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ABSTRACT: We describe the synthesis, properties, and
application of a new fluorescent potassium chemosensor,
KS2, for K+ sensing and imaging in live cells. By virtue of a
strong electron-withdrawing group, 2-dicyanomethylene-
3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF), with a
triazacryptand ligand, the new sensor can respond to K+

up to 1.6 M. This is the first highly selective intracellular
sensor suitable for sensing K+ over a broad and high
concentration range. Confocal fluorescence microscopy
has established the utility of KS2 for live-cell K+ detection.
The application of KS2 combined with other sensors will be
of great benefit for investigating cellular metabolism, detect-
ing and diagnosing diseases including cancer, and monitor-
ing responses to therapy.

Potassium makes up about 0.4% of the mass in the human
body and is the most abundant intracellular cation. Potas-

sium ions (K+) play diverse roles in biological processes includ-
ing muscle contraction, heartbeat, nerve transmissions, and
kidney functions. Abnormal K+

fluctuations are early indicators
of diseases such as alcoholism, anorexia, bulimia, heart disease,
diabetes, AIDS, and cancer.1 Confocal fluorescence microscopy
has proven to be an important tool in understanding metal ion
biology2 and has the potential to measure changes in K+ con-
centrations with high spatial and temporal fidelity. One of the
earliest and best-known intracellular fluorescent K+ probes is
potassium-binding benzofuran isophthalate (PBFI), which uses a
diaz-18-crown-6 as a ligand and a benzofuran derivative as the
fluorophore. PBFI, however, suffers poor selectivity with respect
to sodium ions (Na+).3 To alleviate this problem, He et al.3

developed a ligand based on a triazacryptand (TAC) platform,
which features excellent selective responses for K+ over compet-
ing sodium ions. Verkman’s group developed other fluorescent
K+ sensors based on this ligand.4�6 He et al. and Verkman et al.
chemically grafted their K+ probes onto biocompatible polymers
for extracellular K+ sensing. Physiological extracellular K+ con-
centrations are around 5 mM,7 while cells usually contain about
150 mM intracellular K+.8 Erythrocytes and epidermal cells
contain more intracellular K+, with homeostasis concentrations
of 200 and 475mM, respectively.8 For myocytes, the intracellular
K+ concentration is even higher, at molar levels.8 Therefore, ideal
intracellular K+ sensors should be applicable formeasurements of
high K+ concentrations with a relatively large dissociation con-
stant (Kd) (e.g., around 100 mM). Commercially available PBFI
has a millimolar Kd (6.6 mM),9 which is not ideal for highly
concentrated intracellular K+ sensing. Although the Kd values for
the K+ sensors possessing the TAC ligands were not reported,

they could be estimated to be close to that for PBFI on the basis
of the results published by He et al.3 and Verkman et al.4�6

Herein we report the new red-fluorescent potassium ion
sensor KS2 (Scheme 1). The sensor was constructed using a
strong electron-withdrawing group, 2-dicyanomethylene-3-
cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF), and an elec-
tron-donating group, an aniline derivative of the TAC ligand
for K+ sensing. TCF has been known as a strong acceptor and was
initially used for nonlinear optical materials10,11 and later for red
fluorophores for bioimaging12,13 and pH sensing.14 Because of
the strong delocalization of electrons in the push�pull fluoro-
phore in KS2, the complexing ability of the nitrogen atom of the
aniline group, a component of the ligand for the potassium ion,
decreased significantly. Such a decrease may result in a blunted
binding ability of the whole ligand in KS2 and decreased
sensitivity of the intramolecular charge transfer (ICT) to the
complexation with K+, resulting in a Kd of around 0.1 M.

KS2 was constructed using strong electron-donating (aniline)
and electron-withdrawing (TCF) groups, yielding an absorption
maximum at 560 nm. The extinction coefficient (ε) at 560 nm is
3.84� 104 M�1 cm�1 (S-Figure 1 and S-Table 1 in the Support-
ing Information). KS2 displays weak fluorescence in its free form,
with a quantum yield (η) of 0.11%. Upon addition of K+, the
fluorescence intensity of KS2 increases by around 4- and 50-fold
at K+ concentrations of 140 and 1400 mM, respectively
(Figure 1a,b), resulting in corresponding η values of 0.52%
and 5.6% (S-Table 1). Kd was determined by the Benesi�
Hildebrand equation (eq 1),15
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Scheme 1. Synthesis of KS2 and Its Sensing Mechanism
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where F0 is the integrated fluorescence intensity of a free sensor,
F is the observed integrated fluorescence intensity, Fcomplex is the
emission of the ligand�metal ion complex, and [M] is the metal
ion concentration. When F0/(F0 � F) is plotted against 1/[M],
the binding constant is given by the intercept/slope ratio. From
curve fitting of the KS2 fluorescence intensity against the
reciprocal of the K+ concentration (1/[K+]), this Benesi�
Hildebrand plot yielded a linear fit (Figure 1c), from which the
Kd value was estimated to be 88 mM. The linear fit evidenced 1:1
complexation behavior.

The KS2 was tested against physiological concentration
levels of the following metal ions: K+, Na+, Ca2+, Mg2+, Fe3+,
Zn2+, Mn2+, and Cu2+. The results revealed that the potassium
ion had the greatest influence on the sensor’s emissions
(Figure 1d). Furthermore, this trend was also present when
the concentrations of Na+, Ca2+, and Mg2+ were increased to
140 mM (S-Figure 2). These results showed the high selectivity
of KS2 for K+. KS2 was not sensitive to pH over the range 5�8.
The high selectivity for K+ with a large Kd suggested that KS2
might be useful for intracellular K+ sensing over a wide range of
biological conditions.

The cytotoxicity of KS2 to human glioblastoma U87MG cells
was studied using Trypan blue staining. After internalization of
the sensor with cells for 2 h, more than 97% of the cells were
viable, showing the noncytotoxicity of KS2 toward the U87MG
cell line under our experimental conditions. Confocal images of
U87MG cells internalized with KS2 showed that KS2 could be
taken up by cells within 10min. Red fluorescence was observed in
the cytoplasm area, which was further confirmed by a minimum
colocalization with blue emission from the nucleic staining probe
(Hoechst 33342) (Figure 2). Furthermore, the sensor did not
have a specific colocalization in mitochondria or lysosomes,

showing that KS2 has a nonspecific distribution and therefore
can be used to monitor potassium ions in the cytoplasm and in
any of these compartments (S-Figures 4 and 5).

To monitor the stimulus response of the intracellular K+ level,
cells internalized with 4 μM KS2 for 10 min were treated with
amixture of nigericin, bumetanide, and ouabain at 37 �C(Figure 3).
The decrease in the fluorescence intensities indicated the efflux
of the intracellular K+ from cells (Figure 3a,c,e). The combina-
tion of the ionophore nigericin with the influx inhibitors bume-
tanide (inhibitor of Na+, K+, 2Cl� cotransport) and ouabain
(inhibitor of Na+, K+, ATPase pump) is an effective K+ efflux
stimulator.16 This mixture effectively induced K+ efflux, as shown
in fluorescence images (Figure 3). Meanwhile, cell shrinkage
with a preservation of an intact plasma membrane was observed
after 60 min of stimulation. It has been known that depletion of
intracellular K+ results in cell shrinkage, activated caspases, and
DNA fragmentation, all of which are features of apoptosis.16,17

Therefore, the phenomenon observed in Figure 3 indicated that
U87MG cells underwent the apoptotic change through the K+

efflux induced by nigericin, ouabain, and bumetanide. A control
experiment without the drug stimulation showed neither obvious
fluorescence intensity changes nor morphological shrinkages (S-
Figure 8).

KS2 can also be used to monitor K+ influx in response to
stimuli. Cells internalized with 4 μMKS2 for 10min were treated
with 20 mM KCl in medium at 37 �C for 1 h. This just induced a
slight fluorescence intensity increase (data not shown), whereas

Figure 1. (a) Fluorescence change of KS2 in HEPES buffer (pH 7.2)
containing different KCl concentrations, excited at 561 nm. (b) Changes
of fluorescence intensities at 650 nm at different K+ concentrations. F is
the fluorescence intensity at various conditions, and F0 is the emission
intensity before the titration (with 0 mM K+). (c) Benesi�Hildebrand
plot for KS2. (d) Fluorescence intensity change of KS2 in the presence
of various biological cations at their physiological concentrations
[K+ (150 mM), Na+ (15 mM), Ca2+ (2.0 mM), Mg2+ (2.0 mM), Zn2+

(2.0 mM), Fe3+ (50 μM), Mn2+ (50 μM), and Cu2+ (50 μM)] and
different pH values (5.0 and 8.0).

Figure 2. Confocal fluorescence images of KS2 (4 μM) in U87MG cells
costained with Hoechst 33342 (10 μM): (a) red emission from KS2
excited at 561 nm; (b) blue emission from Hoechst 33342 excited at
405 nm; (c) overlay of (a) and (b).

Figure 3. Time-dependent intracellular K+ in U87MG cells after
treatment with a mixture of nigericin, bumetanide, and ouabain for
(a, b) 0, (c, d) 60, and (e, f) 120 min: (top) fluorescence images;
(bottom) bright-field images. The concentrations of KS2, nigericin,
bumethanide, and ouabain for this study were 4, 5, 10, and 10 μM,
respectively. A more detailed time dependence is given in S-Figure 7.



18532 dx.doi.org/10.1021/ja207345s |J. Am. Chem. Soc. 2011, 133, 18530–18533

Journal of the American Chemical Society COMMUNICATION

an obvious fluorescence increase was observed after the cells
were treated with 5 μM isoproterenol and 20 mM KCl in
medium for 40 min at 37 �C (S-Figure 9). Isoproterenol has
been reported to stimulate potassium ion influx by stimulating
cyclic adenosine monophosphate (cAMP) generation, which is
associated with a physiological change in K+ transport.18 The
average fluorescence intensity of cells after the treatment was
33% greater than that before the treatment, as quantified using
ImageJ software (public domain software developed at the
National Institutes of Health).19

The sensor was further demonstrated for in situ observation of
dynamic potassium ion influx and then efflux through changes in
fluorescence stimulated by an ionophore nigericin (Figure 4).
Cells internalized with 4 μM KS2 at 37 �C for 10 min were
washed with 20 mM KCl-containing fresh medium. Nigericin
(20 μM at its final concentration) in 20 mM KCl-containing
mediumwas added to help K+ to cross cell membrane. Enhanced
fluorescence was immediately observed after the addition of
nigericin, indicating that potassium ion influx occurred. The
potassium influx peaked after 3 min with an average fluorescence
increase of 370%. After 3 min, potassium efflux was observed
through a decrease in the fluorescence. The efflux stabilized after
15 min, and the fluorescence intensity after the stabilization was
about 25% below that before the stimulation by nigericin. The
ionophore nigericin was used to stimulate K+ influx for yeast
Saccharomyces cerevisiae.20 It was also reported to be a K+ efflux
stimulator for human colorectal adenocarcinoma HT-29 cells.4

The observation of the K+ influx and then efflux of U87MG cells
using KS2 demonstrates its further utility in measuring the
kinetics of K+ transport.

In summary, we have described the synthesis, properties, and
cellular application of KS2, a new fluorescent chemosensor for
K+ sensing and imaging. As a result of the inclusion of the strong
electron-withdrawing group TCF with the TAC ligand, the new
sensor can respond to K+ over a broad concentration range up to
1600 mM. This is the first highly selective intracellular K+ sensor
that is capable of being used over such a broad range for highly
concentrated K+ sensing. Moreover, confocal microscopy experi-
ments established that KS2 can be used for detecting K+ levels
within living cells. The application of KS2 combined with other
sensors for cellular metabolism investigations and disease/cancer
detection and diagnosis is underway.
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