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ABSTRACT: Luminescence lifetime-based nanosensors for chloride ions
were designed by incorporating a luminescent ruthenium dye [Ru(1,10phenanthroline)3] inside silica nanoparticles and chemically labelling their
outer surface with chloride ion-sensitive ﬂuorescent dyes (N,N′-bis(carboxypropyl)-9,9′-biacridine). The nanosensor surface was further
functionalized with positively charged amino groups to facilitate intracellular
uptake via endocytosis and target lysosomes. The nanosensors have an
average diameter of 52 nm and are monodispersed in aqueous solutions.
Because of the long lifetime of the reference ruthenium dye, the sensor
response can be analyzed using the time-domain dual-lifetime referencing
(td-DLR) approach. The use of pulsed excitation in td-DLR rather than
intense continuous illumination in ratiometric measurements greatly
prevents the dye from photobleaching which signiﬁcantly improves its
measurement stability and reproducibility for long-term monitoring. At
optimum conditions, the sensor can measure chloride concentration in the range of 0−200 mM with a large ratiometric signal
change from 140.9 to 40.2. Combined with our custom-built microscopic td-DLR system, variations of intracellular chloride
concentration in lysosomes were imaged quantitatively with a high spatial resolution and accuracy.
KEYWORDS: ﬂuorescence, ion-selective, nanoparticle, lifetime, imaging
hloride ions (Cl−) are the most abundant anions in living
organisms. It regulates many physiological functions,
including charge balance, ﬂuid secretion, cell volume, and
membrane potential.1 Dysfunction of intracellular Cl− homeostasis has been found to be closely linked with several human
diseases such as cystic ﬁbrosis, epilepsy, and chronic pain.2−6
Therefore, monitoring and quantifying Cl− concentration in
situ at a cellular level play a key role in understanding
intracellular regulation of Cl− and its linkage with diseases.
Various approaches have been developed for quantifying Cl−
concentration including ion chromatography,7 spectrophotometry,8 colorimetry,9 and photodynamic ion coextraction.10
These methods are accurate and good for oﬄine and ex situ
measurements11,12 but are not applicable for intracellular Cl−
quantiﬁcation. The invention of ion-selective electrodes has
greatly enhanced the capability of online and in situ
quantiﬁcation.13−15 However, chloride ion−selective electrodes are too large to be used in a single cell. They provide very
limited spatial resolution and can only be used inside large
cells. The placement of a needle-type electrode inside a cell
requires professional skills, which makes routine and statistical
analysis more time-consuming. Because intracellular distribution of Cl− is highly heterogeneous in diﬀerent compartments
(e.g., the Cl− concentration in the cytosol is 5−20 mM and

C

© 2020 American Chemical Society

that in lysosome is more than 80 mM),16,17 it is important to
develop tools that can image the distribution of intracellular
Cl−.
Imaging intracellular Cl− concentration via ﬂuorescence
sensing technology oﬀers such capability.18 This technology
possesses many advantages, including noninvasive, high spatial
resolution, high throughput for statistical analysis, as well as
multiplexing and multimodal features.19 Fluorescence sensing
of chloride relies on the interaction between chloride ions and
ﬂuorescent probes, which causes changes in ﬂuorescence
intensity and lifetime. As a result, chloride concentration can
be quantiﬁed indirectly via measuring ﬂuorescence intensity
and lifetime. Quenchable probes for quantifying intracellular
chloride can be catalogued into two groups: (1) the genetically
encoded ﬂuorescent protein probes and (2) the synthetic
organic probes. The former often oﬀers excellent biocompatReceived: August 12, 2020
Accepted: November 16, 2020
Published: November 30, 2020
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Modern ﬂuorescence lifetime imaging microscopes (FLIMs)
are capable of distinguishing such a large lifetime change.
However, these FLIM systems are extremely expensive because
ultrafast lasers and detecting devices are required. The
repetitive illumination of ﬂuorescent probes with an intensive
laser causes fast photobleaching, which induces measurement
inaccuracy and is diﬃcult to trace variation of chloride ions
over time at the same position.49 Alternatively, the chloride
response of short lifetime ﬂuorescent probe can be measured
via the dual-lifetime referencing (DLR) approach,50 where the
short-lived ﬂuorescence responsive signal was converted into
the long luminescence lifetime with the aid of reference
phosphorescent dyes. Because the long phosphorescence
lifetime can be quickly measured via rapid lifetime determination, the use of pulsed light source with moderate intensity
greatly suppresses photobleaching and further guarantees
measurement accuracy and stability. A DLR-based sensor for
Cl− in the format of a sensor ﬁlm has been realized in vitro via
the phase shift detection.50 Obviously, such a kind of ﬁlm
cannot be used for intracellular studies, and the embedded
indicators have the tendency of leaching over time.
In this work, we have designed intracellular nanosensors
(isCl) for Cl− quantiﬁcation based on the time-domain DLR
(td-DLR) method. A long-lifetime phosphorescent ruthenium
dye was physically incorporated into nanosized silica particles
and the outer surface of nanoparticles was chemically labeled
with Cl−-sensitive ﬂuorescent dyes. The unique core/shell
structure made the Cl−-sensitive dye directly exposed to
chloride ions, which facilitated ion diﬀusion and interaction
with dyes. The isCl exhibited fully reversible response toward
chloride in a broad range of 0 to 200 mM. The outer surface of
the isCl was further functionalized with positively charged
amine groups, which is beneﬁcial for its uptake by HeLa cells
and capability of targeting lysosomes. In combination with our
custom-built microscopic td-DLR system, intracellular Cl−
concentrations were imaged quantitatively with a high spatial
resolution. The use of short pulse in td-DLR greatly minimized
photobleaching of dyes and enhanced sensor stability for longterm measurements.

ibility and stability, but requires complicated intracellular
transportation procedures (microinjection or electroporation)
and suﬀers from severe pH cross-sensitivity.20−26 Synthetic
ﬂuorescent probes oﬀer more diversity,27−36 and they can be
designed to have a reversible response and be pHinsensitive.37,38 Quinine and acridine derivatives were the
most frequently used chromophores for designing these
probes. Their chemical structures can be precisely engineered
to match diﬀerent requirements. For example, a lysosometargeted Cl− ﬂuorescent probe can be developed by linking a
lysosome-targeting morpholine group to a quinolinium
ﬂuorophore.39
However, researchers do not commonly use synthetic
ﬂuorescence probes directly for measuring intracellular Cl−
concentration, as it is diﬃcult for those probes to pass through
cell membranes and their random distribution inside cells
creates a high ﬂuorescence background. In addition, their poor
photostability under intense microscopic illumination makes
quantitative measurements inaccurate and impossible for
researchers to continuously trace intracellular Cl− variation
over time. Therefore, modern intracellular sensors use two
ﬂuorophores to minimize interferences from target concentration-independent experimental or physiological factors.40 A
ratiometric ﬂuorescent probe for Cl− was synthesized by
conjugating Cl−-sensitive 10,10′-bis[3-carboxypropyl]-9,9′-biacridinium dinitrate (BAC) with Cl−-insensitive tetramethylrhodamine (TMR).41 The use of this probe successfully
revealed chloride accumulation during cytoplasm acidiﬁcation.
However, similar to all synthetic chloride probes, this probe
still requires a passive delivery inside the cells. In order to
facilitate intracellular delivery and simplify sensor preparation,
ratiometric nanosensors encapsulating or chemically labeling
indicators and reference dyes have been designed. Because
more ﬂuorophores can be immobilized on a single sensor
particle, nanosized sensors oﬀer not only enhanced brightness
for imaging but also improved dye photostability.42 Graefe et
al. incorporated the Cl−-indicator lucigenin and the rhodamine-based reference dye into the polyacrylamide nanoparticles. The obtained nanosensor was used to monitor
changes of Cl− concentration in vitro and in vivo.43
Unfortunately, the sensor suﬀered from its cross-sensitivity to
pH and the requirement of the Lipofectamin technique for
intracellular loading. The physically incorporated dyes have
risks of leakage over time. Bau et al. covalently immobilized
chloride-sensitive 6-methoxyquinolinium dye and the reference
ﬂuorescein dye to the surface of commercially available silica
nanoparticles to form a nanosensor for Cl−.44 However, the
requirement of UV excitation (at 318 nm) and the pH
dependence of ﬂuorescein limited its in vivo applications.
Besides sensing materials, quantifying methods also play an
essential role in measurement accuracy and stability. The
intracellular Cl− concentration can be quantiﬁed by measuring
either the ﬂuorescence intensity or lifetime. The former oﬀers
high simplicity, but measurement accuracy is strongly
inﬂuenced by light source ﬂuctuation, properties of optical
ﬁlters and detectors, photostability of dyes, and background
ﬂuorescence. In contrast, ﬂuorescence lifetime is an intrinsic
parameter that is immune to these inﬂuences45,46 and is
therefore highly preferred for intracellular Cl− sensing.47 There
is a signiﬁcant lifetime change when the chloride ion quenches
probes’ ﬂuorescence. For instance, lucigenin has a lifetime of
20 ns in its unquenched state, but that decreased to about 1 ns
on exposure to the solution containing 25 mM chloride ions.48

■

EXPERIMENTAL SECTION

Reagents and Instruments. Tetraethyl orthosilicate (TEOS)
and tris(1,10-phenanthroline)ruthenium(II) chloride hydrate (denoted as Ru(phen)) were bought from Sigma-Aldrich (www.
sigmaaldrich.com). Cyclohexane, 1-hexanol, Triton X-100, N,N′dicyclohexylcarbodiimide (DCC), hydroxysuccinimide (NHS), 3aminopropyltriethoxysilane (APTES), sodium hydroxide (NaOH),
and sodium chloride (NaCl) were obtained from TCI (Shanghai)
Development Co., Ltd (www.tcichemicals.com). N,N′-Bis(carboxypropyl)-9,9′-biacridine (BAC) was synthesized by Heowns
(www.heowns.com). All chemicals were of analytical grade and used
as received without further puriﬁcation. Phosphate buﬀer (10 mM,
pH 7.4) was prepared from sodium dihydrogen phosphate dehydrate
(NaH2PO4), disodium hydrogen phosphate dehydrate (Na2HPO4),
and deionized (DI) water and used throughout all experiments.
For cellular experiments, HeLa cell lines were obtained from the
cell bank of type culture collection of the Chinese Academy of
Sciences (www.cellbank.org.cn). Minimum essential medium eagle
(MEM), fetal bovine serum (FBS), penicillin−streptomycin, MEM
nonessential amino acid solution and L-glutamine solution, Hanks’
balanced salt solution (HBSS), phosphate-buﬀered saline (PBS), and
trypsin−EDTA (0.25%) were all bought from Sigma-Aldrich (www.
sigmaaldrich.com). The Lyso-Tracker Blue DND 22 was purchased
from Thermoﬁsher (www.thermoﬁsher.com). The CCK-8 cell
counting kit was bought from Dojindo (www.dojindo.cn).
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The morphology and size of samples were characterized using ﬁeld
emission transmission electron microscopy (TEM, FEI Tecnai G2
F20 S-Twin). Luminescence spectra were recorded using a Hitachi
F7000 ﬂuorescence spectrometer. UV−vis absorption spectra were
obtained using a Hitachi U3900H Dual-Grating UV−vis spectrophotometer. The zeta potential was measured on a Malvern Zetasizer
Nano ZS (Malvern Instruments Ltd, Malvern, UK). Cell viability was
tested using a Synergy H1 Hybrid Multimode Microplate Reader.
Fluorescence images were obtained using a wide-ﬁeld ﬂuorescence
microscope (Leica DMi8, Germany). The optical characteristics of
customized ﬁlter cube sets were listed in Table 1.

adding 100 μL of Ru(phen) (2.5 mM) aqueous solution and TEOS
(100 μL), the formation of NPs was initiated by adding ammonia
solution (28%, 100 μL). After stirring at room temperature for 24 h,
the obtained NPs were harvested via continuous centrifuging and
washing at least three times. The NPs were ﬁnally dispersed in ethanol
at a concentration of 10.0 mg mL−1.
Preparation of Ru(phen)@SiO2-BAC Nanoparticles (isCl).
Typically, 1.68 mg of DCC (8.0 μmol) and 1.88 mg of NHS (16
μmol) were dissolved in 210 μL of dimethylformamide (DMF); then,
40 μL of DMF containing 0.216 mg of BAC (0.4 μmol) was added.
The mixture was stirred for 2 h at room temperature to activate the
carboxylate groups. The formation of an active ester was conﬁrmed by
thin-layer chromatography. Next, 250 μL of ethanol containing 1.0 μL
APTES (4.2 μmol) was added and the mixture was stirred for 12 h.
Finally, the synthesized BAC−silane conjugate (225 μL) was mixed
with 1.0 mL of Ru(phen)@SiO2 solution (10 mg mL−1) and stirred at
room temperature for 24 h. The produced Ru(phen)@SiO2-BAC
nanoparticles were harvested via centrifuging and washing steps to
remove the residue of unreacted materials.
Intracellular Fluorescence Imaging. HeLa cells were cultivated
in the standard culture media (87% minimum essential medium eagle,
10% FBS, 1% L-glutamine solution, 1% penicillin−streptomycin
solution, and 1% MEM nonessential amino acid solution) for 24 h.
Then, the culture media was changed into standard culture media
containing 200 μg mL−1 isCl, and the cells were incubated for 4 h.
After that, the HeLa cells were washed carefully with the HBSS three
times to remove free isCl suspended in the culture media before
ﬂuorescence imaging studies. Colocalization experiments were
performed by incubating the cells with Lyso-Tracker Blue (75 nM)
for 1 h, followed by washing with PBS three times to remove free
dyes.
The desired intracellular Cl− and pH were controlled by
equilibrating extra- and intracellular ion concentrations according to
a previous report.26 HeLa cells were maintained in CO2-free
atmosphere at 37 °C to avoid the CO2-dependent pH shift during
calibrations. The culture medium was prepared using the K+/H+

Table 1. Optical Characteristics of Filter Cube Sets Used for
Fluorescence Imaging on the Wide-Field Fluorescence
Microscopy
name
BAC
Ru(phen)
Lyso-Tracker Blue
Mito-Tracker Deep
Red

excitation
(nm)

dichroic mirror
(nm)

emission
(nm)

400−450
425−475
340−380
595−645

488
561
400
647

500−550
575−625
435−485
665−715
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The custom-built microscopic td-DLR system consists of a PIMAX4 Gen III ICCD camera (Princeton Instruments, USA), a ﬁbercoupled CNI laser (405 nm) with a 10 kHz repetition rate (FC-ML,
Changchun, China), and a Leica DMi8 wide-ﬁeld ﬂuorescence
microscope equipped with a long-pass emission ﬁlter (λem > 495 nm).
Preparation of Ru(phen)@SiO2 Nanoparticles. The Ru(phen)
was incorporated inside silica nanoparticles (NPs) via a modiﬁed
reverse micelle method. Typically, cyclohexane (7.6 mL), 1-hexanol
(1.8 mL), and Triton X-100 (1.8 mL) were mixed rigorously in a 25
mL round-bottom glass bottle, and then, 380 μL DI water was added
to the mixture to form stable water-in-oil micelles. Followed by

Figure 1. (a) Scheme and (b) TEM image and (c) ﬂuorescence spectrum excited at 434 nm in Cl−-free PBS (pH 7.4) of the isCl.
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Figure 2. (a) Fluorescence spectra of the isCl in PBS (pH 7.4) with diﬀerent Cl− concentrations; the ﬂuorescence intensities were normalized at
570 nm. (b) Corresponding ratiometric calibration curve vs Cl− concentration. (c) Continuous response of the isCl-based D4 hydrogel sensor ﬁlm
toward PBS (pH 7.4) with Cl− concentrations of 0 mM and 200 mM. (d) Signal changes of isCl to the addition of common cations and nonhalide
anions.
exchanger nigericin (5 μM), the protonophore carbonyl cyanide pchlorophenylhydrazone (5 μM), the K+ ionophore valinomycin (5
μM), and the Cl−/OH− exchanger tributyltin chloride (10 μM) in the
presence of high-K+ 20 mM HEPES buﬀer (containing 0.6 mM
MgSO4, 38 mM sodium gluconate, and 100 mM potassium
gluconate). A speciﬁed amount of the gluconate anion was replaced
by Cl−, and small aliquots of NaOH were used to adjust the media pH
value to 7.4. To stabilize the intracellular ionic concentrations, the
medium was changed four times and replaced with a proper buﬀer.

the negatively charged interior of silica NPs in which the dye is
ﬁrmly incorporated inside. The Cl− indicator lucigenine is
featured with its pH insensitivity in the physiological range.41
In order to covalently label lucigenine on the silica outer
surface, its derivative BAC-bearing carboxyl groups in its
chemical structure was synthesized. The carboxyl group in
BAC was ﬁrst activated via DCC−NHS reaction and then was
chemically coupled with an amine group in APTES. The
obtained BAC-silane conjugate was ﬁnally labeled on the silica
surface via the silane technique. Owing to residual amino
groups on the particle surface, the Ru(phen)@SiO2-BAC
nanoparticles (isCl) has a net positive surface charge (+17.7
mV), which is beneﬁcial for cellular uptake and targets
lysosome.
The isCl exhibits excellent control in size and morphology
by simply adjusting the composition of the synthetic media
(data not shown). Considering the size-dependent cellular
uptake of silica NPs,54 isCl with an average diameter of 52 nm
is selected and synthesized (Figures 1b and S1). The
nanosensors are monodispersed and have a narrow size
distribution. Once excited at 434 nm, there are two emission
peaks in the luminescence spectra in a Cl−-free solution
(Figure 1c), corresponding to the luminescence of greenﬂuorescing BAC and red-ﬂuorescing Ru(phen).
The responses of isCl toward Cl− were studied in detail on a
ﬂuorescence spectrometer. Figure 2a showed the normalized
ﬂuorescence spectra of isCl with diﬀerent Cl− concentrations.
The intensities were normalized at the luminescence peak of
Ru(phen) (569 nm), and the plot between ﬂuorescence ratio
(I485/I569) and Cl− concentration is shown in Figure 2b. The
ratio decreased from 2.07 to 0.96 when Cl− concentration was
varied in the concentration range from 0 to 200 mM. The isCl
exhibits fully reversible response (Figure 2c) and good

■

RESULTS AND DISCUSSION
Heavy halide atoms are strong ﬂuorescence quenchers, and
ﬂuorescence chloride sensors are based on the dynamic
quenching eﬀect of chloride ions to ﬂuorescence. Theoretically, this dynamic quenching process obeys Stern−Volmer
rules and can be described by the Stern−Volmer equation.37 In
dynamic quenching, the indicator and quencher molecules are
separated, and the quencher has to diﬀuse and collide with the
excited indicator. Therefore, an ideal nanosensor for Cl−
should not only provide abundant sites for immobilizing
ﬂuorophores but also allow free diﬀusion of Cl−. As shown in
Figure 1a, silica NPs are selected as the supporting matrix
because they are optically transparent, highly stable, and
monodispersed in aqueous solution and have long “working”
and “shelf” lives.51 We have designed a unique core/shell
structure to construct the ratiometric Cl− nanosensors. The
reference dyes were physically encapsulated inside silica NPs to
protect them from potential quenchers and dye leaching.52
Fluorescent Cl− probes were covalently labeled on the outer
surface of silica NPs, which were directly exposed to Cl− and
facilitated for free Cl− diﬀusion. Ru(1,10-phenanthroline)3,
[denoted as Ru(phen)], is selected as the reference dye
because of its good photostability and appropriate unquenched
lifetime (about 1 μs).53 Its positive charge matches well with
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selectivity to Cl− over common interferences at typically much
higher concentration than that inside the cells (Figure 2d).
The pH dependence test showed that the isCl is insensitive to
pH in the range from 5.0 to 9.0 (Figure S2) which is highly
favorable for intracellular measurements as intracellular pH is
heterogeneously distributed. After continuous illumination for
1 h, the nanosensor showed satisﬁed photostability as the
ﬂuorescence intensity ratio (IBAC/IRu(phen)) decreased by only
5.8% (Figure S3).
Before intracellular studies, the isCl was ﬁrst investigated for
its cytotoxicity. Results from the CCK-8 assay showed that cell
viability remained above 90% when the concentration of isCl
reached up to 250 μg mL−1, demonstrating its low cytotoxicity
and good biocompatibility (Figure S4). The distribution of
isCl inside the HeLa cells was further studied. Colocalization
experiments showed that the emissions of isCl overlapped well
with that of Lyso-Tracker Blue (Spearman’s rank correlation
coeﬃcient, 0.81) (Figure S5), indicating the isCl was mainly
located in lysosomes. To assess the intracellular Cl−response of
isCl, intracellular Cl− concentration was tuned by incubating
HeLa cells in a high K+ buﬀer containing K+/H+ and Cl−/OH−
ionophores at a ﬁxed pH (7.40). The Cl− concentration in the
buﬀer was adjusted by changing the amount of potassium
chloride. As shown in Figure 3, the green ﬂuorescence of BAC

Article

be mentioned that the method cannot completely rule out
inﬂuences from diﬀerent photobleaching rates, leaching of
dyes, and varying levels of autoﬂuorescence.
In order to accurately measure intracellular Cl− concentration with high spatial resolution, we have adapted the DLR
method with our custom-built microscopic luminescence
lifetime imaging device.58,59 Both the laser and intensiﬁed
CCD camera were controlled in DLR mode using a built-in
time generator in the ICCD camera. As shown in Figure 4a,
the long-lasting phosphorescence of Ru(phen) enables a
record of its luminescence during the emission phase after
complete decay of BAC ﬂuorescence (light oﬀ, Aem), which
contains only the reference signal. The luminescence of both
BAC and Ru(phen) is detected during excitation (light on,
Aex), which records both the Cl− responsive signal and the
reference signal. The Cl− response can be calculated via the
DLR algorithm (eq 1).
Aex(BAC) + Aex[Ru(phen)]
Aex(BAC)
Aex
=
=
Aem
Aem[Ru(phen)]
Aem[Ru(phen)]
+

Aex[Ru(phen)]
Aem[Ru(phen)]

= f [Cl−] + C
(1)

After the start of the laser illumination, the ﬁrst image was
taken after a delay of 60 μs, and the exposure time was set at
25 μs. Such a short period of excitation can minimize
photobleaching of dyes and improve the measurement
stability. After turning the excitation pulse oﬀ, the second
image was taken after a delay of 1 μs and the exposure time
was set for 2 μs. Therefore, the signal in the ﬁrst image
contains the Cl− response information and is related to the
concentration of Cl−. The second image contains only the
reference signal which serves as the Cl−-independent reference.
Therefore, the ratio of the two images contains the information
of Cl− distribution according to eq 1, where C equals to the
ratio of Aex[Ru(phen)] and Aem[Ru(phen)] and is independent of Cl−
concentration. The calibration plot of Aex/Aem versus Cl−
concentration (Figure 4b) showed that Aex/Aem decreased
signiﬁcantly from 140.9 to 40.2 when the concentration of Cl−
increased from 0 to 200 mM. Compared with ratiometric
signals acquired from the ﬂuorescence intensity, the enlarged
signal change is beneﬁcial for improving measurement
accuracy. The interference study showed that there is no
observable change in the calibration curves in the presence and
absence of HeLa cells (Figure S7). Another major advantage of
this approach is that uneven distribution of nanosensors and
illumination intensities can be referenced out.
It should be mentioned here that the measurement speed of
our custom-built microscopic td-DLR system is rather fast,
which takes less than 120 ms to acquire a DLR image at a
spatial resolution of 1024 × 1024 pixels. Considering the
readout mode limitation of the ICCD camera, it can be even
faster if the CMOS camera was used. Our results showed that
the Cl− concentration in a lysosome is higher than 80 mM
(Figure 4c), which is consistent with the values reported.16,17
We further manipulated the intracellular Cl− concentration of
HeLa cells by treating the cells with a special culture media
containing diﬀerent concentrations of Cl− (0−138 mM). As
shown in Figure 4d, the intracellular distribution of Cl− can be
quantitatively imaged via the DLR approach, which showed
much more stable and repetitive results for quantifying
intracellular Cl−. Such a reliable method is one of the most

Figure 3. Fluorescence images and ratio images of isCl in the HeLa
cells. The HeLa cells were clamped at a given pH (7.4) and Cl− values
(0, 50 and 138 mM) using K+/H+ and Cl−/OH− ionophores in the
presence of a high K+ concentration. The ratio images were calculated
from the BAC channel and Ru(phen) channel using Matlab software.

experienced a signiﬁcant decrease with the increase in the Cl−
concentration. In contrast, the luminescence brightness of
Ru(phen) remained unchanged. From the calculated ratio
images between the BAC channel and Ru(phen) channel, the
distribution of intracellular Cl− can be ratiometrically imaged.
However, long-term in situ tracing experiments demonstrated
that the measurement accuracy and stability was strongly
inﬂuenced by photobleaching caused by continuous and
intense illumination (Figure S6).
Because of the long phosphorescence lifetime of Ru(phen),
intracellular Cl− concentration can be quantiﬁed using the
DLR approach (Scheme S1),55 in which the use of short
excitation light pulses would greatly reduce dye photobleaching, and therefore enables long-term measurements
with a low drift. In the DLR approach, the luminescence
lifetime of the long-lived Ru(phen) can be used as the intrinsic
reference. The modulation of the light source can be much
slower, and bright LEDs can be used as the light source.55−57
The method can eﬀectively compensate inﬂuences from probe
concentration, ﬂuctuation of excitation light source, optical
alignment, and other systematic variations. However, it should
3975
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Figure 4. (a) Schematic presentation of the rapid imaging and quantifying via dual-luminescence lifetime referencing. (b) Ratiometric lifetime
values (Aex/Aem) of isCl at diﬀerent Cl− concentrations. (c) Luminescence images obtained in live HeLa cells during the light excitation process
(Aex) and luminescence decay process (Aem), and the ratio images (Aex/Aem). (d) Ratio images of HeLa cells treated with extrinsic Cl−
concentration of 0, 50, and 138 mM (pH 7.4). The lookup table displays the pixel value distribution of Cl−.

Table 2. Overview of isCl for Cl− Imaging
nanosensors
lucigenin in porous structural silica/chitosan
nanoparticles
chloride ionophore in liquid polymer
nano-PEBBLEs
lucigenin and sulforhodamine derivative
incorporated in polyacrylamide nanoparticles
commercial silica NPs modiﬁed with
6-methoxyquinolinium and ﬂuorescein on the
surface
BAC and Alexa 647 modiﬁed on DNA scaﬀold
GFP-based sensor
Ru(phen) incorporated inside silica NPs and
BAC covalently labeled on the outer surface

response
methods

measurement
range (mM)

comments on intracellular imaging

0.01−4

limited measurement range, not suitable for intracellular studies

60

ratiometric
intensity
ratiometric
intensity
ratiometric
intensity

0.4−190

delivered into cells by a gene gun

61

0−22

pH-dependent, polydisperse, and large in size (24−200 nm)

43

0−200

pH-dependent, excited at ultraviolet wavelengths (318 nm)

44

up to 120

subcellular organelle-targeted, the dyes cannot be excited at the same
wavelength, and easy to be interfered by photobleaching
pH-dependent, need intracellular delivery

62

ratiometric
intensity
ratiometric
intensity
td-DLR

0−200

26

lysosome-targeted, image in high spatial resolution and quantiﬁed with this
superior accuracy, and suitable for in situ and long-time sensing
work

important features for in situ continuous monitoring, which
shows signiﬁcant improvement over the existing approaches
(Table 2).

■
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(48) Huber, C.; Fähnrich, K.; Krause, C.; Werner, T. Synthesis and
characterization of new chloride-sensitive indicator dyes based on
dynamic fluorescence quenching. J. Photochem. Photobiol. A-Chem.
1999, 128, 111−120.
(49) Ruedas-Rama, M. J.; Orte, A.; Hall, E. A. H.; Alvarez-Pez, J. M.;
Talavera, E. M. A chloride ion nanosensor for time-resolved
fluorimetry and fluorescence lifetime imaging. Analyst 2012, 137,
1500−1508.
(50) Huber, C.; Klimant, I.; Krause, C.; Wolfbeis, O. S. Dual lifetime
referencing as applied to a chloride optical sensor. Anal. Chem. 2001,
73, 2097−2103.
(51) Korzeniowska, B.; Nooney, R.; Wencel, D.; McDonagh, C.
Silica nanoparticles for cell imaging and intracellular sensing.
Nanotechnology 2013, 24, 442002.
(52) Zhang, W.; Abou El-Reash, Y. G.; Ding, L.; Lin, Z.; Lian, Y.;
Song, B.; Yuan, J.; Wang, X. D. A lysosome-targeting nanosensor for
simultaneous fluorometric imaging of intracellular pH values and
temperature. Mikrochim. Acta 2018, 185, 533.
(53) Wang, X.-d.; Wolfbeis, O. S. Optical methods for sensing and
imaging oxygen: materials, spectroscopies and applications. Chem. Soc.
Rev. 2014, 43, 3666−3761.
(54) Dmitriev, R. I.; Papkovsky, D. B. Intracellular probes for
imaging oxygen concentration: how good are they? Methods Appl.
Fluoresc. 2015, 3, 034001.
(55) Liebsch, G.; Klimant, I.; Krause, C.; Wolfbeis, O. S. Fluorescent
imaging of pH with optical sensors using time domain dual lifetime
referencing. Anal. Chem. 2001, 73, 4354−4363.
(56) Schreml, S.; Meier, R. J.; Wolfbeis, O. S.; Landthaler, M.;
Szeimies, R.-M.; Babilas, P. 2D luminescence imaging of pH in vivo.
Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 2432−2437.
(57) Koren, K.; Mosshammer, M.; Scholz, V. V.; Borisov, S. M.;
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