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Three selective and sensitive “off–on” probes based
on rhodamine for Fe3+ imaging in living cells†

Meipan Yang, Chengchao Xu, Shaoni Li, Zhao Cheng, Jia Zhou and Bingqin Yang*

Three novel rhodamine-based probes were designed and synthesized. The probes exhibited highly

selective and sensitive recognition toward Fe3+ over other metal ions via the rhodamine ring-opening

approach, which can be used for “naked-eyes” detection. In addition, fluorescence imaging experiments

of Fe3+ in living cells demonstrated their valuable application in biological system.
Introduction

As one of the most important trace element in the body, iron
performs a crucial role in a wide range of biochemical
processes.1–3 It provides the oxygen-carrying capacity of heme
and acts as a cofactor in many enzymatic reactions. Both its
deciency and overload can induce biological disorders in the
living body, such as anemia, liver and kidney damage, heart
failure, and diabetes.4–6 Even, the cellular toxicity caused by iron
ions has been linked with several serious diseases, such as
Alzheimer's, Huntington's, and Parkinson's diseases.7–9

Although signicant contributions to the development of
spectroscopic sensing for Fe3+ have been made over the last few
decades, there have been relatively few uorescent probes for
Fe3+ which showed “off–on” signal. It might be due to its
paramagnetic nature which leads to uorescence quenching.9

Therefore, the development of new Fe3+ probes which exhibit
uorescence enhancement is still of great challenge and
interest.

The rhodamine framework is an ideal mode to construct
uorescent probes10–20 on account of its excellent photophysical
properties, such as long-wavelength emission, large absorption
coefficient and high uorescence quantum yield.21 Further-
more, the spirolactam ring form of rhodamine derivatives is
non-uorescent and colorless, whereas the corresponding ring-
opened amide provides both chromogenic and uorogenic
responses that facilitate “naked-eyes” analyte detection. This
phenomenon gives them an excellent potential for the
construction of an “off–on” type uorescent probes for Fe3+.22–25

Unfortunately, most of the currently existing rhodamine-based
probes for Fe3+ suffered certain interferences from Cr3+ and
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Cu2+.26–33 So the aim of recent research on probes is to expand
the range of probe of high sensitivity and selectivity. Herein, we
report three novel “off–on” uorescent probes based on
rhodamine B for Fe3+ detection, which can be used for “naked-
eyes” detection with the switch-on uorescence and signicant
color changes. Moreover, the three probes can give highly
selective spectroscopic responses to Fe3+ over other metal ions
in living cells. The probes were also characterized by X-ray
crystallography, 1H NMR, 13C NMR spectra and mass data.
Experimental
Apparatus reagents and chemicals

The uorescence spectra were measured on a HITACHI F-4500
uorescence spectrophotometer. Absorbance spectra measure-
ments were performed on a Shimadzu UV-1700 spectropho-
tometer. NMR spectra were recorded on a Varian INOVA-400
MHz spectrometer (at 400 MHz for 1H NMR and 100 MHz for
13C NMR) with tetramethylsilane (TMS) as internal standard.
Mass spectra were performed with Bruker micrOTOF-Q II ESI-Q-
TOF LC/MS/MS Spectroscopy. IR spectra were taken in KBr disks
on a Bruker Tensor 27 spectrometer. X-ray data were collected
on Bruker Smart APEX II CCD diffractometer. Bioimaging of the
probes were performed on an Olympus FV1000 confocal
microscopy and the excitation wavelength was set as 555 nm.
The solvents and chemicals used for synthesis were commer-
cially available from Aldrich and were of analytical-reagent
grade. The solutions of metal ions were performed from their
nitrate or chloride salts. Column ash chromatography was
carried out onMerck silica gel (250–400mesh ASTM). Thin-layer
chromatography (TLC) was performed on silica gel GF254.
Double distilled water was used throughout the experiment.
Synthesis of compounds 3a–c

Compounds 3a–c were readily prepared according to Scheme 1.
Compounds 1a–c were prepared according to the literature

procedure.34 Rhodamine B (1.59 g, 3 mmol) was dissolved in dry
1,2-dichloroethane (15mL), followed by addition of phosphorus
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Synthesis of 3a–c.
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oxychloride (5 mL). Aer being heated to reux for 4 h, the
solvent and excess amount of phosphorus oxychloride was
removed by evaporation to give the corresponding acid chlo-
ride, which was dissolved in acetonitrile without further puri-
cation. Then a solution of 1a (0.59 g, 3 mmol), triethylamine
(2 mL) in acetonitrile (20 mL) was added. Aer reuxing for 12
h, the solvent was removed under reduced pressure to give a
violent-oil. Water was then added to the mixture and the
aqueous was extracted with dichloromethane (15 mL � 3). The
organic layer was dried over anhydrous MgSO4 and ltered. The
crude product was puried by silica gel column chromatog-
raphy to give 3a (white solid) in 71.2% yield. 1H NMR (400 MHz,
CDCl3) d (ppm) 8.78 (s, 1H), 8.20 (dd, J1 ¼ 8.0, J2 ¼ 8.0 Hz, 2H),
8.09 (d, J ¼ 8.0 Hz, 1H), 7.70–7.50 (m, 4H), 7.27 (d, J ¼ 8.0 Hz,
1H), 6.50 (s, 2H), 6.39 (d, J¼ 8.0 Hz, 2H), 6.18 (d, J¼ 8.0 Hz, 2H),
3.30 (q, J ¼ 4.0 Hz, 8H), 1.14 (t, J ¼ 6.0 Hz, 12H). 13C NMR (100
MHz, CDCl3) d 165.83, 153.58, 153.40, 148.50, 134.24, 128.37,
128.21, 127.71, 127.27, 126.86, 124.46, 123.05, 106.78, 104.97,
97.49, 76.85, 76.53, 76.21, 68.03, 43.74, 12.18. HRMS (ESI) calcd
for C36H35N5O2S [M + H]+: 602.2584, found: 602.2620.

Compounds 3b and 3c were prepared with the similar
synthetic method to 3a.

Compound 3b (white solid): yield: 69.5%. 1H NMR (400MHz,
CDCl3) d (ppm) 8.06 (d, J ¼ 7.5, 1H), 7.82 (d, J ¼ 8.6, 2H), 7.62–
7.53 (m, 2H), 7.29–7.17 (m, 1H), 6.89 (d, J¼ 8.7, 2H), 6.47 (d, J¼
2.4, 2H), 6.39 (d, J ¼ 8.8, 2H), 6.16 (dd, J1 ¼ 8.9, J2 ¼ 2.4, 2H),
3.81 (s, 3H), 3.29 (q, J ¼ 7.0, 8H), 1.13 (t, J ¼ 7.0, 12H). 13C NMR
(100 MHz, CDCl3) d 165.75, 162.12, 160.66, 153.56, 153.40,
148.46, 134.19, 128.32, 128.19, 127.76, 127.29, 124.43, 123.02,
113.77, 106.73, 105.00, 97.45, 76.88, 76.56, 76.24, 67.92, 54.85,
43.74, 12.20. HRMS (ESI) calcd for C37H37N5O3S [M + H]+:
632.2690, found: 632.2714.

Compound 3c (yellow solid): yield: 69.5%. 1H NMR (400
MHz, CDCl3) d (ppm) 8.07 (d, J¼ 8.0 Hz, 1H), 7.88 (d, J¼ 3.5 Hz,
2H), 7.63–7.54 (m, 2H), 7.25 (d, J¼ 7.9 Hz, 1H), 7.37 (s, 3H), 6.48
(d, J ¼ 1.5 Hz, 2H), 6.39 (d, J ¼ 8.8 Hz, 2H), 6.17 (d, J ¼ 7.0 Hz,
2H), 3.30 (q, J ¼ 8.0 Hz, 8H), 1.13 (t, J ¼ 6.0 Hz, 12H). 13C NMR
(100 MHz, CDCl3) d 160.69, 154.53, 149.71, 148.47, 148.06,
This journal is © The Royal Society of Chemistry 2014
143.36, 142.87, 129.33, 127.09, 126.84, 124.27, 123.18, 122.13,
119.35, 118.76, 117.98, 116.35, 101.58, 99.45, 92.19, 71.66,
71.35, 71.03, 63.14, 47.77, 38.56, 6.98. HRMS (ESI) calcd for
C36H34N6O4S [M + H]+: 632.2435, found: 632.2421.

Preparation of the test solution

Rhodamine B based probes 3a–c stock solutions (200 mM) were
prepared in methanol. Stock solutions of metal ions were
prepared with hydrochloride salts of Na+, K+, Ca2+, Cd2+, Mg2+,
Co2+, Mn2+, Cu2+, Al3+, Zn2+, Ni2+, Fe2+, Hg2+, Cr3+, Fe3+, and the
nitrate salt of Ag+ in distilled water. Before spectroscopic
measurements, the solutions of 3a–c were freshly prepared by
diluting the high concentration stock solution to corresponding
solution. All the measurements were made according to the
following procedure. Test solutions were prepared by placing 1
mL of the probe solution into a glass tube, adding an appro-
priate aliquot of each metal stock, and diluting the solution to
10 mL with methanol–water (4/6, v/v) solution. To make the
metal ions chelate with the probe sufficiently, solutions were
shaken for 10 s and waited for 20 min before determination.
The absorbance was recorded at 562 nm and the uorescence
intensity was recorded at 583 nm. The excitation and emission
wavelength bandpasses were both set as 2.5 nm and the exci-
tation wavelength was set at 555 nm.

Cell culture and uorescence imaging

The human cancer cell line HepG2 (liver cells) were cultured in
RPMI 1640 supplemented with 10% FBS. Immediately before
the experiments, cells were pretreated with probes 3a–c (20 mM)
for 1 h at 37 �C in humidied air and 5% CO2, washed three
times with PBS and imaged. Aer incubation with FeCl3 (20 mM)
for another 1.5 h at 37 �C, cells were washed 3 times with PBS to
remove remaining FeCl3 and imaged.

Results and discussion
Synthesis and crystal structure

The general synthetic procedure is given in Scheme 1. The target
compound 3a was easily synthesized by the reaction of rhoda-
mine B acid chloride (2) and 1a. Title compounds 3b and 3c
were also prepared by similar procedures. The structures of
compounds 3a–c were characterized by 1H NMR, 13C NMR, and
HRMS analyses. Crystals of compounds 3a–c were obtained
from a mixture of methanol–dichloromethane. In Fig. 1, a
unique spirolactam structure ring formation of 3a was observed
(the crystal data of 3a–c are shown in ESI†).

Spectroscopic properties

Upon binding with Fe3+, the probes 3a–c exhibited similar
spectroscopic properties. The R moiety had an effect on the
uorescence intensities of the probes. However, no obvious
effects were found to be caused by the R moiety on the other
spectral properties of the probes. Thus, 3a is chosen for further
discussion, optical spectra of 3b and 3c are shown in the ESI.†

The UV-vis titration of the probe 3a was carried out in
methanol–water (4/6, v/v) solution (Fig. 2a). Initially, free probe
RSC Adv., 2014, 4, 14248–14253 | 14249
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Fig. 1 X-ray crystal structure of 3a.
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3a displayed almost no absorption above 500 nm, which indi-
cated that the spirolactam form was presented predominantly.
Addition of Fe3+ into solution immediately resulted in a
signicant enhancement of absorbance at about 562 nm. This
Fig. 2 (a) Changes in UV-vis absorption spectra of 3a (20 mM) with
various amounts of Fe3+ in methanol–water (4/6, v/v) solution. Inset:
Job's plot of 3a and Fe3+. The total concentration was 20 mM. (b)
Changes in fluorescence spectra of 3a (20 mM)with various amounts of
Fe3+ in methanol–water (4/6, v/v) solution. Inset: changes in the
emission intensity at 583 nm.

14250 | RSC Adv., 2014, 4, 14248–14253
suggested the opening of the closed rhodamine–spirolactam
ring. The titration curve showed that the increase was saturated
with more than 1.0 equiv. of Fe3+. Binding analysis using the
job's method of continuous variations (Job's plot) indicated a
1 : 1 stoichiometry between 3a and Fe3+ (Fig. 2a, inset). More-
over, the titration solution exhibited an obvious and charac-
teristic color change from colorless to red. The above results
implied that 3a could serve as a “naked-eye” probe for Fe3+.

In order to further investigate the interaction of 3a and Fe3+,
a uorescence titration experiment was carried out. Upon
gradual addition of Fe3+, the uorescence intensity of 3a
increased at 583 nm (Fig. 2b). Aer adding 1.0 equiv. of Fe3+, the
uorescence intensity showed negligible changes (Fig. 2b,
inset). The association constants K of probes with Fe3+ were
estimated by the Benesi–Hildebrand equation: (Fmax � F0)/(Fx �
F0) ¼ 1 + (1/K) (1/[M]n), where Fmax, F0, and Fx are uorescence
intensities of probe in the presence of Fe3+ at saturation, free
probe, and any intermediate Fe3+ concentration (Fig. S4, ESI†).
Based on the assumption of 1 : 1 binding model (n ¼ 1), the
results obtained were K3a ¼ 3.24 � 104 M�1, K3b ¼ 2.52 � 104

M�1 and K3c ¼ 3.01 � 104 M�1. The uorescence quantum
yields (F) were determined by using rhodamine B (Fs ¼ 0.97 in
ethanol) as standards and the quantum yields were calculated
using equation: Fu ¼ Fs(As/Au)(Iu/Is)(hu/hs), where Fu and Fs are
the uorescence quantum yields, Au and As are the absorbance,
Iu and Is are the integrated emission intensities of the corrected
spectra, and hu and hs are the indices of refraction of the sample
and standard solutions, respectively. Based on the equation, the
results obtained were F3a ¼ 0.32, F3b ¼ 0.30, F3c ¼ 0.38. To
study the stability of the complex formed, we also have analyzed
the chemical reversibility behavior of the binding of 3a and
Fe3+. Upon addition of ethylenediamine to the mixture of 3a (20
mM) and Fe3+ (20 mM), the color of the mixture changed back to
colorless, and uorescent intensity decreased (Fig. 3). These
ndings suggested that 3a is a reversible uorescent probe
toward Fe3+.
Fig. 3 Fluorescence intensity changes of 3a (20 mM) upon the addition
of each equiv. of ethylenediamine with the presence of Fe3+ (20 mM) in
methanol–water (4/6, v/v) solution.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Pictures of 3a as a selective naked-eye probe (top) and the
visual fluorescence emissions by using a UV lamp (365 nm) (bottom)
for Fe3+. From the left to right: blank, Ag+, Na+, K+, Ca2+, Cd2+, Mg2+,
Co2+, Mn2+, Cu2+, Al3+, Zn2+, Ni2+, Fe2+, Hg2+, Cr3+ and Fe3+ ions.

Fig. 6 IR spectra of 3a (a) and 3a + Fe3+ (b).

Scheme 2 Proposed mechanism for the fluorescent changes of
probes upon the addition of Fe3+.
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High selectivity is a very important parameter to evaluate the
performance of a probe. We examined the uorescent and UV-
vis spectra of probe 3a response to different metal ions,
including Na+, K+, Ca2+, Cd2+, Mg2+, Co2+, Mn2+, Cu2+, Al3+, Zn2+,
Ni2+, Fe2+, Hg2+, Cr3+, Ag+ and Fe3+. Among the various metal
ions examined, a signicant enhancement of the uorescence
with color changes of 3a emerged soon aer Fe3+ was added.
However, other metal ions did not induce any spectral response
(Fig. 4 and S5†). The competitive experiments were conducted
by adding Fe3+ to probe 3a solution in the presence of other
metal ions. As a result, the Fe3+-induced spectral enhancement
was not affected by the tested background metal ions (Fig. 5).
Selectivity and competition experiments indicated that probe 3a
is selective and sensitive for the detection of Fe3+.

To further conrm why the signicant absorbance and
uorescence of 3a changed, the IR spectra experiments were
carried out. IR spectra of 3a and 3a–Fe3+ were taken in KBr
disks, respectively. As demonstrated in Fig. 6, the carbonyl
absorption of 3a at 1705.00 cm�1 disappeared upon the addi-
tion of Fe3+. This supports that carbonyl oxygen is actually
Fig. 5 Fluorescence intensity changes of 3a (20 mM) upon the addition
of various metal ions (20 mM) in and without the presence of Fe3+ (20
mM) in methanol–water (4/6, v/v) solution. The black bars represent
the fluorescence response of 3a and competing ions: (1) blank, (2) Na+,
(3) Ca2+, (4) Mg2+, (5) Cd2+, (6) Mn2+, (7) Ni2+, (8) Co2+, (9) Zn2+, (10)
Cu2+, (11) Cr3+, (12) Pb2+, (13) Ag+, (14) Fe2+, (15) Hg2+, (16) K+ and (17)
Fe3+. The red bars represent the subsequent addition of 20 mM Fe3+ to
the above solutions.

This journal is © The Royal Society of Chemistry 2014
involved in the coordination with Fe3+. Thus, the most possible
binding sites for Fe3+ are the conjugated moieties including O
and N atoms (Scheme 2). It is very likely due to the chelation-
induced ring opening of rhodamine spirolactam, rather than
other possible reactions.
Fluorescence imaging

In order to further evaluate the potential of the probes for
imaging Fe3+ in living cells, cultured HepG2 cells were
incubated with the probes for 1 h at 37 �C. The cells incu-
bated with only probes (20 mM) exhibited almost no uores-
cence (Fig. 7a). By contrast, the cells stained with both the
probe and further incubated with FeCl3 (20 mM) displayed
bright red uorescence (Fig. 7b). Bright-eld transmission
images of cells treated with FeCl3 and probe revealed that the
cells were viable throughout the imaging experiments
(Fig. 7c). Taken together, these results demonstrate that
probes 3a–c are cell membrane-permeable and effective
intracellular imaging agent for Fe3+ ions.
Conclusions

In summary, we have synthesized three new rhodamine-based
probes 3a–c, which can give highly selective and sensitive
RSC Adv., 2014, 4, 14248–14253 | 14251
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Fig. 7 Bioimaging application of probes in HepG2 cells. Representative fluorescence images of HepG2 cells treated with probes (20 mM) in
either the absence (a) or the presence (c) of 20 mM Fe3+ for 1 h at 37 �C. (b) Bright-field image of cells shown in panel. (d) Overlay image of
(b) and (c).
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responses to Fe3+. Iron specic binding enabled the opening of
the spirolactam ring and consequently successfully exhibited
absorption and uorescence enhancement response toward
Fe3+ ions over other metal ions (even those exist in high
concentration). The probes were successfully applied to the
microscopic imaging for detection of Fe3+ in HepG2 cells with
uorescent methods.
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