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A silica-based SERS chip for rapid and
ultrasensitive detection of fluoride ions triggered
by a cyclic boronate ester cleavage reaction†
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Chemical sensing for the convenient detection of trace aqueous fluoride ions (F−) has been widely

explored with the use of various sensing materials and techniques. It still remains a challenge to achieve

ultrasensitive but simple, rapid, and inexpensive detection of F− for environmental monitoring and

protection. Here we reported a novel surface-enhanced Raman scattering (SERS) nanosensor, fluorescein

phenylboronic acid covalently linked to 1,4-dimercapto-2,3-butanediol modified Au@Ag NPs by a cyclic

boronate ester (Flu-PBA-Diol-Au@Ag NPs), for the rapid and ultrasensitive detection of F−. Once the

Flu-PBA approached the surface of Au@Ag NPs, the Raman signals of Flu-PBA were remarkably enhanced

due to the strong SERS effect. However, the presence of F− will induce the cleavage reaction of the cyclic

boronate ester into the trifluoroborate anion (3F-Flu-PBA) and diol. The 3F-Flu-PBA molecules exfoliated

from the surface of Au@Ag NPs, and the SERS signals of the nanosensor were quenched. Following the

sensing mechanism, a silica-based SERS chip has been fabricated by the assembly of Flu-PBA-Diol-

Au@Ag NPs on a piece of silicon wafer. The silica-based SERS chips showed high sensitivity for aqueous F−,

and the limit of detection (LOD) could reach as low as 0.1 nM. Each test using the SERS chip only needs a

droplet of 20 μL sample and is accomplished within ∼10 min. The silica-based SERS chip has also been

applied to the quantification of F− in tap water and lake water.

Introduction

Among all anions, fluoride, having the smallest ionic radius,
highest charge density, and a hard Lewis basic nature, has
arisen as an attractive target for sensor design owing to its
association with a diverse array of biological, medical, and
technological processes.1–3 An appropriate amount of fluoride
ingestion is essential to the prevention of dental caries and
osteoporosis and promotes healthy bone growth.4–6 However,
excessive fluoride intake would cause serious health problems
to human beings, such as metabolism disorders, skeletal
disease, mottled teeth, immunological damage and DNA
damage.7,8 In order to prevent such problems, the United

States Environmental Protection Agency (EPA) recommends
the optimal fluoride level at 0.7–1.2 mg L−1 in drinking water.9

The World Health Organization (WHO) has requested the local
government to monitor the fluoride levels in water supplies at
any time and stimulated the development of new methods for
the quantitative analysis of fluoride.10 The sensitive fluoride
ion assays are usually performed with a wealth of established
techniques including ion chromatography, 19F NMR, fluoride
ions selective electrodes and fluorescence capillary
electrophoresis.11–14 As these analyses are expensive, time-
consuming, and require tedious sample pretreatments and
enrichments, there exists a great demand to develop an ultra-
sensitive, simple, rapid and reliable assay of fluoride ions
for improving drinking water safety and environmental
protection.

With the advantages of high sensitivity, unique spectro-
scopic fingerprint and nondestructive data collection, the
surface-enhanced Raman scattering (SERS) technique has
become one of the most powerful spectroscopic tools for
the identification and detection of chemical15–17 and biologi-
cal species.18–20 It has been recognized that the cooperative
effects of electromagnetic (EM) and chemical enhancements
(CM) result in a remarkable boost of the SERS signal,21,22
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and the EM enhancements are mainly responsible for the
occurrence of SERS which leads to a 106–1015 enhancement
factor dependent on the strength of the EM field on the
surface of metal nanomaterials.23,24 Although metal nano-
material based SERS provides gratifying results for the SERS
signal to the target molecules,25–27 a remarkable enhance-
ment in Raman intensity is usually observed in resonant
dyes (such as fluorescein, rhodamine-6G and crystal violet)
because of their high Raman scattering cross-sections.28,29

Most target analytes including drugs, pesticides and in-
organic species with small scattering cross-sections are
Raman-inactive, and the resulting signals are usually extre-
mely weak even if enhanced. Thus, it is essential to develop
the SERS technique for the detection of Raman-inactive
molecules with much smaller scattering cross-sections. One
of the most prevalent ways is to utilise the molecular inter-
actions of the hydrogen bond, charge-transfer reaction and
complexing coordination to amplify the Raman signals of
prearranged molecules for the detection of Raman-inactive
analytes.30–32 Disadvantageously, these interaction-based
approaches of Raman-inactive analytes are only performed
in the solution system, which would be easily affected by
similar molecules, media or environments, leading to the
unambiguous problem for the determination with false posi-
tives from the unavoidable aggregation of metal nano-
particles in the real sample.33,34 To the best of our knowl-
edge, SERS nanosensors for the detection of Raman-inactive
fluoride ions in the real sample have not been previously
reported due to its extremely weak Raman signals and the
unsolved problem of the solution system in selectivity, sensi-
tivity and reliability.

Herein, we combined the SERS and the specific interaction
between the boron atom and the fluoride ion together to
develop a highly sensitive and selective chemosensor for the
rapid detection of F− in practical applications. Through the
formation of the cyclic boronate ester between phenylboronic
acid and diol, the surface of 1,4-dimercapto-2,3-butanediol
(Diol) modified silver coated gold nanoparticles (Diol-Au@Ag
NPs) can covalently link with the Raman signal molecule
fluorescein phenylboronic acid (Flu-PBA), leading to a strong
surface-enhanced Raman effect and signal readouts. The
presence of F− will induce the cleavage reaction of the cyclic
boronate ester into the trifluoroborate anion (3F-Flu-PBA) and
diol. The 3F-Flu-PBA molecules exfoliated from the surface of
Diol-Au@Ag NPs, and the SERS signals of the nanosensor
were quenched. On the basis of the above experimental
results, silica-based SERS chips were prepared via the assembly
of Flu-PBA-Diol-Au@Ag NPs onto a piece of silicon wafer.
The silica-based SERS chip was used as a convenient indicator
of the F− level with the use of only 20 μL samples, and
the whole test can be accomplished within ∼10 min.
Meanwhile, the developed simple and rapid SERS-based
chip sensor also exhibits high sensitivity and reliability in
the detection of F− in real samples, and thus opens a novel
avenue to fabricate SERS-based sensors for Raman-inactive
molecules.

Experimental
Chemicals and materials

Sodium citrate, ammonia solution, hydrogen peroxide (H2O2,
30%), sulfuric acid (H2SO4, 98%), nitric acid (HNO3, 65%),
silver nitrate (AgNO3, 99%), chloroauric acid (HAuCl4·4H2O,
99.9%), dimethylformamide (DMF), acetone, methanol,
chloroform, NaOH, KF, NaCl, KBr, NaNO3, Na2SO4, Na2HPO4,
Na2CO3 and NaHCO3 were purchased from the Sinopharm
Chemical Reagent Co., Ltd. Fluorescein isothiocyanate isomer
I (Fitc, >95%), 1,4-dimercapto-2,3-butanediol (Diol) and 3-amino-
benzeneboronic acid were supplied by Aladdin reagent Co.,
Ltd. 3-Aminopropyltriethoxysilane (3-APTS) was obtained from
Sigma-Aldrich. All reagents were used without further purifi-
cation. Ultrapure water (18.2 MΩ cm) was produced using a
Millipore water purification system and used for all solution
preparations. Tap water samples were collected from our lab,
the lake water sample was obtained from a local lake.

Preparation of 1,4-dimercapto-2,3-butanediol modified Au@Ag
nanoparticles (Diol-Au@Ag NPs)

Typically, 0.25 mL of 0.1 M HAuCl4 was added to 100 mL of
ultrapure water and then heated to boiling under magnetic
stirring. After quickly injecting 1.5 mL of 1% trisodium citrate,
the mixed solution was refluxed for ∼30 min until it became
wine red and 30 nm Au NPs were synthesized. 4 mL of 1% tri-
sodium citrate was rapidly injected into the above boiling solu-
tion. Then 17 mL of 1 mM AgNO3 was added dropwise into the
above mixture at a rate of one drop per 30 s. Silver nitrate was
reduced with trisodium citrate and the resultant silver continu-
ously grew on the surface of the Au seeds. After the wine red
solution changed to orange yellow, the solution was stirred
for 30 min and the Au@Ag NPs were obtained. Meanwhile,
Ag NPs with ∼30 nm were prepared by the reduction of AgNO3

with trisodium citrate in water.33 The Au, Ag and Au@Ag NP
concentrations are 0.26, 0.62 and 0.26 nM, respectively, which
are calculated using Beer’s law and the extinction coefficients.
10.0 μM 1,4-dimercapto-2,3-butanediol aqueous solution was
prepared using ultrapure water. 1.0 mL of the Diol aqueous
solution was added to 9.0 mL of the citrate modified Au, Ag
and Au@Ag NP solution under stirring in the dark for 1 h.
After this, the unbound Diol was removed by repeated centrifu-
gation (2500 rpm, 20 min), followed by dispersing the precipi-
tation in 10 mL of pure water to obtain Diol-Ag, Diol-Au and
Diol-Au@Ag NP solution.

Synthesis of Raman signal molecular fluorescein
phenylboronic acid (Flu-PBA)

3-Aminobenzeneboronic acid (0.175 g, 1.285 mmol) was added
to a solution of fluorescein isothiocyanate isomer I (0.50 g,
1.285 mmol) in DMF (5 mL). The reaction mixture was stirred
at room temperature for 12 h, and then poured into methanol
(10 mL). The solvents were removed in vacuo, and the residue
was then dissolved in the minimum amount of fresh metha-
nol. Chloroform was added and the product was obtained as a
bright orange precipitate (420 mg, 62% yield). 1H NMR
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(300 MHz, CDCl3): δH = 7.97 (1H, d, J = 2.7), 7.74 (1H, dd, J =
8.5 and 2.7 Hz), 7.71 (1H, s), 7.6 (1H, d, J = 8.5 Hz), 7.36 (1H,
m), 7.19–7.15 (2H, m), 6.63–6.59 (5H, m), 3.35 ppm (2H, NH).

Fabrication of the Raman nanoprobes for F− detection in
water

Briefly, 200 μL of Flu-PBA (5.0 μM) aqueous solution was
added into the Diol-modified Au@Ag NP monodispersion
(1 mL) in a 1.5 mL centrifuge tube, followed by shaking for
30 min. Then, the unbound Flu-PBA was removed by repeated
centrifugation (2500 rpm, 20 min), followed by redispersing
the precipitate in 1.0 mL of ultrapure water to obtain the
probes Flu-PBA-Diol-Au@Ag NPs. Flu-PBA-Diol-Au and Flu-
PBA-Diol-Ag NPs were also fabricated using the same process.
The pH of the solution was adjusted to 7.4 by adding 0.1 M
NaOH under shaking. Different concentrations of F− were
added into the mixture, respectively. After 10 min reaction, the
mixture was first sucked into a capillary glass tube, which was
then fixed onto a glass slide. The Raman spectra were recorded
using a 532 nm laser with 10 mW power and 10× objective
(2.1 μm2 spot). The integral time was 5 s with 5 rounds of
accumulations, and the slit aperture was 50 μm. The experi-
ments were replicated three times for each concentration.
Other ions were also detected using the same method.

Preparation of the silica-based SERS chips for F− detection in
real samples

The silica-based SERS chip for the ultrasensitive detection of
F− was fabricated by the assembly of Diol-Au@Ag NPs on a
piece of silicon substrate, and further covalently linked with
the Raman-signal molecules Flu-PBA. Au@Ag NPs were
assembled on a silicon substrate in the following procedure:
first, a silicon substrate was cleaned by sequential ultra-
sonication in acetone, ethanol, and ultrapure water for 15 min
in sequence, and then treated with H2SO4–H2O2 (3 : 1 v/v) at
60 °C for 30 min to derive a hydroxyl surface. After thorough
rinsing with ultrapure water and ethanol, the cleaned silicon
substrate was dried in air. Second, the cleaned silicon sub-
strate was immersed into 10% APTS ethanol solution for 18 h
to silanize the substrate with an –NH2 end group. The sub-
strate was then extensively rinsed with ethanol to remove the
unbound monomer from the surface and dried in air. Third,
the –NH2 modified silicon wafer was submerged into colloidal
Diol-Au@Ag NPs for 12 h, resulting in the formation of a layer
of Diol-Au@Ag NPs on the silicon surface. Finally, after being
washed with pure water, the silicon substrate with a layer of
Diol-Au@Ag NPs was further immersed into 1.0 μM of Flu-PBA
solution for 4 h at room temperature to obtain a silica-based
SERS chip for the selective detection of F−.

A volume of 2 mL of F− solution with different concen-
trations was spiked into 2 mL of tap water and lake water, fol-
lowed by adjusting the pH of the solution to 7.4. After centrifu-
gation, the clear supernatant was collected and filtered
through 0.45 μm Supor filters to remove any particulate sus-
pension. Prior to the assay, the samples were diluted 100 times
with ultrapure water so that the level of F− was within the

linear range. Then, 20 μL of the sample solution was evenly
dropped onto the modified SERS chip. The time resolved
Raman spectra were immediately recorded with a 532 nm laser
with 5 mW power and 50× objectives (1 μm2 spot). The integral
time was 10 s, and the slit aperture was 50 μm. The interval
period for the collection of the Raman spectra was set at 20 s.

Characterization and instruments

The prepared Au@Ag NPs were characterized by field-emission
scanning microscopy (FE-SEM, Sirion 200) and transmission
electron microscopy (TEM, JEOL 2010), respectively. UV-vis
absorption spectra were recorded with a Shimadzu UV-2550
spectrometer. High-resolution mass spectra (HR-MS) were
obtained using an Agilent Q-TOF 6540 mass spectrometer.
Raman measurements were conducted with a Thermo Fisher
DXR Raman microscope equipped with a CCD detector.
Infrared spectra of the dried Au@Ag NPs, Diol-Au@Ag NPs,
and Flu-PBA-Diol-Au@Ag NPs 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

Fig. 1 illustrates the SERS sensing mechanism for detection of
F− by employing the Raman probe Flu-PBA-Diol-Au@Ag NPs.
The as-synthesized Au@Ag NPs have an average size of
∼45 nm, and the thickness of the silver shell is ∼7 nm, which
was grown by a seeded growth method via a consecutive two-
step process (see the TEM images of Fig. S1 in the ESI†).35 Due
to the wide and strong plasmon resonance, Au@Ag NPs have
been reported to exhibit the highest Raman enhancement
effects compared to Au and Ag NPs and used as SERS nano-
sensors for the detection of pesticide residues at fruit surfaces
and in fruit juices.36 Due to the existence of –SH groups, each
1,4-dimercapto-2,3-butanediol molecule can adsorb intensely
onto the silver shells of Au@Ag NPs by the intense Ag–S
covalent bond.37,38 According to previous reports, it is easy to

Fig. 1 Schematic illustration of Flu-PBA-Diol-Au@Ag NPs in (a) the
absence and (b) the presence of F−, and the corresponding SERS
responses.
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form a cyclic boronate ester between boronic acid and diol for
their tight but reversible affinity.39,40 Being a remarkable
Raman active resonant dye, fluorescein phenylboronic acid
(Flu-PBA) can covalently bond to the surface of Diol-Au@Ag
NPs through the formation of a cyclic boronate ester (as drawn
in Fig. 1a), leading to a strong surface-enhanced Raman effect
and SERS signal readouts. On the other hand, among all
anions with a minimal radius, the fluoride anion is a ‘hard
base’ among all anions with a minimal radius, while the
center atom of the cyclic boronate ester bond, boron, is a ‘hard
acid’. Boron possesses an empty p orbit which is willing to
accept an external lone pair electron.41,42 Thus, fluoride ions
could strongly interact with the boron atom. After the addition
of fluoride ions, the configuration of the center atom boron
changed from sp2 trigonal hybridization to sp2–sp3 tetra-
hedron hybridization, which could disturb the combination
between boronic acid and diol.43,44 Therefore, the Flu-
PBA-Diol-Au@Ag NP probes were converted to the corres-
ponding trifluoroborate anion (3F-Flu-PBA) and Diol-Au@Ag
NPs, resulting in the exfoliation of Raman active molecules
from the surface of Diol-Au@Ag NPs. The strong Raman
signals of Flu-PBA cannot be detected at all due to the lack of
the surface-enhanced Raman effect. As a result, F− can quench
the strong Raman signals of Flu-PBA-Diol-Au@Ag NPs in the
SERS sensor, providing an ultrasensitive detection method.

The above concept for the detection of F− has been further
evidenced by UV-vis, FT-IR, HR-MS, and Raman spectroscopy
characterization and TEM examinations. The bright orange
Au@Ag NPs had a wide range of plasmon resonance absorp-
tion from 320 to 560 nm, resulting from the overlapping and
interaction of two different plasmon resonance frequencies of
Au cores and Ag nanoshells in the core–shell nanoparticles as
shown in Fig. 2A. With the increase of Diol concentration from
1.0 × 10−7 to 7.5 × 10−5 M in the colloid, UV-vis spectroscopy
revealed that the absorbance of Au@Ag NPs decreased gradu-
ally (see the part A of Fig. S2 in the ESI†). The color of Au@Ag
NPs changed from orange to light brown (the inset of Fig. S2-
part A†), which indicated the formation of the Diol-Au@Ag
NPs and the aggregation of Au@Ag NPs induced by the exces-
sive Diol. This was further confirmed by the TEM observations:
the monodisperse Au@Ag NPs in the absence of Diol and the
significant aggregation of Au@Ag NPs in the presence of
7.5 × 10−5 M Diol (parts B and C of Fig. S2,† respectively). As
shown in Fig. 1, the Diol molecule has two thiolated groups to
bind Ag shells and thus play a role of cross-linking agent to
effectively induce the occurrence of colloidal aggregation.
However, the aggregation makes the next accurate functional
modification at the surface of colloidal Au@Ag NPs and the
determination of F− almost impossible. Finally, the concen-
tration of Diol to modify the Au@Ag NPs was selected to be
approximately 1.0 × 10−6 M for avoiding the unexpected aggre-
gation. The prepared Diol functional colloid can remain stable
in the monodispersive state for at least one week that is long
enough for further use in the detection.

Fluorescein has been regarded as a useful standard Raman
signal molecule for the evaluation of the SERS performance

because of its high Raman scattering cross-sections. For the
sensing design, a new boronic acid derivative of fluorescein
was prepared as shown in the Experimental section. The NCS
derivative of fluorescein was stirred in dimethylformamide
with 3-aminophenylboronic acid at room temperature for 12 h
to furnish the thiourea linked boronic acid fluorescein conju-
gate Flu-PBA in 62% yield. Upon the addition into the Diol-
Au@Ag NP solution, Flu-PBA, which acted as a diol receptor,
could covalently reversibly combine with Diol-Au@Ag NPs to
form five or six-membered cyclic boronate ester complexes.
The color of Flu-PBA-Diol-Au@Ag NPs still remains orange
which indicates that the Au@Ag NPs were well dispersed in
aqueous solution and the aggregation of Au@Ag NPs would
not occur. The formation of Flu-PBA-Diol-Au@Ag NP probes
can be confirmed by UV-visible absorption spectra, FT-IR
spectra and SERS spectra. The UV-visible absorption peak
obviously shifts from 500 to 495 nm, which can be explained
in terms of the interactions between Flu-PBA and the plas-
mons of metallic nanoparticles (see Fig. 2A). The FT-IR spec-
trum of the Flu-PBA-Diol-Au@Ag NPs exhibits distinct absorp-
tion bands at 1440, 1342 and 1030 cm−1, which can be attribu-
ted to the C–B stretching vibration, B–O–C bending vibration
and B–O–C deformation vibration, respectively.45 Meanwhile,
the characteristic IR absorption peaks at 1212 and 961 cm−1

Fig. 2 (A) UV-vis absorption spectra of Au@Ag NPs, Diol-Au@Ag NPs,
Flu-PBA-Diol-Au@Ag NP colloids and Flu-PBA aqueous solution,
respectively. (B) FTIR spectra of (a) Diol-Au@Ag NPs, (b) pure Flu-PBA (c)
the prepared Flu-PBA-Diol-Au@Ag NP probes.
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disappear due to the B–O–H bending vibration and B–O–H
deformation vibration (see Fig. 2B).46 These results indicate
that the Raman signal molecules Flu-PBA are successfully
bonded to the Diol-Au@Ag NP surface by the cyclic boronate
esters formation. As a result, the Raman signals of Flu-PBA
became significantly stronger, the typical Raman peaks of Flu-
PBA including 1173, 1308, 1487, 1538, and 1625 cm−1 can be
clearly detected (as illustrated in Fig. S3-part A and the assign-
ments of peaks in Fig. S3-part B in the ESI†), which implies
the formation of hot spots at the surface of Flu-PBA-Diol-
Au@Ag NPs (as illustrated in Fig. 3A). Although similar beha-
viors also occurred in the pure Ag and Au NP colloid, the
enhancement effect of Au@Ag NPs was ∼6.28- and 4.0-fold
those of pure Au and Ag NPs, respectively (see Fig. S4 in the
ESI†). The better enhanced effect may result from the coupling
of the plasmon resonance of Ag nanoshells and Au cores.

It is interesting that the addition of F− can obviously
inhibit the occurrence of the surface-enhanced Raman effect
and quench the Raman intensity of the resulting nanoprobes.
Under optical conditions (Fig. S5 and S6 in the ESI†), the
effect of the F− concentration on the SERS intensity was
investigated under the constant concentration of Flu-PBA at
1.0 × 10−6 M. The Raman signals of Flu-PBA in this system
gradually decreased with the increase of F− concentration from
1.0 × 10−9 to 1.0 × 10−6 M (Fig. 3A). Even at the concentration of
1.0 × 10−9 M, the intensity of the strongest peak at 1308 cm−1

decreased by about 6.8%, revealing the high sensitivity of this
SERS system to F−. When the concentration of F− increased to
1.0 × 10−6 M, the Raman signal was almost decreased to that
of bare Diol-Au@Ag NPs. These confirm that the extremely
strong fluoride–boron interaction leads to the cleavage of the
Flu-PBA-Diol-Au@Ag NP complex and the surface-enhanced
Raman effect will not occur. The reactions of F− with Flu-
PBA-Diol-Au@Ag NPs and the resultant complex structures
were further confirmed by HR-MS spectra. Fig. 3B shows the
HR-MS spectra of the mixtures of F− with the Flu-PBA-Diol-
Au@Ag NPs in aqueous solution. After the F− was mixed with
nanoprobes in solution, the sodiation of the 3F-Flu-PBA
complex peak at m/z = 572.09 was clearly detected (Fig. 3B),
suggesting the occurrence of the cleavage reaction of cyclic
boronate esters and the formation of the trifluoroborate anion
complex in the system. The disappearance of the characteristic
FT-IR absorption peak of the boronate ester bond (1440, 1342
and 1030 cm−1) further evidenced that F− caused the breakage
of the cyclic boronic ester bond from another aspect (see
Fig. S7 in the ESI†). Accordingly, in the presence of F−, the Flu-
PBA-Diol-Au@Ag NP probes were rapidly broken by strongly
binding B–F to form a more stable complex because the B–F
bond has a stronger coordinative ability than the B–O bond.

Meanwhile, the specificity of this system to F− was tested by the
SERS response upon the addition of other anions (1.0 × 10−5 M)
without and with the coexistence of F− (1.0 × 10−6 M) in the
probe solution. Ions such as Cl−, Br−, I−, HCO3

−, CO3
2−, HPO4

2−,
NO3

− and SO4
2− did not exhibit the quenching effect to SERS

signals of Flu-PBA-Diol-Au@Ag NP probes (as shown in Fig. 4C).
Only F− gave a significant quenching Raman effect in the

aqueous solution. These above observations reveal the high
selectivity of this SERS system to F− by the use of Flu-PBA-Diol-
Au@Ag NP probes. Through experiment, we also found that the
HS− could also quench the SERS signal of the probe to a certain
extent (see Fig. S8 in the ESI†). However, the interference of HS−

in the detection of F− could be effectively avoided by the addition
of N-ethylmaleimide (NEM) as a chelating agent. The high selecti-
vity of the present probes towards F− over other anions can be
attributed to the highest Lewis basicity of the fluoride ions

Fig. 3 (A) SERS spectra of Flu-PBA-Diol-Au@Ag NP probes with the
increase of F− concentration from 1.0 × 10−9 to 1.0 × 10−6 M (the inset is
the corresponding color images). (B) HR-MS spectra of (a) pure Flu-PBA,
and (b) the products of 3F-Flu-PBA after the mixtures of F− with Flu-
PBA-Diol-Au@Ag NP colloids, respectively. (C) Selectivity of the Flu-
PBA-Diol-Au@Ag NP probes in addition to the other anions (1.0 × 10−5

M) without and with the coexistence of F− (1.0 × 10−6 M). The SERS
intensity of the peak at 1308 cm−1 was used for the evaluation of the
Raman signals.
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among all anions and the minimal radius of fluoride ions,
further promoting the strong binding of F− to the boron atom.

On the basis of the above concept, a silica-based SERS chip
for the ultrasensitive detection of F− has been fabricated by
the assembly of Diol-Au@Ag NPs on a piece of silicon wafer,
followed by modification with Flu-PBA molecules at a concen-
tration of 1.0 × 10−6 M (see the details in the Experimental
section). 3-Aminopropyltriethoxysilane (3-APTS) was first
linked onto the surface of the chemically treated silicon wafer
to form a monolayer of APTS with the –NH2 end group,
as shown in Fig. 4A. When the wafer was immersed into the
Diol-Au@Ag NP colloid, the Diol-Au@Ag NPs automatically
adsorbed onto the surface of the wafer by the interaction

between the particles and the –NH2 end groups, resulting in a
dense/stable monolayer of Diol-Au@Ag NPs on the substrate.
Subsequently, the SERS chip was further bonded with Flu-PBA
in solution to obtain strong and uniform Raman readouts of
Flu-PBA (Fig. S9 in the ESI†). Importantly, when a droplet of
20 μL of pure water was added onto this chip, the Raman
intensity focused on the droplet was unchangeable (Fig. S10 in
the ESI†), indicating the stable adsorption of Flu-PBA at the
monolayer of Au@Ag NPs. In contrast, the Raman signals of
Flu-PBA obviously quenched if the same water droplet contain-
ing F− was added onto the chip, which is attributed to the exfo-
liation of Flu-PBA molecules from the monolayer of Au@Ag
NPs into the liquid droplet (Fig. S10 in the ESI†). The quench-
ing degree reached the maximum and was kept stable after
∼10 min. Meanwhile, the silica-based SERS chip could be kept
stable for 3 weeks in the vacuum drying environment (Fig. S11
in the ESI†). Therefore, the SERS chip can be used for the fast
detection of trace F− with a very little amount of sample.

Fig. 4B shows the Raman test results by adding a droplet of
20 μL of water containing different concentrations of F−. With
the increase in the concentration of F− from 1.0 × 10−10 to
5.0 × 10−7 M, the Raman intensity of the resulting nanoprobes
dramatically decreased. With the increase in the concentration
of F− from 1.0 × 10−10 to 5.0 × 10−7 M, the Raman intensity of
the resulting silica-base SERS chip dramatically decreased
(as shown in Fig. 4). Meanwhile, the SERS intensity varied
more sensitively with F− at low concentrations (typically
<5 nM). In contrast, the SERS intensity decreased slower and
seemed to reach a plateau at a higher F− concentration. It has
been reported that enough of nanoprobes could increase the
cleavage reaction rate of the cyclic boronate ester in the pres-
ence of F−.47 Therefore, it is speculated that the addition of a
higher level of F− could induce more consumption of Flu-
PBA-Diol-Au@Ag NP probes, which was not beneficial for the
subsequent detection of F− (due to the lack of nanoprobes) and
could hardly have the same rate in the subsequent reaction of
residual nanoprobes. Fortunately, a plot of I/I0 (the ratio of
SERS intensity at 1308 cm−1 in the presence and absence of F−)
versus F− concentrations shows a linear correlation in the con-
centration range from 0.1–500 nM. The calibration equation
was I/I0 = −45.7285–13.2474lgCF

− (where R2 = 0.993, CF
− is the

concentration of F−). Statistical analysis reveals a limit of detec-
tion of F− as low as 0.1 nM, which was calculated based on
three standard deviations above the background. The high sen-
sitivity of SERS chips towards F− indicated the strong binding of
F− to the boron atom, leading to the breaking of the cyclic boro-
nate ester to form a more stable complex trifluoroborate anion
(3F-Flu-PBA). The 3F-Flu-PBA exfoliated from the chip into the
aqueous F− droplet resulted in the quenching of Raman signals
of Flu-PBA. The excellent specificity of the SERS chip to F− was
also demonstrated as shown in Fig. S12.†

In order to verify the usefulness of the proposed sensor for
the identification and detection of F− in practical applications,
the detection of natural F− in real samples (tap water and lake
water) was demonstrated here by the use of the SERS silica-
chip (Fig. S13 in the ESI†). The results have been compared

Fig. 4 (A) Schematic drawing for the detection of F− with the SERS chip
fabricated by the assembly of Diol-Au@Ag NPs on a silicon wafer, and
further modified with Flu-PBA molecules. (B) Evolution of SERS spectra
of Flu-PBA with the addition of an aqueous F− droplet. (C) Plot of SERS
quenching as a function of the F− concentrations. The inset is the linear
correlation of Raman intensity (at 1308 cm−1) with the logarithm of F−

concentrations from 1.0 × 10−10 to 5.0 × 10−7 M. I0 and I are the peak of
SERS at 1308 cm−1 of the SERS chip in the absence and in the presence
of F−, respectively.
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with those obtained by ion chromatography (IC) and are listed
in Table 1, standard recovery experiments were also carried
out. The samples only need to be pretreated with simple incu-
bation and centrifugation (see the Experimental section). Prior
to the assay, the samples were diluted 100 times with ultrapure
water so that the level of F− was within the linear range. The
data listed in Table 1 indicated that the obtained results were
highly consistent with those from the ion chromatography (IC)
method, and the recovery of F− ranged from 88.29% to
105.80%. All the experimental results confirmed that the SERS
chip had a high accuracy, reliability, and sensitivity to meet
the requirements in practical applications.

Conclusions

In summary, we have presented a novel SERS nanosensor for
the rapid, selective, and sensitive detection of fluoride ions. By
covalently linking with fluorescein phenylboronic acid to the
surface of Diol-Au@Ag NPs, both F− responsiveness and SERS
activity are integrated into the Flu-PBA-Diol-Au@Ag NP nano-
sensor. In the presence of fluoride ions, the specific cyclic
boronate esters between Flu-PBA and the diol of the nanosensors
are converted to trifluoroborate anions and Diol-Au@Ag NPs,
which causes the exfoliation of 3F-Flu-PBA from the surface of
Diol-Au@Ag NP, resulting in the quenching of SERS signals.
Furthermore, we have successfully fabricated a silica-based
SERS chip by assembling the nanosensor (core–shell Flu-
PBA-Diol-Au@Ag NPs), and the SERS chip achieved an ultra-
high sensitivity to F− at the nanomolar level. Our developed
silica-based SERS chips possess many advantages, such as
excellent anti-interference ability, portable feasibility, and
simple operation. On the other hand, the detection method
only needs a very little amount of sample, and is very simple
and inexpensive compared to earlier methods. This SERS-chip
technique may be extended to open a novel avenue to develop
various SERS-based sensors for Raman-inactive molecules.
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