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Abstract

This paper reports development of an iron sensor, 2-(3H-pyrrolo[2,3-c]quinolin-4-yl)aniline (APQ). The fluorophore facilitates
micromolar detection of Fe>*/Fe** in the presence of various cations, including well-known interfering cations Co**and Cu”* by

the process of fluorescence quenching.
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Introduction

Iron in both its +2 and + 3 oxidation state is one of the most
important transition metal in living systems. It serves as a
cofactor in diverse biochemical reactions/processes such as
oxidoreductase catalysis, oxygen transport and electron
transport. Both excess and deficiency of this metal is
known to induce wide spectrum of diseases ranging from
liver cancer, liver cirrhosis, anaemia to Parkinson’s dis-
ease, arthritis, diabetes, malaria and even heart failure
[1-4]. Thus, selective sensing of iron is of considerable
importance to human health. Various techniques such as
atomic absorption spectroscopy [5], spectrophotometry
[6-8], voltammetry [9—11] and chemiluminescence [12,
13], have been used for selective detection of iron. Some
of these techniques, requiring sophisticated instrumenta-
tion along with elaborate pretreatment procedures are in-
appropriate for in-field or on-line monitoring. While po-
tentiometric sensors offer advantages owing to their sim-
ple, rapid and non-destructive characteristics, they are
plagued by the problem of low response slopes due to a
charge of analyzed ions. All these concerns are effectively
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addressed by colorimetric and fluorescence techniques,
which allow sub-ppm level detection along with the possi-
bility of intracellular monitoring. Additionally, fluores-
cence sensors are also bestowed with features like fast re-
sponse time and technical simplicity. These advantages
have catapulted the fluorescence based analytical tech-
niques at the forefront of selective iron sensing [14, 15].

In a recent report by Lan et al., oligothiophenes were used
for selective iron sensing in aqueous condition [16]. Coumarin
based fluorophores were used by Hua et al. and Zhao et al. for
selective turn-OFF fluorescent sensing of Fe** in DMSO and
in aqueous medium, respectively [17, 18]. In a separate work,
Pant and coworkers reported coumarin-triazole compounds
for selective iron sensing using turn-OFF fluorescence tech-
nique [19]. A chemosensor derived from vitamin B4 cofactor
pyridoxyl-5-phosphate was used by Sharma et al., for selec-
tive detection of iron in aqueous medium [20]. 5-
hydroxybenzo[g]indoles were used by Pramanik and co-
workers for selective turn-OFF iron sensing [21]. Iron sensors
using fluorescence signaling process can be classified into
three types: turn-ON [16, 22, 23], turn-OFF [17-21, 24], and
ratiometric [25-27], with significant share garnered by fluo-
rescence turn-OFF techniques. Main reason for such behav-
iour is generally attributed to Fe** assisted photoinduced elec-
tron transfer and/or exited state de-excitation pathways (via
electronic energy transfer) [15].

We have an ongoing interest in the area of ion sensing.
Towards this effort, we have looked at selective Zn*t and F~
sensing by using easy to assemble 4-substituted pyrrolo[2,3-
c]quinolines as fluorophores [28, 29]. The work reported in
this communication attempts to expand the scope of these
compounds to selective sensing of Fe’*.
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Results and Discussion

Given the general tendency of fluorescence based iron de-
tection via quenching pathway and the simplicity of
fluorophore requirements, we decided to design
fluorophores for these study with ligands 1 and 2 reported
by Ghosh et al. and Zhang et al. (Scheme 1) [24, 30].
Additional inputs for fluorophore design also came from
several literature reports on quinoline based molecules
[31-34]. Our familiarity with pyrrolo[2,3-c]quinoline sys-
tems prompted us to initiate this study with ligands APQ
and HPQ bearing o-aniline and o-phenol as substituents. It
was felt that presence of amino and hydroxyl functionality
along with pyrrole nitrogen will provide suitable binding
sites to the metal. Molecule HPQ has been already reported
by us as a selective fluoride sensor [29].

Synthesis of the ligands was carried out by using mod-
ified Pictet-Spengler reaction as a key step [35]. The com-
pounds were thoroughly characterized prior to UV-visible
and fluorescence studies. Our approach was to look at
steady state fluorescence behaviour of APQ and HPQ, in-
dividually, in DMF as a solvent and then carryout the same
study by incubating the ligands with Fe>* ion. Initial fluo-
rescence screening revealed that while APQ exhibits an
intensive fluorescence emission and a large Stokes shift
of 115 nm, due to ESIPT reactions, it was subdued for
HPQ with a comparatively low (67 nm) Stokes shift.
Both the ligands displayed fluorescence quenching behav-
iour with Fe**, though the relative fluorescence decrease
was less for HPQ in comparison with APQ. These primary
results encouraged us to use APQ for further studies.
Subsequently, fluorescence behaviour of APQ was exam-
ined by incubation with metals such as Ag*, Ca**, Cd**,
C02+, Cu2+, F62+, Hg2+, K+, Mg2+, Na+, Niz+’ Pb2+, Sn2+
and Zn>* (Figs. 1 and 2). Modest increase in fluorescence
intensity was noticed in case of most of the metals except
Ni**, Sn** and Cu*, whereas Fe** also displayed fluores-
cence quenching.

Scheme 1 Design of APQ and
HPQ based on known ligands 1
and 2
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To establish the selectivity of the molecule APQ towards
Fe*, competitive fluorescence sensing experiments were also
performed in the presence of other metals (Fig. 2). The obser-
vations clearly show that APQ is highly selective towards the
detection of Fe’* in presence of most of the other metals. It is
noteworthy to mention here that APQ shows prominent selec-
tivity towards Fe**, even in presence of well-known interfer-
ing cations Co**and Cu*" [30].

With these initial results we explored binding stoichi-
ometry between metal and ligand. It showed ratio of metal
to ligand as 2:1. Association constant of the complex and
detection limit were subsequently determined as 10 x
10° M2 and 0.4 x 10°° M, respectively, using well
established literature reports [36, 37]. Stoichiometry of
the complex was also confirmed by the MALDI analysis,
which showed a prominent peak at m/z 515.325 [(M + Li*;
C,7H,,Cl4Fe,LiN;"), exact mass m/z 515.856), thus estab-
lishing 2:1, metal to ligand ratio.

Further efforts were focused on probing the role played by
pyrrole ring nitrogen in APQ. The main approach here was to
introduce minor structural changes in the APQ structure and
then examine its effect on Fe'*/Fe** sensing. Accordingly,
compounds 2-(3-methyl-3H-pyrrolo[2,3-c]quinolin-4-
yDaniline (3), 2-(thieno[2,3-c]quinolin-4-yl)aniline (4) and
2-(4-phenylquinolin-2-yl)aniline (5) were synthesized
(Fig. 3) [35, 38, 39]. Each of these molecules while retaining
the basic quinoline core had pyrrole ring either modified or
completely replaced. On screening these compounds with
Fe** in DMF, fluorescence quenching was observed in all
the cases. It was comparable to APQ in ligands 3 and 4
bearing N-methyl pyrrole and thiophene ring, respectively.
Whereas, relative fluorescence intensity as well as fluores-
cence quenching was very less for ligand 5. Thus, these re-
sults indicated that presence of pyrrole ring is not an absolute
requirement for the selective sensing of Fe** ion.

We also carried out minor modification of aniline half of
APQ scaffold by replacing benzene with pyridine ring
while retaining the relative position of amino functionality
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Fig. 1 Fluorescence behaviour of APQ on incubation with various metals

with respect to quinoline nitrogen (6) (Fig. 3) [35]. It also
exhibited fluorescence quenching behaviour as APQ, on
incubation with Fe*™ and Fe®*, showing criticality of the
amino functionality.

Subsequently, the reversibility of Fe>* binding to APQ was
tested by titration with EDTA, a well- known chelator for
Fe**. While gradual enhancement of fluorescence signal on
titration of Fe**-APQ complex with EDTA solution was no-
ticed, it did not recover fully, which is clearly indicative of the
high association constant of Fe**-APQ complex. The signal
was again quenched on further addition of Fe** solution. This
experiment helped us to establish a somewhat reversible bind-
ing behaviour of Fe’* with APQ.

Fig. 2 Competitive selectivity
(Aex =320 nm and fluorescence
was recorded at 435 nm) of APQ
towards Fe** in DMF, in presence
of other metal ions. 1: only APQ.
Black bar represents APQ + metal
ions and red bar represents

APQ + metal ions + Fe** ions
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Given the importance of logic gates in molecular keypad
devices and molecular switches, reversibility experiment in-
volving Fe** and EDTA were used as input signals for the
same. Emission intensity at 140 a.u. was taken as the threshold
value at wavelength 435 nm. A state OUT =0 was given
above the threshold value of the emission intensity, while a
state OUT =1 was given below it (Fig. 4).

In order to explore the practical applications of the de-
veloped fluorophore, quenching experiments were also
performed by encapsulating APQ inside span80 (sorbitan
ester of oleic acid) niosome. Niosomes are vesicular struc-
tures formed by self-assemblies of non-ionic surfactants.
They mimic cell membranes in several aspects and poten-
tially used as transdermal carriers for hydrophilic or hydro-
phobic drugs [40]. We have demonstrated confocal imag-
ing (Fig. 5) in the span80 vesicular system by using the
fluorescence of APQ with and without Fe**. Fig. 5a, b
showed the bright field and the corresponding fluorescence
images of vesicles loaded with APQ, when excited at
405 nm and emission was collected in the wavelength re-
gion of 460 =20 nm. As and when, APQ bound with Fe**,
the fluorescence intensity was quenched significantly and
very weak fluorescence was observed from the vesicles
(Fig. 5d and f). These observations clearly indicated the
interaction of APQ with Fe’* inside the vesicle membrane,
which can be suitably tailored for biological applications
as required.

Experiments were also conducted to detect the iron con-
centration in water samples collected from different sources

N
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Fig. 3 Structure of ligands 3, 4, 5
and 6

which further demonstrated the applicability of the developed
sensor (ESI).

Conclusion

In summary, we have developed a sensor for selective mi-
cromolar detection of Fe**. The probe works by blocking
the ESIPT reaction of the ligand in the presence of Fe**
and performs optimally even in the presence of well-
known interfering cations Co** and Cu*. Binding stoichi-
ometry was found to be 2:1 for metal and ligand. The
capability of the developed sensor was further demonstrat-
ed by its encapsulation inside vesicle membrane and detec-
tion of Fe** ions thereby.

Experimental

All the starting materials were purchased and used directly.
Solvents were dried and distilled before use. Visualization on
TLC was achieved by use of UV light (254 nm) or iodine. 'H
NMR (300 MHz and 400 MHz) and '*C (75 MHz and
100 MHz) spectra were recorded in CDCl; and DMSO solu-
tion with TMS as internal standard. The mass spectrum was
recorded on Agilent 1100/LC MSD Trap SL version. Column

5 x
S 3
AN
g
£S]
=4
Fluorescence Intensity (a.u.)

NH
X
~
N |\
~
& NN

chromatography was performed on silica gel (100-200 mesh,
SRL. India). Fluorescence studies were done on Hitachi F-
7000 spectrofluorimeter.

Synthesis of 2-(3H-Pyrrolo[2,3-c]Quinolin-4-yl)Aniline (APQ)
Synthesis of the compound was carried out as per the proce-
dure described in reference [31].

"H NMR (300 MHz, DMSO-de): & 6.13 (s, 2H), 6.77 (t,
J=7.4Hz, 1H), 6.92 (d,J=8.1 Hz, 1H), 7.22 (s, 2H), 7.58 (t,
J=6.6 Hz, 4H), 8.06-7.97 (m, 1H), 8.36-8.25 (m, 1H), 11.69
(s, 1H). >*C NMR (101 MHz, DMSO-dg): & 101.61 (s),
116.72 (s), 120.64 (s), 123.11 (s), 148.00 (s), 123.46 (s),
125.87 (s), 126.22 (s), 127.29 (s), 128.61 (s), 129.09 (s),
129.50 (s), 130.23, 141.74 (s), 147.56 (s).

Synthesis of 2-(3H-Pyrrolo[2,3-c]Quinolin-4-yl)Phenol (HPQ)
Synthesis of the compound was carried out as per the proce-
dure described in reference [31]. Structure confirmed by IR,
'H, 3C NMR and mass spectrum and was consistent with
those described in the literature [31].

Synthesis of 2-(3-Methyl-3H-Pyrrolo[2,3-c]Quinolin-4-
yl)Aniline (3) Synthesis of the compound was carried out as
per the procedure described in reference [31].

"H NMR (300 MHz, DMSO-dg): 5 3.37 (s, 3H), 4.82 (s,
2H), 6.72 (t,J=7.2 Hz, 1H), 6.85 (d,J=8.0 Hz, 1H), 7.12 (d,

APQ + EDTA

APQ + Fe(Il)+ EDTA

APQ + Fe(IIl) +
EDTA + Fe(III)

APQ + Fe(IlI)

Tl'llth Table 350 400 450 500 550 600

(b) Wavelength (nm)

Out (Emission intensity at 435 nm)

X (Fe3) Y(EDTA)
0 0
0 1
1 0
1 1

0

0
1
1

©

Fig. 4 a Fe>*and EDTA as chemical inputs and their effect on the emission spectra of APQ. b Emission spectra of APQ, EDTA and Fe**titrations. ¢

Truth table incorporating logic functions
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Fig. 5 Bright field (a, ¢, e) and
fluorescence (b, d, f) Confocal
images of span-80 niosomes
loaded with APQ, with and with-
out Fe**

O

O

J=7.4Hz, 1H), 7.20 (dd, J=15.0, 5.1 Hz, 2H), 7.57 (dd, J =
6.1, 3.3 Hz, 3H), 8.00 (dd, /=6.1, 3.4 Hz, 1H), 8.32 (dd, J=
6.2,3.2 Hz, 1H). >*C NMR (75 MHz, DMSO-d): 5 35.23 (s),
99.81 (s), 114.99 (s), 115.88 (s), 122.93 (d, J=12.8 Hz),
125.59 (d, J=10.0 Hz), 127.96 (s), 128.96 (s), 129.38 (s),
129.71 (s), 130.16 (s), 133.23 (s), 141.76 (s), 146.39 (d, J=
8.0 Hz).

Synthesis of 2-(Thieno[2,3-c]Quinolin-4-yl)Aniline (4)
Synthesis of the compound was carried out as per the proce-
dure described in reference [34].

"H NMR (400 MHz, DMSO-d¢): & 7.83-7.74 (m, 2H),
7.86 (ddd, /=8.1, 7.4, 1.6 Hz, 1H), 7.96 (td, J=7.5, 1.2 Hz,
1H), 8.01 (dd, J=17.6, 1.4 Hz, 1H), 8.12-8.07 (m, 1H), 8.24
(dd,J=8.1,0.9 Hz, 1H), 8.34 (d,/=5.3 Hz, 1H),8.44 (d,J=

(:
: ©,

0.19 mM Fe3*

0.38 mM Fe**

5.4 Hz, 1H), 8.64-8.60 (m, 1H). *C NMR (101 MHz,
DMSO-dg): & 116.2, 116.8, 121.9, 123.2, 124.2, 127.1,
128.9, 129.3, 129.5, 130.8, 132.7, 134.1, 143.4, 144.1,
147.8, 154.2.

Synthesis of 2-(4-Phenylquinolin-2-yl)Aniline (5) Synthesis of
the compound was carried out as per the procedure described
in reference [35].

"H NMR (400 MHz, DMSO-d¢): & 6.68-6.62 (m, 1H),
6.87 (dd, J=8.2, 1.1 Hz, 1H), 7.20-7.12 (m, 3H), 7.66-7.53
(m, 6H), 7.79 (ddd, J=8.3, 6.9, 1.4 Hz, 1H), 7.84 (ddd, J=
8.3, 4.2, 1.0 Hz, 2H), 7.88 (s, 1H), 8.12 (d, J=8.4 Hz, 1H).
13C NMR (100 MHz, DMSO-d): & 115.7, 116.6, 119.1,
120.0, 124.0, 125.0, 126.4, 128.5, 128.7, 128.9, 129.5,
129.7,130.2, 137.5, 146.7, 148.1, 148.6, 158 4.
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Synthesis of 3-(3H-Pyrrolo[2,3-c]Quinolin-4-yl)Pyridin-2-
Amine (6) Synthesis of the compound was carried out as per
the procedure described in reference [31].

"H NMR (400 MHz, DMSO-de): & 6.81 (dd, J=7.4,
4.9 Hz, 1H), 6.91 (s, 2H), 7.27-7.23 (m, 1H), 7.66-7.57 (m,
3H), 8.01 (ddd, /=9.2, 7.3, 2.8 Hz, 2H), 8.13 (dd, J=4.9,
1.7 Hz, 1H), 8.33 (dd, J=6.5, 3.0 Hz, 1H), 11.86 (s, 1H). °C
NMR (101 MHz, DMSO-dg): 4 101.78 (s), 113.02 (s), 115.31
(s), 123.22 (s), 123.50 (s), 126.19 (s), 126.40 (s), 127.24 (s),
128.90 (s), 129.13 (s), 129.71 (s), 138.25 (s), 141.57 (s),
145.82 (s), 148.98 (s).

Encapsulation of APQ in the Vesicle and Confocal
Imaging

Niosomes were prepared using standard thin layer evaporation
method [36]. Span80 surfactant and cholesterol were taken in
the ratio 1:1. Afterward, this was dissolved in 2:1 chloroform/
methanol mixture. These solvents were evaporated in a rotary-
evaporator at 100 rpm and under a vacuum of 20 Hg at 30 °C
to form a thin film, which was further hydrated with water.
The suspension was vortexed and sonicated to get the final
niosomal suspension. The prepared niosomes were first load-
ed with 10 uM of APQ. For quenching experiments, APQ
loaded niosomes were further treated with 0.19 and
0.38 mM Fe’* solutions. The niosomes were incubated with
the formulation for 60 min and then imaged using a TCS SP8
spectral laser scanning confocal microscope.
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