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ABSTRACT: A new two-photon excited fluorescent K+ sensor is reported. The sensor
comprises three moieties, a highly selective K+ chelator as the K+ recognition unit, a boron-
dipyrromethene (BODIPY) derivative modified with phenylethynyl groups as the
fluorophore, and two polyethylene glycol chains to afford water solubility. The sensor
displays very high selectivity (>52-fold) in detecting K+ over other physiological metal
cations. Upon binding K+, the sensor switches from nonfluorescent to highly fluorescent,
emitting red to near-IR (NIR) fluorescence. The sensor exhibited a good two-photon
absorption cross section, 500 GM at 940 nm. Moreover, it is not sensitive to pH in the
physiological pH range. Time-dependent cell imaging studies via both one- and two-
photon fluorescence microscopy demonstrate that the sensor is suitable for dynamic K+

sensing in living cells.
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It is difficult to overstate the physiological importance of
potassium for life, as its indispensable roles in a variety of

biological processes are widely known,1−4 e.g., a number of
human diseases have been found to be related to abnormal
potassium levels in the body.5−8 As a result, efficient methods
for determining physiological levels of potassium are of
paramount importance. To this end, numerous potassium
sensors have been designed and synthesized. Among these
sensors, fluorescent sensors have attracted significant attention
because of the outstanding merits of fluorescence techniques,
such as high sensitivity, convenience, fast response, and
noninvasiveness.
However, the only commercially available fluorescent

potassium sensor, potassium-binding benzofuran isophthalate
(PBFI), suffers insufficient potassium binding strength and
poor selectivity toward K+ over Na+.9 In recent years,
fluorescent sensors incorporating the 2-triazacryptand [2,2,3]-
1-(2-methoxyethoxy)benzene (TAC) group as the K+-sensing
moiety have been prepared and applied to biological
imaging.10−14 TAC demonstrates very high selectivity in
detecting K+ over other physiological metal cations, and to
date is the best K+-selective chelator.
Over the past two decades, two-photon fluorescence

microscopy (2PFM) underwent considerable development.15,16

Compared with one-photon fluorescence microscopy, 2PFM
has the advantages of localized excitation, increased penetration
depth, reduced phototoxicity, prolonged observation time, and
efficient light detection.17,18 With the rapid development of
two-photon excited fluorescence techniques, two-photon
fluorescent sensors have been exploited to determine various
metal cations in physiological environments, including Na+,

Ca2+, Mg2+, Zn2+, and Cu+.19−23 To the best of our knowledge,
no two-photon excited fluorescent K+ sensor has been reported
thus far.
Herein, we report an efficient two-photon fluorescent sensor

for K+ ions. This new K+ sensor (1) is established on a
BODIPY platform and the TAC group. The TAC group was
attached to the BODIPY core via a double bond similar to a
reported K+ sensor.12 This condensation reaction has been well
studied and resulting adducts applied to sensing metal cations
in recent years.24,25 Two long polyethylene glycol (PEG) chains
were introduced to the BODIPY core to increase the water
solubility of the dye. Two phenylethynyl groups were
conjugated to the BODIPY core to extend the extent of
conjugation of the chromophore and, hence, increase its two-
photon absorption (2PA) cross-section, making it an efficient
two-photon excited fluorescent K+ sensor.
The synthetic route for the preparation of sensor 1 is shown

in Scheme 1. The synthesis of 1 began with PEG 550, which
was used to prepare tosylated PEG 2 according to a literature
procedure.26 Then compound 2 was reacted with 2,4-
dihydroxybenzaldehyde in the presence of potassium carbonate
to produce benzaldeyde 3. Compound 4 was synthesized via a
condensation reaction of 3 with 2,4-dimethylpyrrole in the
presence of a catalytic amount of trifluoroacetic acid (TFA) at
room temperature, followed by an oxidation reaction with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and a subse-
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quent chelation reaction with BF3·OEt2 in the presence of
triethylamine (TEA). Iodination of 4 with N-iodosuccinimide
(NIS) in the dark afforded 5 as a red liquid. Sonogashira
coupling reaction was performed between 5 and phenyl-
acetylene with Pd(PPh3)4 and CuI as the catalysts in 4:1
THF:TEA to provide penultimate intermediate 6 as a purple
liquid. The target product (1) was obtained through a
Knoevenagel condensation reaction between 6 and TAC-
aldehyde, which was prepared according to a literature
procedure,10 in the presence of piperidine and glacial acetic
acid in 1:1 n-butanol:toluene.
The K+ sensing ability of sensor 1 was examined in 30 mM

HEPES buffer (pH 7.2)/MeCN (9:1, v/v). The fluorescence
emission spectra of 1 in the presence of various biologically
important metal cations at their physiological concentrations
are shown in Figure 1a. The counter ion for all metal cations
used in this study was chloride. Free 1 was virtually
nonfluorescent in the absence of cations (quantum yield:
0.001). Upon the addition of K+, red-NIR fluorescence with a
maximum emission wavelength at 644 nm was immediately
observed. However, the addition of other metal cations brought
about no considerable change to the fluorescence spectrum of
1. Therefore, sensor 1 exhibited high selectivity for K+ over
other biologically important cations.
K+ titration experiments were carried out to further

investigate the efficiency of 1 toward K+ sensing in 30 mM
HEPES buffer (pH 7.2)/MeCN (9:1, v/v) solutions. To
maintain a constant ionic strength, sample solutions were
balanced with NaCl. UV−vis absorption spectroscopy was first

used to conduct titration experiments. As displayed in Figure
S1, the solution of 1, in the absence of K+, exhibited absorption
at 637 nm. Upon the progressive addition of K+, the absorption
maximum of 1 gradually underwent a hypsochromic shift to
617 nm. With the absorption wavelength change from 637 to
617 nm the color of the sample showed a slight visible change
before and after the addition of K+ by naked eye examination
since both absorption maxima correspond to greenish blue
color. Simultaneously, the absorption intensity of the sample
moderately increased. Such changes in the absorption spectrum
of 1 in response to the interaction with K+, which are general
phenomena of amine-containing BODIPY derivatives and other
fluorophores, have been attributed to the suppression of
internal charge transfer (ICT).12,25 Fluorescence emission
titration experiments were performed to examine the K+

sensing ability of sensor 1. Figure 1b shows the fluorescence
emission spectra of 1 in the absence and presence of different
concentrations of K+ ions. With the concentration of added K+

increasing, the fluorescence emission intensity was enhanced
accordingly (see Figure S2). In the presence of 150 mM K+, the
fluorescence intensity of 1 increased 52-fold (quantum yield:
0.36). The dissociation constant (Kd) of the sensor was
determined to be 71 mM (see the Supporting Information),
according to a literature method.13 The linear fitting in Figure
S3 evidenced 1:1 complexation behavior of sensor 1.13 The
detection limit of 1 for K+ was determined to be 5.4 × 10−7 M,
which is suitable for detecting physiological K+ levels (5−150
mM).13

In addition, the pH sensitivity of 1 was investigated as a
function of pH between 3.0 and 8.0 in 9:1 (v/v) H2O/MeCN
solution. Figure S4 shows the fluorescence emission spectra of
1 at various pH. In the solutions of 1 with pH values between
6.0 and 8.0, no considerable fluorescence emission signal was
detected. However, as the pH decreased below 6.0, the
fluorescence emission intensity of 1 became stronger. These
results suggest that sensor 1 is not pH-dependent in typical
physiological environments, where the pH is generally in the
range of 6.8−7.4.
Moreover, two-photon absorption (2PA) experiments were

carried out to measure the 2PA cross-section of 1. The 2PA
properties of BODIPY dyes have been described in
literature.27,28 The open-aperture Z-scan method29 was used
for direct 2PA cross-section measurements over a broad
spectral region, 940−1260 nm, with a single laser beam as
the irradiation light source. Figure 2 shows the one-photon and
two-photon absorption spectra of sensor 1. The linear or one-

Scheme 1. Synthetic Route of Sensor 1a

aReagents and conditions: (a) TsCl, NaOH, THF, H2O, 0 °C, 99.0%;
(b) K2CO3, DMF, 130 °C, overnight, 89.0%; (c) 2,4-dimethylpyrrole,
TFA, CH2Cl2, room temperature, overnight; then DDQ, 4 h; then
TEA, BF3·OEt2, overnight, 21.5%; (d) NIS, CH2Cl2, in the dark, room
temperature, 5 h, 71.2%; (e) phenylacetylene, CuI, Pd(PPh3)4,
THF:TEA (4:1), in the dark, 45 °C, 16 h, 77.1%; (f) TAC−CHO,
piperidine, glacial acetic acid, n-butanol:toluene (1:1), reflux, over-
night, 10.3%.

Figure 1. Fluorescence emission spectra of 1 (1 μM) in 30 mM
HEPES buffer (pH 7.2)/MeCN (9:1, v/v), (a) upon addition of
various biologically important metal cations at their physiological
concentrations: Li+ (1.0 mM), Na+ (150 mM), K+ (150 mM), Mg2+

(2.0 mM), Ca2+ (2.0 mM), Zn2+ (50 μM), Cu2+ (50 μM), Fe3+ (50
μM), Co2+ (50 μM), Ni2+ (50 μM); and (b) upon progressive addition
of K+. The counter ion for all metal cations was chloride.
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photon absorption (1PA) maximum was 637 nm. Sensor 1
exhibited a maximum 2PA cross section (δ2PA) of 500 GM [1
GM (Göpper Meyer) = 1 × 10−50 cm4 s photon−1] at 940 nm.
Compared to previous reports for 2PA fluorescent probes for
other metal cations (in which 2PA cross-sections are generally
around 100 GM),19−23 the high 2PA cross section, long
absorption wavelength, and red-NIR fluorescence emission of
sensor 1 make it a highly promising 2PA fluorescent K+ sensor
for 2PFM.
On the basis of the desirable properties of sensor 1 in sensing

K+, it was applied to detect changes in the concentration of K+

in living cells. Both one-photon and two-photon fluorescence
microscopy were used to investigate the fluorescence intensity
changes of the sensor in response to the K+ efflux in living
HCT-116 cells (see experimental details in the Supporting
Information). Cell viability tests showed that cells exhibited no
considerable decrease in viability through 6 h after incubation
with 5 μM of sensor 1 (see Figure S5). Figure 3 shows time-

dependent one-photon fluorescence microscopy images of
HCT-116 cells. Cells incubated with sensor 1 were highly
fluorescent as shown in images a and c, which is consistent with
intracellular K+ levels (around 150 mM) high enough to trigger
strong fluorescence of 1.
It has been shown that a combination of nigericin, ouabain

octahydrate, and bumetanide can effectively bring about K+

efflux of cells.13,30 To examine the ability of the sensor to

respond to K+ level changes in living cells, we incubated cells
with a combination of nigericin, ouabain octahydrate, and
bumetanide, and then imaged at different times (Figure 3).
With K+ depletion induced by nigericin, ouabain octahydrate,
and bumetanide, the fluorescence intensity from cells gradually
decreased (from image c to d). As a control, cells without
treatment with these agents remained highly fluorescent
(Figure 3b), exhibiting almost no visible change compared to
their original state (Figure 3a). To quantitatively illustrate the
fluorescence changes of cells, the average fluorescence emission
intensity of cell images was determined at different times and
shown in Figure S6. The significant difference between the two
curves that illustrate cell fluorescence intensity changes over
time demonstrated the ability of sensor 1 in sensing
intracellular K+ levels.
The relatively high 2PA cross-section of probe 1 motivated

us to explore two-photon fluorescence microscopy to further
study the K+ sensing of 1 in living HCT-116 cells, following the
same experimental procedures as employed in one-photon
fluorescence microscopy. As shown in Figure 4, for cells
incubated only with sensor 1, serving as the control group, little
visible change was observed between live cell images taken at 0
min (image a) and 30 min (image b).

However, a significant decrease in fluorescence intensity of
cells was observed in Figure 4c (0 min) to Figure 4d (30 min)
when cells were incubated with sensor 1 and a combination of
nigericin, ouabain octahydrate, and bumetanide. Fluorescence
intensity data of cells at different time points quantitatively
demonstrated the fluorescence signal change of cells (see
Figure S7). Cells treated with nigericin, ouabain octahydrate,
and bumetanide displayed gradually decreased fluorescence
with incubation time due to K+ efflux (curve B in Figure S7).
By contrast, fluorescence from cells without incubation with
these agents remained relatively constant (curve A in Figure
S7). These data are in good agreement with results obtained
from one-photon fluorescence microscopy experiments. These
findings indicate that probe 1 is suitable for imaging K+ in living
cells as a two-photon excited fluorescent K+ sensor.
In summary, a water-soluble, BODIPY-based, two-photon

excited fluorescence turn-on sensor (1) was developed for K+

imaging in living cells. The sensor emits red-NIR fluorescence
with an emission maximum of 644 nm upon binding K+,
exhibiting very high selectivity in detecting K+ over other

Figure 2. One-photon (linear) absorption (1PA) (red solid) and two-
photon absorption (2PA) (green circles) spectra of 1.

Figure 3. One-photon (conventional) fluorescence microscopy images
of live HCT-116 cells incubated only with 1 at (a) 0 and (b) 30 min;
and HCT-116 cells incubated with 1 and a combination of nigericin,
ouabain octahydrate, and bumetanide at (c) 0 and (d) 30 min. The
scale bar is 50 μm.

Figure 4. Two-photon fluorescence microscopy images of live HCT-
116 cells incubated only with 1 at (a) at 0 and (b) 30 min; and cells
incubated with 1 and a combination of nigericin, ouabain octahydrate,
and bumetanide at (c) 0 and (d) 30 min. The scale bar is 25 μm.
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biologically important metal cations. The two-photon absorp-
tion cross-section of 1 was determined to be 500 GM at 940
nm, which is desirable for two-photon fluorescence microscopy
cell and tissue imaging. The consistent results obtained from
one- and two-photon cell imaging experiments demonstrate
that 1 is a promising two-photon fluorescent probe for in vivo
K+ sensing.
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