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Introduction

In recent years, a number of fluorescent sensors for anions
have been developed due to fundamental roles of the anions
in a wide range of chemical and biological processes.[1–4]

Among these anions, fluoride ions are one of the most at-
tractive targets because of their considerable significance for
health and environmental issues.[5,6] The fluoride ion has
unique chemical properties and widely exists in toothpaste
and pharmaceutical agents and used for prevention of
dental caries, enamel demineralization while wearing ortho-
dontic appliances, and treatment for osteoporosis.[7] Howev-
er, a high intake of fluoride can result in serious side effect
of fluoride, namely fluorosis, which may cause nephrotoxic
changes in both humans and animals and lead to urolithiasis.
Fluoride toxicity is also related to an increase in bone densi-

ty or even cancer.[8] In addition, NaF functions as a potent
G-protein activator and Ser/Thr phosphatase inhibitor, and
affects plenty of essential cell-signaling elements.[9] The
United States Environmental Protection Agency (EPA)
gives an enforceable drinking water standard for fluoride of
4 mgL�1 to prevent osteofluorosis and a secondary fluoride
standard of 2 mg L�1 to protect against dental fluorosis.[10]

The fluoride concentration in urine is commonly used for
monitoring fluoride exposure or poisoning.[11] Therefore, it is
of great significance to develop methods that can rapidly,
sensitively, and selectively detect the fluoride anion in aque-
ous media and in such biological samples as urine and
serum, as well as inside live cells in terms of human health
and environment protection.

Fluorescent chemosensors or probes with high specificity,
sensitivity, and ease of operation have received increasing
interest;[12–17] some fluorescent sensors have been reported
that are capable of detecting fluoride ions.[5b, 18–26] The com-
monly adopted sensing strategy involves supramolecular in-
teractions such as anion-p interactions, hydrogen bonding
and Lewis acid/base interactions.[5b, 18–21] However, most of
these sensors are operative only in organic solvents to
detect tetrabutylammonium (TBA+) fluoride rather than in-
organic fluoride salts,[1,2a,5b,18, 19,20a, 21] because water would
compete significantly with the probe for the anion.[21b] More-
over, in some cases, the selective recognition of fluoride
over oxygen-containing anions (e.g., H2PO4

�, CH3CO2
�,

CO3
2�, and PO4

3�) is restricted.[21b, 22] On the other hand, an-
other strategy based on the chemical affinity between fluo-

Abstract: Owing to the considerable
significance of fluoride anions for
health and environmental issues, it is of
great importance to develop methods
that can rapidly, sensitively and selec-
tively detect the fluoride anion in aque-
ous media and biological samples.
Herein, we demonstrate a robust fluo-
rescent turn-on sensor for detecting the
fluoride ion in a totally aqueous solu-
tion. In this study, a biocompatible hy-
drophilic polymer poly(ethylene glycol)
(PEG) is incorporated into the sensing
system to ensure water solubility and
to enhance biocompatibility. tert-Butyl-
diphenylsilyl (TBDPS) groups were

then covalently introduced onto the
fluorescein moiety, which effectively
quenched the fluorescence of the
sensor. Upon addition of fluoride ion,
the selective fluoride-mediated cleav-
age of the Si�O bond leads to the re-
covery of the fluorescein moiety, result-
ing in a dramatic increase in fluores-
cence intensity under visible light exci-
tation. The sensor is responsive and
highly selective for the fluoride anion
over other common anions; it also ex-

hibits a very low detection limit of
19 ppb. In addition, this sensor is oper-
ative in some real samples such as run-
ning water, urine, and serum and can
accurately detect fluoride ions in these
samples. The cytotoxicity of the sensor
was determined to be Grade I toxicity
according to United States Pharmaco-
poeia and ISO 10993-5, suggesting the
very low cytotoxicity of the sensor.
Moreover, it was found that the senor
could be readily internalized by both
HeLa and L929 cells and the sensor
could be utilized to track fluoride level
changes inside the cells.

Keywords: fluorescence · fluores-
cent probes · fluoride · sensors

[a] F. Zheng, Prof. F. Zeng, C. Yu, X. Hou, Prof. S. Wu
College of Materials Science & Engineering
South China University of Technology
Guangzhou 510640 (P.R. China)
E-mail : mcfzeng@scut.edu.cn

[b] Prof. S. Wu
State Key Laboratory of Luminescent Materials & Devices
South China University of Technology
Guangzhou 510640 (P.R. China)
Fax: (+86) 20-22236363
E-mail : shzhwu@scut.edu.cn

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201202732.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 936 – 942936



ride and silicon (fluoride-mediated cleavage of Si�O bond)
was developed; tert-butyldimethylsilyl (TBDMS) or tert-bu-
tyldiphenylsilyl (TBDPS) were chosen as additional sub-
stituents for the probe molecule, so as to render the probe
molecule unreactive to potentially interfering compounds
and thus only sensitive to fluoride ions.[23–26] This approach
was first reported by Kim and Swager, who developed a flu-
orescent fluoride probe in organic solvents, in which the flu-
orescent response was greatly amplified by using organic
semiconducting polymers.[23a] Subsequently, a couple of stud-
ies reported different chemosensors or probes that can
detect NaF in aqueous media.[24–26] For example, Park et al
ingeniously developed a 7-hydroxycoumarin-based fluoride
sensor containing a tert-butyldimethylsilyl (TBDMS)
moiety; when excited at 375 nm, this sensor can be used to
detect fluoride in water after reaction for 4 h and for imag-
ing of the fluoride anion in living cells.[26]

Despite these advances in fluorescent fluoride sensors,
there is still room for improvement in terms of low detec-
tion limit, fast response, as well as usability in totally aque-
ous solution. In addition, most of the fluoride sensors that
are usable in aqueous media require long response times
(from several tens of minutes to hours) and UV light excita-
tion, which are not preferable conditions for sensing fluoride
in biological samples.

Herein, we demonstrate a robust (responsive, highly sensi-
tive, and visible light-excited) fluorescent sensor for fluoride
ion detection in totally aqueous solution and for fluoride
imaging in living cells. To ensure water solubility, cell mem-
brane permeability and low-cytotoxicity for the sensor, a hy-
drophilic polymer poly(ethylene glycol, PEG), which has
long been used for a wide range of biomedical applications
because of its biocompatible, non-toxic, non-antigenic and
non-immunogenic properties, was conjugated into the
system. For this sensing approach, TBDPS groups were in-
troduced onto the fluorescein moiety through the reaction
of the hydroxy groups on fluorescein with tert-butyldiACHTUNGTRENNUNGphen-ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGchlorosilane, which quenched the fluorescence of the
sensor; upon addition of fluoride ion, the selective fluoride-
mediated cleavage of Si�O bond leads to the recovery of
the highly fluorescent fluorescein moiety, resulting in a dra-
matic increase in fluorescence intensity. The schematic illus-
tration for the selective sensing for fluoride anion by the
sensor was shown in Figure 1. The sensor based on this
PEG-fluorescein-butyldiphenylsilyl architecture demon-

strates several beneficial advantages: First, the preparation
of the sensor is technically simple, and it can be easily ob-
tained through a synthetic route involving a two-step-reac-
tion. Second, the PEGylated sensor is able to selectively
detect fluoride anions in totally aqueous media (100 %
water) and in some real samples such as running water,
urine, and serum. In addition, it is also capable of permeat-
ing the cell membrane and realizing fluoride ion imaging in
live cells. Third, the sensor exhibits a fast response to the
fluoride ions under visible light excitation, and a low detec-
tion limit of 19 ppm, which is the lowest among the reported
fluorescent fluoride sensors.

Results and Discussion

Synthesis of the sensor : The sensor (PEG-FITC-Si) was syn-
thesized through a two-step reaction. First, an amine-termi-
nated PEG (methoxypolyethylene glycol amine, with the
average molecular weight of 2000, the starting material—
PEG2000) was treated with fluorescein isothiocyanate to
produce an intermediate product (PEG-FITC), and the hy-
droxyl groups on fluorescein moiety were then reacted with
tert-butyldiphenylchlorosilane to form the PEGylated
sensor. The synthetic route is shown in Scheme 1.

In this study, the intermediate product and the synthe-
sized sensor were characterized by using a matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF)
mass spectrometry and 1H NMR spectroscopy (the Support-
ing Information, Figure S1 and S2). Unlike a small-molecu-
lar compound, which has a definite molecular weight, a pol-
ymer sample is actually a mixture of polymer chains with
different numbers of repeating units. The commercially ob-
tained PEG sample (methoxypolyethylene glycol amine,
with a nominal average molecular weight of 2000) is also
comprised of a series of polymer chains with different chain
lengths. The molecular weight differences between these
PEG chains are multiples of 44.05, namely the molecular
weight of the repeat unit of oxyethylene, as shown in Fig-
ure S2A (the Supporting Information). As expected, the
PEG derivatives (PEG-FITC and the sensor) prepared in
this study also exhibit multiple peaks in their MS spectra, as
shown in Figure S2 (the Supporting Information). For exam-
ple, for the starting materials PEG2000 as shown in Fig-
ure S2A, the signal centering around m/z 1814.8 corre-

Figure 1. Schematic illustration for the structure of the sensor (PEG-FITC-Si) and its selective detection of fluoride anion (the sensor: 0.2 mg mL�1 in
pH 7.4 HEPES buffered water, fluoride anion: 1� 10�4

m).
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sponds to the methoxypolyethylene glycol amine with 39
repeat units, and the signal centering around m/z 2204.0 cor-
responds to PEG-FITC with 39 repeat units (the Supporting
Information, Figure S2B), whereas the signal centering
around m/z 2681.3 corresponds to the sensor PEG-FITC-Si
with 39 repeat units (the Supporting Information, Fig-
ure S2C). The detailed assignment and analysis of the mass
spectra for the starting material PEG2000, the intermediate
product PEG-FITC and the sensor (PEG-FITC-Si) are
listed in Table S1 in Supporting Information. On the other
hand, it can be seen that in 1H NMR spectra (the Supporting
Information, Figure S1), the backbone protons of the PEG
appear at the chemical shifts around d= 3.64 ppm, and the
protons of fluorescein moiety appear at d= 6.2–7.2 ppm,
whereas the methyl protons of the tert-butyldiphenylsilyl
groups give rise to peaks at around d=1.1 ppm, and the
phenyl protons of the tert-butyldiphenylsilyl groups give rise
to peaks at chemical shifts d=7.4–7.9 ppm. Taken together,
the results confirm the successful synthesis of the sensor.

Fluorescent turn-on sensing for F� in totally aqueous media
(100 % water): The fluorescence spectra of the sensor in
aqueous solution upon addition of varied amounts of fluo-
ride anions were shown in Figure 2 A. A working curve was
also established by plotting the increment of emission inten-
sities at 526 nm versus fluoride anion concentration, as
shown in Figure 2 B. It is clear that the sensor exhibits very
weak emission in the absence of fluoride anion; however,
with the addition of the fluoride anion, the fluorescence
emission of the sensor gradually increases, and the fluores-
cence intensity levels off when the concentration of fluoride
anion reaches 200 mm. This significant fluorescence amplifi-
cation can also be observed visually by the fluorescence
change as displayed in Figure 1. Moreover, the detection
limit was determined as 19 ppb (the Supporting Information,
Figure S3), which is, to the best of our knowledge, the
lowest among the reported fluorescent fluoride sensors.

We used MALDI-TOF mass spectrometry to investigate
the reaction of the sensor with the fluoride anion. A solu-

tion of NaF (1� 10�3
m) was

added under stirring into the
sensor solution (0.2 mgmL�1)
in pH 7.4 HEPES-buffered
water. Ten minutes later the
water was evaporated under
vacuum, and the solid residue
(reaction product) was purified
and then analyzed by mass
spectrometry. The MALDI-
TOF MS spectra for both the
sensor and the product are
given in Figure 3. The spectra
exhibit multiple peaks because
the starting material PEG2000
comprises polymer chains with
different lengths, and herein
we use one set of MS peaks as

an example to analyze the reaction: In panel A of Figure 3,
the signal at around m/z 2637.2 corresponds to a polymer
chain of the sensor (PEG-FITC-Si) with 38 repeat units (see
the Supporting Information, Table S1); whereas the signal at
around m/z 2159.9 in panel B corresponds to a polymer
chain of the product whose molecular weight equals that of
a PEG-FITC chain with 38 repeat units, and the molecular

Scheme 1. Synthetic route for the sensor (PEG-FITC-Si).

Figure 2. A) Fluorescence spectra of the sensor (0.2 mg mL�1) in the pres-
ence of different amounts of F� in pH 7.4 HEPES buffered water. B) Flu-
orescence intensity increment (F�F0) of the sensor (0.2 mg mL�1) at
526 nm in the presence of different amounts of F� in pH 7.4 HEPES buf-
fered water (lex =490 nm). The spectra were recorded 10 min after addi-
tion of fluoride ions.
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weight difference (�477) between the product and the cor-
responding sensor equals the molecular weight of two tert-
butyldiphenylsilyl groups. This analysis strongly suggests
that upon addition of NaF, the two tert-butyldiphenylsilyl
groups were cleaved from the sensor and the fluorescein
moiety was restored. The detailed assignments and analysis
for the MS peaks are given in Table S2 (the Supporting In-
formation). For this sensing strategy, in the absence of the
fluoride anion, the incorporation of tert-butyldiphenylsilyl
groups result in the quenching of fluorescence of the sensor;
whereas in the presence of fluoride anion, the cleavage of
tert-butyldiphenylsilyl will restore the fluorescein moiety,
thereby leading to the fluorescence enhancement of the
sensor.

To further investigate the reaction between the sensor
and fluoride ion, first the sensor (PEG-FITC-Si) was al-
lowed to react with NaF in water, and part of the resultant
solution was dried and directly used for 1H NMR measure-
ment; another part of the resultant solution was dried and
redissolved in CH2Cl2, and precipitated with diethyl ether
several times to remove the cleaved tert-butyldiphenylsilyl
groups, and the purified chemical also underwent 1H NMR
measurement. These two 1H NMR spectra were shown in
Figure S4 (the Supporting Information). It can be seen from
Figure S4 B that, for the purified sample, the signals of pro-
tons in tert-butyldiphenylsilyl groups disappeared, indicating
that these groups were cleaved from the sensor molecules.
Moreover, by comparing the two spectra in Figure S4 (the

Supporting Information) with those of PEG-FITC and the
sensor (Figure S1, the Supporting Information), the spec-
trum in Figure S4 B is very similar to the one in Figure S1A,
suggesting the addition of fluoride leads to the restoration
of the fluorescein moieties. Based on the 1H NMR spectra
and mass spectra, we proposed the possible mechanism and
the reaction equation as shown in the Supporting Informa-
tion, Figure S5.

To investigate the response time of the sensor towards the
fluoride anion, we measured the fluorescence intensity var-
iation as a function of time upon addition of fluoride anion,
and the result is shown in Figure 4. The fluorescent intensity
of the sensor reached its maximum value within ten minutes
upon addition of fluoride anion, which indicates that the re-
action between the sensor and the fluoride anion is very
fast. The above results demonstrate that the sensor is a re-
sponsive system with respect to the fluoride anion.

Selectivity and anti-interference performance of the sensing
system : To investigate the selectivity of the sensor towards
the fluoride anion over other anions, the fluorescence spec-
tra of the sensor in the presence of other anions including
Cl�, Br�, I�, CH3COO�, CO3

2�, HCO3
�, PO4

3�, HPO4
2�,

H2PO4
�, NO2

�, NO3
�, S2�, and SO4

2� were recorded; the
comparison of the fluorescence intensities at 526 nm is
shown in Figure 5 A. It is evident that only F� induces a
prominent intensity enhancement, whereas the addition of
other anions under the same conditions led to almost no
change in the fluorescence. These results confirm that the
sensor shows an excellent selectivity toward F� over other
competitive anions, which is due to the specific reaction of
Si�O with F�. On the other hand, the interference of various
anions was also tested. Figure 5 B shows the fluorescence re-
sponse of the sensor towards F� in the presence of other
competitive anions. Evidently, the co-existence of these
anions does not interfere with the reaction of fluoride anion
with the sensor as well as the subsequent fluorescence en-
hancement. These results suggest that the probe can func-
tion as a highly selective sensor for F�.

Figure 3. Mass spectra of the as-prepared sensor (A) and the purified re-
action product upon addition of fluoride (B).

Figure 4. Fluorescence intensity increment (F�F0) at 526 nm of the
sensor (0.2 mg mL�1) at different times after addition of F� (1 � 10�4

m) in
pH 7.4 HEPES buffered water. (lex =490 nm).
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Fluoride ion sensing in running water, human urine, and
serum : To evaluate the efficacy of this sensing system in
some real samples, the sensor was applied to sensing fluo-
ride ions in samples such as running water, human urine,
and fetal bovine serum. As shown in Table 1, this sensor
worked quite well in running water, human urine, and
serum with the recovery of more than 91 %. The results
given in Table 1 also show that the detected concentrations
of the fluoride anion are in good agreement with those
added in real samples. Furthermore, the composition of the
running water, urine, and serum do not significantly inter-
fere with the detection of fluoride anion, indicating the po-
tential application of this sensor for the analysis of fluoride
anion in real samples. According to EPA, the maximum rec-
ommended fluoride concentration in drinking water is
2 mgL�1 [10] (about 1 �10�4 molL�1); hence, with the detec-
tion limit of 19 ppb (1 � 10�6 mol L�1), this sensor can be
used in the detection for fluoride anion in water quality
monitoring, as well as in urine and serum samples for diag-
nosis of fluoride poisoning.

Imaging of the fluoride ion in live cells : To investigate the
biocompatibility of the sensor, the cytotoxicity of the sensor

was evaluated using L929 cell line by MTT assay in compli-
ance with ISO 10993-5; the results are shown in Figure 6.
The sensor shows a cell viability of 92 % at the concentra-
tion of 0.2 mg mL�1, which belongs to Grade I toxicity ac-
cording to United States Pharmacopoeia and ISO 10993-5.
This indicates that the sensor has very low cytotoxicity.

The favorable features of the sensor include absorption
and emission in the visible region, a significant fluorescence
turn-on signal, high sensitivity, high selectivity, low cytotox-
icity, and efficiency at physiological pH. These desirable
characters prompted us to evaluate the ability of the sensor
to image F� in living cells. We explored the capability of the
sensor to track the fluoride level in two commonly-used cell
lines: Hela (human cervical cancer cell) and L929 (murine
aneuploid fibrosarcoma cell). Figure 7 displays the fluores-
cent microscope images for the two kinds of cells incubated
with the sensor before and after being treated with fluoride.
Probably, due to the PEGylation, the sensor can be easily
taken up by both Hela and L929 cells in the RPMI 1640 cul-
ture medium; neither the addition of organic solvent (such
as DMSO) into the culture medium nor the modification of
the sensor (for example, by using acetoxymethyl ester, AM)
is needed to enhance the cell membrane permeability of the
sensor. Figure 7 also indicates that the internalized sensor
compound accumulated in the perinuclear region of the
cells.

Figure 5. A) Fluorescence intensities at 526 nm for the sensor
(0.2 mg mL�1) in the presence of 10�3

m different anions. (lex =490 nm).
B) Fluorescence intensities at 526 nm for the sensor (0.2 mg mL�1) in the
presence of 10�3

m of F� and with the addition of 10�3
m of different

anions respectively. (lex =490 nm). All fluorescence intensities were
measured in pH 7.4 HEPES buffered water and 10 min after the addition
of anions.

Table 1. Determination of the fluoride anion in running water, human
urine, and serum samples.[a]

Samples Amount of fluoride [mol L�1] Recovery
added found [%]

running water 0 – –
1.00 � 10�5 0.93 � 10�5 93.2
1.00 � 10�4 0.95 � 10�4 94.6

urine 0 – –
1.00 � 10�5 1.04 � 10�5 104.0
1.00 � 10�4 0.99 � 10�4 98.8

serum 0 – –
1.00 � 10�5 0.92 � 10�5 91.6
1.00 � 10�4 0.92 � 10�4 92.4

[a] In the test solutions, running water and urine were diluted 10-fold,
serum was diluted 100-fold. The measurements were conducted 10 min
after the addition of fluoride.

Figure 6. Cytotoxic effects against L929 cells upon 24 h of incubation.
Control: L929 cells in the absence of the sensor; sensor: L929 cells in the
presence of the sensor at concentration of 0.2 mg mL�1.
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Fluorescence microscope images of both Hela and L929
live cells loaded with the sensor for 2 h at 37 8C show no flu-
orescence intracellularly, as shown in Figure 7 A and C. The
control experiment on cells without the sensor gives no fluo-
rescence either under the same exposure condition. In con-
trast, the intracellular fluorescence for the sensor-stained
cells exposed to 1 � 10�4

m of fluoride for 15 min at 37 8C
gives rise to green fluorescence, as shown in Figure 7 B and
D. This result indicates that the sensor can be utilized to
track fluoride level changes inside living cells.

Conclusion

We have successfully constructed a robust fluorescent turn-
on sensing system for use in totally aqueous media, which
features a simple synthesis, and the responsive, sensitive,
and selective detection of fluoride anions. The PEGylation
renders the sensor with good water solubility, cell membrane
permeability, as well as very low cytotoxicity. The incorpora-
tion of tert-butyldiphenylsilyl groups onto fluorescein can ef-
fectively quench the fluorescence of the sensor, whereas
upon addition of fluoride anions, the fluoride-mediated
cleavage of tert-butyldiphenylsilyl groups proceeds selective-
ly and quickly, resulting in the recovery of strong fluores-
cence of fluorescein moiety. This sensor exhibits the lowest
limit of detection among those reported fluorescent fluoride
sensors. Furthermore, it can be used for detecting fluoride
levels in some real samples such as running water, human
urine, and serum; it also can be used for imaging fluoride
anions inside living cells. Since the sensor is based on an ir-
reversible reaction, this sensor exhibits a low detection
limit; however, the disadvantage of this strategy is that the

sensor is not reusable. This sensor might have the potential
for application in the detection for fluoride anion in water
quality monitoring as well as in diagnosis of fluoride poison-
ing. This approach offers some useful insights for realizing
technically simple fluorescent turn-on sensing in the detec-
tion assays for other analytes.

Experimental Section

Materials and reagents : Methoxypolyethylene glycol amine (average mo-
lecular weight 2000, PEG2000), fluorescein isothiocyanate, imidazole,
tert-butyldiphenylchlorosilane, sodium salts of anion (F� Cl�, Br�, I�,
CH3COO�, CO3

2�, HCO3
�, PO4

3�, HPO4
2�, H2PO4

�, NO2
�, NO3

�, S2�,
SO4

2�), 4-(�2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
and n-cetyltrimethylammonium bromide (CTAB) were purchased from
Aldrich. Human urine was from a healthy male. Fetal bovine serum was
supplied by Hangzhou Sijiqing Biological Engineering Materials Co. Ltd.
The purified water used in this study was triple-distilled, which was then
further treated by ion exchange columns and then by a Milli-Q water pu-
rification system. N,N-dimethylformamide (DMF) was dried with CaH2

and vacuum distilled. Methanol and dichloromethane were analytically
pure solvents and distilled before use.

Synthesis of the PEG-FITC : Methoxypolyethylene glycol amine (average
Mw =2000, 0.4 g, 0.2 mmol) and fluorescein isothiocyanate (79 mg,
0.2 mmol) were dissolved in DMF (5 mL) in a flask. The reaction mixture
was stirred under N2 at room temperature overnight; afterwards, the sol-
vent was removed under reduced pressure. The residue was dissolved in
CH2Cl2 (3 mL), and then diethyl ether (30 mL) was added to precipitate
the product. The mixture solution was centrifuged (10 000 rev s�1, 8 min).
And the product was obtained as a red solid (442 mg, 92%).

Synthesis of the sensor (PEG-FITC-Si): PEG-FITC (430 mg, 0.18 mmol),
imidazole (34 mg, 0.5 mmol) were dissolved in CH2Cl2 (5 mL) in a flask,
the mixture was stirred and cooled in an ice-bath under N2. Then, tert-bu-
tyldiphenylchlorosilane (138 mg, 0.5 mmol) dissolved in CH2Cl2 (5 mL)
was added into the above solution dropwise. After 1 h, the ice bath was
removed, and the solution was stirred at room temperature for another
18 h. After that, the solution was filtered and CH2Cl2 (30 mL) was added
into the filtrate, which was then washed with deionized water. The com-
bined organic phase was dried in anhydrous MgSO4. Then the solvent
was evaporated under vacuum and the residue was purified by silica-gel
column chromatography by using methanol as an eluent. The product
was obtained as a yellow solid (252 mg, 48.8 %).

Cytotoxicity : The cell line, L929 (murine aneuploid fibro-sarcoma cell)
was incubated in RPMI 1640 medium supplemented with 10 % fetal
bovine serum (FBS) at 37 8C with 5 % CO2. The cytotoxicity of the
sensor against L929 cells was assessed by MTT assay according to ISO
10993-5.

Cell incubation and imaging : Two cell lines, Hela (human cervical cancer
cell) and L929 (murine aneuploid fibrosarcoma cell), were incubated in
RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS,
Invitrogen). One day before imaging, cells were passed and plated on
30 mm glass culture dishes. Before the experiments, cells were washed
with RPMI 1640, incubated in RPMI 1640 medium containing the sensor
by use of the sensor stock solution (final sensor concentration
0.2 mg mL�1) at 37 8C under 5% CO2 for 2 hours, washed with PBS, and
then treated with a drop of 0.4% trypan blue solution to quench the fluo-
rescence of the sensor adsorbed on the outer cell membrane, so that the
observed fluorescence emission comes from the intracellular sensor.
After that, the cells were washed three times with PBS and then imaged
on an Olympus IX71 inverted fluorescence microscope equipped with a
DP72 color CCD (blue light excitation).

Experiments to assess fluoride uptake were performed as follows: the
cells stained with the sensor were incubated in the HEPES balanced
saline with of sodium fluoride (1 � 10�4

m) for 15 min, and washed with
HEPES balanced saline for three times prior to cell imaging.

Figure 7. Fluorescence imaging of Hela and L929 cells incubated with the
sensor before (A and C) and after (B and D) being treated with NaF (1 �
10�4

m).
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Measurements : 1H NMR spectra were recorded on a Bruker Avance
400 MHz NMR spectrometer. Fluorescence spectra were recorded on a
Hitachi F-4600 fluorescence spectrophotometer. Absorbance measure-
ments were carried out using a Hitachi U-3010 UV/Vis spectrophotome-
ter. MALDI-TOF mass spectra were measured by using UltrafleXtreme
MALDI-TOF system.

As for the measurements for the fluorescence intensity as a function of
time, the measurements were conducted in the manual mode, namely
once the fluoride was added into the sensor solution, the fluorescence in-
tensity was immediately measured for the time 0, afterwards the fluores-
cence intensity was measured in the manual mode at certain intervals.

The detection measurements were conducted as follows: First, the stock
solution of the sensor (3 mg mL�1) was prepared by dissolving PEG-
FITC-Si in HEPES buffered water (pH 7.4) with the addition of a small
amount of CTAB (0.036 mg mL�1). The stock solution of NaF was pre-
pared by dissolving NaF in HEPES buffered water (pH 7.4). Afterwards,
the test solutions were prepared by adding the requisite amounts of stock
solutions together, and then diluting with HEPES buffered water
(pH 7.4). The solution was stirred for 10 min, then the fluorescence spec-
tra was recorded.
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