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A new turn-on cell permeable chemodosimetric probe 1 has been
developed and its application in the selective detection of trivalent
cations (Fe**/Cr®*/A®*) at a sub-nanomolar level has been demon-
strated. The selectivity of 1 over a broad spectrum of mono- and
divalent metal ions was established using fluorescence spec-
troscopy. Moreover, the changes in the absorption spectra of 1 in
the presence of trivalent cations enabled the most bio-relevant
metal ion Fe** over Cr¥*/A®* to be distinguished. The probe was
found to be successful in the fluorescence imaging of native cellu-
lar iron pools. The fluorescence imaging of the native iron pools of
banana pith further supported the high sensitivity of 1 towards
Fe®* present in living systems. To the best of our knowledge, this is
the first example of a turn-on chemodosimetric probe to image
native cellular Fe** pools.

The importance of iron, the most abundant transition metal
in biological systems, in monitoring various biological events
has been well investigated and documented in the literature."
The concentration of iron in a living system has been found to
be crucial for the smooth functioning of biological processes.
Iron dishomeostasis (either deficiency or overload) may cause
certain cancers and dysfunction of various organs.’® A fluo-
rescence bioimaging technique has been adapted as one of the
most sensitive and efficient techniques for imaging intracellu-
lar labile or free metal ions.’”"'® Often this technique pro-
vides valuable information related to cell biology such as the
dynamic changes of these metal ions in the cellular environ-
ment, their role in regulating various cellular processes, etc.*>’
In the last few decades, though a large number of fluorescence
chemosensors have been developed by various research groups
for the efficient detection of Fe*" in environmental samples,
chemosensors for the detection of iron in biological samples
are much fewer in number.'® Moreover, molecular probes that
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detect/image native cellular iron pools have been rarely repor-
ted.'® The main reasons for this scarcity of such probes are
their cell impermeability, lack of sensitivity and lack of solubi-
lity in aqueous or semi-aqueous solutions. In addition to
these, and due to its strong paramagnetic quenching nature,
the development of a turn-on fluorescence chemosensing
agent for Fe’" has always been a challenging task. Therefore,
there is a need to develop a cell permeable turn-on molecular
sensor for Fe®" having potential in imaging native cellular iron
pools.

Often, in recent times, chemodosimeters have been pre-
ferred over chemosensors for the fluorescence bioimaging of
various analytes including anions, small- and bio-molecules
due to their high selectivity, sensitivity and rapid response
time.”® The basic difference between a chemosensor and a
chemodosimeter is that the binding interaction between the
chemosensor and analyte which renders a fluorescence signal
is non-covalent and reversible, whereas chemodosimeters
interact with the analytes through an irreversible chemical
reaction. While a large number of chemosensors have been
reported over the years for imaging a wide range of analytes in
biological samples, Li and coworkers in their most recent
review mentioned that the number of chemodosimeters
reported to date is only around 200.%° Also, the carefully docu-
mented examples in this review clearly demonstrate the strong
potential of chemodosimeters in luminescent bioimaging.”®
Though few chemodosimeters have been reported in recent
times as fluorescence bioimaging agents for various metal
ions, only one innovatively designed chemodosimetric probe
has been reported to date which has potential in imaging over-
loaded Fe*" in living cells.”* Similarly, two recent reports have
described the development of fluorescent probes for imaging
labile Fe*" pools in living cells.*> However, to the best of our
knowledge, no chemodosimetric probe has been reported to
date for the imaging of native cellular Fe** pools.

A recent report from the Costero group carefully demon-
strated the importance of a trivalent cations sensor.>> Though
very few chemosensors have been reported to date for the
selective detection of trivalent cations,?* no chemodosimetric

Dalton Trans., 2014, 43, 5269-5273 | 5269


www.rsc.org/dalton
http://dx.doi.org/10.1039/c3dt53141d
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT043014

Published on 24 December 2013. Downloaded by Northeastern University on 25/10/2014 01:42:44.

Communication

. NH, .
[»\CHO + MeOH/AcOH
H N Reflux, 5 hr, 62% O
2 . )N 1

Scheme 1 Synthesis of chemodosimetric probe 1.

probe has yet been reported to selectively detect trivalent
cations over mono- and divalent cations.

Herein, we report our recent development of an imine-
based turn-on chemodosimetric probe for the selective detec-
tion of trivalent cations at a sub-nanomolar level and its appli-
cation in the fluorescence imaging of native cellular iron
pools.

The chemodosimetric probe 1 (Scheme 1) was synthesized
by the condensation of 2-imidazolecarboxaldehyde, 2 and
3-amino-N-ethyl carbazole, 3 in methanol.

The desired product was isolated as a yellow solid and
characterized using FT-IR, 'H/*C NMR and high resolution
mass spectroscopy (Fig. S1 and S2t). Various spectroscopic
techniques were used to investigate the chemodosimetric
nature of probe 1 against several metal ions. A combination of
THF-H,O (8:2 v/v) was used as the solvent system to study the
absorption and emission properties of 1. Initially, probe 1
(10 pM) showed two absorption bands centered at 295 nm (& =
23700, high-energy absorption band) and at 350 nm (¢ =
18400, low energy band) (Fig. S31). These two bands arose
mainly due to the n-n* and n-rn* transitions of aromatic rings
and the imine (C=N) bond, respectively. Whereas the addition
of Fe** (0-360 pM) to a solution of 1 (10 uM) resulted in a sig-
nificant increase in intensity of the high-energy band at
295 nm, no change in intensity of the high-energy band was
observed upon the addition of AI**/Cr*" (Fig. S41). The pres-
ence of trivalent cations caused a disappearance of the low
energy band at 350 nm indicating cleavage of the imine bond
(Fig. S41). These spectral changes efficiently distinguished Fe**
over AI**/Cr*". UV-vis spectra in other solvent combinations
were also recorded and are reported in the ESI (S4b-df).

Interestingly, when these experiments were performed in
THF, no such changes in the absorption spectra of 1 were
observed (Fig. S51). This indicates that water played a major
role in causing the changes in the absorption spectra of 1 in
the presence of trivalent cations and we speculate that such
changes occurred due to trivalent cation mediated hydrolysis
of the imine-bond resulting in the generation of amine and
aldehyde. To further prove this, control experiments were per-
formed using pure aldehyde and amine in the presence of tri-
valent cations. We observed that the absorption spectra of the
carbazole amine in the presence of trivalent cations were
similar to that of 1 in the presence of trivalent cations in a
mixture of THF-H,O (8:2) (Fig. S61). These experimental
results revealed that the strong Lewis acidity of trivalent
cations (Fe™/AI™/Cr*®) over other metal ions facilitated the
hydrolytic cleavage of the imine-bond (Scheme $2).2°*7
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Fig. 1 Emission spectra of compound 1 (1 pM), and 1 in the presence of
different metal ions (51 pM, 75 uM, 63 uM for Fe**/A>*/Cr**, respect-
ively, and 100 pM for the other cations) in a THF-H,O (8:2) mixture,
(Zex = 330 NM, dem = 430 nm). Inset: fluorescence intensity as a function
of Fe3*/Cr¥*/Al>* concentration.

Next we investigated the fluorescence response of 1 when
treated with Fe**/AI**/Cr®" in a mixture of THF-H,O (8: 2). The
fluorescence titrations of 1 in the presence and absence of the
trivalent cations were performed to examine the cleavage of
the imine-bond. As shown in Fig. 1, 1 (1 uM) itself was found
to be weakly fluorescent upon excitation at 330 nm. The weak
fluorescence of the probe was mainly due to a combination of
E/Z isomerization and photoinduced electron transfer (PET)
from the imidazole unit to the fluorophore carbazole.”®*°
Upon the addition of Fe™/AI"*/Cr™ (51 uM, 75 pM, 63 pM,
respectively), probe 1 (1 pM) exhibited a remarkable enhance-
ment in fluorescent intensity at 430 nm. However, the other
metal ions showed no such effect when 1 was excited at
330 nm in identical conditions (Fig. 1).

In order to understand the origin of such turn-on fluo-
rescence of 1 in the presence of Fe**/AI**/Cr’*, and based on
the experimental data that we obtained during absorption
studies, the fluorescence spectra of 3 were recorded in identi-
cal conditions. The carbazole amine 3 showed fluorescence
emission at 430 nm when excited at 330 nm and the emission
spectrum was similar to that of the emission spectra of 1
(Fig. S77). This supported our conclusion that the fluorescence
enhancement was due to the hydrolysis of the imine-bond and
formation of carbazole amine 3.

To confirm this further, experiments were performed using
THF as the solvent and in the absence of water (Fig. S81), no
such changes in the emission spectra of 1 in the presence of
Fe’"/AP*/Cr** were observed. The above spectral studies
suggest that the presence of water was one of the key factors in
cleaving the imine-bond. All these experimental data infer that
1 could be used as a chemodosimetric probe to detect trivalent
cations in environmental systems.

In order to support the hydrolytic cleavage of the imine
linkage, "H-NMR titration experiments were performed using
AP’* as the model trivalent cation (in order to avoid peak
broadening in the presence of Fe’*/Cr** due to their paramag-
netic nature) in a mixture of solvents DMSO-d¢-D,O (8:2)
(Fig. S971). In the absence of AI**, the imine proton appeared at

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3dt53141d

Published on 24 December 2013. Downloaded by Northeastern University on 25/10/2014 01:42:44.

Dalton Transactions

8.60 ppm. Upon the addition of Al to the same solution, a
new peak at 9.60 ppm appeared which could be attributed to
the aldehydic proton of 2-imidazolecarboxaldehyde 2. Over
time the intensity of the signal for the imine proton slowly
decreased and an almost complete disappearance of the imine
peak was observed after a few minutes of addition of AI**.

Similarly, the mass spectra of 1 in the presence of the triva-
lent cations showed the disappearance of the molecular ion
peak for 1 (289.14) and the distinct appearance of peaks
corresponding to the aldehyde and amine (97.18 and 211.38,
respectively) (Fig. S10t). These results fully support the irre-
versible binding of a trivalent cation to 1 followed by the
hydrolytic cleavage of the imine linkage.

Using the (3 sigma/slope) method, the limit of detection
was calculated and found to be in a sub-nanomolar range.*°
The present probe 1 could detect as low as 0.38, 0.38 and
0.36 nM of Fe**, AI** and Cr’", respectively (Fig. S11a-ct).

Competition experiments were performed to investigate the
potential of 1 as a selective chemodosimeter for Fe**/AI**/Cr®".
The addition of an excess amount (102 pM) of a large number
of various mono- and divalent metal ions including biologi-
cally active and heavy metal ions (nitrate salts of Na', Ag’,
Mg, Pb*", C€d*, Ni*, Co*, zn** and Cu®; and the
chloride salt of Hg>", sulfate salt of Fe*" were used) to a solution
of 1 in THF-H,O (8:2) did not result in any enhancement in
fluorescence, whereas the addition of Fe*"/Cr**/AI** (51 uM, 63
uM and 75 pM respectively) to the same solution resulted in an
increase in fluorescence intensity (Fig. 2). It is worth mentioning
that Fe*" showed no effect on the emission spectra of 1 under

Fig. 2 Fluorescence response of 1 (1 uM) towards Fe3*/Cr¥*/A* (51
UM, 63 pM and 75 pM, respectively) in the presence of excess amounts
of (102 uM) various metal ions in THF—H,O 8: 2 mixture (lex = 330 nm,
Aem = 430 nm).
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identical experimental conditions and a high selectivity for
Fe** over Fe** was observed (Fig. 2). These results strongly
support our conclusion that 1 could be used as an AI**/Cr*"/
Fe®* selective ‘turn-on’ chemodosimeter.

The probe was found to be stable within a pH range of
5.6-10 (Fig. S12at). To check the working pH range for probe
1, pH dependent studies were performed and the probe was
found to work efficiently within a pH range 6.8-7.2
(Fig. S12bt).

To gain insight into the hydrolysis kinetics of probe 1, we
investigated the time dependent changes in the fluorescence
intensity of 1 in the presence of trivalent cations. Though the
hydrolysis of 1 started immediately after the addition of the tri-
valent cations, the maximum fluorescence emission intensity
was observed within 10 minutes after the addition of the tri-
valent cations (Fig. S13a-ef).

Given the utmost biological importance of Fe*", and consid-
ering the probe’s selectivity for Fe®" over all other metal ions
present in biological milieu, as well as its efficacy in detecting
iron in a sub-nanomolar level, we became interested in investi-
gating the potential of 1 to image native cellular iron pools.
Candida albicans cells (IMTECH no. 3018) from an exponen-
tially growing culture in a potato dextrose broth (pH 5.2, incu-
bation temperature 37 °C) were collected by centrifugation at
3000 rpm for 5 minutes. Next, these cells were thoroughly
washed twice by suspending them in a 0.1 M HEPES buffer
(pH 7.2) followed by centrifugation at the same speed as
above. One set of washed cells was treated with an EDTA solu-
tion to chelate the native cellular labile/free iron pools and
then the cells were treated with probe 1 (50 pM). Another set
of washed cells was incubated separately with probe 1 (50 pM)
for 30 minutes without any EDTA treatment and washed two
times. A third set of washed cells was overloaded with Fe**
(1 mM) by treating with FeCl; for 30 minutes, washed and
finally treated with 1 for another 30 minutes. Finally, the
treated cells were mounted on a grease free glass slide and
observed under a Leica DM 1000 Fluorescence microscope
with a UV filter. Cells treated with EDTA followed by 1 were
used as the control (Fig. 3a). The cells treated with probe 1
showed a strong blue emission indicating imaging of the
native cellular iron pool (Fig. 3b). To prove this further, when

Fig. 3 Fluorescence microscopic photographs of (a) Candida albicans
cells treated with EDTA followed by probe 1, (b) C. albicans cells treated
with 1, (c) C. albicans cells treated with FeCls followed by 1.

Dalton Trans., 2014, 43, 5269-5273 | 5271


http://dx.doi.org/10.1039/c3dt53141d

Published on 24 December 2013. Downloaded by Northeastern University on 25/10/2014 01:42:44.

Communication

Fig. 4 Fluorescence microscopic photograph of transverse section of
(a) banana pith treated with 1, (b) banana pith treated with EDTA, first,
followed by 1.

the Fe*" overloaded cells were treated with probe 1, a highly
intense emission was observed indicating the presence of a
higher concentration of iron which in fact catalyzed the clea-
vage process more efficiently (Fig. 3c). Therefore, the present
chemodosimetric probe 1 could be used for the fluorescence
imaging of native cellular iron pools.

The strong potential of 1 in the fluorescence imaging of
native iron pools in biological systems was proved further
using a plant system. When banana pith sections, as an iron-
rich part of the banana plant, were treated with 1, a strong
blue emission was observed indicating imaging of the native
iron pools (Fig. 4a). EDTA treated banana pith was used as the
control (Fig. 4b).

To conclude, we have demonstrated the synthesis and appli-
cation of a new turn-on cell permeable chemodosimetric
probe for the selective detection of trivalent cations. The limit
of detection was so low as to be at a sub-nanomolar level. The
probe showed a high selectivity for Fe’" over Fe*" as well as a
broad spectrum of other mono- and divalent cations. The
probe successfully showed its potential in the fluorescence
imaging of native cellular iron pools, being the first chemo-
dosimeter of this kind to do so.
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