intensity and the minimum
13+

the maximum fluorescence
fluorescence intensity, and the detection limit of H,L for A
was 5.86x10° mol'L" in DMSO and for Zn*" was 1.81x10°
mol-L"' in DMF.> The results of the detection limits for Al**
and Zn*" ions are comparable with the reported.?">*” > 57 These
results also proved the high sensitivity of H,L towards AI** in
DMSO and Zn*" in DMF.

0.012

0.020 s 2
yd 0.0104 e
n e
00184 - 0008 7
) —_ 1 o
E re > p
E 4 £ 7
E 0.016- //_ " 0.006 <
4 . & yd
- / = 0.004 4
00144 L e
s
> 00024 **
0.0124— . . . . .
30000 35000 40000 45000 50000 55000 40000 80000 120000 160000 200000
1[ABH] Uizn®t
a b
1.0
10 . 09 'S
2 pd £ >
oo )z £08
&l -
5 / %07
o8
E = 06
[ 'l =2
= ~ =
o7 P £ 0.5 /
g / g .
= - e ]
Sosl 7 L oe /
- 03{
05 e
4385 -480 4.75 -4.70 4.65 -4.60 -4.55 450 -4.45 51 50 49 48 -47 -46 -45
1g[AP] lg[Zn?*]
c d

Fig. 3 Benesi-Hildebrand plot of H,L with AP in DMSO( Aem = 470 nm)
(a), and with Zn?" in DMF( Aem = 483 nm) (b); Normalized response of
emission signal changing AI’" concentrations at 470nm (c) and changing

Zn?' concentrations at 483 nm (d).

Binding modes of H,L for A" and Zn**, and possible
fluorescent species formed in the solution

The binding modes of H,L for AI*" and Zn** were further
confirmed by 'HNMR titration experiments. First, the
assignment for H,L in DMSO-d¢ and in DMF-d; was
established by '"HMBC, '"HSQC, and H-H COSY (Fig. S2 and
S3). The binding mode of H,L with AI’** was examined in
DMSO-d;4, as shown in Figure 4a. Upon complexation with
AI*" ions, the proton signal of the naphthol hydroxyl at 13.34
ppm disappeared. The proton peak (H;) of CH=N downfield
shifted from 10.11 ppm to 10.80 ppm. Similarly, upon
complexation with Zn?" ions in DMF-d-, the naphthol hydroxyl
at 14.12 ppm also disappeared and the proton peak of CH=N
downfield shifted from 10.50 ppm to 10.95 ppm (Fig. 4b). The
other aromatic protons showed a slight change for the both
systems. The results suggest that AI*" and Zn>" are coordinated
with the imine nitrogen atom and the hydroxyl oxygen atom of
H,L. In addition, there were no significant changes with the
proton peaks upon the addition of 1.5 equiv of AI** or Zn>" to
H,L. This also confirms the 1:1 stoichiometry for H,L to AP

This journal is © The Royal Society of Chemistry 2012

or Zn*'. From Fig. 4(a) (II) and (III) we can see new signals at
11.98 ppm and 6.45 ppm appeared, while the signals
disappeared when drops of D,O were added (Fig. 4(a)([))).
These active hydrogen signals indicate hydroxyl- and water-
containing species formed. This could be realized that even
hydrated AI(III) salts may suffice to hydrolyze and form
hydrated AI(ITI) compounds.’® The similar phenomenon
appeared in Fig. 4(b).
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Fig. 4 '"HNMR spectra (a) in DMSO-ds: (I) HoL, (I) H,L+1.0 equiv of AI*",
(II1) H,L+1.5 equiv of AP, (IV) HoL+1.0 equiv of AI**+D,0; (b) in DMF-
d7: (I) HoL, (I) HoL+1.0 equiv of Zn*', (III) HoL+1.5 equiv of Zn*", (IV)
H,L+1.0 equiv of Zn2‘+D20, the DMF-d; peak at 8.1943 ppm is labelled

with asterisks*.

To further study the coordination of H,L with AI** and Zn*",
their ESI mass spectra were carried out. As shown in Fig. Sa,
the mass spectrum of H,L upon addition of 1.0 equiv of AI**
exhibited an intense peak at m/z 385.0037 and a weak one at
m/z 463.1079, corresponding to the ion Na'[AI(HL)(OH)(NO3)
(H,0)] (caled m/z 385.0453) and Na'[AI(HL)(OH)(NO;)(H,0)
(DMSO)] (caled m/z 463.0592), respectively. In Fig. 5b, the
peak at m/z 394.0518 corresponds to the ion [Zn(HL)(H,O)
(DMF)]" (caled m/z 394.7172), and m/z 450.1390 corresponds
to the ion K'[Zn(HL)(OH)(H,0) (DMF)] (calcd m/z 450.8400).

J. Name., 2012, 00, 1-3 | 3
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From Job plot, 'HNMR data and ESI-MS results, it can be
concluded that the AI*" complex in DMSO and Zn?** complex in
DMF may be [AIHL)(OH)(NO3)(H,O)(DMSO)] and
[Zn(HL)(OH)(H,O)(DMF)], respectively (Scheme 1). In fact,
six-coordinated AI’* complexes and five- coordinated Zn?'

complexes are commonly seen.>®%

100 416.0068

Na [AI(HL)(H,0)(OH)(NO,)]

[

3850037
- 3540342
{ 417 0441
{366 0383
lldﬂ'ldg:
R | P
#1050 Nar [ALHLXH,0)(OH)NO,)(DMSO)]
?S?Ca‘ﬁ
5251100
463 1097 |
BB ‘ 4940696
ol Ll M,LLJ ol VT WO T

320 340 360 380 400 420 440  4s0 480 500 520 540

(2)

100 3940518

[Zn(HL)(H,0)DMF)]"

/

457 1486

3761030

K [Zn(HL)(H,0)(OH)DMEF)]
;58 1737 450 ?323

450.1390

. Wl il il
360 920 400 410 420 430 440 450 450 470 4H0 490 500

(b)

Fig. 5 ESI-MS spectrum of H,L upon addition (a)1.0 equiv of AI**, (b)1.0
equiv of Zn*".
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Scheme 1. The possible species of complexation of H,L with (a) AI*" in
DMSO and (b) Zn?" in DMF.
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Theoretical calculations for sensing mechanism

In DMF and DMSO, H,L exhibited weak fluorescence. To
figure out whether ESIPT for H,L would play an important
role, theoretical calculations were carried out (Table S1). There
are three possible isomers, i.e., Sg-a, S¢-b, and Sy-c in Fig. 6.
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Fig. 6 The hydrogen transfer (a) and trans-cis isomerization (b) processes
for H,L in ground- and excited-state, along with key geometrical parameters
(bond length in Angstrom and bond angel and dihedral angel in degree) and
relative energies (in kcal/mol) in DMSO solvent at the level of B3LYP/6-
311G** for ground state and TD-B3LYP/6-311G** for excited state. The
data in parentheses are in DMF solvent.

possible reaction paths including hydrogen transfer between Sy-
a and Sy-b, and imine isomerization between Sy-a and Sy-c have
been considered, as depicted in Figure 6(a) and 6(b). In the
ground state, hydrogen transfer from Sy-a to Sy-b is completed
via TSab-S;, with an energy demand of 1.8 kcal/mol in
DMSO/DMF solvent. The reverse reaction is energy barrier
free. In the excited state, only the calculations in DMSO solvent
were carried out since the DMSO and DMF solvents have the

This journal is © The Royal Society of Chemistry 2012
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similar effect on the ground-state stationary points. The results
show that the hydrogen transfer can proceed very easily, just
the same as in the ground state. For the imine isomerization
from Sp-a to Sy-c isomers, the present calculations suggest a
two-step mechanism, the intramolecular rotation around N6-C7
(the numbering system see Figure 4) bond via TSaa-S,, and the
followed flip-flap of C5-N6-C7 bond angle via TSac-S,, which
corresponds to a C5-N6 bond rotation. In the ground state, the
second step is rate-determining with a relative energy of 26.6
kcal/mol in DMSO/DMF with respect to Sy-a, which is
inaccessible in energy at room temperature. In the excited state,
the first step is rate-determining with an energy barrier of 11.4
kcal/mol in DMSO solvent since the N6-C7 bond has more
double bond character, which can not compete against
hydrogen transfer between Sy-a and Sy-b.

Kinetically, the hydrogen transfer process is preferential both
in the ground- and excited-state. Thermodynamically, the
relative energies of Syp-b and Sy-c are 1.8/1.8 and 13.5/13.5
in DMSO/DMF solvent with respect to Sp-a.
Obviously, H,L is mainly in the form of Sy-a in equilibrium in

kcal/mol

the ground state. When promoted to excited state, however, the
adiabatic excitation energies are 63.7(63.7-0.0), 62.9(64.7-1.8)
and 47.3 (60.8-13.5) kcal/mol for S;-a, S;-b,
respectively. Even S;-c is energetically favorable in excited

and S-c,

state, Si-a to S;-c is kinetically hard to achieve because of the
higher energy barrier for TSaa-S; and TSac-S,.

The present calculations suggest that H,L exists in the form
of Sy-a in the ground state and S;-a in the excited state, and
hydrogen transfer takes place preferentially both in the ground-
and excited-state, which is responsible for the weakness of the
fluorescence of H,L. Upon coordination with AI**/Zn®', this
process for H,L is inhibited, resulting in the large fluorescence
enhancement.

Bioimaging studies of live cells

Having researched the excellent selectivity and high sensitivity
of H,L towards AI*" ion in DMSO and Zn>" ion in DMF, we
further explored its potential application in living cell
bioimaging. To achieve this, the human cervical HeLa cancer
cells were first incubated separately with AI(NO;); and
Zn(NOs;), for 4 h and then treated with 10 uM H,L for 30 min.
As shown in Fig. 7, these cells that were not incubated with
H,L previously showed no fluorescence, while strong
fluorescence was observed in cells exposed to H,L. These
results demonstrated that the chemosensor H,L could be
applied in imaging of intracellular AI*" and Zn*' ions.

Conclusions

A highly selective and sensitive tetrazole derivative-based
fluorescence chemosensor H,L for AI** jon in DMSO and Zn**
ion in DMF was synthesized. The possible fluorescent species
of H,L with AI**/Zn®" were deduced according to Job plot,
'HNMR and ESI-MS. In addition, theoretical calculations
explained the ESIPT sensing mechanism. What’s more, the
chemosensor H,L could be used to detect intracellular AI** and

This journal is © The Royal Society of Chemistry 2012

Zn*" ions. This design of nitrogen- and oxygen-rich small
molecules can serve as a platform to explore fluorescent
chemosensor for detection of multi-metal ions.

Fig. 7 Confocal fluorescence images of A’*(A, B, C, D, E, F)and Zn*"(A’,
B’, C’, D’, E’, F’) in human HeLa cells. The Bright-field (A, A’),
fluorescent (B, B’), and overlay (C, C’) images of Hela cells incubated with
AI(NO3)3/Zn(NO3); for 4h. The Bright-field (D, D’), fluorescent (E, E’), and
overlay (F, F”) images of HeLa cells incubated with AI(NO3)3/Zn(NOs), for
4h and exposed to 10 uM H,L for 30min. A= 405nm.

Experimental section

Material and Method

All chemicals were available commercially and used as
received without further purification. Elemental analyses
(CHN) were measured using a Vario EL elemental analyzer.
Fluorescence spectra were conducted on a Varian Cary Eclipse
fluorescence spectrophotometer equipped with a quartz cuvette
of 1.0 cm path length with a xenon lamp as the excitation
source. UV-Vis absorption spectra were determined on TU-
1901 spectrophotometer. Fourier transform infrared (FT-IR)
spectra were recorded on a Avatar 360 FI-IR spectrometer
using KBr pellets in the range of 4000-400 cm '. '"HNMR
spectra were measured on a Bruker Avance III 400 MHy,
spectrometer in DMSO-dg and DMF-d; solution with TMS as
an internal standard. ESI-MS spectra were obtained with an
LCT Premier XE time-of-flight (TOF) mass spectrometer.

J. Name., 2012, 00, 1-3 | 5
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Synthesis of 1-[(1H-tetrazol-5-ylimino)methyl]naphthalen-2-ol
(H.L)

A mixture containing 2-hydroxy-1-naphthaldehyde (0.051g,
0.3mmol), 5-amino-1H-tetrazole (0.026g, 0.3mmol) and 3 mL
methanol was sealed in a 25 mL Teflon-lined autoclave and
heated at 80 °C for 24 h and then allowed to cool to room
temperature. Yellow needle-like crystals of H2L were obtained
in a yield of 66.3% after washed with methanol and air-dried.
Anal. Calced for C;H¢NsO: C, 60.25; N, 29.27; H, 3.79. Found:
C, 60.21; N, 29.31; H, 3.64. IR (KBr pellet, cm’™): 3438(m),
3016(m), 2488(m), 1811(m), 1608(s), 1556(s), 1410(m),
1307(s), 1174(m), 1052(m), 745(m). IH NMR DMSO-d6, 400
MHz) & (ppm): 13.35 (s, 1H), 10.12 (s, 1H), 8.78-8.80 (d, 1H J
= 8.28 Hz), 8.13-8.15 (d, 1H J = 8.92 Hz), 7.92-7.94 (d, IHJ =
8.08 Hz), 7.64-7.67 (t, IHJ =7.12 Hz), 7.45-7.48 (t, IHJ =7.8
Hz), 7.26-7.28 (d, 1H J = 9.0 Hz). 1H NMR(DMF-d7, 400
MHz) & (ppm): 14.12 (s, 1H), 10.50 (s, 1H), 8.85-8.87 (d, IHJ
= 8.12 Hz), 8.38-8.41 (d, 1H J = 8.92 Hz), 8.16 (s, 1H), 7.87-
791 (t, 1H J = 7.28 Hz), 7.67-7.70 (t, 1H J = 6.86 Hz), 7.47-
7.49 (d, 1H J = 8.8 Hz).

Methods for living cells bioimaging

Human HeLa cells were cultured in DMEM ( Dulbecco’s
modified Eagle’s medium) supplemented with 10% fetal bovine
serum (FBS) at 37 °C and saturated humidity in a incubator in
the atmosphere of 95% air and 5% CO,. Cells were seeded onto
a 14 mm diameter glass at a density of 5x10% cells. Cells were
then incubated with 10 uM of Al(NO;); and Zn(NOs), in PBS
solution at 37°C for 4 h, respectively. After washing with PBS
three times to remove the remaining AI(NOs); and Zn(NOs),,
the cells were then incubated with 10 uM of H,L in DMSO
(DMF)/PBS (1:99, v/v) solution for 30 min at room
temperature. The incubated cells were washed with PBS and
mounted onto a glass slide. Fluorescence images of the
mounted cells were obtained using a confocal laser scanning
microscope with 405 nm excitation.

Calculation methods

In this work, the B3LYP® functional of density functional
theory(DFT) was employed using the Gaussian 09 program
package®. All the ground-state stationary points reported here
were fully optimized at the level of B3LYP/6-311G** and the
excited-state ones at TD-B3LYP/6-311G**.°7%% All the
stationary points were confirmed to be a minimum or a
transition state by frequency calculations. The effect of solvent
has been considered using continuum solvation model SMD®
with DMSO or DMF as solvent.
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