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Fluorescence and visual detection of fluoride ions
using a photoluminescent graphene oxide paper
sensor†

Xiaochun Chen,a Shaoming Yu,*a Liang Yang,b Jianping Wangb and
Changlong Jiang*b,c,d

The instant and on-site detection of trace aqueous fluoride ions is still a challenge for environmental

monitoring and protection. This work demonstrates a new analytical method and its utility of a paper

sensor for visual detection of F− on the basis of the fluorescence resonance energy transfer (FRET)

between photoluminescent graphene oxide (GO) and silver nanoparticles (AgNPs) through the formation

of cyclic esters between phenylborinic acid and diol. The fluorescence of GO was quenched by the

AgNPs, and trace F− can recover the fluorescence of the quenched photoluminescent GO. The increase

in fluorescence intensity is proportional to the concentration of F− in the range of 0.05–0.55 nM, along

with a limit of detection (LOD) as low as 9.07 pM. Following the sensing mechanism, a paper-based

sensor for the visual detection of aqueous F− has been successfully developed. The paper sensor showed

high sensitivity for aqueous F−, and the LOD could reach as low as 0.1 μM as observed by the naked eye.

The very simple and effective strategy reported here could be extended to the visual detection of a wide

range of analytes in the environment by the construction of highly efficient FRET nanoprobes.

Introduction

The development of new strategies for determination of
anions has emerged as a research area of great importance
because of the roles of anions in chemical and biological
applications.1–3 As the smallest anion, the fluoride ion plays
an important role in human health and environmental pro-
cesses.4,5 Appropriate fluoride ingestion will contribute to the
prevention of dental caries and promote healthy bone growth.
However, excessive fluoride intake may cause fluorosis, uro-
lithiasis and many serious neurodegenerative diseases.6,7 In
order to prevent such problems, the World Health Organi-
zation (WHO) recommends monitoring the fluoride levels in
local water supplies and stipulates the development of new
methods for the quantitative analysis of fluoride.8 Although

conventional analytical techniques for fluoride ion detection
including ion chromatography (IC),9 19FNMR,10 fluoride selec-
tive electrodes,11 fluorescence capillary electrophoresis,12 etc.
could meet the demand for detection of fluoride ions in water
samples, all these methods are either of low sensitivity, poor
reproducibility and time-consuming, or require expensive
instrumentation and cause additional environmental pol-
lution. Therefore, there is a crucial requirement to develop
reliable, fast, easily operated, real-time and on-site techniques
to detect fluoride ions in water samples, especially for
resource-limited countries and remote regions. The detection
strategy has trended toward portable, visual, and easy oper-
ation of sensitive techniques such as chemosensors and bio-
sensors. Of various sensing methods, test papers are the most
convenient chemo/bio sensors through their visual colorful
responses to interesting molecules which can be observed by
the naked eye.13–16

Because of the high sensitivity, easy operation, and low
interference characteristics, fluorescent sensors have been
proved to be a powerful tool for rapid and simple analysis of
their targets.17 Compared to the traditional organic fluoro-
phores, such as organic dyes and fluorescent proteins, semi-
conductor quantum dots (QDs) have attracted extensive
research interest as a superior material for fluorescent sensing
in the past two decades, due to their unique optical properties,
including size-tunable emission, broad absorption spectra,
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large effective Stokes shifts and high resistance to photo-
bleaching.18 However, the toxic components such as heavy
metals in QDs might introduce additional pollution into the
environment, which consequently limits the wider applications
of QD-based sensors. The search for nontoxic alternative QD-
like fluorescent nanomaterials has continued for a few years.
Carbon-based nanomaterials have recently emerged as the
most attractive candidates to produce photoluminescence for
the construction of the sensors.19 As a two-dimensional (2D)
nanoscale material, a graphene oxide (GO) nanosheet, pre-
pared by the oxidation of graphite,20–22 contains not only func-
tional groups of epoxide, phenol hydroxyl, and carboxyl,23 but
also rigid conjugated sp2 domains/clusters possessing the
potential to emit in the visible wavelength range.24 Further-
more, it bears numerous phenol hydroxyl and epoxy groups at
the basal plane and carboxylic groups at the lateral edge, thus
providing the direct interaction with biological species and the
flexibility of chemical modification. Common GO possesses a
finite electronic bandgap and is usually used as a highly
efficient fluorescence quencher in many reported
chemosensors,25–27 and it also has very low photoluminescent
efficiency because these reactive groups often induce non-
radiative recombination of electron–hole pairs.28–32 However,
recent studies suggested that passivation of the epoxy and car-
boxyl groups could improve the photoluminescence of GO and
extend its wider applications in sensors.33 Meanwhile, GO can
enlarge the molecular orientation change and make this
effect easier to observe, and also has a high adsorption
capacity toward trace analytes. The remarkable properties of
GO nanosheets make them very suitable for fluorescent
nanoprobes.

Herein, we report a paper sensor based on the photo-
luminescent GO for the highly sensitive and selective detection
of F− in water, as illustrated in Scheme 1. This design is based
on the fluorescence resonance energy transfer (FRET) mechan-
ism between photoluminescent GO and AgNPs through the

formation of cyclic esters between phenylborinic acid
and 3-amino-1,2-propanediol. The photoluminescent GO
nanosheets link with functionalized AgNPs, leading to the
quenching of GO fluorescence. In the presence of F−, the boro-
nate ester is converted to trifluoro borate,34 which will break
the linkage and disassemble photoluminescent GO from
AgNPs, resulting in the fluorescence recovery of the quenched
photoluminescent GO. This new nanoprobe assembled by a
covalent bond allows quantitative analysis of F− in water with
high selectivity and sensitivity. Owing to the huge surface area
and a thickness of several nanometers of GO, the ultrathin
flexible nanosheets can be easily assembled into the form of
paper sheets or directly fabricated on solid substrates which
make GO nanosheets an excellent candidate as basic materials
for paper chemosensors. On the basis of this characteristic
and the fluorescence “off-to-on” mechanism, we further
designed a photoluminescent GO paper sensor, which is
formed by inkjet-printing GO ink onto a piece of commercial
microporous membrane for the ultrasensitive visual detection
of F− in a very simple fashion. This visual paper sensor for the
detection of fluoride ions has three unique advantages in
fluorescent detection: (1) fluorescent GO is a very suitable
sensing substrate for the fabrication of a paper sensor towards
water monitoring because of its nontoxicity to the environ-
ment, extreme chemical stability and high resistance to photo-
bleaching; (2) the sensing strategy can offer a limit of
detection down to the picomole (pM) level; (3) GO paper
sensors can render on-site, real-time and visual detection of
F− in water without the aid of large equipment.

Experimental section
Materials

Natural graphite flakes, N,N-dimethylformamide (DMF),
dichlorosulfoxide, tetrahydrofuran (THF), glycine, trisodium

Scheme 1 Fluorescence “off-to-on” mechanism of the GO paper sensor for detection of fluoride ions. The photoluminescent GO nanosheets link
with functionalized AgNPs, leading to the quenching of GO fluorescence. The addition of target fluoride ions leads to the disassociation and aggre-
gation of AgNPs, which thus recoveres the fluorescence of GO and facilitates the ultrasensitive detection of fluoride ions.
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citrate, silver nitrate (AgN3) and potassium fluoride (KF)
were purchased from Shanghai Chemical Reagent Corporation.
4-Mercaptophenyl-boronic acid, 3-amino-1,2-propanediol,
N-hydroxysuccinimide (NHS), and N-ethyl-N′-(3-dimethyl-
aminopropyl)-carbodiimide (EDC) were purchased from Sigma
Chemical Corporation. Aqueous solutions were all prepared
using ultrapure water (18.2 MΩ cm) from a Millipore water
purification system. All chemicals and solvents were obtained
from the commercial sources and used directly without further
purification, and all glassware was cleaned successively with
ultrapure water, and then dried before use.

Synthesis of fluorescence graphene oxide modified by glycine

The initial graphene oxide powder was prepared from natural
graphite flakes by a modified Hummers method.35 The dried
graphene oxide (20 mg) was dispersed in 5 mL of N,N-di-
methylformamide, the mixture was then refluxed in dichloro-
sulfoxide (20 mL) at 80 °C for 24 hours. The supernatant was
discarded and the remaining solid was washed twice with
anhydrous tetrahydrofuran followed by centrifugation at
10 000 rpm for 10 min. Then, the activated GO acyl chloride
(GO–COCl) and glycine (20 mg) were added into anhydrous
N,N-dimethylformamide (2 mL) and mixed at 60 °C for
72 hours. The reaction solution was cooled down to room
temperature and dispersed in ethanol (10 mL). A blood red
supernatant was obtained after the mixture was vacuum fil-
tered. The GO modified by glycine (GO-glycine) was obtained
by drying under high vacuum after rotary evaporation. It was
readily redispersed in 10 mM of phosphate buffer saline (PBS)
(pH = 7.4) solution to form blood red suspension. The suspen-
sion shows bright blue photoluminescence under UV illu-
mination and the maximum photoluminescence intensity at
455 nm under a 360 nm excitation wavelength.

3-Amino-1,2-propanediol conjugation

GO-glycine (10 mg) was dissolved in 10 mL of 10 mM of phos-
phate buffer saline (PBS) (pH = 7.4) solution. 10 mg of NHS
and 20 mg of EDC were added to the GO-glycine solution and
incubated for 30 min at room temperature with continuous
gentle mixing to activate the carboxylate groups on GO-glycine.
After that, 1.50 mg of 3-amino-1,2-propanediol was added to
the activated GO-glycine solution. After overnight reaction, the
diol-conjugated GO-glycine was separated from the mixture by
the dialysis method.

Preparation of mercaptophenyl-boronic acid modified AgNPs
(MPBA-AgNPs)

0.01 mg mL−1 mercaptophenyl-boronic acid (MPBA) aqueous
solution was prepared using ultrapure water. 500 μL of the
MPBA aqueous solution were added to 10 mL of the citrate
modified AgNP solution under stirring in the dark for 24 h.
After that, unbound MPBA was removed by repeated centrifu-
gation (5000 rpm, 20 min), followed by dispersing the precipi-
tation in 10 mL of pure water to obtain MPBA-modified AgNPs.

Fluorescence detection

300 μL of AgNP-MPBA solution was added dropwise into 1 mL
of diol-conjugated GO-glycine solution over 30 min to obtain
the nanoprobe. 100 μL of 0.10 M PBS (pH = 7.4) buffer solu-
tion was added to the probe solutions. Afterwards, different
concentrations of F− were added respectively. The mixture was
shaken thoroughly at room temperature prior to fluorescence
measurement. After 30 min reaction, the fluorescence spectra
were recorded using a 360 nm excitation wavelength. All fluo-
rescence measurements were performed at room temperature
under ambient conditions. All the fluorescence intensities
were an average of three independent measurements.

Preparation of the paper-based sensor for visual detection of F−

A common cartridge of a commercial inkjet printer was
washed with deionized water until the ink powder was cleared
away completely. Then, an aqueous solution of diol-conjugated
GO-glycine nanosheets (2 mL, 1.0 mg mL−1) as ink was
injected into the vacant cartridge by using a syringe. Sub-
sequently, diol-conjugated GO-glycine can be printed into the
words “Fluoride ion” on a piece of polyvinylidene fluoride
(PVDF) microporous membrane by an inkjet printer connected
to a computer. After the treatment by drying at room tempera-
ture, photoluminescent graphene oxide sensors were obtained.
Then, the test paper was placed into 10 mL of MPBA-AgNPs for
10 minutes, and these MPBA-AgNPs linked with the diol-conju-
gated GO-glycine of the words “Fluoride ion”. Later, the test
paper was taken out, and rinsed with ultrapure water, followed
by the evaporation of solution. Owing to the energy transfer
between the GO-glycine and AgNPs, these bright blue words
on the test paper disappeared under a UV lamp. Subsequently,
the test paper was placed into the analyte solutions of F− for
10 minutes, in the presence of F−, the boronate ester was con-
verted to trifluoro borate, which caused the breakage of the
linkage and disassembled photoluminescent GO from AgNPs.
The AgNPs disassociated from these words and aggregated
owing to the donor–acceptor interactions mentioned above.
Later, the test paper was taken out, and rinsed with ultrapure
water, followed by the evaporation of solution. The “Fluoride
ion” words gradually appeared with the increase of analyte
amounts under a UV lamp.

Analysis of F− in real tap water and lake water samples

Analysis of F− in real tap water and lake water samples was per-
formed to evaluate the operating applicability of the nano-
probe in environmental samples. Tap water samples were
collected from our lab and the lake water sample was obtained
from a local lake. All the water samples collected were first fil-
tered twice using an ordinary qualitative filter paper and
0.45 μm Supor filters to remove the solid suspensions and
other impurities. Different concentrations of F− were added to
the as-prepared water samples and then these samples were
analyzed using the nanoprobe solutions. The fluorescence
spectra were subsequently recorded by using a fluorescence
spectrophotometer. The average was obtained from three
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independent measurements and presented with a standard
deviation. And the samples were also analyzed using the test
paper.

Instrumentation

Fluorescence measurement was recorded on a Perkin-Elmer
LS-55 luminescence spectrometer (Liantriant, UK). The fluo-
rescence emission spectra were recorded in the wavelength
range of 380–650 nm with an excitation wavelength of
360 nm. The slit widths of excitation and emission spectra
were both 10 nm. UV-vis absorption was recorded on a Shi-
madzu UV-2550 spectrometer at room temperature. Infrared
spectra of the dried GO, GO-glycine, etc. dispersed in KBr
pellets were recorded on a Thermo-Fisher Nicolet iS10 FT-IR
spectrometer. Photographs were taken with a Canon 350D
digital camera.

Results and discussion

The common GO nanosheets were fabricated from the oxi-
dation of graphite by the Hummers method with some modifi-
cations. The photoluminescent GO was then prepared
according to an effective chemical approach, which consisted
of the acylation reaction to form alkylamides and the ring-
opening amination of epoxides to yield 1,2-amino alcohols,
respectively. The carboxylic groups of GO were first trans-
formed into acyl chlorides, and the acylation and ring-opening
reactions were then performed by treatment of GO with
glycine, producing the desired GO-glycine, as illustrated in
Fig. S1.† Glycine is covalently attached onto the surface of GO,
which is evidenced by the FT-IR spectrum (Fig. S2†). A new
vibration band around 1720 cm−1 of GO-glycine appeared due
to the CvO stretching of the primary amide. The peak at
1470 cm−1, corresponding to the stretching vibration of amide
(–CONH–), further confirms the amidation reaction. The
bands at 1740 cm−1 of the carboxylic group still remained after
chemical treatment because of the existence of the carboxylic
group in glycine. The results suggested the covalent attach-
ment of glycine to the GO surface through the formation of an
amide bond. Furthermore, the epoxide band at 1060 cm−1 of
the original GO completely disappeared in the GO-glycine
complex, accompanied by the appearance of a new peak at
1410 cm−1 that was assigned to the –C–N– stretching vibration
of the amide groups. Meanwhile, the peaks at 1630 cm−1 and
1530 cm−1 attributed to the stretching vibration of primary
amine (–NH2) in glycine could not be noticed in the GO-
glycine sample, which implied the exclusion of the physical
adsorption of glycine on the surface of GO. It was clearly
shown that glycine not only successfully removed the epoxy
groups but also covalently attached onto the surface of GO by
ring-opening amination of epoxides to yield 1,2-amino alco-
hols. Moreover, the broad peak at 1625 cm−1 owing to the
CvC vibration of aromatic rings was observed in both GO
samples and GO-glycine, implying that most of the sp2 charac-

teristic structures in GO-glycine were retained even after the
glycine treatment.

The GO-glycine complex exhibits highly blue photo-
luminescence under UV lamp irradiation which could be
obviously observed by the naked eye (Fig. S3†). The fluo-
rescence spectra of GO-glycine showed an emission maximum
at 450 nm under an excitation wavelength of 360 nm, and the
photoluminescence of GO was enhanced after the functional
modification with glycine. Hence, the emission efficiency of
the sp2 domains on GO could be improved by surface passiva-
tion which removes reactive sites such as epoxy and carboxylic
groups by nucleophilic reactions. Furthermore, the fluo-
rescence enhancement can be evidenced by the change of the
absorption spectra of the samples in Fig. S3.† The absorption
peak of GO at 230 nm is assigned to the π–π* transitions of the
CvC double bond, and an absorption shoulder of the GO-
glycine may be attributed to n–π* transitions of CvO.

After the glycine treatment, the original absorption band of
GO disappeared and a new absorption band appeared at
260 nm, most likely owing to the decrease in the concentration
of carboxyl groups within the original GO. Therefore, the
above results show that some new photoluminescent groups
formed at the surface of GO-glycine, in agreement with the
FT-IR spectra of GO-glycine.

It has been proved that it’s easy for the formation of cyclic
esters between boronic acid and diol in aqueous media owing
to their affinity. For the sensing design, 3-amino-1,2-propane-
diol (diol) is selected to bind carboxyl onto the surface of
GO-glycine, using N-ethyl-N′-(3-dimethylaminopropyl)-carbo-
diimide (EDC) as a coupling reagent. The formation of GO–diol
conjugates can be confirmed by UV-visible absorption spectra
and fluorescence spectra. The absorption spectra (Fig. S4†)
show a characteristic absorption peak at 260 nm in aqueous
solution. After modification by 3-amino-1,2-propanediol, the
absorption peak obviously shifts to 266 nm due to the slight
increase in the size of GO-glycine. The emission spectrum of
the GO-glycine solution (Fig. S5†) demonstrates good sym-
metry and a narrow spectral width. After conjugation with diol,
the fluorescence peak of GO–diol broadens and the maximum
emission peak red-shifts slightly, due to the increase of the
GO-glycine size.

Fluorescence resonance energy transfer (FRET) from the
excited state of the donors to acceptors has been regarded
widely as an extremely useful tool for the sensitive determi-
nation of molecules.36–40 As a remarkable fluorescent
quencher, AgNPs have been used to detect targets with high
sensitivity in FRET systems because of their high extinction
coefficients as well as a broad absorption spectrum within the
visible light range that overlaps with the emission wavelengths
of common energy donors.41–43 In the current sensing strategy,
AgNPs were selected as the fluorescent quencher to construct
FRET fluorescence assay. Mercaptophenyl-boronic acid (MPBA)
was used to modify AgNPs, which has a higher affinity toward
thiols due to the intense Ag–S covalent bond. The resulted
MPBA-AgNPs are highly stable in aqueous solution without
precipitation for several months at 4 °C. The absorption

Paper Nanoscale

13672 | Nanoscale, 2016, 8, 13669–13677 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 2
0 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
15

/0
6/

20
17

 0
2:

53
:2

8.
 

View Article Online

http://dx.doi.org/10.1039/c6nr02878k


spectra of AgNPs (Fig. S6†) have a characteristic surface
plasmon resonance absorption peak at 404 nm, and the peak
shifts to 410 nm due to the slight increase in the diameter of
AgNPs after being modified by MPBA. In addition, the spec-
trum doesn’t exhibit large broadening, indicating good dis-
persion of AgNPs after the modification. The FTIR spectra
(Fig. S7†) of MPBA-modified AgNPs further confirm the strong
attachment of thiolated ligands to AgNPs. The characteristic IR
absorption peak of the S–H stretching mode (2550–2600 cm−1)
of free MPBA molecules disappears in that of MPBA-modified
AgNPs, suggesting that the bonding of the ligands to the AgNP
surfaces occurs through the –SH end.

The absorption spectrum of MPBA-AgNPs overlaps the fluo-
rescence emission spectrum of GO–diol conjugates (Fig. S8†),
which is highly beneficial to the construction of a FRET
sensing strategy. Upon addition into the aqueous GO–diol con-
jugate solution, these MPBA-AgNPs thus link with GO–diol
conjugates by the formation of cyclic esters between phenyl-
borinic acid and diol, resulting in GO–diol–MPBA-AgNP nano-
probes that are still highly dispersive in aqueous solution. The
formation of cyclic esters between phenylborinic acid and diol
was further confirmed by the TEM (Fig. S9†) and the
MPBA-AgNPs link onto the surface of GO. Meanwhile, the fluo-
rescence of GO–diol conjugates is strongly quenched by the
MPBA-AgNPs through the resonance energy transfer or charge-
transfer process, and thus a FRET-based fluorescence sensor
was realized. We can simultaneously monitor the gradual
quenching of the bright blue fluorescence in the aqueous
GO–diol conjugates when increasing the concentrations of
MPBA-AgNPs, and the fluorescence completely disappeared
under a UV lamp with the concentrations of MPBA-AgNPs up
to 0.129 nM. The fluorescence emission intensity of the assay
was measured after the addition of various concentrations of
MPBA-AgNPs. As can be seen in Fig. 1a, the fluorescence inten-
sity continuously decreased with the increase of MPBA-AgNP
concentrations, and the plots of fluorescence quenching
efficiencies F/F0 rapidly decreased with the amount of
MPBA-AgNPs in the 1.0 mg mL−1 aqueous GO–diol conjugates
solution (Fig. 1b). We also treated the GO-glycine solution with
un-modified AgNPs, and the results indicated that the strong
quenching of the fluorescence of GO–diol conjugates was not
due to the inner filter effect (IFE) (Fig. S10†). The dynamics
experiments evidenced that the reaction of GO-glycine with
MPBA-AgNPs almost completed in ∼30 min (Fig. S11†).

Cyclic esters can be easily formed between them in aqueous
media because of the affinity of boronic acid and diol, and F−

can break the linkage via the formation of fluoride–boron inter-
actions. Therefore, we proposed a “turn-on” fluorescent strat-
egy for the construction of a visual nanoprobe toward F−

detection by just taking the advantage of the unique fluoride–
boron interaction. When F− was added into the GO–diol–
MPBA-AgNP probe solutions, the quenched fluorescence was
then recovered dramatically due to the formation of a boronate
ester bond, which breaks the linkage of cyclic esters and disas-
sembles photoluminescent GO from AgNPs. Boron has an
empty p orbit that can easily accept an external lone pair elec-

tron, and thus F− can strongly interact with the boron atom. The
center atom boron has an sp2 hybridized trigonal configuration,
and binding of a F− anion to the center atom boron will generate
the corresponding complex with a tetrahedron configuration,
which can trigger the sp2–sp3 hybridization of boron and
weaken the combination between boronic acid and diol.34 In
addition, boronic acids can bind diol moieties with high
affinities through reversible boronate formation, and the
addition of a F− anion sets up a second equilibrium between the
boronic acid and the diol in the system, which then perturbs the
boronic acid–diol equilibrium, resulting in changes in the
complex. Consequently, three F− anions react with the boron
atom due to a higher tendency for the fluoride–boron interaction.
These structural changes induced disassembling of photolumine-
scent GO from AgNPs and the fluorescence recovery of the
quenched GO–diol conjugates. FTIR spectra were recorded to
confirm the mechanism. The characteristic IR absorption peak
of the boronate ester bond (1315 cm−1) of GO–diol–MPBA-AgNPs
disappears when F− was added into the quenched GO–diol–
MPBA-AgNP solutions (Fig. S12†), suggesting that F− caused the
breakage of the boronate ester bond.

Fig. 1 (a) Fluorescence quenching of the GO-glycine probe solution
(1.0 mg mL−1) with the addition of MPBA-AgNPs. (b) Plot of fluorescence
quenching as a function of the MPBA-AgNP concentrations. F0 and F are
the fluorescence intensities of the GO-glycine probe solution in the
absence and in the presence of MPBA-AgNPs, respectively. The inset
photographs show the fluorescence images of the GO-glycine probe
solution before (left) and after (right) the addition of MPBA-AgNPs under
UV irradiation.
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We then validated the above sensory mechanism and its
sensitivity for the detection of the fluoride ion. According to
the experimental results, the fluorescence of quenched GO–
diol–MPBA-AgNP solutions recovered dramatically upon the
addition of F−. Under optimal conditions, the variation of fluo-
rescence intensity in the presence of different concentrations
of F− was recorded, as shown in Fig. 2. There is a low back-
ground fluorescence signal before addition of F− due to the
high quenching efficiency of MPBA-AgNPs. The “turn-on” fluo-
rescence enhancement can be easily visualized with the probe
solution color changes from dark to blue to bright blue under
a 365 nm UV lamp (Fig. 2a), which provides a nice opportunity
for detection by the naked eye without the need for elaborate
equipment except for a small UV lamp used as an excitation
light source. The emission intensity of GO–diol–MPBA-AgNP
solutions obviously enhances upon the introduction of
F− (Fig. 2b). As the fluorescence intensity increase is pro-
portional to the F− concentration, a linear curve of fluo-
rescence intensity versus F− concentration is obtained (Fig. 2c),
the linear fitting equation is y = 24.209 + 807.939x (R2 = 0.998),
allowing the quantification of F− in the range of 0.05–0.55 nM.
Statistical analysis reveals a limit of detection of F− as low as

9.07 pM, which was calculated based on 3σ (signal-to-noise
ratio) of 10 blank samples.

Meanwhile, the selectivity of detection of F− was further
examined by the addition of other metal ions into the probe
solution. Fig. 3 shows the changes in the fluorescence pro-
perties of GO–diol–MPBA-AgNPs with the addition of different
anions. Of all the anions tested, only the addition of F− gave a
significant recovering response in the fluorescence intensity of
the aqueous solution. The addition of other anions did not
lead to a measurable fluorescence change. The selectivity
observed for F− over other anions was remarkably high. It can
be seen that the relatively high concentrations of Cl−, Br−, I−,
HCO3

−, CH3COO
−, CO3

2−, HPO4
2−, NO3

− and SO4
2− (0.55 nM)

have little interference on the fluorescence intensity of GO–
diol–MPBA-AgNPs. Through experiment, we find that the
HS− could also recover the fluorescence of the probe to a
certain extent. However, the interferences of HS− to the detec-
tion of F− could be effectively avoided by the addition of

Fig. 2 Fluorescence image set (a) of the GO–diol–MPBA-AgNP solu-
tion (1.0 mg mL−1) upon the addition of different amounts of aqueous
F−, the corresponding fluorescence spectra (b) and (c) the plot of fluor-
escence recovery as a function of the fluoride ion concentrations.

Fig. 3 (a) Fluorescence spectra of the GO–diol–MPBA-AgNP solution
in the presence of Cl−, Br−, I−, HCO3

−, CH3COO−, CO3
2−, HPO4

2−, NO3
−

and SO4
2− and F−, the concentrations of all the anions are 0.55 nM; (b)

selectivity of the GO–diol–MPBA-AgNP probe over other anions with
the concentration of 0.55 nM, F0 and F are the fluorescence intensities
of the GO–diol–MPBA-AgNP probe solution in the absence and in the
presence of an anion, respectively. (c) Fluorescence image set of the
GO–diol–MPBA-AgNP solution upon the addition of Cl−, Br−, I−, HCO3

−,
CH3COO−, CO3

2−, HPO4
2−, NO3

− and SO4
2− and F− (0.55 nM).
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N-ethylmaleimide (NEM) as a chelating agent (Fig. S13†).
The high selectivity of the present probe towards F− over other
anions can be attributed to the highest Lewis basicity of the F−

ion among all anions and the minimal radius of the F− ion,
further promoting the strong binding of F− to the boron atom.

To develop a simple, cheap, portable, and reliable paper-
based sensor is the ultimate goal for the instant on-site detec-
tion in practical applications. Recently, fluorescence nano-
materials have exhibited the potential to prepare paper-based
nanosensors for the visual detection of some analytes such as
trinitrotoluene and biomolecules. It is well documented that
F− plays an important role in human health and environ-
mental processes. Thus, instant and visual detection of trace
F− in aqueous solution is very crucial for on-site and real-time
environmental monitoring. To assess the utility of the visual
detection of F− with the fluorescent GO sensor, a paper-based
sensor has been further developed for the visual detection of
F− in aqueous solution. Fluorescent GO-glycine consists of
two-dimensional ultrathin nanosheets, and thus provides
feasibility for printing the sensors on the paper-like materials.
In the case of normal printing papers, the strong background
fluorescence under a UV lamp seriously interferes with the
colorimetric observations. In particular, the printed GO-glycine
nanosheets automatically exfoliate from normal papers or
common filter paper upon contacting aqueous solution,
which is due to the obvious swelling and dilation of these
highly hydrophilic papers. In contrast, the commercial poly-
vinylidene fluoride (PVDF) microporous membrane has a
highly compact and stable structure and a large number of
micrometer-scaled (0.22 mm) pores, which do not only over-

come the drawbacks of swelling and dilation of normal papers
in water, but also significantly increase the fastening of
printed GO-glycine nanosheets on this membrane. Meanwhile,
the PVDF membrane does not have any intrinsic background
fluorescence interference under a UV lamp, which also
enhances the fluorescence sensitivity for visual detection.

Aqueous GO–diol conjugate nanosheets (2 mL, 1.0 mg mL−1)
acting as a colorless “imaging ink” were first injected into a
vacant cartridge of a commercial inkjet printer, as illustrated
in the top panel of Fig. 4. The desired word or image is
printed onto a piece of PVDF microporous membrane by a
common printer connected to a computer. The invisible words
“Fluoride ions” can appear in bright blue under a UV lamp,
and the edges of the words are very sharp and their fluo-
rescence brightness is completely uniform. Moreover, the
brightness of the words could be tunable by the concentration
of GO–diol conjugates. These results indicate that the method
is highly accurate, reliable, and applicable in the fabrication of
sensors on the PVDF membrane. In principle, the printed GO–
diol conjugate nanosheets may fold on the surface, creating
pockets that could trap MPBA-AgNPs to prevent their dis-
association that might reduce the sensitivity of detection. To
study the stability of fluorescence of the GO–diol conjugates,
the word “Fluoride ions” was printed on the PVDF micro-
porous membrane by an inkjet printer using GO–diol conju-
gates as the ink, and after drying, the photographs were taken
under a UV lamp at an interval of 5 minutes. The images show
that the fluorescence is very bright and stable even after
immersion in water for more than 30 minutes (Fig. S14†). The
experiments indicated that the as-prepared fluorescent GO
paper sensors can be utilized for on-site, real-time and visual
detection of F− without the aid of sophisticated equipment.

According to the off-to-on mechanism, F− was further
detected on the test paper. When the test paper printed with
GO–diol conjugates was placed into 10 mL of MPBA-AgNPs for
10 minutes, the MPBA-AgNPs linked with the GO–diol conju-
gates of the words “Fluoride ions”. Owing to the energy trans-
fer between the GO–diol conjugates and MPBA-AgNPs, the
bright blue words on the test paper disappeared gradually
under the illumination of the UV lamp. When the test paper
was immersed in the analyte solutions of F− with different
concentrations, the boronate ester was converted to trifluoro
borate, which caused the breakage of the linkage and the
AgNPs disassociated from the words and aggregated owing to
the donor–acceptor interactions. Thus, “Fluoride ions” words
gradually appearing with the increase of analyte amounts

Fig. 4 Visual detection of F− upon the addition of different concen-
trations of F−. All the images were taken under the illumination of a
365 nm UV lamp.

Table 1 Determination of F− spiked in tap water and real lake water samples using the proposed method

Spiked concentration (nM)

Tap water Lake water

Found (nM) Recovery (%) RSD (%) Found (nM) Recovery (%) RSD (%)

0.1 0.103 103.3 2.3 0.107 107.2 2.5
0.3 0.295 98.4 3.6 0.319 106.3 1.7
0.5 0.509 101.9 1.8 0.491 98.2 3.1
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shows that the fluorescent GO paper sensors can directly,
rapidly, and sensitively detect fluoride ions in aqueous solu-
tion, which do not need the complicated amplification reac-
tion and spectroscopic equipment. Thus, the method exhibits
the advantages of low cost, easy operation, environmental
friendliness and portability.

To further study the practical applicability of the fluo-
rescence method, we investigate samples of local drinking
water by spiking different concentrations of F− to tap water
and lake water. As shown in Table 1, excellent recoveries
ranging from about 98% to 107% at three different con-
centrations of F− (0.1, 0.3, 0.5 nM) were obtained. Further-
more, we spiked F− of 0.1 μM, 10 μM, and 1 mM into tap water
and lake water to validate the visual effect and accuracy of the
test paper. As shown in Fig. S15,† “Fluoride ions” words could
be visualized under a UV lamp at the concentration of 0.1 μM
F− in tap water and lake water. And at the concentration of
1 mM, the words could be visualized clearly under a UV lamp,
which indicates that this method could serve as a practical
and convenient method for the detection of F− in water
samples.

Conclusions

In summary, we have reported visual detection of F− in
aqueous solution using a fluorescent GO paper sensor, which
is based on a FRET nanoprobe between photoluminescent GO
and AgNPs through the formation of cyclic esters between
phenylborinic acid and diol. The formed active boronate esters
facilitate the efficient FRET. Meanwhile, the F− anion, a very
hard Lewis base, specifically reacts with the boron center and
disassembles the AgNP segment, resulting in the fluorescence
recovery of the quenched GO–diol conjugates. The excellent
selectivity toward F− was demonstrated in an aqueous solution
comparing with other foreign ions, and the developed sensor
could detect as low as 9.07 pM F− in solution. Taking advan-
tage of this phenomenon, a paper-based sensor for the visual
detection of aqueous F− has been successfully developed and
the limit of detection of this facile method could reach as low
as 0.1 μM as observed by the naked eye. The concept reported
herein shows a simple but effective way for aqueous F− detec-
tion and can be extended to the visual detection of a wide
range of anions in the environment using this method for the
construction of highly efficient FRET nanoprobes.
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