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A rhodamine-based “turn-on” fluorescent probe 1 was synthesized with high yield. The recognizing
behavior displays high selectivity of 1 toward Fe?* with a 2:1 complex, and 1 exhibits a stable response
for Fe** over a concentration range from 2 M to 24 pM. Most importantly, probe is hardly interfered by
other transition metal ions. Their fluorescent enhancement is observed in the presence of Fe?" because of
the ring-open interactions of spirocyclic. All measurements are made in PBS buffer environments simu-
lating biological conditions to make them suitable candidates for fluorescent labeling of biological sys-
tems. Confocal laser scanning microscopy experiments have proven that probe can be used to monitor

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Detection of trace amounts of iron has received increasing
attention due to their vital role in biological and environmental
processes [1-4]. The biological functions of iron are based on it
favorable redox potential, which allows this metal to undergo
interconversion between the divalent cationic or ferrous (Fe?*)
and trivalent cationic or ferric (Fe*") states in many biochemical
processes [5]. Disorder of iron content within the body has been
associated with increasing incidence of some dysfunction, such
as metabolism cause anemia, liver and kidney damage, diabetes,
heart failure and neurodegenerative diseases [5-7]. Therefore, a
convenient and rapid method for the analysis of Fe?* and Fe3* in
biological samples has important consequences in biological con-
cerns. During past decades, some successful attempts have been
made to develop selective fluorescent probes for Fe** [8-18].
Unfortunately, there have been relatively few fluorescent probes
for Fe?* [19-23]. Therefore, the development of new iron fluores-
cent probes with high selectivity and sensitivity for Fe?* is still a
great challenge as well as more interest.

On the other hand, rhodamine-based fluorescent probes with
the construction of a “turn-on” type have received increasing inter-
est in recent years because of their simplicity, low detection limit,
the capability for special recognition and excellent spectroscopic
properties [24-27]. Many derivatives of rhodamine undergo equi-
librium between spirocyclic and ring-open forms, corresponding to
the nonfluorescent formation (“off” signal) and the strongly fluo-
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rescent formation (“on” signal), respectively. In the “turn-on” pro-
cess, some crucial factors maybe influence the switching degree of
probes, such as protons and metal ions (Hg?", Zn?*, Fe3*, Cu®*, etc),
which can bind probe resulting in a ring-opened form with fluores-
cence enhancement (550-600 nm). The fluorescence-enhancement
probes can efficiently overcome some disadvantages, such as rela-
tively high background interference and lower sensitivity. So far,
the lack of suitable fluorescent iron indicators is even more evident
when judged in terms of application-oriented features. Some
receptors employed are often selected to simulate the mechanism
of ferrichromes or siderophores, however, the indication is mostly
signaled by fluorescence quenching due to the paramagnetic nat-
ure of ionic iron [10,28]. Optical cellular imaging with fluores-
cence-enhancement probes might be the best choice for
visualizing the intracellular iron by virtue of its high sensitivity,
high-speed spatial analysis, and less cell-damaging [29]. It would
be best that the probes employed can pass through the cell mem-
branes to display a rapid and reversible fluorescence enhancement
response in the visible range or lower energy with high selectivity
for target iron over other biologically abundant cations. However,
many iron fluorescent probes reported in the literature were based
on fluorescence quenching mechanism [21,28,30], which were not
appropriate for fluorescence imaging of target iron in living cells.
Rhodamine-based fluorescent probes based on fluorescence-
enhancement can theoretically avoid most of the problems for
above-mentioned advantages. So the rhodamine-based framework
is an ideal model to construct the “turn-on” fluorescent probes.

In this paper, 2,6-diacetylpyridine is selected to synthesize a
rhodamine-based fluorescent probe 1 with high selectivity for
Fe?* (Scheme 1).
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2. Experimental
2.1. Materials

Rhodamine 6G, 2,6-diacetylpyridine were purchased from Alfa
Aesar. All the other chemicals (Acros) were used as obtained with-
out further purification. RAW 264.7 cells were purchased from
American Type Culture Collection, Manassas.

2.2. Methods

The stock solution of 1 (0.1 mM) was prepared in 50% MeOH,
50% H,0. All metal ions were prepared as 0.1 mM in water. The
Fe?* solution was prepared immediately before use with ferrous
ammonium sulfate. The solutions of Fe**, AI**, Mg?*, Ca?*, Cr**
were performed from their chloride salts. The solutions of Co®*,
Ni%*, Cu?*, Zn?*, Hg?*, Mn?* and Pb?* were prepared from the per-
chlorates. Different concentrations of metal ions were added to
PBS buffer (2.0 mL, 0.1 M, pH=7.4) and 1 (1.0 mL, 0.1 mM) in a
10 mL color comparison tube. After dilution with doubly distilled
water, the mixture was equilibrated for 10 min before measure-
ment. The excitation was performed at 510 nm for all the emission
studies. All fluorescence measurements were carried out on a
WGY-10 Spectrofluorimeter equipped with a xenon lamp and
1.0 cm quartz carrier at room temperature. Infrared (IR) samples
were prepared as KBr pellets, and spectra were obtained in the
400-4000 cm™! range using a Perkin-Elmer 1600 FTIR spectrome-
ter. Elemental analyses were performed on a Perkin-Elmer Model
2400 analyzer. 'H NMR data were collected using an AM-400 spec-
trometer. Chemical shifts are reported in § relative to TMS. The
images were taken using a TCS confocal laser scanning microscope
(Germany Leica Co., Ltd) with an objective lens (x40). The excita-
tion wavelength was 532 nm.

2.3. Preparation 1

2,6-Diacetylpyridine (0.50g, 3.0 mmol) and 2 [24] (1.24¢g,
3.0 mmol) were mixed in boiling methanol with 3 drops of formic
acid. The mixture was stirred for 3 h at 70 °C (monitored by TLC).
After removal of solvent under vacuum, the residue was purified
on silica gel by column using CH,Cl,/MeOH (30:1, v/v) as the elu-
ent to afford 1 as the white solids (1.40 g). Yield: 84%. M. p. = 254-
256 °C, IR(KBr pellet cm™1): 3384(s), 2966(m), 2924(m), 2856(m),
1685(s), 1622(s), 1512(s), 1417(s), 1361(s), 1271(s), 1200(s),
1161(m), 1007(m), 862(m), 818(m), 739(m). 'H NMR (400 MHz,
DMSO) 5 7.96 (d, J = 1.9 Hz, 2H), 7.89 (dd, J = 5.7, 2.7 Hz, 1H), 7.76
(dd, J=7.1, 2.0 Hz, 1H), 7.59 (s, 2H), 7.10 (dd, J=5.7, 2.5 Hz, 1H),
6.26 (d, J = 15.9 Hz, 4H), 5.04 (s, 2H), 3.11 (dd, J = 7.0, 5.6 Hz, 4H),
2.65 (s, 3H), 2.35 (s, 3H), 1.89 (s, 6H), 1.20 (t, J = 7.1 Hz, 6H). Anal.
Calcd. for C35H35N503: C 75.37, H 6.32, N 12.55; Found: C 75.12, H
6.41, N 12.68.
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2.4. Cell incubation and imaging

RAW 264.7 macrophages were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, 1% penicillin,
and 1% streptomycin at 37°C in a 5% CO,/95% air incubator
MCO-15AC (SANYO). The concentration of counted cells was ad-
justed to 1.0 x 10° cellsmL~" and cells were passed and plated
on glass slide at 37 °C, 5% CO, for 4 h. Some of adherent cells were
incubated with 20 uM probe for 0.5 h at 37 °C under 5% CO, and
then washed with phosphate-buffered saline (PBS) three times be-
fore incubating with 20 uM FeSO, for another 0.5 h, cells were
rinsed with PBS three times again, then the fluorescence imaging
of intracellular Fe?* was observed under a Leica TCS confocal laser
scanning microscope with an objective lens (40x ). The RAW 264.7
macrophages only incubated with 20 pM probe for 0.5 h at 37 °C
under 5% CO, was as a control.

3. Results and discussion
3.1. Structural analysis

Probe 1 was synthesized in high yield by refluxing 2 with 2,6-
diacetylpyridine in methanol (Scheme 1). The structure has been
confirmed using '"H NMR, IR, ESI-MS and elemental analysis. All
the spectroscopic studies were performed in 20 mM PBS buffer
system (pH 7.4). Probe 1 was colorless powder and found to be
very stable in the above-mentioned solution system for more than
1 week.

3.2. Selectivity analysis

We investigated the spectral properties under simulated phys-
iological conditions (20 mM PBS buffer, pH 7.4). Probe 1 exhibits
an emission maximum at 562 nm. The addition of 50 uM
(10 equiv.) Fe?* immediately yields a pink solution with a strong
fluorescence signal at 571 nm. There is 60-fold fluorescent
enhancement for 1 with Fe?" (Fig. 1A), which can be ascribed to
the delocalized xanthene moiety of the rhodamine group [31].
However, the fluorescence spectra of 1 (5 uM) with an addition
of other cations (50 uM), such as Mg*, Ca®*, Co?*, Cr**, Cu?*, Fe**,
Mn?*, Ni%*, Pb?*, AI** or Zn?", exhibits relatively weak changes in
fluorescence intensity (Fig. 1A). Only added Hg?*, 1 shows slight
fluorescent enhancement (18-fold), which was probably the emis-
sion of trace open-ring molecules of 1. The results show the high
selectivity of 1 toward Fe?* over other metal ions, which is further
discussed below.

To assess the selectivity of the method, the effect of other metal
ions on the determination of 50 uM Fe?** was examined individu-
ally. Under the same conditions, the fluorescence spectra of 1
(5uM) and Fe?* (50 uM) with an addition of other cations
(50 uM) was investigated. The relative fluorescence intensities of
1 with various cations are shown in Fig. 1B. When Fe?* existed in
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Scheme 1. Synthesis and structure of 1.
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Fig. 1. (A) Fluorescence spectra of 1 (5 pM) in 20 mM PBS buffer (pH 7.4) with different metal ions (50 uM). (B) The relative fluorescence intensity of 5 uM 1 in the presence of
various cations of interest in 20 mM PBS buffer (pH 7.4). Red bars: 1 with different metal ions (50 uM). Green bars: 1 and Fe?* (5 uM) with an addition of other cations
(50 uM). Excitation was provided at 510 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Job’s plot of 1 with Fe?" at a total concentration 30 uM. The data are consistent with a 2:1 (probe 1:Fe**) complex. (B) Linear correlation between fluorescent

intensity and Fe?* concentration in the range 2-24 uM in 20 mM PBS buffer (pH 7.4).
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Fig. 3. The pH-controlled emission measurement of 5 uM free 1 (in 562 nm) or 1
with 50 uM Fe?* (in 571 nm) at different pH conditions. Excitation was provided at
510 nm.

the solution, 1 shows few discernible fluorescent enhancements
even if an addition of other cations were added. Notably, 1 is highly
Fe?*-selective.

Job plot analysis revealed a 2:1 complex between 1 and Fe?* in
solution according to the inflection point at 0.67 (Fig. 2A). More-
over, Fig. 2B and the inset indicate that there was a good linear cor-
relation between fluorescent intensity and Fe?* concentration in
the range 2-24 uM (R=0.9983). The regression equation was
F=3.3364 [Fe?*] (uM) +0.1273.
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Scheme 2. The open-cycle 2:1 complex for 1 with Fe?".
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Fig. 4. Confocal fluorescence images of live RAW 264.7 macrophages. (A) Cells incubated with 20 M probes for 30 min at 37 °C. (B) Then further incubated with 20 uM Fe?*
for 30 min at 37 °C. (C) Bright field image of live RAW 264.7 macrophages shown in panel, confirming their viability.

As shown in Fig. 3, the fluorescence intensity of free 1 (562 nm)
in buffers of different pH was investigated. An obvious increasing
color change was found along with increasing acidity (pH <5.3),
which suggests the ring-open form. Even more important, probe
1 exists in the ring closed form with very weak fluorescence signal
at 571 nm upon excitation at 510 nm in a wide range of pH 5.3-8.0,
suggesting that the spirocyclic form was still preferred in this
range. The pH-controlled emission measurement reveal that 1
can respond to iron in the pH range from 5.5 to 8.0 with the fluo-
rescent intensity varying less than 10%, while the luminescence of
free probe can be negligible. That is to say, probe works well under
physiological conditions. When the pH value is lower than 5.5, the
fluorescence enhancement occurs not only upon the coordination
of metal ion but also with the decreasing pH values.

3.3. Mechanism analysis

The rhodamine-based complexation is an ideal model from
which to construct “off-on” fluorescent chemoprobes because of
its structural equilibrium between spirocyclic (“off” signal) and
ring-open (“on” signal) forms. Addition of metal cation leads to a
spirocycle opening via reversible coordination or irreversible
chemical reaction, resulting in the appearance of pink color and or-
ange fluorescence [24-27]. As discussed above, 2:1 complex in 1
between probes and iron are proved. It may be ascribed to the
open-cycle mechanism. In Scheme 2, Fe?* can bind with the amide
oxygen and acetylpyridine that causes the ring-opening. Two
groups of coordinated {O,N;} units can satisfy the saturated coor-
dination sphere of Fe?*. The tunable luminescent property [32,33]
of 1 is corresponding to luminescent “turn-on” signals based on
the switching mechanism between spirocyclic and open-cycle
forms.

3.4. Confocal imaging

Practical bioimaging applications of probe 1 in RAW 264.7 mac-
rophages are developed by laser scanning confocal microscopy.
Cultured RAW 264.7 macrophages are incubated with 20 uM probe
1 in culture medium for 30 min at 37 °C, and very weak intracellu-
lar fluorescence inside the living cells are observed (Fig. 4A). After
further incubated with 20 uM Fe?* for 30 min under the same con-
dition, a significant increase in the fluorescence from the intracel-
lular area can be observed (Fig. 4B). Bright-field transmission
images of cells treated with the probes and Fe?* confirm that cells
are viable throughout the imaging experiments (Fig. 4C). The re-
sults indicate that the probe 1 can respond to the change of the
concentration of Fe?* in living cells.

4. Conclusions

A rhodamine-based “turn-on” fluorescent probe 1 was synthe-
sized in high yield. Their selective experiments of various metal
ions were investigated in PBS buffer (pH 7.4). The results display
high selectivity of probe 1 toward Fe?** with a 2:1 complex. The
“turn-on” fluorescence may be ascribed to the switching mecha-
nism between spirocyclic and open-cycle forms for the rhoda-
mine-based probe 1. Confocal laser scanning microscopy
experiments have proven that the probe can be used to monitor
Fe?* in living cells. The present novel rhodamine-based probe can
be further explored to obtain highly selective and sensitive probes.
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