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Quinoline-Based Fluorescence Sensors
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1. Introduction

The human body is full of various ions, which play an important role in the normal
physiological activities. For example, Zinc ion (Zn?*) plays a vital role in protein organism
and in many biochemical processes, such as inducing apotosis, enzyme regulation, and gene
expression. Also, Ferrous ion (Fe2*) is vital in the oxygen transporting. But there are some
ions harmful to human body. When exposed to mercury, even at a very low concentration,
they lead to kidney and neurological diseases. What’s more, Cadmium (Cd?*) could damage
our tissues, resulting in renal dysfunction or even cancers. So far, we have known more
about these ions” properties in metabolism, but little is known on mechanism.

We need a forceful instrument to study these mechanisms, need to know when and where
ions are distributed, when ions are released, and so on.Therefore, traditional methods such
as titration and electrochemistry are obviously unsuitable for in vivo detection. As a result,
to accomplish the job, we need new tools and methods, among which fluorescence sensors
are a good choice. So, what is a sensor? “Sensor” is a very broad concept, which accepts
physical or chemical variables (input variables) information, and converts them into the
same species of other kinds or converts their nature of the device output signal (Fig. 1) by
following certain rules.

Energy source Report group

=
y L.

Output Signal Recognition group

Fig. 1. Sensor structure (Once combination of ions, the output signal will change)

A chemosensor or a molecular sensor is a molecule that interacts with an analyte to produce
a detectable change. Chemosenors consist of receptor and reporter, and after the receptor
binds with a guest, the signal observed by the reporter will change. Fluorescent sensor is
one of the most important chemosensors which uses fluorescence as the output signal, and
also a powerful tool to monitor the metal ions in vivo system because of its simplicity, high
sensitivity and real-time in situ imaging. In recent years, more and more chemosensors,
especially the fluorescent sensors have been used to detect different ions, elbowing their
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4 Molecular Photochemistry — Various Aspects

way to center stage in the field of molecular recognition. Series of sensors based on
fluorescein, coumarin, petide, quinoline, and proteins have been used to detect intracellular
ions concentration, such as Zn?* sensors of Zinpyr Family based on fluorescein designed by
Woodroofe (2004) et al., Cadmium sensor based on boradiazaindacene synthesised by Xu
(2007) et al.,, Cu?* sensor based on rhodamine synthesised by Dujols (1997) et al., the
benzimidazole sensor described by Henary (2004) et al., the protein sensor described by van
Dongen (2006) et al., Hg2* FRET sensor described by Joshi (2010) et al., and Fe3* sensor based
on 1,8-diacridylnaphthalene and synthesized by Wolf (2004) et al..

Different fluorophores bring different optic properties of sensors. For example, sensors
based on rhodamine can be excited by visible light, but they get low Stock’s shift.
Benzofuran-based sensors get lower dissociation constant, but UV exiting with higher
energy may damage cells. These disadvantages thus bring forward potential difficulties for
quantitative determination and bioimaging, so how to solve these problems is still a
challenge.

Quinoline sensors, especially Zn2* and Cd?*, have high selectivity and low detection limit
(nM or pM). Modified quinoline chemosensors can also use low energy two-photon laser as
the exciting source, which can reduce cell damage. Therefore, the current research of
quinoline-based sensors attracts more and more attention.

Herein, the mechanism of quinoline-based fluorescence sensing, including PET
(Photoinduced electron transfer), ICT (intermolecular charge transfer) and FRET
(fluorescence resonance energy transfer), the synthetic strategies for functionalization of
quinoline-based sensors will be reviewed, and the reasons for the choice of a particular
synthetic pathway will be discussed. In order to contextualize the potential applications, a
brief introduction of the photophysics property concerning quinoline-based sesnors is
contained in the essay. At the same time, calculation method of sensor properties (eg,
dissociation constant and quantum yield determination) is also included.

2. Mechanism of quinoline-based fluorescence sensing

Quinoline-based fluorescence sensors are usually used to measure intensity changes of
fluorescence and/ or shift of fluorescence wavelength. Photoinduced electron transfer (PET),
intermolecular charge transfer (ICT) and fluorescence resonance energy transfer (FRET) are
the three major mechanisms of fluorescence signal transduction in the design of quinoline-
based fluorescence chemosensors (de Silva (1997) et al., Sarkar (2006) et al. and Banthia &
Samanta (2006)). We will present the basic concepts of these mechanisms.

Chemosensors based on PET mechanism (Fig. 2) often use a atoms spacer less than three
carbon atoms to connect a fluorescence group to a receptor containing a high-energy non-
bonding electron pair, such as nitrogen or sulfur atom, which can transfer an electron to
excited fluorescence group and result in fluorescence quench. But when the electron pair is
coordinated by a metal ion (or other cation), the electron transfer will be prevented and the
fluorescence is switched on. Most of quinoline-based fluorescence enhancement sensors can
be explained by the PET type. Generally speaking, wavelengths of most PET chemosensors
in Stokes shifts are less than 25 nm, which produces potential difficulties for quantitative
determination and bioimaging. However, ratiometric chemosensors, which observe changes
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Quinoline-Based Fluorescence Sensors 5

in the intensity ratio of the two wave bands in absorption and/or emission, would be more
favorable in increasing the signal selectivity and can be widely used in vivo.
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Fig. 2. PET mechanism (The intensity of Fluorescence will increase after combination of ions)

The ICT mechanism (Fig. 3) has been widely used in the design of ratiometric fluorescent
chemosensors. Compared to PET mechanism, this type of chemosensor doesn’t have any
spacer. If a receptor (usually an amino group) is directly connected with a conjugation
system and forms a new conjugation system with p-electron, resulting in electron rich and
electron poor terminals, then ICT from the electron donor to receptor would be enhanced
upon light excitation. When a receptor, as an electron donor within the fluorophore, is
bound with a metal ion (or another cation), the cation will reduce the electrondonating
capacity of the receptor and a blue shift of the emission spectrum is obtained. In the same
way, if a receptor is an electron receptor, the coordination of the cation will further
strengthen the push - pull effect. Then a red shift in emission will be observed. For example,
the coordination of Zn2* with quinoline derivatives can induce a red-shift ratiometric
fluorescence signal.

Blue shift in fluorescence signal Red shift in fluorescence signal

Fig. 3. ICT mechanism (Change in the intensity ratio of the two wave bands in emission)

Recently, the fluorescence resonance energy transfer (FRET Fig. 4), which involves the
nonradiative transfer of excitation energy from an excited donor to a proximal ground-state
acceptor, has been employed to design ratiometric sensors. The FRET-based sensors can be
designed in the form of a small molecule, which usually contains two fluorophores
connected by a spacer through covalent links. The following conditions must be satisfied for
FRET: 1. The donor probe should have sufficient lifetime for energy transfer to occur. 2. The
distance from the donor to the acceptor must be less than 10nm. 3. The absorption spectrum
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6 Molecular Photochemistry — Various Aspects

of the acceptor fluorophore must overlap with the fluorescence emission spectrum of the
donor fluorophore (by approximately 30%). 4. For energy transfer, the donor and acceptor
dipole orientations must be approximately parallel. Energy transfer is demonstrated by
quenching of donor fluorescence with a reduction in the fluorescence lifetime, and an
increase in acceptor fluorescence emission. FRET is very sensitive to the distance between
fluorophores and can be used to estimate intermolecular distances. FLIM imaging can be
used in association with FRET studies to identify and characterize energy transfer.
Quinoline comprising another fluorophore (usually rhodamine) that will behave as FRET
donor has been synthesized in order to produce FRET-based chemosensors.

” Ex=405nm
FRET
o

@ <N
/ N 0=
o) \\‘D@

Ex=405nm

Em=536nm Em=594nm

Fig. 4. A FRET chemosensor reported by Zhou (2008) et al.

It is worth mentioning that the combination of PET and ICT mechanisms in the design of
chemosensors would be valuable, since a wavelength shift and fluorescence intensity
enhancement can amplify the recognition event to a greater extent, for example, using
decorated quinoline as mother nucleus, thus oxidizing methyl on 2 position, then connecting
DPA group. Thereby excellent ICT effect and fluorescent shift can be obtained after nitrogen
atom on quinoline is bound. Meanwhile, the binding N-atom on DPA can obstruct PET
process, thus increasing fluorescent intensity. FRET process is also considerably flexible,
which can be applied widely in double fluorescence group, and at the same time can be
employed in the energy transfer between a single fluorescence group and nanoparticles. By
using specific acceptor to separate fluorescent group from nanoparticles, FRET process will
be blocked, and fluorescence is produced. By using acceptor to connect nanoparticles with
fluorescent group, which was not formerly connected with nanoparticles, fluorescence
vanishes. They are particularly significant to fluorescent sensors based on nanoparticles.
These methods are extremely effective.

3. Structure and synthesis

The general structure of quinoline-based chemosensors is represented in Fig 5. Most
quinoline-based sensors change the receptor group in the 2 (R1) and 8 (Rs) positions, and the
electron donating or withdrawing group in the 4 (R), 5 (R3) and 6 (Ry4) positions. Depending
on the substituents R;, Rz, R3, R4, Rs, the sensor will present different photophysical
properties in solution, such as absorption and emission maxima (Amax abs, Amax em, and
fluorescence quantum yield). Herein, the synthesis of different functionalized quinoline-
based sensors will be discussed.
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Rs

Fig. 5. Molecular structure of quinoline-based chemosensors.

Synthesis by Doebner-Von Miller (1996): According to this method, aniline and
acetaldehyde are usually used as raw material in hydrochloric acid or zinc chloride. At the
beginning, condensation acetaldehyde into crotonaldehyde, then crotonaldehyde reacts
with aniline molecule, the intermediate product is produced, and then dehydrogenates into
dihydroquinoline, which becomes 2-methylquinoline. The reaction formula is as follows:

cHcHo MGl cH,CH=CHCHO

X
@ 4 CHjCH=CHCHO ____ ©\/j\
NH, N7

Q)
The improved method, which can also be applied to obtain larger conjugated system in
other materials, uses crotonic aldehyde instead of methanal to get a higher yield. In this
project, a sensor based on ICT and FRET mechanisms is designed and synthesized, which
uses 4-bromo-phenylamine as raw materials. Besides, 4-methoxy styrene is introduced into
the quinoline platform by applying the classic Heck reaction.

12N HCI, p-chloranil X
-+ CH3CH=CHCHO =
HO NH, n-BuOH, 105°C, 1h HO N7

—0
Br Br O
12N HCI, p-chloranil X JE—— .
-+ CH,CH=CHCHO . —
3 n-BuOH, 105°C, 1h =z
NH, N N/

(2)

Matsubara (2011) et al. reported a new synthesis method of functionalized alkyl quinolines,
which was based on sequential PdClr-catalyzed cyclization reactions of substituted anilines
and alkenyl ethers. High efficiency and functional-group tolerance made this procedure
widely applied in synthesis of a number of substituted 2-alkylquinolines and larger
conjugated systems.

NH,

I AN
+ __oet P

3)

Guerrini (2011) group reported an innovative and convenient synthetic approach for
synthesizing two important genres of heterocyclic scaffolds, which use the capability of the

www.intechopen.com



8 Molecular Photochemistry — Various Aspects

aromatic amides to rearrange photo-Fries. Quinolines from simple acetanilides derivatives
have been obtained with satisfactory yield by using a single one-pot procedure.

N_ _CO,K
NHCOR; i) hv 254nm, MeCN, 20h N COMe  meoH X2
@/ > P — = N_0O
R i) DMAD 1-5eq., 60°C, 20h R CO,Me 2.5eq K,CO3 ™1
! NH

R,
(4)

Se0,, 60-80°C

1,4-dioxane

®)

In order to introduce functional groups on the 2-position, we often oxidize the methyl to
aldehyde. Using selenium dioxide as oxidant can gain very high yield. Generally dioxane is
used as the reaction solvent at 60-80 degrees. Reaction usually ends within two hours.

The synthesis of 8-aminoquinoline: The cyclization reaction can be firstly adopted to
synthesize quinoline, which is replaced by nitryl and its derivatives, then reduction is used
to generate 8-aminoquinoline. Classic reactions to synthesize quinoline ring include
Friedlander, Skraup, Dobner-Miller and so on. The reaction equation is as follows:

" - Fe/HCI A
N NO, glycerol P e P
‘ As,05, H,SO N N
N~ $205, H750, NO, NH,

4. Dissociation constant and quantum yield determination

The dissociation constant is commonly used to describe the degree of affinity between
sensor and metal ion. It is a key parameter used to describe the sensor’s selectivity. It can be
calculated by eq 1,

Ki— [Mn+]free(F max— F)
F-Fo

Q)

where F=normalized fluorescence intensity, Kq=dissociation constant, Fnin=fluorescence
intensity without metal ions (Mn*), Fra=fluorescence intensity of bound sensor and [Mn*]ce
is the concentration of the free Mn*. Free metal ion concentrations are controlled by metal
ion buffers (e.g., NTA (nitrilotriacetic acid), EDTA or other chelating agent.). As for log K of
different metals with NTA and EDTA, see Tab. 1 (log K (ML), I=0.1mol/L, 25°C, 0.1mol/L).

Quinine sulfate is widely used as the standard in the calculation of fluorescence quantum
yields of quinoline-based chemosensors (in 0.IN H>SOs;, @ =0.55, Aex = 320 nm). The
quantum yields are calculated by eq 2.
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_ @s(FuAs)
FsAu

du (2)
A, is the UV absorption of unbound sensor or bound sensor, with A being the standard. F,
is integrated fluorescence emission corresponding to sensor or metal complex, and F; is the
standard.

Cazt Cdz Zn2* Co2* Cu?* Fe3* | Hg?* | Pb2 Mg2*
EDTA | 1061 |1636 | 1644 |[1626 |[1870 |250 |215 |17.88 | 8.83
NTA 6.39 9.78 1066 | 1038 | 1294 |159 |14.6 | 1134 |547

Table 1. Log K of different metals with NTA and EDTA.

5. Quinoline used for detecting different metal ions
5.1 Quinoline used for detecting Zn** ion

Quinoline and its derivatives, especially 8-hydroxyquinoline and 8-aminoquinoline, are
very important fluorogenic chelators for metal ions transition. Derivative of 8-
aminoquinoline with an aryl sulfonamide is the first and most widely applied fluorescent
chemosensor for imaging Zn2* in biological samples. It was first reported by Toroptsev and
Eshchenko. In 1987, Frederickson (1987) et al. reported a new quinoline-based sensor 1,
which showed 100 folds in fluorescence enhancement after being bound with Zn2*. And it is
the first high-sensitive sensor to detect Zn2* in high concentrations of Ca?* and Mg?*, which
is very important for application in vivo. But low water solubility limits its application, so
Zalewski (1994) led in a water-soluble group at the 6-position of quinoline, chemosensors 2
and 3 were synthesized. The research showed that this improvement made these two
chemosensors much more water-soluble, and also showed a large increase in fluorescence
upon Zn2*addition. Ca2* and Mg?* had little effect on the fluorescence whereas Fe2* and
Cu?* quenched the fluorescence. Recently, Zhang (2008) et al. reported a new high-selective
water-soluble and ratiometric chemosensor 4, based on 8-aminoquinoline for Zn2?* ion,
which showed 8-fold increase in fluorescence quantum yield and a 75 nm red-shift
fluorescence emission from 440 to 515 nm. But its excited source’s energy is too high to be
applied in vivo. Except the ability to be the fluorescence report group, quinoline’s capability
of binding Zn?* enables it to be used as merely a binding group, so that high selectivity
recognition of Zinc ion can be achieved. Nolan and Lippard (2005) et at., use ethyl 8-
aminoquinoline to synthesize chemosensor 5. In addition, 5 exhibits 150-fold increase in
fluorescence upon Zn2* binding because of the low background fluorescence and high
emission when binding with Zn2*. This binding is selective for Zn2* from other biologically
relevant metal cations, toxic heavy metals, and most first-row transition metals and is of
appropriate affinity (Kq=41uM) to reversibly bound Zn2* at physiological levels, and the
quantum yield for the Zn2*-bound complex is 0.7 (Aex=518nm). In this job, quinoline’s
recognition of Zinc ions is utilized. Meanwhile, rhodamine’s high yield of fluorescent
quantum and high sensitivity are taken full advantage of. So we can see that excellent
properties such as light excitation provide superior possible ways for designing quinoline
Sensors.
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8-Hydroxyquinoline, also a traditional fluorogenic agent for analyzing Zn2* and other metal
ions, was used as a reporter group in the chemosensor. Di-2-picolylamine (DPA) is a classic
chelator with high selectivity for Zn2* over other metal ions that can not be influenced by
higher concentration of Ca2*, Na* and K* ions in biological samples. Xue (2008) et al.
incorporated DPA into 8-hydroxy-2-methylquinoline at the 2-position to prepare a series of
chemosensors 6, 7 and 8. The NMR studies and crystal structures of Sensor-Zn2* complexes
indicated that oxygen at the 8-position participated in the coordination of Zn2* along with
the quinoline nitrogen atom, and that DPA group endow the sensor with a high affinity (7,
K4 = 0.85 pM). The fluorescence intensities of sensors showed a 4 to 6 fold enhancement and
the quantum yields were also remarkably enhanced (Fig. 6a). According to the study of
sensor’s selectivity, the emissions of sensors showed slight enhancement upon addition of
K+, Mg2* and Ca?* in the millimolar range, whereas the fluorescence intensities were slightly
quenched by 1 equiv. of transition metals such as Mn2*, Co?*, Fe2*, Ni2* and Cu?* with the
exception of Cd2?* showing enhanced fluorescence. Xue (2009) improved the sensor via
choosing ICT process instead of PET process. By adding a cation which interacted with a
receptor, the electron-withdrawing ability of the expanded conjugated system was
enhanced, and 8 was designed. This results in a larger red-shift emission and Stokes shift
(Fig. 6b). 8 shows a maximum emission at 545 nm with a large Stokes shift of 199 nm in the
absence of Zn?*. The ratio of emission intensity (Is20 nm/Is4 nm) increases linearly with
increased Zn2?* concentration. Ratiometric has brought about higher sensitivity, and other
background disturbance. Only Zn2* and Cd?* show distinct ratiometric responses. Cell
staining experiments demonstrate that 8 can readily reveal changes in intracellular Zn2*.
Dual emissions and cell-permeable nature of 8 make it possible to study cellular Zn2* in
hippocampus in a ratiometric approach. The same problem appears here too: high-energy
excitation puts cells vulnerable to harm.
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Fig. 6. (a) Fluorescence spectra (Aex=320 nm) of 5pM 6 upon the titration of Zn2*
(0-1.6 equiv.) in a HEPES bulffer. (b) Fluorescence response upon titration of 8 (5 mM) with
Zn2* (0-1.6 equiv.), Aex=405 nm.

One year later, a both visual and fluorescent sensor 9 for Zn2* was synthesized by Zhou
(2010) et al., it displays high selectivity for Zn2* and can be used as a ratiometric Zn2*
fluorescent sensor under visible light excitation. The strong coordination ability of Zn2* with
9 leads to approximately 14-fold Zn2* enhancement in fluorescence response and more than
7-fold increase in quantum yield (form 0.006 to 0.045) in THF-H>O solution. It is important
that 9 have little or no effect on Cd2*, whereas Cu?* and Co?* quench the fluorescence. The
quenching is not due to the heavy-atom effect, for, other heavy-atom did not quench the
fluorescence.
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In recent years, two-photon microscopy (TPM) imaging has gained much interest in biology
because this method leads to less phototoxity, better three dimensional spatial localization,
and greater penetration into scattering or absorbing tissues. Sensor 10 for monitoring Zn2*
was synthesized by Chen (2009) et al. based on the structure of 7-hydroxyquinoline. Its
fluorescence enhancement (14-fold) and nanomolar range sensitivity (Kq=0.117 nM) were
favorable in biological applications. JOB’S plot, NMR study and X-ray crystal structure
indicated the binding model between sensor and Zn?*is 1:1. Moreover, 10 also showed high
selectivity for Zn2* toward other first row transition metal ions including Fe?*, Co2*, and
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Cu?*, but it was slightly enhanced by Cd?*. Furthermore, 10 can be used for imaging Zn2* in
living cells with two-photon microscopy (Fig. 7). This is also one of the directions of
designing fluorescence sensors, that is, using widely used low-energy 800nm laser as
excitation source so as to avoid the harm to cells caused by ultraviolet rays.

.

-
Fig. 7. (A) Bright-field image of A431 cells labeled with 30 pM 10 after 30 min of incubation,
Aex=800 nm. (B) TP image after a 30 min treatment with zinc(II) / pyrithione

(50 M, 1:1 ratio). (C) The overlay of (A) and (B). (D) TP image of cells that are
further incubated with 50 pM TPEN for 10 min.

Aoki, S. (2006) et al. have designed and synthesized new cyclen-based Zn2* chemosensor 11
having an 8-hydroxy-5-N and N-dimethylaminosulfonylquinoline unit on the side chain. In
the study, they found that using deprotonation of the hydroxyl group of 8-HQ and chelation
to Zn?* at neutral pH allows more sensitive detection of Zn2* than dansylamide-pendant
cyclen and (anthrylmethylamino) ethyl cyclen. They also introduced deprotonation
behavior and fluorescence behavior, which was different by modifying the 5-position. This
was very important in designing Quinoline-based chemosensors.

_NAN_ N Z
AN “
H H |
H H H

12 13 n=0,1,2

A space comprised of nitrogen atoms with quinoline fragments at both ends is often used in
detection of Zn2*. Sensor 12 was synthesized by Liu (2010) et al, by using ethidene diamine
to connect two 2-oxo-quinoline-3-carbaldehydes, thus schiff-base was composed to achieve
Zn2?* detection. Compared with other metal ions, chemosensor 12 exhibits high selectivity
and sensitivity for Zn2* in acetonitrile solution compared with Cd?* and other metal ions
(Fig. 8a). The single crystal was taken for demonstrating the binding model of sensor and
Zn2*. A simple-structured sensor 13 was reported by Shiraishi (2007) et al. 13 was easily
synthesized by one-pot reaction in ethanol via condensation of diethylenetriamine and 2-
quinolinecarbaldehyde followed by reduction with NaBHs. 13 is a new member of the
water-soluble fluorescent Zn2* sensor capable of showing linear and stoichiometrical
response to Zn2* amount without background fluorescence. 13 also shows high Zn2*
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selectivity and sensitivity in water solution (Fig. 8b). Cd2* induces slight enhancement of
fluorescence emission intensity. It is a easily synthesized recognition to connect two 2-
position quinoline sensors through a bridge that comprises heteroatoms (usually N, O, S
atoms). In addition, the size of the cavity after bridge connection can be controlled in order
to recognize specific ions. This is a very good choice to recognize sensors of different ions.
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Fig. 8. (a) Fluorescence intensity of 12 (10 pM) in the presence of various metal ions (20 pM)
in acetonitrile solution (Aex=305 nm, Aem=423 nm). (b) Fluorescence spectra and intensity
(monitored at 410 nm) of 13 (50 1 M) measured with respective metal cations (1 equiv)

at pH 7.0 (KH2PO4-NaOH buffered solution).

Although quinoline based chemosensors can serve as both the metal ligand and the
fluorophore, their optical properties limit the application in vivo. The main disadvantage of
these chemosensors is high-energy UV excitation which is detrimental to cells. Fluorescence
at short wavelengths (most of the emission wavelengh is under 500nm) and most of the
fluorescent sensors, based on quinoline with DPA as receptor, are more or less affected by
Cd2*. So how to improve quinoline-based sensor is still a challenge.

5.2 Detection of Cd**

The interference of Cd2?* is a well-known problem for zinc fluorescence sensors and
cadmium fluorescence sensors. Xue (2009) et al. reported an chemosensor that modulated
the 8-position oxygen of the quinoline platform on sensor 14, while bound Zn2* in 14 can be
displaced by Cd?+, resulting in another ratiometric sensing signal output (Fig. 9a). 14 shows
a blue-shift of 33nm in emission spectrum. 1H-NMR and optical spectra studies indicate that
that 14 has higher affinity for Cd2* than for Zn2*, which consequently incurs the ion
displacement process. Recently Xue (2011) et al., synthesized a new cadmium sensor 15
based on 4-isobutoxy-6-(dimethylamino)-8-methoxyquinaldine in line with the ICT
mechanism. Sensor 15 exhibits very high sensitivity for Cd?* (Kq=51pM) and excellent
selectivity response for detection Cd2?* from other heavy and transition metal ions, such as
Nat, K+, Mg?*, and Ca?* at millimolar level. They also established a single-excitation, dual-
emission ratiometric measurement with a large blue shift in emission (AA = 63 nm) and
remarkable changes in the ratio (F495 nm/Fsss nm) of the emission intensity (R/Ro up to 15-
fold, Fig. 9b). The crystal structures data of 15 binding with Cd?* and Zn?* demonstrate that
the DPA moiety plays the main function of grasping the metal ions, while the 8-position
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14 Molecular Photochemistry — Various Aspects

methoxy oxygen can be used to tune the selectivity of the sensor. Furthermore, confocal
experiments in HEK 293 cells were carried out with 15, demonstrating 15 to be a ratiometric
chemosensor to image intracellular, which is obviously superior to intensity-based images
of the sole emission channel. This job is a guide to design Quinoline-based Cd?* sensor.
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Fig. 9. (a) Fluorescence spectra (Aex=295 nm) of 10 pM 14 + 1 equiv of Zn2?* upon the titration
of Cd2+ (0-3.0 equiv) in buffer solution. (b) Fluorescence spectra (Aex = 405 nm) of 10 pM 15
upon titration of Cd2* (0-20 pM) in aqueous buffer.

Tang (2008) et al. merged 8-hydroxyquinoline with oxadiazole to develop a ratiometric
chemosensor 16 for Cd2*. If 1,3,4-oxadiazole subunit contained lone electron pairs on N, the
semirigid ligand could effectively chelate Cd2* according to the ionic radius and limit the
geometric structure of the complex; thus 16 showed very high selectivity over other heavy
and transition metal ions. This is also a designing method of bridge connection, that is, to
make the detection group to form half heterocycle structure through the bridge, control the
size of the heterocycle, and use the affinity of different heteroatoms to different ions, so that
the selective recognition of different ions can be reached.

5.3 Detection of Cu®** and Ag*

Calixarenes are an important class of macrocyclic compounds, and they have been widely
used as an ideal platform for the development of fluorescence chemosensors for alkali and
alkaline-earth metal ions. Li (2008) et al. reported a turn on fluorescent sensor 17 for
detecting Cu2* based on calyx[4]arene bearing four iminoquinoline, which showed a largely
enhanced fluorescent signal (1200-fold) upon addition of Cu2* and a high selectivity toward
Cu?* over others. The 1:1 binding mode between sensor and Cu?* was indicated by JOB’s
plot and mass spectrum. In Moriuchi-Kawakami’s (2009) study, Cyclotriveratrylene can also
act as a host analogous to calixarenes, a new C3-functionalized cyclotriveratrylene (CTV)
bearing three fluorogenic quinolinyl groups. Sesnor 18 was synthesized, meanwhile, the
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Quinoline-Based Fluorescence Sensors 15

fluorescence emission was remarkably increased by the addition of Cu2+ with 1332%
efficiency. In the two operations, the main function of quinoline is reflected in fluorescence
changes before and after its N atom coordination. With regard to the selectivity of ions, it is
decided by the cavity size formed by the middle cyclocompounds. The design is
instructional, because compared with the bridge mentioned before, it produces a three-
dimensional bridge, and brings about better selectivity of particular ions.

17 18

Although quinoline moiety can be used both as the metal binding site and the fluorophore,
the application of quinoline-based chemosensors in biological systems is limited by their
optical properties. The main disadvantage of these chemosensors is high-energy UV
excitation, which is possibly detrimental to biological tissues. It can induce autofluorescence
from endogenous components and fluorescence at short wavelengths. Chemosensors 19
developed by Ballesteros (2009) et al. enlarged the conjugated system with b5-
bromoindanone at the 8-position by Suzuki reaction. With this improvement, after being
excited by visible light (Aex=495nm), 19 showed a 5-fold increase in the intensity of emission
centered at 650 nm after Cu2* was added.

19 20

Receptor is a key role in the design of chemosensors, by choosing azacrown[N,S,0] instead
of DPA. Wang (2010) et al. synthesized a new chemosensor 20 based on ICT mechanism.
Chemosensor 20 is an effective ratiometric fluorescent sensor for silver ion and bears the
features of a large Stokes shift at about 173 nm, with red-shift up to 50 nm in the emission
spectra, and brings high affinity for silver ions (log K = 7.21) in ethanol in comparison with
other competitive d10 metal ions. Crown compounds are all along used as highly recognized
receptor groups for particular ions. As for groups which are not easily bounded, for
instance, K+, 18-crown-6 can be used to recognize it. However, crown compounds have
some application limits. At the beginning, crown compounds comprised of different
heteoatoms can not achieve highly efficient synthesis. Then, they are considerably
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poisonous to in vivo cells. This imposes restrictions on their application in organisms to
some extent.

5.4 Detection of Hg**

Modified quinoline can also become very good binding group for Hg?* ion. Han (2009) et al.
reported highly selective and highly sensitive Hg2* chemosensor 21 based on quinoline and
porphyrin ring. The 21 complexation quenches the fluorescence of porphyrin at 646 nm and
induces a new fluorescent enhancement at 603 nm. The fluorescent response of 21 towards
Hg?* and 'H-NMR indicates Hg?* ion is binding with the quinoline moiety. Yang (2007) et
al. reported chemosensor 22, which connect 8-hydroxyquinoline with rhodamine and
ferrocene, and recognize Hg?* through opening and closing rhodamine ring before and after
binding. At the same time, because the density of the interior electron cloud changes before
and after binding, the electrochemistry signal of ferrocene varies, so that the detection
accuracy is improved. Concerning Hg?* recognition, there is another method that receives
considerable attention, that is, modified thioamides on quinoline, using the sulfur addicting
feature of Hg?*, will be transformed into amides by Hg?*, which will change the PET
process, thus inducing the production of fluorescence.

21 22 23

Song (2006) et al. reported 8-hydroxyquinoline derivative chemosensor 23. In 23, the
fluorescence background is very weak. 23 is demonstrated to be highly sensitive to the
detection of Hg?*, because the hydrolytic conversion of thioamides into amides catalyzed by
Hg?* is very efficient. NMR, IR, and mass studies indicate the Hg?* ion induced the
transformation of thioamide into amide.

5.5 Detection of Cr’* and Fe**

Because paramagnetic Fe3* and Cr3* are reported as two of the most efficient fluorescence
quenchers among the transition metal ions, the development of Fluorescence chemosensors
working with these inherent quenching metal ions is a challenging job. Zhou (2008) et al.
reported a FRET-based Cr3* chemosensor 24. With increased FRET from 1,8-naphthalimide
(donor) to the open, colored form of rhodamine (acceptor), the intensity of the fluorescent
peak at 544 nm gradually decreased and that of new fluorescent band centered at 592 nm
increased, 24 showed an 7.6-fold increase in the ratio of emission intensities (Fs9» nm/Fsas
nm). We (2011) reported a turn-on fluorescent probe 25 for Fe3* based on the rhodamine
platform. An improved quinoline fluorescent group, which could be excited by about 400
nm wavelength of light, was linked to the rhodamine platform. The emission of conjugated
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quinoline was partly in the range of rhodamine absorption, so 1,8-naphthalimide could be
removed. And we also removed the hydroxy group at 8-position to reach a different
coordination mode choice on the Fe3* ions. 25 shows high selectively for Fe3* over Cr3+ both
in fluorescence and visible light (Fig. 10). JOB’s plot indicate that, the 1:2 binding model
between Fe3* and 25, pH and cytotoxic effect also suggest that the new sensor is suitable for
bioimaging. More importantly, the improved quinoline group can be excited by 800nm two-
photon laser source, which is more suitable for bioimaging. We can utilize the FRET
processes of quinoline and other fluorescent groups to design sensors, so as to take
advantage of their respective merits. For example, we can make use of other groups’ visible
light changes, water solubility, and high sensitivity brought about by switch construction
and so on to compensate demerits of quinoline groups. This will be one of the directions for
designing sensors.

L

Sensor  Felll Crill Coll Mnll Nal Call Nill Fell Cul Cdil Hgll

Sensor  Felll Crill Coll Mnll Nal Call Nill Fell Kl Cul Cdil  Hall

Fig. 10. Top: color of 25 and 25 with different metal ions. Bottom: fluorescence (Aex = 365 nm)
change upon addition of different metal ions.

6. Conclusion

In this review, we cover quinoline-based chemosensors for detection of different metal ions.
There has been tremendous interest in improving quinoline-based chemosensors due to its
easy synthesis method, high sensitivity and stability. However, there is still much room for
progress in its application in vivo such as water solubility, high selectivity, and fluorescence
bio-imaging capacity. Accordingly, the design of receptor for different ions is very
important. For example, 15 adopted the different bonding model to distinguish between
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Zn?* and Cd?*. 24, through another fluorophore, thus achieved FRET process. Extended
conjugated system of quinoline can be excited by two-photon laser source, and so on. We
anticipate that more and more quinoline-based fluorescence chemosensors can be
synthesized which are useful for detection of metal ions.
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