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A new simple “off-on fluorescence type” chemosensor 1 (2-(N-(2-hydroxyethyl)-N-((pyridin-2-yl)
methyl)amino)-N-(quinolin-8-yl)acetamide) has been synthesized for Zn?*. The sensor 1 comprises of
the quinoline as fluorophore and the 2-((pyridin-2-yl)methylamino)ethanol as both binding site and
water-soluble functional group. 1 showed a remarkable fluorescence enhancement in the presence of
Zn?* in aqueous solution, which was reversible with the addition of ethylenediaminetetraacetic acid
(EDTA). The detection limit (0.02 wM) of 1 for Zn?* is far lower than World Health Organization guideline
(76 wM) in drinking water. Importantly, the chemosensor 1 could be used to detect and quantify Zn?* in
living cells and water samples. Moreover, the sensing mechanism was supported by theoretical calcula-
tions. Therefore, this sensor has the ability to be a practical system for monitoring Zn2* concentrations
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1. Introduction

The importance of transition metal ions in biological, envi-
ronmental and chemical processes has affected the development
of metal sensing field [1]. Among various metal ions, detecting
zinc has been extensively studied [2], because the zinc ion is
one of the most abundant transition-metal ions present in liv-
ing cells, owing to its rich coordination chemistry [3]. In addition
to its well-described vital role in catalytic centers and structural
cofactors of many Zn2*-containing enzymes and DNA-binding pro-
teins, it plays important roles in various biological processes such
as apoptosis, regulators of gene expression, and neural signal trans-
mitters or modulators [4]. On the other hand, the deficiency of zinc
causes unbalanced metabolism, which in turn can induce retarded
growth in children, brain disorders and high blood cholesterol, and
also be implicated in various neurodegenerative disorders such as
Alzheimer’s disease, epilepsy, ischemic stroke, and infantile diar-
rhea [5]. Consequently, selective detection and quantification for
zinc ion are the very important object of increasing investigation
[2a,6].
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Although previous works have involved the development of
a wide variety of chemical and physical sensors for the detec-
tion of Zn2*, improving the detection selectivity among coexisting
transition metal ions has been challenging. In addition, many of
these methods require expensive equipment and involve time-
consuming and laborious procedures that can be carried out
only by trained professionals, significantly restricting the prac-
tical application of these Zn?* sensors [7]. For convenience and
low cost, easily-prepared Zn2?* fluorescence chemosensors are
needed [8].

In view of this requirement and as part of our research
effort devoted to zinc ion recognition, we have considered the
combination of a quinoline moiety known as having desirable
photo-physical properties as a fluorophore group and a 2-((pyridin-
2-yl)methylamino)ethanol (2, see Scheme 1) unit with a pyridyl
group and an ethanol group as a binding site [2a,9]. In particular,
we expected that the ethanol group having a hydrophilic character
would make water-solubility of a chemosensor increase. Finally, we
synthesized a new type of water-soluble chemosensor 1 (Scheme 1)
by combining the quinolone group with 2, and tested its sensing
properties towards various metal ions.

Herein, we present the synthesis of a new chemosensor
composed of the quinoline fluorophore and 2-((pyridin-2-yl)
methylamino)ethanol binding site. Sensor 1 showed an intense flu-
orescence enhancement in the presence of zinc ions in aqueous
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Scheme 1. Synthesis of sensor 1.

solution, and sensed quantitatively ZnZ* in the water samples and
living cells for practical application.

2. Experimental
2.1. Materials and instrumentation

All the solvents and reagents (analytical grade and spectro-
scopic grade) were obtained commercially and used as received.
NMR spectra were recorded on a Varian 400 spectrometer. Chem-
ical shifts (&) are reported in ppm, relative to tetramethylsilane
Si(CH3)4. Absorption spectra were recorded at 25 °C using a Perkin
Elmer model Lambda 25 UV/vis spectrometer. The emission spectra
were recorded on a Perkin-Elmer LS45 fluorescence spectrometer.
Electrospray ionization mass spectra (ESI-MS) were collected on
a Thermo Finnigan (San Jose, CA, USA) LCQTM Advantage MAX
quadrupole ion trap instrument. Elemental analysis for carbon,
nitrogen, and hydrogen was carried out by using a Flash EA 1112
elemental analyzer (thermo) in Organic Chemistry Research Center
of Sogang University, Korea.

2.2. Synthesis of sensor 1

2-Aminoethanol (10mmol, 0.97mL) and picolinaldehyde
(10 mmol, 0.61 mL) were dissolved in ethanol (15 mL) and stirred
for 3h. Then, NaBH,4 (10.2 mmol, 0.38¢g) was added, and the
reaction solution was cooled in an ice bath. It was stirred for
2h and the solvent was removed under reduced pressure to
obtain colorless oil (2) (Scheme 1). The colorless oily residue (2)
was dissolved in methylene chloride and then the solution was
washed twice with water. Organic layer was dried over anhydrous
Na, S04 and the solvent was evaporated under vacuo. The resultant
product 2 (2mmol, 0.3g), 2-chloro-N-(quinolin-8-yl)acetamide
(2.2 mmol, 0.49 g) and triethylamine (TEA, 2 mmol, 0.28 mL) were
dissolved in tetrahydrofuran (THF, 30 mL), stirred and refluxed for
1d. The mixture was cooled down to room temperature and the
solvent was removed under reduced pressure to obtain brown oil,
which was purified by silica gel column chromatography (9: 1 v/v
CHCl3—CH30H). Yield: 0.49 g (73%). 'H NMR (400 MHz, DMSO-dg,
25°C): §=11.45 (s, 1H), 9.01 (d, J=4Hz, 1H), 8.68 (d, J=4Hz, 1H),
8.49(d,J=4Hz, 1H),8.43(d,J=8Hz, 1H),8.01(d,J=8 Hz, 1H), 7.85 (t,
J=6Hz, 1H), 7.67 (m, 2H), 7.59 (t,J=8 Hz, 1H), 7.23 (t,J]= 10 Hz, 1H),
4.60 (t, J=5Hz, 1H), 3.98 (s, 2H), 3.63 (m, 2H), 3.53 (s, 2H), 2.71 (t,
J=6Hz, 2H) ppm. 13C NMR (100 MHz, DMSO-dg, 25 °C): § = 169.66,
158.58, 149.02, 148.70, 137.93, 136.63, 136.56, 134.02, 127.83,
127.02,122.95,122.30, 122.21, 121.70, 115.40, 61.49, 60.16, 59.32,
56.77 ppm. LRMS (ESI): m/z calcd for CigHygN40, +H*: 337.17;
found 337.10. Elemental analysis calcd (%) for C19HpgN405: C,
67.84; H, 5.99; N, 16.66; found: C, 67.65; H, 5.95; N, 16.75.

2.3. UV-vis titration of 1 with Zn?*

Sensor 1 (0.50mg, 0.0015mmol) was dissolved in MeOH
(0.5mL)and 10 pL of the sensor 1 (3 mM) were diluted to 2.990 mL

bis-tris buffer solution (10 mM, pH 7.0) to make the final concentra-
tion of 10 WM. Zn(NO3 ); (0.01 mmol) was also dissolved in bis-tris
buffer solution (1 mL) and 0.6-12 L of the Zn?* solution (5 mM)
were transferred to separate sensor solutions (10 wM, 3 mL). After
mixing them for a few seconds, UV-vis spectra were taken at room
temperature.

2.4. Fluorescence titration of 1 with Zn%*

Sensor 1 (0.50mg, 0.0015mmol) was dissolved in MeOH
(0.5mL)and 10 p.L of the sensor 1 (3 mM) were diluted to 2.990 mL
bis-tris buffer solution (10 mM, pH 7.0) to make the final concentra-
tion of 10 WM. Zn(NO3 ); (0.01 mmol) was also dissolved in bis-tris
buffer solution (1 mL) and 0.6-6 pL of the Zn?* solution (5 mM)
were added to the sensor 1 solution (10 wM, 3 mL) prepared above.
After mixing them for a few seconds, fluorescence spectra were
obtained at room temperature.

2.5. NMR titration of 1 with Zn®*

Three NMR tubes of 1 (0.67 mg, 0.002 mmol) dissolved in CD30D
(0.5 mL) were prepared, and three different equivalents (0, 0.5, and
1 equiv) of zinc nitrate dissolved in CD30D (0.5 mL) were added sep-
arately to the solutions of 1. After shaking them for a few seconds,
the '"H NMR spectra were taken.

2.6. Determination of Zn®* in water samples

Fluorescence spectra measurement of water samples containing
Zn?* were carried by adding 20 WL of 3 mmol/L stock solution of 1
and 0.60 mL of 50 mmol/L bis-tris buffer stock solution to 2.38 mL
sample solutions. After well mixed, the solutions were allowed to
stand at 25 °C for 2 min before test.

2.7. Methods of cell test of 1 with Zn2*

Human dermal fibroblast cells in low passage were cultured in
FGM-2 medium (Lonza, Switzerland) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin in the in vitro incubator
with 5% CO, at 37°C. Cells were seeded onto a 8 well plate (SPL
Lifesciences, Korea) at a density of 2 x 10 cells per well and then
incubated at 37°C for 4 h after addition of various concentrations
(0-200 M) of Zn(NOs);, dissolved in MeOH. After washing with
phosphate buffered saline (PBS) two times to remove the remaining
Zn(NOs3),, the cells were incubated with 1 (30 wM) dissolved in
MeOH at room temperature for 30 min. The cells were observed
using a microscope (Olympus, Japan). The fluorescent images of the
cells were obtained using a fluorescence microscope (Leica DMLB,
Germany) at the excitation wavelength of 425 nm. The mean fluo-
rescence intensity of the microscopy images in Fig. 6 was evaluated
by Icy software [10].
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2.8. Live/dead assay of fibroblast with 1

To observe cell viability, live & dead assays were performed for 1
and 1-Zn?*, respectively. Fibroblasts (P=5) were in vitro cultured to
reach 70% confluent. For 1, the cells were incubated with 1 (30 wM)
dissolved in MeOH for 1, 12, and 24 h. Reagent (400 L) of the live
& dead assay was added into each cell culture plate. For 1-Zn%*, the
cells were incubated for 4 h after addition of Zn(NOs3), (100 wM)
dissolved in MeOH. After washing with phosphate buffered saline
(PBS) two times to remove the remaining Zn(NOs),, the cells were
incubated with 1 (30 wM) dissolved in MeOH for 1, 12, and 24 h
at room temperature. Both viability and morphological changes of
the cells were observed by a fluorescence microscope (Leica DMLB,
Leica; Wetzlar, Germany).

2.9. Methods of theoretical calculations

All Theoretical calculations were performed by using Gaussian
03 suite [11]. The singlet ground states (So) of 1 and 1--Zn%*
complex were optimized by DFT methods with Becke’s three
parameterized Lee-Yang-Parr (B3LYP) exchange functional with
6 —31+G** basis set [12]. In vibrational frequency calculations,
there is no imaginary frequency for 1 and 1--Zn%* complex, sug-
gesting that the optimized 1 and 1--Zn2* complex represent local
minima.

3. Results and discussion
3.1. Synthesis of 1

The compound 2 (2-((pyridin-2-yl)methylamino)ethanol) was
synthesized by condensing 2-aminoethanol and picolinaldehyde in
ethanol (Scheme 1). Subsequently, the substitution reaction of 2 to
2-chloro-N-(quinolin-8-yl)acetamide afforded the sensor 1, which
was characterized by 'H NMR, 13C NMR, ESI-mass spectrometry
(Figs. S1-3) and elemental analysis.
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Scheme 2. Fluorescence enhancement mechanism and proposed structure of 1 in
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Fig. 2. Competitive selectivity of 1 (10 uM) toward Zn?* (1equiv) in the presence
of other metal ions (1 equiv) with an excitation of 356 nm in buffer solution (10 mM
bis-tris, pH 7.0).

3.2. Fluorescence and absorption spectroscopic studies of 1
toward Zn?*

The fluorometric behavior of sensor 1 toward various metal
ions was studied in bis-tris buffer solution (10mM, pH 7.0).
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Fig. 1. Fluorescence spectra changes of 1 (10 uM) in the presence of different metal ions (1equiv) such as Na*, K*, Mg?*, Ca?*, A**, Ga**, Cr3*, Mn?*, Fe?*, Fe3*, Co?*, Ni%*,
Cu?*, Zn?*, Cd?* and Pb2* with an excitation of 356 nm in buffer solution (10 mM bis-tris, pH 7.0).
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When excited at 356 nm, 1 exhibited a weak fluorescence emission
(Amax =500nm) with a low quantum yield (& =0.00672), which
was much lower than that (@=0.0682) in the presence of Zn?*
(Fig. 1). By contrast, upon addition of other metal ions such as
Na*, K¥, Mg2*, Ca?*, AI3* ,Ga3*, Cr3*, Mn?*, Fe?*, Fe3*, Co2*, Ni?",
Cu?*, Zn?*, Cd?* and Pb?*, either no or slight increase in inten-
sity were observed. Meanwhile, the addition of Cd2* into 1 also
showed the increase in the fluorescence intensity at 510 nm. How-
ever, the intensity was small compared to the high fluorescence
enhancement of the receptor in the presence of Zn?*. These results
indicate that sensor 1 could be used as a fluorescence chemosensor
for Zn?*.

To further investigate the chemosensing properties of 1, fluo-
rescence titration of the sensor 1 with Zn2* ion was performed. As
shown in Fig. S4, the emission intensity of 1 at 500 nm steadily

(a)

increased with a slight red shift from 490 to 500 nm until the
amount of Zn2* reached 1 equiv. The photophysical properties of
1 were also examined using UV-vis spectrometry. UV-vis absorp-
tion spectrum of 1 showed two absorption bands at 245 and 312 nm
(Fig. S5). Upon the addition of Zn2* ions to a solution of 1, the
two bands have red-shifted to 259 and 353 nm, respectively. Mean-
while, three clear isosbestic points were observed at 251, 286 and
332 nm, implying the undoubted conversion of free 1 to a zinc
complex.

Fluorescence and UV-vis spectroscopic studies led us to pro-
pose that the red shift of 1-ZnZ* complex was induced by the
enhancement of ICT (intramolecular charge transfer) band [2b,13].
Moreover, the complexation of 1 with Zn?* would make 1 more
rigid, thus resulting in a chelation-enhanced fluorescence (CHEF)
effect as depicted in Scheme 2.
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The Job plot showed a 1:1 complexation stoichiometry between
1 and Zn?* (Fig. S6) [ 14], which was further confirmed by ESI-mass
spectrometry analysis (Fig. S7). The positive-ion mass spectrum
of 1 upon addition of 1equiv of ZnZ* showed the formation of
the 1-H* +Zn2* [m/z: 399.06; calcd, 399.08]. Based on pK; values
(11.9 vs 15.8) of the acetamide and ethanol moieties reported in
the literatures [15], we proposed that the proton of the amide
moiety might be deprotonated when 1 coordinated to ZnZ* as
shown in Scheme 2. From the UV-vis titration data, the association
constant for 1 with Zn?* was determined as 5.0 (£0.1) x 107 M~!
using Benesi-Hildebrand equation (Fig. S8) [16]. This value is
within the range of those (1.0-1.0 x 1012) reported for Zn2* sensing
chemosensors [17]. To check the possible interference of other
metal ions on zinc complexation with sensor 1, competition exper-
iments were performed in the presence of Zn%* mixed with various
metal ions. When 1 was treated with 1 equiv of Zn%* in the presence

of other metal ions of the same concentration (Fig. 2), other back-
ground metal ions had no obvious interference with the detection of
Zn?* ion. In particular, Cd* ion hardly inhibited the emission inten-
sity of 1-Zn%*. These results indicate that 1 could be a good Zn2*
sensor which could distinguish Zn%* from Cd?* commonly having
similar properties.

3.3. 'H NMR spectroscopic studies of 1 toward Zn%*

The 'H NMR titration experiments were studied to further
examine the binding mode between 1 and Zn?* ion (Fig. S9). Upon
addition of Zn?* to sensor 1, the protons Hy, Ho, Hyo, Hi1, Hi2,
and Hyg showed downfield shift, while a slight up-field shift was
observed for H;. These chemical shifts suggest that the oxygen atom
of the ethanol moiety and the four nitrogen atoms might coordi-
nate to Znion (Scheme 2). This coordinative behavior of potentially
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Fig. 4. Fluorescence intensity (at 500nm) of 1 as a function of Zn(Il) concentration. (a) [1]=10pwmol/L, [Zn(Il)]=0-1.00 wmol/L; (b) [1]=20 wmol/L, [Zn(Il)]=
1.00-10.00 pmol/L. Conditions: all samples were conducted in buffer-MeOH solution (999:1, 10 mM bis-tris, pH 7.0). Aex and Aem were 356 and 500 nm, respectively.
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Table 1
Determination of Zn(II) in water samples.
Sample Zn(I1) added Zn(1II) found Recovery R.S.D.
(wmol /L) (wmol/L) *) (n=3)(%)
Tap water 0.00 0.00
8.00 7.57 94.6 2.6
Water 0.00 6.62 110.3 1.5
sample?
2.00 8.43 105.4 24

2 Synthesized by deionized water, 6.00 pmol/L Zn(II), 10 wmol/L Cd(1I), Pb(II), Na(I),
K(I), Ca(1I), Mg(II). Conditions: [1] =20 wmol/L in 10 mM bis-tris buffer-MeOH solu-
tion (999:1, pH 7.0).

penta-dentate ligand 1 with a zinc ion was previously observed in
the similar type of zinc complexes [18]. There was no shift in the
position of proton signals on further addition of Zn%* (>1.0 equiv),
which indicated the 1:1 ratio of 1-Zn2* complex. Based on Job plot,
ESI-mass spectrometry analysis, '"H NMR titration, and the crys-
tal structures of similar types of zinc complexes, we propose the
structure of 1-Zn2* complex as shown in Scheme 2.

3.4. pH effect of 1 toward Zn?*

To study the practical applicability of this chemosensor, the
effects of pH on the fluorescence response of Zn2* were investi-
gated (Fig. S10). The fluorescence spectra of sensor 1 in the absence
and presence of 1 equiv of Zn?* were examined at pH ranging from
2 to 12. The fluorescence intensity of 1 in the presence of Zn%*
showed a response between pH 3 and 12. In particular, the sharp
absorbance increase between pH 4 and 5 indicated that the proton
of the acetamide group in 1-Zn%* complex began to deprotonate
(pKa=4.54) [19]. These results indicate that Zn%* could be clearly
detected by the fluorescence spectra measurement using 1 over
the environmentally and physiologically relevant pH range (pH
6.0-8.4) [20], especially for monitoring Zn2* in water samples and
living cells.

3.5. Reversible test of 1 toward Zn®* by using EDTA

To examine the reversibility of sensor 1 toward Zn2* in buffer
solution, ethylenediaminetetraacetic acid (EDTA, 1equiv) was
added to the complexed solution of sensor 1 and Zn2*. As shown in
Fig. 3, a fluorescence signal at 500 nm was immediately quenched.
Upon addition of Zn?* again, the fluorescence was recovered. The
fluorescence emission changes were almost reversible even after
several cycles with the sequentially alternative addition of Zn2*
and EDTA. These results indicate that sensor 1 could be recyclable
simply through treatment with a proper reagent such as EDTA. Such

SooulTech Biom
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1 |
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=
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Fig. 6. Quantification of mean fluorescence intensity in Fig. 5 (F, G, H, I and J) corre-
spondingly.

reversibility and regeneration could be important for the fabrica-
tion of chemosensors to sense Zn?*.

3.6. Analytical figures of merit

We constructed the calibration curves for the determination
of Zn%* by 1 (Fig. 4). Sensor 1 exhibited good linear relationships
between the fluorescence intensity of 1 and Zn2* concentration
(0.10-10.00 M) with correlation coefficients of R?=0.990 (n=3),
which mean that 1 is suitable for quantitative detection of Zn2*.
The relative standard deviation (n=3)is 5.72% at 0.6 .M Zn(Il). The
detection limit has also been calculated as 0.02 uM based on the
definition by IUPAC (Cpy = 3Sp,/m) (Table S1), which is thousand fold
lower than the WHO guideline (76 M) for Zn?* ions in drinking
water [21]. Importantly, this is the second lowest one for sensing
of Zn%* by fluorescence enhancement in a fully aqueous solution,
to the best of our knowledge (Table S2).

3.7. Determination of zinc ion in water samples

In order to examine the applicability of the chemosensor 1 in
environmental samples, the chemosensor was applied to the deter-
mination of Zn?* in water samples. First, tap water samples were
chosen. As shown in Table 1, one can see that the satisfactory recov-
ery and R.S.D. values of water samples were exhibited. Also, we
prepared artificial polluted water samples by adding various metal
ions known as being involved in industrial processes into deionized

Fig. 5. Fluorescence images of fibroblasts cultured with Zn?* and 1. Cells were exposed to 0 (A and F), 10 (B and G), 40 (C and H), 100 uM (D and I) and 200 uM (E and J)
Zn(NOs3), for 4h and then later with 1 (30 wM) for 30 m. The top images (A-E) were observed with the light microscope and the bottom images (F-]) were taken with a

fluorescence microscope. The scale bar is 50 pum.
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water. The results were also summarized in Table 1, which exhib-
ited the satisfactory recovery and R.S.D. values for all the water
samples.

3.8. Biological application for Zn®*

To further demonstrate the potential of 1 to monitor Zn%* in liv-
ing matrices, fluorescence imaging experiments were carried out in
living cells (Fig. 5). Adult human dermal fibroblasts were first incu-
bated with various concentrations of aqueous Zn%* solutions (0,
10, 40, 100 and 200 wM) for 4 h and then exposed to 1 for 30 min
before imaging. The experimental results showed that the fibro-
blast cells without either Zn?* or 1 showed negligible intracellular
fluorescence, while those cultured with both Zn2* and 1 exhibited
fluorescence. With an increase in Zn%* concentration from 10 to
200 M, the fluorescence intensity of the cells with 1 increased.
The mean fluorescence intensity of the microscopy image in Fig. 5

was evaluated by Icy software (Fig. 6). Moreover, the biocompat-
ibilities of 1 and 1-Zn?* complex were examined with the living
cells (Fig. 7). All the fibroblasts were still alive until 12 h for both 1
and 1-Zn%* complex, while a few cells were dead after 24 h. These
observations confirm that 1 and 1-Zn%* complex could be suitable
and biocompatible to detect and quantify Zn?* in living cells.

3.9. Theoretical calculations

To obtain a deeper insight into the interaction of 1 with Zn2*,
theoretical calculations were carried out in parallel to the experi-
mental studies. We performed all theoretical calculations by 1:1
stoichiometry, based on Job plot, ESI-mass spectrometry anal-
ysis, and 'H NMR titrations. As the proton of amide group in
1 was deprotonated by Zn2?*, we calculated the deprotonated
product for 1-Zn%* complex. Energy-minimized structures (Sq) for
1 and 1--Zn?* were optimized by applying density functional

Fig. 7. Images of Live/Dead assays using fibroblasts with (a) 1 and (b) 1-Zn?*. The cells were incubated with (a) 1 and (b) 1-Zn?* dissolved in DMSO (1: 30 M, Zn?*: 100 w.M)
for1h(A,D,Gand]), 12h (B, E, H and K), and 24 h (C, F,  and L), respectively. Green color represents cells alive and red color for dead cells. The top images (A, B, C, G, H, and
I) were observed using a light microscope, and the bottom images (D, E, F, ], K and L) were taken using a fluorescence microscope.
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theory (DFT/B3LYP/6 — 31 + G**). The significant structural proper-
ties of the energy-minimized structures were indicated in Fig. S11.
Based on the molecular orbitals (MOs) for the ground states of 1
and 1--Zn?* (Fig. S12), the chelation of Zn?* with 1 rendered the
HOMO to LUMO energy gap of 1 decrease, which is consistent with
the red shift in the UV-vis spectrum and fluorescence emission of
1--Zn?*. Thus, these results demonstrate that ICT transition would
contribute to the fluorescence enhancement of 1-Zn%*.

4. Conclusion

We synthesized a new ethyl alcohol-functionalized water-
soluble based fluorescent chemosensor 1, which displays high
sensitivity and excellent selectivity toward zinc in aqueous solu-
tion. The binding of the sensor 1 and Zn?* was chemically reversible
with EDTA, and the detection limit (0.02 wM) is much lower than
the WHO detection level (76 uM) for Zn2* ions in drinking water.
Most importantly, the recovery studies of the water samples added
with Zn%* and living cell experiments demonstrated its value in the
practical application. Moreover, the theoretical calculations sup-
ported the sensing mechanism of ZnZ* by 1, which was proposed
with the combination of the increased ICT transitions and CHEF
effects. Future study will focus on developing a chemosensor with
the detection limit of picomolar level and its potential applications
in biological chemistry.
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