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t chemosensor for highly selective
and sensitive detection of inorganic phosphate (Pi)
in aqueous solution and living cells†

Qingtao Meng,*a Yue Wang,a Ming Yang,a Run Zhang,*b Renjie Wangc

and Zhiqiang Zhanga

In this work, a new fluorescence chemosensor, FP-Fe3+ was developed for the detection of Pi in aqueous

solution and living cells. The unique ligand, FP displayed a high affinity to Fe3+ (Ka ¼ 1.40 � 106 M�1) in the

presence of other competing cations, accompanied with a dramatic fluorescence quenching. The specific

interaction of Pi and FP-Fe3+ ensemble led to the liberation of fluorophore, FP, and thus the fluorescence

was recovered. The dose-dependent fluorescence enhancement of FP-Fe3+ showed a good linearity with a

detection limit of 300 nM for Pi. The extraordinary performance of the present chemosensor, including high

sensitivity, selectivity, and good biocompatibility enable the investigation of fluorescent response for Pi in

living cells by confocal microscope. Quantitative monitoring of intracellular Pi was achieved by the flow

cytometry analysis.
Introduction

The development of recognition and sensing systems for anions
have received considerable attention in recent years due to their
fundamental roles in biology and environmental systems.1

Among various anions, the phosphate anion is ubiquitous in
biological systems and it plays important roles in numerous
biological and chemical processes, such as cellular signaling,
membrane integrity, muscle function, bone mineralization,
etc.2 In live organisms, inorganic phosphate (Pi), including
H2PO4

�, HPO4
2�, and PO4

3�, is essential in diverse cellular
functions involving intermediary metabolism and energy
transfer.3 The abnormal level of Pi in body uids, such as blood
serum, urine, or saliva is causal to or can exacerbate irregular
physiological functions. It is reported that the deciency of Pi is
involved in muscle weakness, impaired leukocyte function, and
irregularity in bone mineralization. While the increased level of
Pi has been implicated with abnormal renal function.4 There-
fore, considerable effort has been devoted to the development
of novel uorescence chemosensors for Pi detection, particu-
larly in physiological conditions.5
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Based on hydrogen bonding with amide, urea, and thiourea
subunits, a number of chemosensors for Pi detection have been
developed.6 However, none of them meet the requirements for
the biological applications, which are as follows: (1) be highly
specic for Pi detection in aqueous, (2) be capable of penetra-
tion the cell membrane, (3) be non-toxic and display uores-
cence changes upon the detection of Pi in live cells. A few
examples of selective recognition sensors for Pi in aqueous have
been reported in recent years,5d–f,j,o but only one can be
employed in living system.5o Nevertheless, it would be desirable
to shi the excitation wavelength towards the visible region to
reduce the effects of excitation phototoxicity on the biological
samples.7

Recently, the displacement approach using corresponding
cation coordination complexes has been reported as the
strategy to design of anions chemosensors.8 In which the uo-
rophore–metal complex “ensemble” is nonuorescent due to
the metal-ion-induced uorescence quenching. The addition of
anions may release the uorophores into the solution with
revival of uorescence.9 Based on the displacement strategy, we
have developed a series of luminescence chemosensors for the
anions detection in aqueous solution and successfully demon-
strated their application in biological and environmental
samples.10 In this work, considering the uorescence quench-
ing properties of Fe3+ ion due to its paramagnetic nature and
the advantage of high Fe3+–Pi affinity, we may reasonably expect
to prepare a new uorescence chemosensor for Pi detection in
aqueous and living system based on displacement approach.

Herein, a unique ligand, FP, which shows selective uores-
cence quenching by Fe3+ via forming a FP-Fe3+ complex was
designed and facilely synthesized. In the presence of Pi, the
RSC Adv., 2015, 5, 53189–53197 | 53189
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Scheme 1 The proposed mechanism for Pi detection by FP-Fe3+

ensemble.
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detachment of Fe3+ ion on FP-Fe3+ complex led to a remarkable
uorescence enhancement (Scheme 1). The proposed mecha-
nism of displacement approach was conrmed by the results of
mass spectra studies. The FP-Fe3+ ensemble showed highly
selective, sensitive, low cytotoxicity, widely available pH range
towards Pi in HEPES buffer. By employing the confocal
microscopy, we successfully demonstrated the application of
the proposed chemosensor to monitor the Pi in living cells.
Quantitative monitoring of intracellular Pi was achieved by the
ow cytometry analysis.
Fig. 1 Fluorescence responses of FP (10 mM) towards various cations
in HEPES buffer (THF : H2O ¼ 3 : 7, 20 mM, pH ¼ 7.4). The red bars
represent the emission changes of FP in the presence of cations of
interest (3 � 10�4 M). The green bars represent the changes of the
emission that occurs upon the subsequent addition of 3 � 10�4 M of
Fe3+ to the above solution. The intensities were recorded at 515 nm,
excitation at 430 nm.
Results and discussion
Design, synthesis and characterization of uorescence
chemosensor

Owning to its excellent photochemical and photophysical
properties, such as long-wavelength absorption and emission,
high uorescence quantum yield and high stability against
light,11 uorescein was chosen to be as the uorophore in the
present work. The unique ligand, FP was designed with a uo-
rescein as the signal unit and a 2-((pyridin-2-yl-imino)methyl)
phenol moiety as the receptor to the Fe3+ ions. We envisioned
that the uorescence of FP could be effectively quenched due to
the paramagnetic nature of Fe3+ ions,12 and the decomplexing of
Fe3+ in the presence of Pi could lead to a uorescence restora-
tion. Thus, the non-uorescence FP-Fe3+ ensemble could be
employed as the platform for Pi detection.

The unique ligand, FP was facilely synthesized by a one-step
reaction of 4-uoresceincarboxaldehyde with 2-aminopyridine
in methanol (Scheme S1, ESI†). The structure of FP was
conrmed by NMR, mass spectra and elemental analysis
(Fig. S1–S3, ESI†). Both FP and FP-Fe3+ are stable in aqueous,
which is conrmed by the results of uorescent intensity
measurements (Fig. S4, ESI†). The proposed displacement
strategy for the Pi detection was further supported by the results
of mass spectra studies. As shown in Fig. S3,† ESI-MS spectra
showed a molecular-ion peak [FP + H+]+ at m/z 437.2. When the
Fe3+ ion was added into the solution of FP, the peak atm/z 538.4
is assignable to [FP � H+ + Fe3+ + 2Cl� + Na+]+ species (Fig. S5,
ESI†). This result conrmed that 1 : 1 stoichiometry complex
between FP and Fe3+. In the presence of Pi, ESI-MS spectra
displayed a molecular-ion peak at m/z 437.2 again (Fig. S6,
ESI†), indicating that the decomplexing of Fe3+ ion in the
presence of Pi led to the liberation of uorophore, FP.
53190 | RSC Adv., 2015, 5, 53189–53197
Fluorescence emission spectrum studies of FP with various
metal ions

The uorescence response of FP towards various metal ions was
evaluated in HEPES aqueous buffer (THF : H2O ¼ 3 : 7, 20 mM,
pH ¼ 7.4). The quenching rate (F0/F) of the emission intensities
at 515 nm of FP (10 mM) in the present of competitive cations
were shown in Fig. 1. The addition of 3 � 10�4 M Fe3+ result in
about 56-fold uorescence quenching of FP, while a negligible
response of the FP was observed with other metal ions, such as
Hg2+, Cd2+, Pb2+, Zn2+, Ni2+, Co2+, Mn2+, Cr3+, Ag+ and Ca2+,
Mg2+, Ba2+, Li+, K+, Na+. Although 11.5-fold quenching were
observed in the present of equal amounts of Cu2+, the addition
of 3 � 10�4 M Fe3+ to the above solution gave rise to a signi-
cant uorescence quenching in accordance with the addition of
equal equiv. of Fe3+ alone, indicating that specic response of
FP to Fe3+ ions was not disturbed by other competitive cations.

To quantitatively evaluate the uorescence quenching and
the FP-Fe3+ binding, the uorescence intensities of FP (10 mM) in
the presence of different concentrations of Fe3+ were measured.
As shown in Fig. 2, the uorescence chemosensor FP displayed
strong green uorescence at 515 nm in HEPES aqueous buffer
with pH 7.4. By the addition of 3 � 10�4 M of Fe3+, the uores-
cence intensity of FP (10 mM) was completely quenched (the
quenching efficiency at 515 nm was 94%), which could be
ascribed to the paramagnetic quenching effect of Fe3+ and/or
ligand to metal charge transfer (LMCT).13 Job's plot analysis
conrmed that FP-Fe3+ ensemble was formed according to a 1 : 1
stoichiometry (Fig. S7, ESI†).14 According to linear Benesi–Hil-
debrand expression, the uorescence intensity [1/(F0 � F)] of FP
at 515 nm varied as a function of 1/[Fe3+] in a linear relationship
(R2 ¼ 0.993), corroborated that Fe3+ and FP was complexed by a
1 : 1 stoichiometry (Fig. S8, ESI†).15 The association constant of
FP with Fe3+ in HEPES buffer was calculated to be 1.40 � 106

M�1. The uorescence changes (DF ¼ F0 � F) vs. Fe3+ concen-
tration displayed in Fig. S9.† The result revealed a good linearity
of the common DF vs. [Fe3+] from 0 to 20 mM (Y ¼ 12.099X +
1.333, R2 ¼ 0.997). The limit of detection was estimated to be
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Fluorescence spectra of FP (10 mM) in HEPES aqueous buffer
(THF : H2O ¼ 3 : 7, 20 mM, pH ¼ 7.4) in the presence of different
amounts of Fe3+ (0–3.0 � 10�4 M). Insert: normalized fluorescence
intensities of FP (10 mM) at 515 nm as a function of Fe3+ (0–3� 10�4 M).
Excitation was performed at 430 nm.

Fig. 4 Variations of fluorescence intensity at 515 nm of FP (10 mM) in
THF–H2O (3 : 7, v/v) with (bottom) and without (up) Fe3+ (0–3 � 10�4

M) as a function of pH. Excitation at 430 nm.
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1.5 mM based on reported method dened by IUPAC,16 which is
below the maximum permissive level of Fe3+ in drinking water
(5.37 mM) set by the U. S. Environmental Protection Agency.17

UV-vis absorption spectrum of FP in the presence of different
concentrations of Fe3+ was further studied in HEPES buffer. As
shown in Fig. 3, FP showed a typically uorescein-based
absorption maximum at 480 nm. When Fe3+ ion was gradually
introduced into a solution of 10 mM FP in HEPES buffered, the
intensity of absorption band was signicantly increased,
implicating the formation of a FP-Fe3+ ensembles.18 In addition,
the enhanced broad absorbance band ranging from 300 nm to
400 nm in the presence of increasing Fe3+ was also observed in
the UV-vis titration, which could be assigned to the solvated
Fe3+ species.19 As shown in Fig. S10,† upon the addition of other
physiological and environmental important ions, negligible
changes of absorption spectra was observed, indicating the
specic uorescence quenching by Fe3+ ions.
Effect of pH

The effects of pH value on the uorescence intensities of FP and
FP-Fe3+ were evaluated. As shown in Fig. 4, FP exhibited strong
Fig. 3 UV-vis absorption spectra of FP (10 mM) in the presence of Fe3+

(0–3 � 10�4 M) in HEPES aqueous buffer (THF : H2O ¼ 3 : 7, 20 mM,
pH ¼ 7.4).

This journal is © The Royal Society of Chemistry 2015
and stable uorescence emission at pH 6.0–11.0, and the FP-Fe3+

showed pH independent in the range of 5.5–11.0. The results
indicated that the FP can be used as a chemosensor for Fe3+

detection and the FP-Fe3+ ensemble could work for the detection
of Pi in the weakly acidic, neutral, and basic conditions.
Fluorescence emission spectrum studies of FP-Fe3+ ensemble
with various anions and nucleotides

By virtue of the extremely high Fe3+–Pi affinity, FP-Fe3+ complex
was expected to act as a potential chemosensor for Pi recogni-
tion via Fe3+ displacement approach. To evaluate the selectivity
of FP-Fe3+ ensemble towards Pi, the uorescence turn “ON”
response of FP-Fe3+ to different biological important ions and
adenosine phosphate series was investigated. As shown in
Fig. 5, FP-Fe3+ showed negligible uorescent response upon
addition of diverse anions, such as Ac�, Br�, Cl�, F�, SCN�,
HSO4

�, NO2
�, OH�, HCO3

�, CO3
2�, SO4

2� and S2�. Moreover,
FP-Fe3+ displayed reasonable performance on discrimination Pi
with other polyphosphate species, such as AMP, ADP, ATP and
even pyrophosphate (PPi). The addition of these polyphosphate
species into FP-Fe3+ solution in HEPES buffer led to much less
increase in uorescent intensity than Pi: e.g. AMP (1.45-fold),
ADP (1.98-fold) and ATP (2.35-fold), PPi (3.7-fold). By contrast,
the uorescence of FP-Fe3+ was dramatically enhanced (9.6-fold)
with the addition of 3 � 10�4 M Pi. In addition, to evaluate the
utility of FP-Fe3+ as a uorescent chemosensor for the detection
of Pi in complicated environment, a FP-Fe3+ HPEES solution
was also treated with Pi in the presence of different anions and
polyphosphate species. As shown in Fig. 5, all of the chosen
competitive anions showedminor inuence on the uorescence
detection of Pi, suggesting that FP-Fe3+ is a Pi-specic uores-
cence chemosensor even in the presence of competing anions.

To further understand the Fe3+ displacement approach,
uorescence emission changes of FP-Fe3+ in the absence and
presence of different concentrations of Pi were also investi-
gated. As shown in Fig. 6, upon addition of Pi into FP-Fe3+

solution, the uorescence intensity increased gradually and
reached saturation when 30 equiv. of Pi was added, which is
RSC Adv., 2015, 5, 53189–53197 | 53191
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Fig. 5 Normalized fluorescence responses of FP-Fe3+ (10 mM) in
HEPES (THF : H2O¼ 3 : 7, 20 mM, pH ¼ 7.4) in the presence of various
analytes (3 � 10�4 M): (1) HCO3

�, (2) F�, (3) S2�, (4) SCN�, (5) Br�,
(6) AcO�, (7) OH�, (8) NO2

�, (9) HSO4
�, (10) Cl�, (11) CO3

2�, (12) SO4
2�,

(13) AMP, (14) ADP, (15) ATP, (16) PPi, (17) Pi. The intensities were
recorded at 515 nm, excitation at 430 nm.

Fig. 7 The linear responses of FP (3 mM) versus low concentration Pi
(0–2.5 mM) at 515 nm in HEPES aqueous buffer (THF : H2O ¼ 3 : 7,
20 mM, pH ¼ 7.4). Excitation was performed at 430 nm.
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essentially identical with the emission wavelength of free FP,
indicating that the decomplexing of Fe3+ by Pi. The dose-
dependent uorescence enhancement showed a good linearity
that can be expressed as F/F0 ¼ 0.127[Pi] + 1.139 (R2 ¼ 0.987)
(Fig. 7). The detection limit for Pi anions, calculated according
to the reported method dened by IUPAC,16 is 3.00 � 10�7 M,
demonstrating that FP-Fe3+ has a remarkably high sensitivity
for the uorescence sensing of Pi in aqueous solutions.
Furthermore, the fast uorescence responses of FP-Fe3+ towards
Pi was also conrmed by the addition of Pi (3 � 10�4 M) to the
solution of FP-Fe3+ (10 mM) in HEPES buffer. As shown in
Fig. S11,† upon the addition of Pi, a signicant uorescence
response could be observed within 5 s, indicating that the
FP-Fe3+ system could be used for the real-time detection of Pi.

UV-vis absorption spectrum studies of FP-Fe3+ ensemble with
various anions and nucleotides

Changes of UV-vis spectra were also examined by the addition of
increasing concentration of Pi to the solution of FP-Fe3+ in
Fig. 6 Normalized fluorescence spectra of FP-Fe3+ (10 mM) in HEPES
aqueous buffer (THF : H2O¼ 3 : 7, 20mM, pH¼ 7.4) in the presence of
different amounts of Pi (0–3 � 10�4 M). Excitation was performed at
430 nm.

53192 | RSC Adv., 2015, 5, 53189–53197
HEPES buffer. As shown in Fig. 8. The absorption band at
480 nm decreased by the addition of 3 � 10�4 M Pi to the
FP-Fe3+ solution. The nal absorption spectrum was in agree-
ment with the free chemosensor FP at identical condition,
which corroborated the results of the decomplexing of Fe3+ in
the presence of Pi. However, in the presence of other physio-
logical and environmental important anions, such as Ac�, Br�,
Cl�, F�, SCN�, HSO4

�, NO2
�, OH�, HCO3

�, CO3
2�, SO4

2�, S2�,
and adenosine phosphate series, such as AMP, ADP, ATP, no
obvious changes on absorption spectra was observed (Fig. 9),
suggesting the high selectivity of FP-Fe3+ towards Pi.
Reversibility of the sensing system

The capability of reversible detection of Pi was examined by the
uorescence titration analysis. As shown in Fig. S12,†
“ON–OFF–ON” uorescence changes were observed by the
alternative additions of Fe3+ and Pi to the solution of FP. And
the reversible response of uorescence intensity can be
repeated more than 3 times by the modulation of Fe3+/Pi
addition, indicating that FP can be developed as a reversible
uorescence ON–OFF–ON chemosensor for Pi.
Fig. 8 UV-vis absorption spectra of FP-Fe3+ (10 mM) in HEPES
aqueous buffer (THF : H2O¼ 3 : 7, 20mM, pH¼ 7.4) in the presence of
different amounts of Pi (0–3 � 10�4 M).

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Absorption spectra of FP-Fe3+ (10 mM) in HEPES aqueous buffer
(THF : H2O ¼ 3 : 7, 20 mM, pH ¼ 7.4) in the presence of all kinds of
analytes (3 � 10�4 M): (1) Ac�, (2) Br�, (3) Cl�, (4) F�, (5) SCN�,
(6) HSO4

�, (7) NO2
�, (8) OH�, (9) HCO3

�, (10) CO3
2�, (11) SO4

2�, (12)
S2�, (13) AMP, (14) ADP, (15) ATP, (16) PPi, (17) Pi.
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MTT assay

The cytotoxicity of FP toward the breast carcinoma cell line, MDA-
MB-231, and human neuronal glioblastoma cell line, U-343
MGa was investigated by the reduction activity of the methyl
thiazolyl tetrazolium (MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide]) assay.20 As shown in Fig. 10,
following incubation of FP (2–15 mM) with MDA-MB-231 for 24 h
at 37 �C, no signicant change in the proliferation of MDA-MB-
231 cells was observed. Even aer incubation with 15 mM FP for
24 h, the cellular viability remained above 85%, indicating that FP
is biocompatible and suitable for uorescence imaging in living
cells. This result was also supported by the measurement of
cytotoxicity in U-343 MGa cells. In the presence of FP with
concentrations of 2–15 mM, the cellular viability was estimated to
be greater than 88% aer incubation for 24 h. The results revealed
that FP is low cytotoxicity both at low and high concentration and
will not kill the MDA-MB-231 and U-343 MGa cells being probed.
Confocal uorescence imaging in live cells

Having demonstrated the high biocompatibility of FP, we next
established the ability of FP to track Fe3+ and its FP-Fe3+
Fig. 10 Cell viability values (%) estimated by MTT proliferation test
versus incubation concentrations. MDA-MB-231 (black bars) and
U-343 MGa (gray bars) cells were incubated in the FP containing
culture medium at 37 �C in a 5% CO2 incubator for 24 h.

This journal is © The Royal Society of Chemistry 2015
ensemble to detect Pi level in live MDA-MB-231 and U-343 MGa
cells. Prior to the living cells imaging, the lipophilicity which is
critical for the cellular membrane permeability of FP was
examined by using the partition coefficient (log Po/w) between
1-octanol and water. We conrmed that the log P value of FP
was 2.37. Given that the log P values of uorescence chemo-
sensors that are known to have good cellular membrane
permeability are within the range of 0–5,21 our data suggested
that FP is able to penetrate the cells.

The cells were incubated with a 1 mM FP in HEPES buffer for
30 min at 37 �C in a CO2 incubator (95% relative humidity, 5%
CO2). Aer washed with HEPES for three times, cells were
treated with 10 mM Fe3+ for another 20 min, followed by the
incubation with 30 mM Pi for 20 min. Fig. 11 and S13† repre-
sented the results of confocal uorescence imaging of Fe3+ and
Pi in live MDA-MB-231 and U-343 MGa cells, respectively. As
expected, both MDA-MB-231 and U-343 MGa cells exhibited
bright green uorescence aer incubation with FP (1 mM) for
30 min (Fig. 11A and S13A, ESI†). By contrast, when FP depos-
ited MDA-MB-231 and U-343 MGa cells were incubated with
10 mMFe3+ for 20min, no uorescence was observed in both cell
lines (Fig. 11B and S13B, ESI†). It is well known that the Fe3+

could be taken up into the live cells by diffusion through porins,
and transport by transferrin and lactoferrin.22 So, we conclude
the uorescence quenching was because of the complexation of
FP with Fe3+ in the live cells. Moreover, a remarkable uores-
cence enhancement was recorded when the cells were further
treated with 30 mM Pi for another 20 min (Fig. 11C and S13C,
ESI†), indicating that Pi penetrate live cell membrane through a
sodium-dependent transporter and where it interacts with
FP-Fe3+ leading to intense uorescence emission.23 The results
suggested that FP is cell membrane permeable and can be
employed for sensing of Fe3+ and its in situ generated FP-Fe3+

can be employed to image Pi in living cells. To the best of our
knowledge, this is the rst example of Fe3+ complexes-based
displacement approach for design of the uorescence chemo-
sensor for Pi detection in living cells.

Quantitative FP deposition of MDA-MB-231 cells and its
uorescence “ON–OFF–ON” response in living cells were
Fig. 11 Confocal bright-field (top), and fluorescence (bottom) imaging
of Fe3+ and Pi in living MDA-MB-231 cells. (A) Cells stained with FP
(1 mM) at 37 �C in a 5% CO2 incubator for 30 min, (B) and treated with
Fe3+ (10 mM) for 20 min, (C) then the cells incubated with Pi (30 mM) for
another 20 min. Scale bar ¼ 40 mm.

RSC Adv., 2015, 5, 53189–53197 | 53193
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Fig. 12 Flow cytometry analysis of MDA-MB-231 cells stained with FP
and its fluorescent response to Fe3+ and Pi. (a) Control group,
MDA-MB-231 cells only, (b) cells stained with FP (1 mM) for 30 min,
(c) further treatedwith 10 mMFe3+ ions for another 20min, (d) and then
incubated with Pi (30 mM) for another 20 min.
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conducted through the ow cytometer by measuring the uo-
rescence intensity of 10 000 cells from each population.24 Fig. 12
represent the shi of uorescence signal measured from live
MDA-MB-231 cells stained with FP, treated with Fe3+, and
further incubated with Pi. We compared the different uores-
cence intensity based on the mean uorescence intensity (MFI)
of the cell population. The MDA-MB-231 cells only (control
group) displayed negligible background uorescence (MFI:
24.79). While the uorescence intensity of cells incubated with
1 mM FP for 30 min was increased dramatically (MFI: 7139.36).
The treatment of cells with 10 mM Fe3+ for 20 min led to the
signicant quenching of intracellular uorescence (MFI:
335.13). However, the recovery of the intracellular uorescence
intensity was recorded when the cells were further incubated
with 30 mM Pi for another 20 min (MFI: 3057.14).

The utility of FP-Fe3+ ensembles for uorescence imaging of
Pi was further evaluated in live MDA-MB-231 and U-343 MGa
cells. As shown in Fig. 13A and S14A,† staining of both
MDA-MB-231 and U-343 MGa cells with 1 mM FP-Fe3+ provide no
signicant uorescence. In Fig. 13B and S14B,† the cells pre-
Fig. 13 Confocal bright-field (top), and fluorescence (bottom)
imaging of Pi in livingMDA-MB-231 cells. (A) Cells stained with FP-Fe3+

(1 mM) at 37 �C in a 5% CO2 incubator for 30min, (B) MDA-MB-231 cells
treated with 100 mM Pi and then incubated with FP-Fe3+ (1 mM) for
30 min. Scale bar ¼ 40 mm.

53194 | RSC Adv., 2015, 5, 53189–53197
treated with 100 mM Pi for 2 h, washed with HEPES for three
time to remove the remaining Pi and further incubated with
1 mM FP-Fe3+ for 30 min. The resulting bright uorescence
images in both MDA-MB-231 and U-343 MGa cells corroborated
that FP-Fe3+ is able to display a uorescence turn-ON response
to Pi in the living cells.

Conclusions

We have developed a new Fe3+ complex, FP-Fe3+, as the
displacement strategy-based uorescence chemosensor for Pi
detection in aqueous and even in single intact cells. The specic
binding of Fe3+ and FP led to 94% of uorescence intensity
quenching through a 1 : 1 complex formation. The formed
nonuorescent Fe3+ complex showed highly selective and
sensitive to uorescence sensing of Pi in aqueous solution
through a displacement process. Compare to the currently
reported chemosensors for Pi, the new chemosensor has several
distinct advantages, including visible-light excitation and
emission wavelengths, excellent uorescent response with high
specicity and sensitivity, and widely available pH range.
Moreover, the measurements on the partition coefficient and
cytotoxicity demonstrated that the good cell membrane pene-
tration and biocompatibility of FP. Confocal microscopy
imaging in MDA-MB-231 and U-343 MGa cells suggested that FP
can be potentially used as a powerful tool for the imaging of Pi
in live cells. In addition, we showed that FP-Fe3+ could be used
to quantitative monitor intracellular Pi by ow cytometry anal-
ysis in a rapid, sensitive, and quantitative fashion. In summary,
the success of this chemosensor not only provided a new
method for the Pi detection in aqueous solution and living
system, but also helps to extend the development of uorescent
chemosensors for other anions.

Experimental section
Materials and instruments

All reagents and solvents were of AR grade and used without
further purication unless otherwise noted. Fluorescein,
hydrazine hydrate and 2-aminopyridine were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China); MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), Ros-
well Park Memorial Institute's Medium (RPMI-1640), Dulbec-
co's Modied Eagle Medium (DMEM), fetal bovine serum (FBS),
L-glutamine, penicillin, and streptomycin sulphate were
purchased from Life Technologies (Australia). 1H-NMR and
13C-NMR spectra were recorded with a AVANCE 500 MHz
spectrometer (BRUKER) with chemical shis reported as ppm
(in DMSO, TMS as internal standard). API mass spectra were
recorded on a HP1100LC/MSD spectrometer. The elemental
analyses of C, H, N and O were performed on a Vario EL III
elemental analyzer. Fluorescence spectra were determined with
LS 55 luminescence spectrometer (Perkin Elmer, USA). The
absorption spectra were measured with a Lambda 900 UV/VIS/
NIR spectrophotometer (Perkin Elmer, USA). Fluorescent live
cell images were acquired on an Olympus Fluoview FV 1000
IX81 inverted confocal laser-scanning microscope equipped
This journal is © The Royal Society of Chemistry 2015
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with 405, 473, 559 and 635 nm laser diodes. All of the images
were analysed by using Image J soware version 1.44p. Flow
cytometry analysis was recorded on a BD FACSAria II ow
cytometer with a 488 nm laser. The data were analysed with
Flowing soware.
General procedures of spectra detection

Fresh stock solution of metal ions (nitrate salts, 20 mM) and
anions (as sodium salts, 20 mM) in H2O were prepared for
further experiments. Stock solutions of FP was prepared in
HEPES aqueous buffer (THF : H2O ¼ 3 : 7, 20 mM, pH ¼ 7.4).
Before spectroscopic measurements, the solution was freshly
prepared by diluting the high concentration stock solution to
corresponding solution (10 mM). Excitation wavelength for FP
and its complex FP-Fe3+ was performed at 430 nm. The excita-
tion and emission slit widths were of 5 nm and 10 nm,
respectively. Each time a 3 mL solution of chemosensor was
lled in a quartz cell of 1 cm optical path length, and different
stock solutions of cations and anions were added into the
quartz cell gradually by using a micro-syringe.
Association constant calculation

Generally, for the formation of 1 : 1 complexation species
formed by the chemosensor compound and the guest cations,
the Benesi–Hildebrand equation used is as follow:25

1

F0 � F
¼ 1

KaðF0 � FminÞ½Fe3þ�
þ 1

F0 � Fmin

where F and F0 represent the uorescence emission of FP in the
presence and absence of Fe3+, respectively, Fmin is the saturated
emission of FP in the presence of excess amount of Fe3+; [Fe3+] is
the concentration of Fe3+ ion added, and Ka is the binding
constant.
Synthesis and characterization of the uorescent
chemosensor

4-Fluoresceincarboxaldehyde was prepared according to a
reported procedure with 30% yield.26 To a solution of 4-uo-
resceincarboxaldehyde (0.360 g, 1 mmol) in 20 mL methanol, 2-
aminopyridine (0.103 g, 1.1 mmol) in 10 mL methanol was
added at room temperature. The stirred reaction mixture was
heated to reux for 6 h to yield a yellow precipitate. Aer cooling
to room temperature, the precipitate was washed withmethanol
and dried under vacuum to obtain FP in 80% yield. 1H NMR
(d-DMSO, 500 MHz), d (ppm) 14.86 (s, 1H), 10.24 (s, 1H), 10.09
(s, 1H), 8.65 (s, 1H), 8.03–7.98 (2H, dd), 7.81 (t, J ¼ 7.5 Hz, 1H),
7.74 (t, J ¼ 7.5 Hz, 1H), 7.60 (d, J ¼ 5.0 Hz, 1H), 7.45 (d, J ¼ 5.0
Hz, 1H), 7.35 (d, J ¼ 10.0 Hz, 1H), 6.86–6.81 (m, 2H), 6.71 (d, J ¼
10.0 Hz, 1H), 6.62 (s, 2H). 13C NMR (d-DMSO, 125 Hz), d (ppm)
168.0, 164.7, 159.0, 157.6, 155.4, 151.7, 150.5, 148.7, 138.7,
133.5, 128.5, 122.8, 119.0, 112.8, 107.7, 105.8, 101.9, 81.7. ES-API
(positive mode,m/z) calcd for C26H16N2O5: 436.11. Found: 437.2
(FP + H+). Anal. calcd for: C, 71.56; H, 3.70; N, 6.42. Found: C,
71.34; H, 3.89; N, 6.47.
This journal is © The Royal Society of Chemistry 2015
Evaluation of partition coefficient

1-Octanol/water partition coefficients (Po/w) for FP was obtained
using the ‘shake-ask’ method.20 Briey, FP was dissolved in
water (1 mM), and was diluted with 2 mL 1-octanol-saturated
PBS (pH 7.4). Then, 2 mL of water-saturated 1-octanol solu-
tion was added into the solution with continuous stirring. The
mixture was stirred at R. T. for another 2 h before examining the
concentrations of the complexes in water phase before and aer
partitioning by absorbance measurements. The Po/w of FP was
calculated according to the following formula: Po/w ¼ (Cbefore –

Caer)/Caer. The experiment was repeated three times.
Cell line and cell culture

The breast adenocarcinoma cell line, MDA-MB-231, was
obtained from American Type Culture Collection (ATCC® HTB-
26™). MDA-MB-231 cells were maintained in RPMI-1640 sup-
plemented with 10% (v/v) fetal bovine serum (FBS), L-glutamine
(2 mM), penicillin (100 mg mL�1), streptomycin sulphate
(100 mg mL�1) and HEPPS buffer. Human neuronal glioblas-
toma cell line, U-343 MGa, was purchased from CLS Cell Lines
Service GmbH, German. U-343 MGa cells were grown in DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS),
L-glutamine (2 mM), D-glucose (4.5 g L�1), sodium pyruvate
(110 mg L�1), penicillin (100 mg mL�1), streptomycin sulphate
(100 mg mL�1). All of the cells were grown in a humidied 37 �C,
5% CO2/95% air (v/v) incubator. The growth medium was
changed every two days. The cells were routinely subcultured
using 0.05% trypsin–EDTA solution and growth to 80%
conuence prior to experiment.
MTT assay

MDA-MB-231 and U-343 MGa cells were seeded at a density of
5 � 104 cells per mL in a 96-well micro-assay culture plate and
growth 24 h at 37 �C in a 5% CO2 incubator. FP in fresh culture
medium was added into each well with different concentrations
from 2 to 15 mM. Control wells were prepared by the addition of
culture medium, and wells containing culture media without
cells were used as blanks. Aer incubation at 37 �C in a 5% CO2

incubator for 24 h, cell culture medium was removed and cells
were washed three times with PBS. Then, 100 mL, 0.5 mg mL�1

MTT solution in PBS was added to each well, and the cells were
further incubated for 4 h. The excess MTT solution was then
carefully removed from wells, and the formed formazan was
dissolved in 100 mL of DMSO (dimethyl sulfoxide). The optical
density of each well was then measured at a wavelength of
590 nm using a microplate reader (Bio-Rad, xMark). The
following formula was used to calculate the viability of cell
growth: viability (%) ¼ (mean of absorbance value of treatment
group � blank)/(mean absorbance value of control �
blank) � 100.
Confocal uorescence imaging in live cells

For live cells imaging of “ON–OFF–ON” response towards
Fe3+ and Pi. MDA-MB-231 and U-343 MGa cells were typically
seeded at a density of 5 � 104 cells per mL in a 22 mm
RSC Adv., 2015, 5, 53189–53197 | 53195
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coverglass bottom culture dishes (ProSciTech, AU) for the
confocal microscope imaging. The cells were washed with
HEPES buffer for three times, and then stained with 1 M FP in
HEPES buffer at 37 �C in a 5% CO2 incubator. Aer 30 min, the
cells were washed with more HEPES (3 � 2 mL per dish) to
remove excess FP. The FP loaded cells were treated with 10 mM
Fe3+ in HEPES for another 20 min, washed three times with
HEPES (1 mL per well), and then further incubated with HEPES
containing 30 mM Pi for 20 min. The cells were washed with
HEPES for three times before subjecting to microscope
imaging.

For live cell imaging of “OFF–ON” response of FP-Fe3+

towards Pi. MDA-MB-231 and U-343 MGa cells were incubated
with 100 mM Pi in an atmosphere of 5% CO2 and 95% air for 2 h
at 37 �C. Aer washed with HEPES for three times, the cells were
further stained with 1 mM FP-Fe3+ in HEPES buffer for another
30 min. The cells were washed with HEPES for three times
before subjecting to microscope imaging.
Flow cytometry analysis

MDA-MB-231 cells (1 � 105 cells per mL) were plated into a six-
chamber culture well and incubated for 24 h. The cells were
washed with HEPES for three times, then stained with 1 mM FP
in HEPES at 37 �C in a 5% CO2 incubator for 30 min. Aer
washed with HEPES for three times, the cells were treated with
10 mM Fe3+ in HEPES for another 20 min. 30 mM Pi in HEPES
buffer was added to each well and then, the cells were further
incubated at 37 �C for 20 min. The cells were detached from the
well using 0.05% trypsin–EDTA solution and washed with PBS
for three times before ow cytometry analysis. Cells incubated
with RPMI-1640 for 24 h were used as the controls for all
experiments.
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