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Turn-On fluorescence chemosensor based on a tripodal amine 

[tris(pyrrolyl-α-methyl)amine]-rhodamine conjugate for the 

selective detection of zinc ions   
 

Rathinam Balamurugan, Wen-I Chang, Yandison Zhang, Sri Fitriyani and Jui-Hsiang Liu* 

A novel tetradendate ligand derived from a tris(pyrrolyl-α-methyl)amine (H3tpa) and rhodamine-based conjugate (PR) has 

been designed for use as a sensor, synthesized and characterized spectroscopically. PR {(tris(5-rhodamineiminopyrrol-2-

ylmethyl)amine} serves as a selective colorimetric as well as a fluorescent chemosensor for Zn
2+

 in acetonitrile/water (1:1, 

v/v). In the presence of Zn
2+

, PR exhibited obvious absorption (558 nm) and emission (577 nm) peaks whose intensity 

increased along with increasing Zn
2+

 concentrations. Titration experiments revealed that a large excess of Zn
2+

 was 

required to saturate the absorption (λmax) and emission intensities. Upon the addition of 1000 equivalents of Zn
2+

, the 

fluorescence intensity of the PR underwent a ~500-fold increase (Φf=0.34) with the emission maximum at 580 nm. These 

kinetics studies demonstrated that the absorption and emission changes were proportional to the Zn
2+

 concentration. The 

color of the solution changed from colorless to a dark pink color. The fluorescence of the PR-Zn
2+

 complex can be 

reversibly restored by using ammonium water or by heating. Competitive ion tests revealed that the intensity of the PR-

Zn
2+

 was not suppressed by excess amounts of other metal ions. The counter anions did not exert obvious influences on 

the absorption and emission profiles. 
1
H-NMR and FT-IR spectroscopic investigations of PR and PR-Zn

2+
 revealed that the 

pyrrole motifs, -C=N- groups and spirolactam of rhodamine B are capable of coordinating cation guest species. Because 

each arm of the tripodal ligand tautomerizes independently, only moderate fluorescence enhancement could be seen until 

all three –C=N- groups were coordinated by zinc, which may be due to the spirolactam ring opening mechanism of the 

rhodamine unit. Once all three –C=N- groups were locked by coordinating with the excess of Zn
2+

, the isomerization was 

arrested, and PR exhibited highly enhanced fluorescence. In addition, energy optimized structures of PR were found to be 

cage-like by Gaussian 09, further supporting that it can access large excesses of Zn
2+

. Intriguingly, imaging of HeLa cells by 

confocal microscope revealed that this PR probe could be used for biological applications. 

Introduction 

The fluorescent detection and imaging of target biological 

molecules in living systems has become an active topic in fields 

ranging from biological research to medical diagnosis because of its 

high selectivity and ability to offer high spatial resolution via 

fluorescence microscopy
1,2

. Fluorescence offers significant 

advantages over other methods for metal ion detection and 

measurement because of its generally nondestructive character, 

high sensitivity, and instantaneous response
3
. Among heavy metal 

ions, Zn
2+

 has attracted great interest from chemists in recent years 

because of its special chemical properties and the important roles it 

plays in various fundamental biological processes, such as gene 

transcription, immune function and mammalian reproduction, brain 

function and pathology, regulation of metalloenzymes, neural signal 

transmission and apoptosis
4-6

, as well as in certain pathological 

processes such as Alzheimer’s disease, epilepsy, ischemic stroke, 

and infantile diarrhea
7
.  

However, elevated levels of Zn
2+

 in humans have been implicated in 

neurodegenerative and other disorders
8
. These issues indicate the 

urgent need to develop effective methods for detecting zinc 

species. Zinc is spectroscopically silent due to the inert electronic 

configuration of Zn
2+

 (3d
10

4s
0
), so colorimetric and fluorometric 

methods are particularly useful for the detection of Zn
2+

. In recent 

years, progress in the area of chemosensors has contributed 

significantly to the development of a variety of Zn
2+

 probes based 

on quinoline, anthracene, BODIPY, porphyrin and fluorescein as 

fluorophores
9-11

. 

However, designing chemosensors that can effectively differentiate 

Zn
2+

 from Cd
2+

 has been a great challenge
9
. Because these two 

elements belong to the same group in the periodic table, they 

possess similar chemical properties and exhibit very similar spectral 

properties with various reported ligands. Hence, most of the 
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developed sensors have exhibited poor selectivity between Cd
2+

and 

Zn
2+ 

ions. Recently, certain chemosensors have been developed for 

the selective detection of Zn
2+

 ions
12

. We also previously developed 

rhodamine-based sensors for the detection of Cu
2+

 and Pd
2+

 
13

. 

Continuing our research on fluorescent chemosensors, we report 

herein the development of a new sensor for the selective detection 

of Zn
2+

 based on the Schiff base derived from a tris(pyrrolyl-α-

methyl)amine (H3tpa) and rhodamine-based conjugate (probe PR). 

H3tpa has previously been utilized for its size selective anion binding 

properties
 
and was obtained in a single step by a triple Mannich 

reaction involving 3 equivalents of pyrrole, 3 equivalents of 

formaldehyde, and ammonium chloride
14

. The synthesized H3tpa 

was further subjected to Vilsmeier−Haack formylaQon followed by 

condensation with rhodamine-based amine derivatives to yield the 

probe PR. This newly designed sensor possesses three rhodamine 

units connected through –C=N- bonds and was found to selectively 

sense Zn
2+ 

ions at room temperature in CH3CN:H2O (1:1, v/v) at pH 

7.0. This probe exhibited highly enhanced fluorescence “turn-on” 

sensing of Zn
2+

 ions. Spectroscopic evidence indicated that the –

C=N- isomerization locking and spirolactam ring opening 

mechanisms worked cooperatively to bind Zn
2+

 and engender this 

behaviour. 

Experimental  

Reagents and Instruments 

All chemicals, including rhodamine B and pyrrole, were 

purchased from Acros Chemicals and used without further 

purification. All solvents were purified before use. Fourier 

transform infrared spectra (FTIR) were recorded on a Jasco 

VALOR III Fourier transform infrared spectrophotometer. 

Nuclear magnetic resonance (NMR) spectra were obtained on 

a Bruker AMX-400 high-resolution NMR spectrometer in 

deuterated solvents. UV/Vis absorption spectra were 

measured with a Jasco V-550 spectrophotometer in 

CH3CN:H2O (1:1, v/v). All the solvents used for the syntheses 

were spectroscopic grade. The fluorescence spectra were 

measured with a Hitachi F-4500 fluorescence 

spectrophotometer at λex=510 nm. All of the fluorescent 

images were taken with an Eclipse E 600 (Nikon Instech Co., 

Ltd., Kawasaki, Japan) with 10x magnification. Unless 

otherwise mentioned, all of the absorption and emission 

spectra were recorded in CH3CN:H2O (1:1, v/v) at 25°C and pH 

7.0 in HEPES buffer solution. For all of the optical responses of 

PR with metal ions, the samples were incubated for 30 min 

after each addition of metal solution before the spectra were 

recorded.  

Synthesis of intermediates (RhB1, H3tpa, H3tpa
CO

) and the probe 

(PR) 

All the intermediates (RhB1, H3tpa, H3tpa
CO

) were synthesized 

according to reported procedures
13a,b, 14b, 15

, and the detailed 

experimental procedures and characterization of the products are 

given in the supporQng informaQon (ESI†). The solubility of PR was 

tested in an aqueous medium, and it was revealed that PR is soluble 

in CH3CN:H2O (1:1, v/v), therefore, all the absorption and emission 

experiments were carried out using a 1:1 mixture of CH3CN:H2O 

unless otherwise mentioned.  

Results and Discussion 
The probe PR {(tris(5-rhodamineiminopyrrol-2-

ylmethyl)amine} was accessed through a simple synthetic 

route starting with pyrrole reacting with formaldehyde in the 

presence of ammonium chloride, yielding the tripodal amine 

(H3tpa). The H3tpa then underwent Vilsmeier−Haack 

formylation to yield tris(5-formylpyrrol-2-ylmethyl)amine 

(H3tpa
CO

). Finally, the desired imine probe was synthesized by 

simple condensation of the H3tpe
CO

 with excess rhodamine-

based amine derivative, yielding the probe as an apricot 

colored solid (Scheme 1). Both the intermediate and receptor 

molecules were characterized spectroscopically (ESI).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1 Synthesis of Probe PR 

The 
1
H-NMR spectrum of H3tpa displayed a new peak at 3.6 

ppm corresponding to an alkyl group attached to the pyrrole 

unit (–CH2-Pyrrole), indicating the formation of H3tpa from 

pyrrole (Fig. S2). Similarly the appearance of a new peak at 9.4 

ppm corresponded to the protons of the aldehyde group (H-

C=O), revealing the successful formylation of H3tpa to H3tpa
CO

 

(Fig. S3). The 
1
H-NMR spectrum of the final compound PR 

exhibited peaks at approximately 7–8 ppm, corresponding to 

aromatic protons of the rhodamine unit, and a peak at 11 

ppm, corresponding to pyrrole –NH- protons, revealing the 

successful formation of the Schiff base, which was further 

confirmed by mass spectra (Fig. S4 and S5). All the 

spectroscopic data are consistent with the structure of the 

molecules.  

Binding properties of PR 

The cation binding properties of PR were studied by employing 

the perchlorate salts of Cu
2+

, Pd
2+

, Ni
2+

, Na
+
, Mn

2+
, Li

+
, Hg

2+
, 

Zn
2+

, Co
2+

, Cd
2+

, Al
3+

 and Ag
+
 in CH3CN:H2O (1:1, v/v at room 

temperature) at pH 7.0. The samples were incubated for 30 

min after each addition of metal solution before recording the 

spectra of complexes. The time course study revealed that PR 

metal recognition (λmax) is completed nearly 180 min after the 

addition of the metal ion, however, obvious enhancement 
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were observed up to 30 min (Fig. S8 and S9). The PR receptor 

solution in CH3CN:H2O (1:1, v/v) was colorless and non-

fluorescent, indicating that PR exists in the closed spirocyclic 

form, as expected. 

Upon the addition of metal solutions to the PR, only Zn
2+

 

caused a strong absorption band (558 nm) and emission band 

(577 nm) along with a color change from colorless to dark pink, 

which indicates that PR can coordinate only with Zn
2+

. No 

significant color changes and no obvious absorption or 

emission enhancement were promoted by the other metal 

ions (Fig. 1 and Fig. 3). 

 

 

 

 

 

 

 

 

 

 

Fig. 1 UV (a) and fluorescence (b) spectral changes of PR (1µM) upon 

addition of 10 equivalents of metal ions (Ag
2+

, Al
2+

, Cd
2+

, Co
2+

, Cu
2+

, Hg
2+

, Li
+
, 

Mn
2+

, Na
+
, Ni

2+
, Pd

2+
 and Zn

2+
). 

 

Therefore, absorption and fluorescence titrations were carried 

out for the binding of PR with Zn
2+

. The titrations revealed that 

the intensity of the absorption (Fig. 2) and emission increased 

at regular intervals as Zn
2+

 was progressively added (up to 100 

equivalents), resulting in a brilliant pink coloration of the 

solution, which accompanied the spirolactam ring opening of 

the rhodamine unit. An emission band centered at 580 nm in 

the fluorescence spectra appeared upon Zn
2+

addition, and the 

emission intensity increased linearly with [Zn
2+

](Fig. 2).  

 

 

 

 

 

 

 

 

 

Fig. 2 Changes in the absorption and emission spectra of PR (1µM) at pH 7.0 

upon titration with Zn
2+

 

 

The kinetics study demonstrated that the absorption and 

emission changes were proportional to the Zn
2+

 concentration. 

The titrations were continued up to 1000 equivalents of metal 

ions and revealed that the absorption and emission intensities 

were saturated only at higher equivalents of metal ions (1000 

equivalents). This suggested that the probe could access large 

excesses of metal ions, which could be due to the molecule 

undergoing metal induced aggregation in the presence of Zn
2+

. 

This phenomenon was further supported by the disappearance 

of the highly pink color of the complexes during heating. 

During heating, the secondary forces responsible for 

aggregation are cancelled, causing disappearance of the color. 

Additionally, molecular simulation of PR using Gaussian 09 

software revealed that the probe PR exists as a “cage-like” 

structure (Fig. S13), further supporting the theory that it can 

access a large excess of zinc ions.  

From the titration profiles, the association constant (Ka) for PR-

Zn
2+

 was determined as 4.47 x 10
-5 

M by a Hill plot (Fig. S14). 

Based on 3δ/k (where δ is the standard deviation of the blank 

solution and k is the slope of the plot), the limit of detection 

for Zn
2+

 was found to be up to 0.2 micro molar solution. The 

less sensitivity compared to other reported Zn
2+

 sensors may 

be due to the sterically hindered bulky structure of PR as well 

as –C=N- isomerization phenomena.  

During the addition of the large excess of Zn
2+

, the 

fluorescence intensity increased more than 500-fold (PL 

intensity of PR=0.89, PR+Zn
2+

=448.5 from Fig. 2, Φf raised to 

0.34 for the addition of 100 equivalents of Zn
2+

), which was the 

most significant change in fluorescence signals compared with 

the other metal ions.  

Moreover, the acid-base titration experiments demonstrated 

that PR likely exists in closed spiro form in a basic medium, while in 

a strongly acidic medium (pH<4), the spirolactam ring of the 

rhodamine unit is opened, which enhances the intensity of the 

absorption (Fig. S6). This indicates that PR did not emit any notable 

fluorescence between pH 8.0–14.0.  

Interference from other metal ions should be taken into account 

when considering physiological applications. Therefore, the 

absorption changes of PR in the presence of other competitive 

metal ions were investigated. We performed competitive 

experiments by titrating all the metal ions into a solution of the PR-

Zn
2+

 complex. The results from the competitive ion tests reveal that 

the PR-Zn
2+

 intensity was not suppressed by excess amounts of 

other metal ions such as Ag
+
, Al

3+
, Cd

2+
, Co

2+
, Cu

2+
, Hg

2+
, K

+
, Li

+
, 

Mn
2+

, Na
+
, Ni

2+
, Pb

2+
, Pd

2+
 and Sb

2+ 
in CH3CN:H2O (1:1, v/v at room 

temperature) at pH 7. To examine the interference of other 

background cations, we conducted the titrations using a dual metal 

system, for example (PR+Zn
2+

)+ Ag
+

, (PR+Zn
2+

)+ Al
3+

, (PR+Zn
2+

)+ Cd
2+

 

etc. as shown in Fig. 4 (red bars).  

 

 

 

 

 

 

 

 

 

 

Fig. 3 Images of PR with different metal ions (a) under visible light and (b) 

under UV light. 

The enhanced fluorescence of PR in the presence of Zn
2+

 was not 

substantially perturbed by the background cations. Notably, even 

Cd
2+

, which exhibits the most similar characteristics to Zn
2+

, did not 

affect the sensing selectivity (Fig. 4). The results show that Zn
2+

 can 
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be detected in the presence of other metal ions using the 

synthesized PR probe.  

Moreover, counter anions (perchlorate, chloride and nitrates) 

exhibited similar optical responses (even though the solubility of 

zinc nitrate is not excellent in the tested solvent), which indicates 

that counter anions have a negligible effect on this probe.  

The absorption and emission spectra of titration kinetics of PR 

with Zn
2+

 reveal that the binding assay of Zn
2+

 with PR cannot be 

determined using the method of continuous variations (Job’s plots) 

because PR can access large excesses of metal ions. This raises a 

question about the coordination mechanism of Zn
2+

 with PR. To 

gain further mechanistic insights, PR-Zn
2+

 was subjected to FTIR and 

NMR analyses, as crystals suitable for X-ray studies could not be 

obtained.  

FTIR analysis (Fig. S7) revealed that the amide carbonyl 

absorption of PR at 1631 cm
-1

 shifts to a lower frequency (1612 cm
-

1
) upon the addition of Zn

2+
. This result confirms that the amide 

carbonyl group is involved in the coordination of the Zn
2+

 cation
15b

. 

The peaks at approximately 2900 cm
-1

 for PR revealed the presence 

of an imine group (–C=N-), which disappeared after complexation 

with Zn
2+

. This indicates that –C=N- is involved in the coordination 

of Zn
2+

.  

 

 

 

 

 

 

 

 
Fig. 4 Fluorescence intensity of PR at 577 nm in the presence of one single 

metal ion (black) and mixture of Zn
2+ 

and various metal ions (red). 

1
H-NMR titrations of PR with excess Zn

2+
 were performed in 

CD3CN/D2O, seen in Fig. 5, which shows that the aromatic 

protons at approximately 7.43 ppm shifted downfield to 7.55 

ppm, indicating that Zn
2+ 

underwent a spirolactam ring 

opening. Other peaks also shifted significantly downfield, such 

as the multiplet corresponding to the protons of the pyridyl 

group (from 6.3 to 6.6 ppm) and C=NH (from 7.82 to 7.97 

ppm), indicating that these groups (pyridyl and C=NH-) were 

also involved in the coordination with Zn
2+

. Therefore, based 

on both FTIR and NMR, it is clear that C=NH-, aromatic groups 

and pyridyl groups are involved in the coordination of Zn
2+

. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5 

1
H-NMR spectra of PR with Zn

2+ 
(a) and PR (b) in CD3CN/D2O (1:1 v/v)  

It was noted that at lower concentrations of Zn
2+

 ions, PR 

shows slow responsiveness, while at higher concentrations of 

Zn
2+

, PR responds immediately. This suggested that we focus 

on the isomerization of –C=N- before and after the addition of 

metal ions. The isomerization of the imine -C=N- bond is 

known to be the main decay process of excited states in 

compounds with an unbridged C=N structure, so such 

compounds are often nonemissive. The rapid isomerization of 

the imine C=N bond in the excited state may be why PR is 

almost nonfluorescent. However, a solution of PR shows an 

almost 500-fold fluorescence enhancement when a large 

excess of zinc ions is added. The initial addition of metal ions 

to the PR probe exhibited moderate fluorescence 

enhancement due to the spirolactam ring opening of the 

rhodamine units, as observed for many rhodamine-based 

sensors. Further successive addition of metal ions may lead to 

occupation of the pyridyl and –C=N- groups, thereby locking –

C=N- rotation, so clear fluorescence enhancement was 

expected. However, high levels of fluorescence enhancement 

were not observed. This may be because all three –C=N- units 

in the PR molecule might not arrest, therefore the possibility 

of isomerization leads to lower than anticipated enhancement 

of emissions. Therefore, successive addition of more metal 

ions leads to the anticipated strong fluorescence enhancement 

by locking all of the –C=N- units in PR. Our results indicated 

that all three –C=N- units of the tripodal structure of PR did 

not undergo simultaneous tautomerization. Each arm of PR 

underwent tautomerization independently. Because PR 

possesses three units of -C=N-, the high level emission 

enhancement cannot be observed until all three -C=N- units 

were arrested by metal ions. This theory of independent 

tautomerization is further supported by a report from Alison R. 

Fout, using iron complexes of a tripodal based Schiff base
14c

. 

Based on this data, a plausible mechanism for the sensing 

ability of PR towards Zn
2+

 has been proposed
9c-f

 and is depicted 

in Scheme 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 4 of 6Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

 

 
Scheme 2. The potential mechanism of PR binding with Zn

2+
  

For practical applications, reversibility, the ability to regenerate the 

free sensors from the complexed system, is a significant parameter 

for fluorescence sensors. To examine the reversibility of PR, EDTA 

or aqueous ammonia (1 mM) was added to the PR-Zn
2+ 

solution as a 

suitable counter ligand {PR (10 μM) with Zn
2+

 (1 mM)} in 

CH3CN/H2O (1:1 v/v, pH= 7) and the absorption and emission 

spectra before and after the NH3 addition (or EDTA) were examined 

(Fig. S10). The absorption/emission bands decreased dramatically 

after the addition of the aqueous ammonia (as well as EDTA), which 

is ascribed to the formation of [Zn(NH3)4]
2+

 ( or znEDTA
2-

). 

Moreover, the pink colour of the PR-Zn
2+

 complexes disappeared. 

Complexation of ammonia with Zn
2+

 is much stronger than that of 

PR, which leads to the reversible coordination of Zn
2+

 with 

ammonia. This result suggested that the coordination mechanism of 

PR with Zn
2+

 is reversible and that the PR probe could therefore be 

recycled. Because [Zn(NH3)4]
2+ 

is soluble in water but PR is not, this 

suggests an easy recycling path for PR.  Similar phenomena was 

observed for EDTA.   

Imaging studies in living cells  

To demonstrate the potential application of this zinc probe, we 

conducted fluorescence imaging experiments
16

. The good 

performance (high quantum yield and metal selectivity) of PR with 

Zn
2+

 prompted us to examine it using confocal fluorescence 

microscopy. HeLa cells were incubated with the PR probe (5 mM) 

for 30 min, followed by the addition of Zn
2+

 ions (5 mM) and then 

another 30 min of incubation. The fluorescence microscopy images 

revealed a clear enhancement of fluorescence (Fig. 6). This suggests 

that the ability of the probe to penetrate the cell membrane can be 

used for tracking Zn
2+

 ions in living cells and potentially in vivo. 

 

 

 

 

 

 

Fig. 6 Fluorescence images of the Zn
2+

 ions in HeLa cells. (a-c) Bright-field 

transmission image of HeLa cells incubated with the probe (5 mM). (d) 

Fluorescence image of HeLa cells incubated only with the probe (5 mM). (c-

f) Fluorescence image of HeLa cells incubated with the probe for 30 min, 

washed three times, and then further incubated with 5 mM Zn
2+

 ions for 30 

min. 

Conclusions 

We developed a colorimetric and fluorescent “on-off” probe PR, 

which selectively binds with Zn
2+

. The emission profile of the PR-

Zn
2+

 complex was unperturbed in the presence of other metal ions. 

Moreover, counter anions did not exert obvious influences on the 

emission profile. A fast and immediately obvious fluorescence 

enhancement was observed at higher concentrations of Zn
2+

, which 

may be due to the presence of three imine units that may 

separately undergo isomerization. Locking the imine isomerization 

and opening the rhodamine spirolactam ring caused this probe to 

be an effective fluorescent sensor towards Zn
2+

 under the given 

conditions. A plausible mechanism was proposed for the binding of 

PR with Zn
2+

 from the results of FTIR and NMR. This probe can be 

recycled by treatment with EDTA or aqueous ammonia. Moreover, 

living cell imaging studies using confocal fluorescent microscopy 

suggested possible additional value of this probe for practical 

applications in biological systems.  

Acknowledgements 

The authors thank the National Science Council (NSC) of the 

Republic of China (Taiwan) for financially supporting this 

research under Contract no. NSC 101-2221-E-006-074-MY3 

and MOST 1042221-E-006-242. This research was, in part, 

supported by the Ministry of Education, Taiwan, R.O.C. The 

Aim for the Top University Project to the National Cheng Kung 

University. 

Notes and references 
a
Department of Chemical Engineering, National Cheng Kung University, 

Tainan 70101, Taiwan, Republic of China. Fax: +886-6- 2384590; Tel: 

+886-6-2757575 ext. 62646 E-mail: jhliu@mail.ncku.edu.tw 

† Electronic Supplementary Information (ESI) available: Experimental 

details, 
1
H-NMR spectra data of intermediates, PR and complexes and 

sensing response of PR with Zn
2+

 by UV-vis and fluorescence spectral 

data. See DOI: 10.1039/b000000x/. 

 

1. (a) P. N. Prasad, Introduction to Biophotonics, Wiley, NJ, 2003; (b) J. B. 

Pawley, Handbook of Biological Confocal Microscopy, Plenum, New York, 

1995; (c) J. W. Lichtman and J.-A. Conchello, Nat. Methods, 2005, 2, 910; (d) 

Toon H. Evers, Marieke A. M. Appelhof Peggy T. H. M. de Graaf-Heuvelmans, 

E. W. Meijer and Maarten Merkx, J. Mol. Biol., 2007, 374, 411–425; (e) 

A.W.Czarnik, Acc. Chem. Res., 1994, 27, 302; (b) B.Wangand 

E.J.Anslyn,Chemosensors: Principles, Strategies, and Applications, John 

Wiley and Sons, New York, 2011. 

2. (a) S. C. Burdette, G. K. Walkup, B. Spingler, R. Y. Tsien and S. J. Lippard, 

J. Am. Chem. Soc., 2001, 123, 7831;  (b) T.Hirano, K.Kikuchi, Y. Urano and T. 

Nagano, J. Am. Chem. Soc., 2002, 124, 6555; (c) D. W. Domaille, E. L. Que 

and C. J. Chang, Nat. Chem. Biol., 2008, 4, 168; (d) J.M.Berg and Y. Shi, 

Science, 1996, 271, 1081; (e) B. L. Vallee, in Zinc Enzymes, ed. T.G. Spiro, 

Wiley, New York,1983, pp. 1–24; (f) C. J. Frederickson, Int. Rev. Neurobiol., 

1989, 31, 145. (g) Lin Xue, Chun Liu and Hua Jiang, Chem. Commun., 2009, 

1061–1063.  

(3)  (a) Lina Wang, Wenwu Qin, Xiaoliang Tang, Wei Dou, and Weisheng Liu, 

J. Phys. Chem. A., 2011, 115, 1609–1616; (b)V. Amendola, L. Fabbrizzi, F. 

Forti, M. Licchelli, C. Mangano, P. Pallavicini, A. Poggi, D. Sacchi,  A. Taglieti, 

Coord. Chem. Rev. 2006, 250, 273–299; (c) K. Rurack and Resch-Genger, 

U.Chem. Soc. Rev., 2002, 31, 116–127; (d) B. Valeur and I. Leray, Coord. 

Chem. Rev., 2000, 205, 3–40. 

(4)  (a) J. Emsley,  In Zinc, Nature’s Building Blocks: An A– Z Guide to the 

Elements; Oxford University Press: Oxford, 2001, pp 499 – 505. (b) C. J. 

Page 5 of 6 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Frederickson, Int. Rev. Neurobiol., 1989, 31, 145–238. (c) A. I. Bush, W. H.  

Pettingell,  G. Multhaup,  M. D. Paradis, J. P. Vonsattel, J. F. Gusella, K. 

Beyreuther, C. L. Masters, R. E. Tanzi, Science, 1994, 265, 1464–1467; (d) R. 

I. Cousins,  In Present Knowledge in Nutrition; Zeigler, E.E., Filer, L.J., Eds.; 

ILSI Press: Washington, DC, 1996; (e) J. Y. Koh, S. W. Suh, B. J. Gwag, Y. Y. He, 

C. Y.  Hsu and D. W. Choi, Science, 1996, 272, 1013–1016; (f) M. P. 

Cuajungco, G. J. Lees, J. Neurobiol. Disease, 1997, 4, 137– 169. (g) C. J. 

Frederickson, S. W. Suh, D. Silva, C. J. Frederickson, R. B. Thompson, J. Nutr., 

2000, 130, 1471S–1483S; (h) S. Wagner, M. A. Hess, P. O. Hanson, J. 

Malandro, H. Hu, M. Chen, R. Kehrer, M. Frodsham, C. Schumacher, M. 

Beluch, C. Honer, M. Skolnick, D. Ballinger and B. R. Bowen, J. Biol. Chem., 

2000, 275, 15685 – 15690; (i) J. M. Flinn, D. Hunter, D. H. Linkous, A. 

Lanzirotti, L. N. Smith, J. Brightwell, B. F. Jones, Physiol. Behav., 2005, 83, 

793–803. (j) C. J. Frederickson, Y. J. Koh, A.I. Bush, Nat. Rev. Neurosci., 2005, 

6, 449–462. (k) E. Mocchegiani, C. Bertoni-Freddari, F. Marcellini, M. 

Malavolta, Prog. Neurobiol., 2005, 75, 367–390. 

(5) (a) B. L. Vallee, K. H. Falchuk, Physiol. Rev., 1993, 73, 79 – 118; (b) A. H. 

Shankar, A. S. Prasad, Am. J. Clin. Nutr., 1998, 68, 447S–463S. (b) R. Raqib, S. 

K. Roy, M. J. Rahman, T.  Azim, S. S. Ameer, J. Chisti,  Andersson,  J.Am. J. 

Clin. Nutr., 2004, 79, 444–450. (c) H. Kitamura, H. Morikawa, H. Kamon, M. 

Iguchi, S. Hojyo, T. Fukada, S.  Yamashita, T. Kaisho, S. Akira, M. Murakami, 

T. Hirano, Nat. Immunol., 2006, 7, 971–977. (d) S. Yamasaki, K. 

SakataSogawa, A. Hasegawa, T. Suzuki, K. Kabu, E. Sato, T. Kurosaki, S. 

Yamashita, M. Tokunaga, K. Nishida, T. Hirano, J. Cell Biol., 2007, 177, 637–

645. 

(6) (a) C. F. Walker, R. E. Black, Annu. Rev. Nutr., 2004, 24, 255– 275; (b) F. G. 

Chai, A. Q. Truong-Tran, L. H. Ho,  P. D. Zalewski, Immunol. Cell Biol., 1999, 

77, 272–278. (c) A. Q. Truong-Tran, L. H. Ho, F. Chai, P. D. Zalewski, J. Nutr., 

2000, 130, 1459S–1466S. (d) E. Kimura, S. Aoki, E.  Kikuta, T. Koike, Proc. 

Natl. Acad. Sci., U.S.A. 2003, 100, 3731–3736; (e) J. P. Van Wouwe, Eur. J. 

Pediatr., 1989, 149, 2–8. 

7.  (a) A. I. Bush, W. H. Pettingell, G. Multhaup, M. D. Paradis, J. P. Vonsattel, 

J. F. Gusella, K. Beyreuther, C. L. Masters, R. E. Tanzi, Science 1994, 265, 

1464– 1467. (b) R. A. Cherny, J. T. Legg, C. A. McLean, D. P. Fairlie, X. Huang, 

C. S. Atwood, K. Beyreuther, R. E. Tanzi, C. L. Masters, A. I.  Bush, J. Biol. 

Chem., 1999, 274, 23223– 23228. (c) V. To ˜ugu, A. Karafin, P. Palumaa, J. 

Neurochem., 2008, 104, 1249– 1259.  

8.  (a) D. Noy, I. Solomonov, O. Sinkevich, T. Arad, K. Kjaer, I. Sagi,  J. Am. 

Chem. Soc., 2008, 130, 1376– 1383. (b) P. Faller, C. Hureau, Dalton Trans., 

2009, 21, 1080– 1094; (c) C. G.Taylor, Biometals, 2005, 18, 305– 312. 

9.  (a) C. Lu, Z. Xu, J. Cui, R. Zhang, X. Qian, J. Org. Chem., 2007, 72, 3554– 

3557. (b) L. Xue, Q. Liu, H. Jiang,  Org. Lett., 2009, 11, 3454– 3457. (c) L. Xue, 

C. Liu, H. Jiang, Org. Lett., 2009, 11, 1655– 1658; (d) N. Narayanaswamy, D. 

Maity, T. Govindaraju, Supramol. Chem., 2011, 23, 703–709; (e) J.-.S. Wu, 

W.-M. Liu, X.-Q. Zhuang, F. Wang, P.-F. Wang, S.-L. Tao, X.-H. Zhang, S.-K. 

Wu, S.-T. Lee, Org. Lett., 2007, 9, 33– 36; (f) H.-Y. Lin, P.-Y. Cheng, C.-F. Wan, 

A.-T. Wu, Analyst, 2012, 137, 4415-4417. 

10. (a) Z. Xu, X. Qian, J. Cui and R. Zhang, Tetrahedron, 2006, 62, 10117; (b) 

A. Ojida, T. Sakamoto, M.-a. Inoue, S.-h. Fujishima, G. Lippens and I. 

Hamachi, J. Am. Chem. Soc., 200
9
, 131, 6543; (c) Z. Xiao-an, K. S. Lovejoy, A. 

Jasanoff and S. J. Lippard, Proc. Natl. Acad. Sci., U. S. A., 2007, 104, 10780; 

(d) K. Komatsu, K. Kikuchi, H. Kojima, Y. Urano and T. Nagano, J. Am. Chem. 

Soc., 2005, 127, 10197 (e) D. A. Pearce, N. Jotterand, I. S. Carrico, B. 

Imperiali, J. Am.Chem. Soc., 2001, 123, 5160–5161.  

11. (a) Y. Zhang, X. Guo, W. Si, L. Jia  and X. Qian, Org. Lett., 2008, 10, 473-

476; (b) J. H. Kim, J. Y. Noh, I. H. Hwang, J. Kang, J. Kim and C. Kim, 

Tetrahedron Lett., 2013, 54, 2415; (c) K. Komatsu, Y. Urano, H. Kojima and T. 

Nagano, J. Am. Chem. Soc., 2007, 129, 13447; (d) P. Du and S. J. Lippard, 

Inorg. Chem., 2010, 49, 10753; (e) E. Tornat and S. J. Lippard, Inorg. Chem., 

2010, 49, 9113; (f) A. Ajayaghosh, P. Carol, S. Sreejith,  J. Am. Chem. Soc., 

2005, 127, 14962–14963. (g) E. U. Akkaya, M. E. Huston, A. W. Czarnik, J. 

Am. Chem. Soc., 1990, 112, 3590–3593. (h) H. Gong, Q. Zheng, X. Zhang, D. 

Wang, M. Wang, Org. Lett., 2006, 8, 4895–4898. (i) S. C. Burdette, C. J. 

Frederickson, W. Bu, S. J. Lippard, J. Am. Chem. Soc., 2003, 125, 1778–1787. 

(j) Y. Wu, X. Peng, B. Guo, J. Fan, Z. Zhang, J. Wang, A. Cui, Y. Gao, Org. 

Biomol. Chem., 2005, 3, 1387–1392. 

12. (a) S. Ellairaja, R. Manikandan, M. T. Vijayan, S. Rajagopal and V. S. 

Vasantha, RSC Adv.,2015, 5, 63287–63295; (b) R. T. Bronson, D. J. Michaelis, 

R. D. Lamb, G. A. Husseini,P. B. Farnsworth, M. R. Linford, M. R. M. Izatt, J. S. 

Bradshaw and P. B. Savage, Org. Lett., 2005, 7, 1106; (c) S. Sarkar and R. 

Shunmugam, ACS Appl. Mater. Interfaces, 2013, 5, 7379; (d) L. K. Zhang, Q. 

X. Tong and L. J. Shi, Dalton Trans., 2013, 8567. 

13. (a) R. Balamurugan, C. C. Chien, B. C. Chen and J. H. Liu, Tetrahedron, 

2013, 69, 235; (b) R. Balamurugan, C. C. Chien, K. M. Wu, Y.-H. Chiu and J. H. 

Liu, Analyst, 2013, 138, 1564–1569. 

14.  (a) D. Jana, G. Mani, and C. Schulzke, Inorg. Chem., 2013, 52, 

6427−6439; (b) Y. Shi, C. Cao and A. L. Odom, Inorg. Chem., 2004, 43, 

275−281; (c) E. M. Matson, J. A. Bertke and A. R. Fout,  Inorg. Chem., 2014, 

53, 4450−4458. 

15. (a) S. Madhu, M.R. Rao, M.S. Shaikh and M. Ravikanth (2011), Inorg. 

Chem., 50, 4392-4400; (b) Wu, W. Huang, C. Y. Duan, Z. H. Lin and Q. J. 

Meng,  J. Inorg. Chem. 2007, 46, 1538-1540. 

16.  (a) M. H. Lee, T. V. Giap, S. H. Kim, Y. H. Lee, C. Kang and J. S. Kim, Chem. 

Commun., 2010, 46, 1407; (b) M. Santra, S. K. Ko, I. Shin and K. H. Ahn, 

Chem. Commun., 2010, 46, 3964; (c) J. Jiang, H. Jiang, W. Liu, X. Tang, X. 

Zhou, W. Liu and R. Liu, Org. Lett., 2011, 13, 4922. 

 

 

Page 6 of 6Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t


