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ABSTRACT: Fluorescent chemodosimeters for a fluoride ion
(F7) based on a specifically F™-triggered chemical reaction are
characterized by high selectivity. However, they are also subjected
to intrinsic limits, such as long response time, poor stability under
aqueous solution, and unpredictable cell-member penetration. To
address these issues, we reported here that the self-assembly of
fluorescent chemodosimeter molecules on a graphene oxide (GO)
surface can solve these problems by taking advantage of the
excellent chemical catalysis and nanocarrier functions of GO. As a
proof of concept, a new F-specific fluorescent chemodosimeter
molecule, FC-A, and the GO self-assembly structure of GO/FC-A
were synthesized and characterized. Fluorescent sensing and
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imaging of F~ with FC-A and GO/FC-A were performed. The results showed that the reaction rate constant of GO/FC-A
for F~ is about 5-fold larger than that of FC-A, so that the response time was shortened from 4 h to about 30 min, while for F~,
the response sensitivity of GO/FC-A was >2-fold higher than that of FC-A. Furthermore, GO/FC-A showed a better bioimaging
performance for F~ than FC-A because of the nanocarrier function of GO for cells. It is demonstrated that this GO-based
strategy is feasible and general, which could help in the exploration of the development of more effective fluorescent

nanodosimeters for other analytes of interest.
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Bl INTRODUCTION

The fluoride anion (F~), as the smallest anion, plays
indispensable roles in a wide range of physiological processes
such as the prevention of dental caries and osteoporosis
treatment."” Thus, fluoride as a useful additive is frequently
found in toothpaste, pharmaceutical agents, and even drinking
water. However, excess intake of fluoride may cause adverse
effects for human health®> Dental and skeletal fluorosis,
neurological damages, endocrine dyscrasia, and urolithiasis are
associated with high levels of F~ in drinking water.*”®
Additionally, sodium fluoride can disturb various cell-signaling
processes and induce apoptosis in cells.”'® Taking these effects
into account, the accurate determination of F~ is of growing
importance in both environmental and biological systems.

In comparison with conventional assay methods for F~
including ion-selective electrode, colorimetry, and capillary
electrophoresis," ™" fluorescent techniques display apparent
advantages such as operational simplicity, high sensitivity, and
bioimaging analysis in living cells, even in vivo.'* Over the past
decades, numerous fluorescent probes for F~ have been
designed by exploiting different strategies, including hydro-
gen-bonding interaction, Lewis acid coordination, and fluo-
rescent chemodosimetry."*~"” Among them, the last one
appears to be more attractive because of its higher selectivity."®
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Hence, considerable efforts have been made to develop
fluorescent chemodosimeters for the recognition and bioimag-
ing of F~ based on F-triggered cleavage reaction of the Si—O
bond."”~** Unfortunately, most of them proposed so far are
confronted with some drawbacks in environment and
bioimaging applications. First, limited by the inevitable
hydration of F~ in water and low concentrations of chemo-
dosimeters to avoid concentration quenching effects induced by
self-absorption or self-quenching, tens of minutes or even hours
are required to complete the detection process.24 Second,
organic fluorophores usually have innate defects, including less
water solubility, unpredictable cell-member penetration, and
poor photostability and chemical stability.”> Therefore, how to
address these issues and improve the sensing and bioimaging
performances of F~ fluorescent chemodosimeters to make them
more suitable for environmental and biological systems
represents a worthwhile pursuit.

To achieve the above goals, remarkable progress has been
made through the introduction of a hydrophilic substrate to the
probe molecule by chemical modification®® and asking
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functional nanomaterials with unique and tunable properties for
help, for example, surfactant micelles, polymers, and hydro-
gels.””~* However, reduced sensitivity by unimproved self-
quenching of dyes and troublesome preparation procedures
limit their pervasive application. So, there is still plenty of room
for improving the performances of F~ fluorescent chemo-
dosimeters. In the view of organic chemistry, interactions of
fluorescent chemodosimeters with target analytes, in essence,
are organic chemical reactions. Enhancing reaction efficiencies
would conceivably bring a fitness benefit for the performances
of fluorescent chemodosimeters. It is a pity that, apart from a
few examples of using metal-catalyzed organic reaction, less
attention has been paid to facilitating reaction transformations
of fluorescent chemodosimeters for improving their perform-
ances, not to mention using nanomaterials. Hence, the proposal
of a simple and efficient strategy with new nanomaterials for
facilitating the response efliciency of a F~ fluorescent
chemodosimeter is of our interest.

Following this line of thought, we turn our attention to
graphene oxide (GO) because its extraordinary physicochem-
ical and structural properties have sparked extensive applica-
tions in different fields, such as biomedicine, catalysis,
bioanalysis, and so forth.* ~** As a part of our ongoing interest
in carbon nanomaterial-based biosensors,>>>* we recently
reported that the assembly of a F-specific silyl-appended
spiropyran dye with GO allowed rapid and sensitive
colorimetric detection of F~ in aqueous solution,® which
may be because GO plays the role of catalyst in the acceleration
and improvement of organic reaction.*” In light of this work, we
supposed that the sensing performance, especially trans-
formation, of a fluorescent chemodosimeter for F~ may also
be forcefully improved with the help of GO. Furthermore, in
the presence of GO, a F-specific fluorescent chemodosimeter
would have better biocompatibility in bioimaging application
because of the nanocarrier function of GO toward organic small
molecules through 7—7-stacking interaction.*' Therefore, we
herein present a novel approach, namely, a GO-assisted
fluorescent chemodosimeter, to improve the sensing and
bioimaging performances of fluorescent chemodosimeters for
F~. To verify the feasibility of our proposed approach, a new
F~-specific fluorescent chemodosimeter, FC-A, and the GO
self-assembly structure of GO/FC-A were synthesized and
characterized. As expected, the nanocomposite GO/FC-A
displays a better response toward F~ in aqueous solution
than free fluorescent chemodosimeter FC-A and has been
successfully used for the measurement of F~ in water samples.
Furthermore, the results of living cell imaging demonstrate that
GO/FC-A shows a better bioimaging performance for F~ than
FC-A because of the nanocarrier function of GO.

B EXPERIMENTAL SECTION

Materials and Apparatus. All chemicals were obtained from
commercial suppliers and used without further purification. 'H and
3C NMR spectra were recorded on a Bruker DRX-400 spectrometer
operating at 400 and 100 MHz, respectively. All chemical shifts are
reported in the standard J notation of parts per million. Liquid
chromatography—mass spectrometry analyses were performed using
an Agilent 1100 HPLC/MSD spectrometer. Atomic force microscopy
(AFM) measurements were performed using a Nanoscope Vmulti-
mode atomic force microscope (Veeco Instruments, Plainview, NY).
High-performance liquid chromatography (HPLC) analyses were
performed using a LC-20A chromatograph (Shimadzu Corp., Kyoto,
Japan). Energy-dispersive X-ray (EDX) analysis was carried out using a
Hitachi S-4500 instrument. For Raman measurements, a confocal
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microprobe Raman instrument (RamLab-010; Jobin Yvon Horiba,
Longjumeau, France) was used. UV—vis absorption spectra were
recorded in l-cm-path-length quartz cuvettes on a Hitachi U-4100
UV—vis spectrophotometer (Kyoto, Japan). Fluorescence emission
spectra were recorded on a PTT fluorescence spectrophotometer with
the excitation slit set at 2.5 nm and emission at 2.5 nm. The pH
measurements were carried out on a Mettler-Toledo Delta 320 pH
meter. Fluorescence images of the HeLa cells were obtained using an
Olympus FV1000-MPE multiphoton laser scanning confocal micro-
scope (Tokyo, Japan).

Synthetic Procedure of Chemodosimeter FC-A and Nano-
dosimeter GO/FC-A. Chemodosimeter FC-A and corresponding
fluorophore IC-B were synthesized according to the sequences
summarized in Scheme S1 of the Supporting Information (SI). GO
nanosheets were synthesized according to the report of Dai and co-
workers.*' The stock solution of GO (2.0 mg/mL) was obtained by
sonicating the final product for 2 h in a twice-distilled aqueous
solution. The mixture solution of FC-A and GO was obtained by the
addition of GO to the solution of FC-A. After stirring for about 2 h,
the GO/FC-A nanocomposite and free FC-A were separated by a
dialysis method, and then the product was dried under vacuum at 60
°C overnight. The structure and chemical composition of GO and
GO/FC-A were characterized by AFM and EDX spectroscopy.

Spectrophotometric Experiments. Because of the poor water
solubility, the stock solution of FC-A (0.5 mM) and IC-B (0.5 mM)
was obtained by dissolving the material in ethanol. All stock solutions
of anions were prepared from analytical-grade sodium salts and were
dissolved in doubly distilled water. A 1.0 mL test solution of FC-A (10
uM) in a buffered ethanol solution [20 mM HEPES; H,0O/EtOH =
50/50 (v/v); pH 7.4] was first introduced to a quartz cell, and then 10
uL of a work solution of F~ was added into the above solution.
Different from FC-A, a test solution of GO/FC-A was prepared by
mixing the same concentration of a FC-A solution with a sonicated
homogeneous GO solution. The resulting solutions of chemo-
dosimeter FC-A and nanodosimeter GO/FC-A were kept at ambient
temperature for 4 h and 40 min, respectively, and then the
fluorescence intensities were recorded. The fluorescence emission
spectra were recorded with an excitation wavelength of 450 nm. In
kinetic studies, the apparent rate constant k’ for the reaction of FC-A
and GO/FC-A with F~ was determined by fitting the fluorescence
intensities to the pseudo-first-order equation*

Ln[(Fmax - E)/Fmax) = —k't

where F, and F,,,, are the fluorescence intensities at 521 nm at a time ¢
and the maximum value obtained after the reaction was complete.

The observed rate constant k’ contains the concentration of F~ as a
constant and is related to the second-order rate constant k (M~ s7!)
by equation

K = k[F]

Real Water Sample Analysis. The water samples were first
filtered through a column (packed with an ion-exchange resin) to
remove oils and other organic impurities. The fluorescence responses
of the samples were compared to the calibration curve. The water
samples were spiked with 5.0 X 107% 1.0 X 1075, and 1.5 X 107> M F~
in recovery experiments. For comparison purposes, the fluoride levels
in the same buffered samples were determined using a classical
fluoride-ion-selective electrode purchased from Fisher Scientific.

Cell Cytotoxic Assays and Imaging. The living HeLa cells were
obtained from the biomedical engineering center of Hunan University
(Changsha, China) and cultured using high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) with 1% penicillin—
streptomycin (10000 U/mL, 10000 pg/mL, Invitrogen) and 10% fetal
bovine serum (Gibco). The cytotoxic effects of GO, FC-A, and GO/
FC-A were assessed using MTT assays. Briefly, 1.0 X 10* cells/well
were seeded onto 96-well plates and allowed to grow for 48 h prior to
treatment with different concentrations of GO, FC-A, and GO/FC-A.
After 24 h, the medium was replaced with phosphate-buffered saline
(PBS). At the end of this time, MTT was then added (final
concentration 0.5 mg/mL) for 4 h at 37 °C and formazan crystals
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formed through MTT metabolism by viable cells were dissolved in
dimethyl sulfoxide. Optical densities were measured at 570 nm using
an AC100-120 microplate reader. Immediately prior to the imaging
experiments, the cells were washed with PBS, incubated with FC-A (5
uM) or GO/FC-A (10 pg/mL GO, S uM FC-A) (with 1% ethanol in
the culture medium) for 4 h in the incubator at 37 °C with 5% CO,,
and then rinsed three times with PBS. Further, 10 L of a 200 mM
NaF solution was used to treat the cells for another 4 h and 40 min,
respectively, after the addition of a new culture medium. After being
washed with PBS buffer, the cells were subjected to imaging analysis
using an Olympus FV1000 laser confocal microscope. Fluorescence
imaging (490—520 nm) was obtained by excitation with a multiargon
laser (488 nm) and analyzed by Image] software.

B RESULTS AND DISCUSSION

Our design strategy is shown in Scheme 1; a fluorescent
chemodosimeter FC-A has been reversely designed from highly

Scheme 1. Schematic Illustration of the Design of
Fluorescent Chemodosimeter FC-A and GO-Based
Fluorescent Nanodosimeter GO/FC-A and Their Responses
to F~ Ions

IC-B

Reverse Design

fluorescent iminocoumarin dyes IC-B through splitting of its
lactone and then masking of the exposed phenol derivative with
tert-butyldimethylsilyl (TBDMS). Desilylation reaction of FC-A
by F~ and subsequent intramolecular nucleophilic addition
between phenolic oxygen and the nitrile group would result in
the recovery of IC-B.* FC-A and IC-B were synthesized
according to the sequences summarized in Scheme S1 of the SI,

and then FC-A was simply assembled with GO by Dai’s
method to generate nanodosimeter GO/FC-A through 7—7-
stacking interaction.

GO and GO/FC-A were first characterized by AFM. As
shown in Figure SIA of the SI, the lateral sizes of the GO
sheets were mostly lower than 200 nm, which will increase the
cell uptake effciency of GO and be beneficial for bioimaging,**
and the thickness of GO is about 1.0 nm, which is consistent
with the result reported previously,* whereas the height of
GO/FC-A displayed by AFM increased to 1.6 nm (Figure S1B
of the SI). A comparison with the thicknesses of GO and GO/
FC-A demonstrates that FC-A molecules covered the face of
GO via 7—7 stacking. The UV—vis absorbance of GO peaked
at 230 nm with a shoulder at 300 nm, whereas an additional
peak of GO/FC-A at 456 nm, the A, of FC-A, clearly
appeared, illustrating the interaction between GO and FC-A
(Figure S2 of the SI). Additionally, Raman spectra of GO and
GO/FC-A both exert a D band at 1355 cm™" and a G band at
1600 cm ™, respectively, but the I,/I; ratio of the latter (1.38)
is greater than that of the former (1.25), suggesting an
increment in disorder of carbon sp” hybridization probably
because of the presence of FC-A (Figure $3 of the SI).*® All of
the above data together support the successful self-assembly of
the GO/FC-A nanocomposite.

With FC-A and GO/FC-A both in hand, experiments on the
contrast of their response performances were then explored. As
exhibited in Figure 1A, the fluorescence emission spectrum of
FC-A displays a very weak emission, peak-centered maximum
at 515 nm (curve a), proving our guess that internal bond
rotation results in fast nonradiative decay of the single excited
state.*’ Accordingly, IC-B shows strong fluorescence emission
with a peak maximum at 521 nm (curve b). The differences of
the emission intensity between FC-A and IC-B imply the
possibility of constructing a “switch-on” fluorescent sensing
approach. Drastic fluorescence enhancement after the treat-
ment of FC-A with F~ (curve c) and HPLC analysis (Figure S4
of the SI) demonstrate the feasibility of our proposed design
strategy of a chemodosimeter for F~ sensing. Compared with
FC-A and IC-B, respectively, GO/FC-A (curve a’) and GO/
IC-B (nanocomplex of GO and IC-B, curve b’) both show
subdued fluorescence emission spectra because GO can act
collectively as a quencher for the fluorophores via energy- or
electron-transfer processes.*® However, the ratio of the
emission intensity between GO/FC-A and GO/IC-B has not
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Figure 1. (A) Normalized fluorescence emission spectra of FC-A (a), IC-B (b), FC-A + F~ (c), GO/FC-A ('), GO/IC-B (b’), and GO/FC-A + F~
(¢’) in a buffer solution. [FC-A] = 10 uM, [IC-B] = 10 uM, [GO] = 20 pug/mL, and [F~] = S mM. A, = 450 nm. (B) Variations of the fluorescence
intensity (blue) and fluorescence recovery ratio (red) of FC-A + F~ and GO/FC-A + F~ versus different concentrations of GO. [FC-A] = 10 uM,
[IC-B] = 10 uM, [GO] = 0—30 pg/mL, and [F"] = S mM. 4./, = 450 nm/521 nm. All error bars were obtained through the detection of three

parallel samples.
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Figure 2. (A) Time-based fluorescence intensity changes (F,/F, — 1) of GO/FC-A (a), FC-A (b), FC-A + F~ (c), and GO/FC-A + F~ (d) in a
buffer solution. [FC-A] = 10 uM, [GO] = 20 ug/mL, and [F~] = 5 mM. A,/ A, = 450 nm/521 nm. (B) Effect of GO on pseudo-first-order kinetic

plots of Ln[(Fpu —

F,)/F,,..] versus time for the reaction of GO/FC-A with F~. Inset: variations of the observed k’ versus concentration of GO.

[FC-A] = 10 uM, [GO] = 0-30 pg/mL, and [F] = S mM. 4, /A, = 450 nm/521 nm.
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Figure 3. (A) S/B of FC-A (a) and GO/FC-A (b) as a function of the F~ concentrations. [FC-A] = 10 uM, [GO] = 20 pg/mL, and [F~] = 0-S
mM. 4./ Aem = 450 nm/521 nm. (B) Fluorescence response of GO/FC-A to F~ (10 uM) or competing anions (5.0 mM, x-axis markers) and the
mixture of the competing anions with F~ in a buffer solution. “Mix” contains all the 10 anions. [FC-A] = 10 M, and [GO] = 20 pug/mL. Ao,/Aey, =
450 nm/521 nm. All error bars were obtained through the detection of three parallel samples.

shown significant variation compared to that between FC-A
and IC-B (Figure SS of the SI). This means that GO/FC-A
may also have the F™-sensing ability with a lower background
signal. As demonstrated in curve ¢’, the addition of F~ to GO/
FC-A also elicited a drastic fluorescence enhancement. It is
noteworthy that, although the absolute fluorescence intensities
of GO/FC-A and GO/FC-A + F~ are lower than those of FC-
A and FC-A + F7, respectively, enhancement of the
fluorescence intensity, F/F, — 1, of GO/FC-A upon the
addition of F~ with different concentrations of GO was bigger
than that of FC-A (Figure 1B, blue), where F, and F are the
fluorescence intensities at 521 nm of GO/FC-A and FC-A with
F~, respectively. Superior sensitivity may be due to promotion
of reaction transformation in the presence of GO, which can be
represented by the higher fluorescence recovery ratio
(Fgoseca/Feoycs) of GO/FC-A than that (Fgc.a/Ficp) of
FC-A (Figure 1B, red). EDX spectroscopy was employed to
ensure the interactions between GO/FC-A and F~ (Figure S6
of the SI). Compared with GO, the presence of Si, N, and S
elements belonging to FC-A in the EDX pattern of GO/FC-A
further indicates that noncovalent interactions of GO with FC-
A successfully occurred. The disappearance of the Si element
can be clearly seen in the EDX pattern of GO/FC-A + F~
because F -induced cleavage of the Si—O bond weakens the
interaction between the silyl functional group and GO while
keeping the former far away from the latter.

Kinetic behaviors of FC-A and GO/FC-A as well as their
response to F~ were then studied. The fluorescence intensity
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change (F,/F, — 1) of FC-A gradually increased with time after
treatment with F~ (Figure 2A, curve c). It is a pity that a
relatively extended response time also was required for
sufficient reaction of F~ and FC-A (Figure S7A of the SI)
similar to other reported fluorescent chemodosimeters for F~
because of the aforementioned reason. However, as shown in
curve d of Figure 2A and Figure S7B in the SI, the increasing
trend of the fluorescence intensity change of GO/FC-A was
obviously faster than that of FC-A and the response time was
shortened to tens of minutes. The time-dependent processes of
GO/FC-A response to F~ with different concentrations of GO
followed first-order kinetics with different observed rate
constant k' (Figure 2B), and the relevant observed rate
constants of GO/FC-A with different concentrations of GO
were quicker than those of FC-A. Meanwhile, the maximum
observed rate constant of GO/FC-A (k'go/pca = 1.6 X 1073
s7') was about 5-fold larger than that of FC-A (k'gcs = 3 X
10™*s7"). The response of FC-A to different concentrations of
F~ also followed first-order kinetics, and the plot of k' versus
[F~] was a straight line passing through the origin (Figure S8A
of the SI), which indicates that the reaction is second-order
overall, with K, = 0.323 M~ s71.*° The second-order rate of
GO/FC-A (Kgospc.a = 3.143 M™' s7') is also bigger than that
of FC-A (Figure S8B of the SI). It is demonstrated that GO can
effectively accelerate the response of chemodosimeter FC-A to
F~. In the case of FC-A only (Figure 24, curve b), a slight
increase in the fluorescence intensity can be observed ascribed
to hydrolysis of the Si—O bond by a buffer solution.*

dx.doi.org/10.1021/am502142d | ACS Appl. Mater. Interfaces 2014, 6, 9768—9775
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However, no significant variation was found for GO/FC-A
(Figure 2A, curve a). This means that a possible nanoprotective
effect of GO makes GO/FC-A more stable than free FC-A.>!
This protective effect of GO can also be represented by the
influence of the pH on them. As can be seen from Figure S9 of
the SI, the ever-increasing fluorescence intensity of FC-A had
been displayed in the pH range from 5.0 to 10.0, but GO/FC-A
was less sensitive than FC-A in this biologically relevant pH
range.

With the optimized conditions, we successively evaluated
their capability for the quantitative detection of F~. Figures 3A
and S10 of the SI show the fluorescence responses of FC-A and
GO/FC-A to different concentrations of F~. After the addition
of increasing concentrations of F~ [(0—9.0) X 10™* M] to the
aqueous solution of FC-A, the signal-to-background ratio (S/B)
elicited a dramatic enhancement trend and arrived at the
maximum 9.98, where S/B = (F — Foyg.)/(Fo — Fiufier), in
which F, F .., and F are fluorescence intensities at 521 nm of
FC-A with F~, buffer, and without F~, respectively. However, in
a comparison with FC-A, the dynamic response range of GO/
FC-A to F~ was enlarged to 5.0 X 107> M with a corresponding
S/B of 26.5, which is significantly higher than that of FC-A.
The widened response range of GO/FC-A means that more F~
participated in the reaction and increased the reaction
efficiency.

The above experiments clearly demonstrate that GO/FC-A
shows better response capability than free FC-A. We speculate
the probable reason is that the improved water solubility of FC-
A adsorbed on the GO surface, the relatively hydrophobic
reaction interface provided by GO, and the intramolecular
hydrogen bond via oxygen-containing functional groups of GO
give rise to a decrease in the response time.”*>> The higher
sensitivity and broader response range of GO/FC-A than FC-A
may be explained by the catalytic property of GO. We suppose
that the presence of oxygen-carrying functionalities on the
surface of GO plays a catalytic role in the activation for
desilyation reaction to increase percent conversions of
reaction.” In a word, the excellent properties of GO markedly
improve the sensing performances of free FC-A.

On the basis of the U.S. Environmental Protection Agency,
the ideal and enforceable standards for fluoride in drinking
water are 0.7—1.2 ppm (3.71 X 1075-6.36 X 10~° M).>* Figure
S11 of the SI shows that the linear response range of GO/FC-A
to F~ covered from 2.0 X 107 to 9.0 X 107> M and the
detection limit that is taken to be 3 times the standard
derivation of a blank solution was estimated to be ~3.0 X 1077
M, which is significantly lower than that of most published F~
fluorescent probes used in drinking water.>>™>° The above
experiment clearly demonstrates that GO/FC-A could be used
as a sensitive approach for quantification of F~ in aqueous
solution. Selectivity experiments (Figure 3B) show that GO/
FC-A is not only insensitive to other potentially competing
anions but also selective toward F~ in their presence, which is
important and helpful in the validation of this nanodosimeter to
meet the selectivity requirements of F~ assay in environmental
and biological application. Owing to the desirable sensitivity
and selectivity of this approach, the practical applications of
GO/FC-A were first evaluated by the detection of F~ in river
water samples (obtained from different locations of the
Xiangjiang River, Changsha), and the results were compared
with those given by a fluoride-ion-selective electrode method.
The analytical results are shown in Table 1. All of the
measurements were performed three times. The results
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Table 1. Determination of the Fluoride Ion in Water
Samples and Recovery Tests Using the Proposed Method
and Fluoride-Ion-Selective Electrode

F (ppm)
proposed method FISE (mean” + recovery
sample added (mean® + SDY) SD?) (%)
river 0 0.391 + 0.011 0.402 + 0.035
water 1
river 0 0.452 + 0.006 0.456 + 0.017
water 2
river 0 0.367 + 0.010 0.376 + 0.025
water 3
0.094 0.469 + 0.008 102
0.189 0.571 + 0.007 103
0.377 0.732 + 0.008 98

“Mean value for three determinations. “Standard deviation.

obtained with the proposed method were in good agreement
with that obtained by a fluoride-ion-selective electrode.
Furthermore, the recoveries of the method were in the range
of 98—103%, which evinces that the proposed method is
applicable for practical F~ detection.

Encouraged by the good results in vitro and successful
bioimaging application of a nanoscale GO-based nanop-
robe,” %" we then investigate whether our approach still
works in a biological system. Before bioimaging experiments,
the stability of GO/FC-A in cell culture media was first studied
using a fluorescence anisotropy technique. As shown in Figure
S11 of the SI, the binding of FC-A with GO brings about
significant changes in the molecular weights and rotational
diffusion rates, resulting in a bigger fluorescence anisotropy
value of GO/FC-A than that of free FC-A.°> However,
fluorescence anisotropies of FC-A and GO/FC-A in cell culture
media both show slight variations in comparison with a buffer
solution. This means that molecules of FC-A display weak
nonspecific protein adsorption and proteins of cell culture
media cannot disturb the self-assembly of FC-A and GO. The
cytotoxicities of GO, FC-A, and GO/FC-A on HeLa cells were
then evaluated using a standard MTT assay (Figure S12 of the
SI). After the HeLa cells were treated with GO concentrations
up to SO ug/mL for 24 h, high cell viabilities were observed
(the survival rate was higher than 90% in 1.0 X 10* cells/well).
Cells had no significant apoptosis when treated with low
concentrations of FC-A (0—10 uM), but higher concentrations
of FC-A (15—30 uM) show cytotoxicity at a certain degree, and
the cell viability of GO/FC-A has the same tendency as that of
FC-A. So, low concentrations of FC-A (S uM) and GO/FC-A
(A =5 puM; GO = 10 ug/mL) have been chosen for application
in living cells. Then fluorescence imaging experiments were
carried out in living cells on confocal laser scanning
microscopy. As a control experiment, incubation of HelLa
cells with only GO/FC-A showed no detectable fluorescence
signal (Figure 4a). By contrast, the addition of sodium fluoride
to HeLa cells loaded with GO/FC-A leads to a significant
increase in the fluorescence intensity relative to the above
control samples (Figure 4b). Under the same conditions, cells
loaded with FC-A and F~ displayed stronger fluorescence
intensity than the ones of GO/FC-A treated with F~ (Figure
4d), but corresponding control cells only treated with FC-A
also show some weak fluorescence (Figure 4c). In comparison
with GO/FC-A, a higher background fluorescence of FC-A
significantly reduces the imaging effect and leads to an inferior
S/B (Figure 4f). The above results suggest that GO/FC-A is
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Cc

Figure 4. Confocal laser scanning fluorescence microscopy images of HeLa cells after incubation with GO/FC-A (a), GO/FC-A + F~ (b), FC-A (c),
and FC-A + F~ (d) and HeLa cells only (e). The corresponding bright-field images and the overlay of fluorescence and bright-field images are shown

in Figure S13 of the SI. Scale bar: 20 ym. [FC-A] = S uM, [GO] = 10 pug/mL, and [F~] = 2 mM. (f) Quantification and comparison of the relative
fluorescence intensity of parts a—d correspondingly. Each data point was obtained from ROIs (n = S) inside the cells.

cell-membrane-permeable and able to image fluoride ion in
living cells and exhibits a superior imaging performance than
free FC-A because of the presence of GO.

B CONCLUSION

In summary, to address the existing limitations of fluorescent
chemodosimeters for F~ (relatively long response time and
poor bioimaging performance), a self-assembly complex of a F~
fluorescent chemodosimeter on GO was prepared and their
performances of fluorescent sensing and imaging were achieved
by taking advantage of the chemical catalysis and nanocarrier
functions of GO. This nanocomposite of a chemodosimeter
displays several advantages over the free chemodosimeter
molecules. First, the reaction transformation from a chemo-
dosimeter to fluorophore was improved with the help of GO.
Second, GO speeds up the reaction rate of a chemodosimeter
with F~ to make the response time observably shorter. Third,
GO makes more F~ participate in the reaction, which allowed
the response range of a nanodosimeter for F~ to be wider than
that of a chemodosimeter for F~. The well response capability
of a nanodosimeter allows it to be successfully applied in the
measurement of F~ in water samples. Furthmore, this
nanodosimeter shows a better bioimaging performance than a
free chemodosimeter. To the best of our knowledge, this is the
first attempt to design a fluorescent nanodosimeter by
combining GO with a fluorescent chemodomister for sensing
and bioimaging application. The simple design approach
presented here seems to be very flexible and general, which
could help in the exploration of the development of more
effective fluorescent nanodosimeters for other analytes of
interest. The extension of the concept of a nanocomposite of a
chemodosimeter for fluorescent probe development is under
progress in our laboratory.
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