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Colorimetric detection of fluoride ion in an aqueous solution using a
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Abstract—The thioglucose-capped gold nanoparticles have been prepared by the chemical reduction of HAuCl4 using thioglucose as
the reducing and capping agent, which displays selective colorimetric detection of fluoride ion in 10 mM HEPES buffer at physio-
logical pH.
� 2005 Elsevier Ltd. All rights reserved.
Gold nanoparticles have attracted much attention as a
unique and advantageous platform for highly sensitive
chemical sensors.1 In particular, they have an intense
plasmon band in the visible region,2 which is exquisitely
sensitive to their aggregation states.3 Recently the colori-
metric nanoprobes have been developed for sensitive
and selective detection of alkali metal ions,4 heavy metal
ions,5 lectine,6 and DNA.7 However, there is still a need
for colorimetric nanoprobes sensing a wide variety of
analytes, in particular biologically important anions.8,9

A common problem on nanoprobe development is that
the limited gold nanoparticles are available as platforms.
Gold nanoparticles widely used at present, prepared by
citrate, were dispersed in an aqueous solution through
the ionic repulsion of the surface-adsorbed ions. In the
presence of electrolytes, the ionically stabilized gold
nanoparticles undergo uncontrolled aggregation be-
cause of the charge shielding. In order to stabilize the
dispersion, the gold nanoparticles protected with non-
ionic hydrophilic polymers,10 such as poly(ethylene gly-
col), were prepared but the thick protecting layer
preventing the core metals to be close together has
disadvantages in the color change. Further development
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requires uncharged gold nanoparticles protected with a
monolayer of hydrophilic molecules. Here we report
the simple, easy, and quantitative preparation of the no-
vel uncharged gold nanoparticles modified with thioglu-
cose. We also found through UV–vis titration study that
the thioglucose-capped gold nanoparticle (TG Au-NP)
caused the F�-selective aggregation associated with a
dramatic color change in aqueous solution. There are
various colorimetric F� probes based on calx[4]-
pyrroles,11 dipyrrolyquinoxalies,12,13 diaminoanthraquin-
ones,14,15 azophenols,16 and others.17–19 However,
these molecular-based probes are useful only in non-
aqueous solution. The TG Au-NP is a potential candi-
date to construct the reliable colorimetric sensing
systems, which enabled the naked eye detection of fluo-
ride ion.

Thioglucose-capped gold nanoparticles (1-TG Au-NP)
have been prepared by the chemical reduction of
HAuCl4 using 1-thio-b-DD-glucose (1-TG) as the reducing
and capping agent (Fig. 1). An aqueous thioglucose
solution (5.0 ml, 2–20 mM) was added to a boiling solu-
tion of HAuCl4 (50 ml, 0.5 mM) under vigorous stirring.
On addition of 1-TG, the solution changed color from
pale yellow to ruby red within 10 s, and then the reac-
tion mixture was further heated for 10 min under reflux.
The extinction spectrum of the suspension showed the
maximum at 523 nm attributed to the surface plasmon
band of gold. The reaction mixture was cooled, dialyzed
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Figure 2. TEM image and electron diffraction pattern of the 1-TG
Au-NP. The accelerating voltage is 100 kV.
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Figure 1. A schematic speculation about the structure of the 1-TG
Au-NP.
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overnight against ultra pure water to remove unreacted
TG, using a dialysis tube (Spectra/Por, Cellulose Ester,
MWCO = 5000, Spectrum Laboratories Inc., USA).
The SH group is required to prepare well-dispersed gold
nanoparticles because, under the same conditions, the
gold nanoparticle prepared by using glucose as the
Figure 3. (a) Change in the UV–vis extinction spectrum of the 1-TG Au-NP u
Titration curves of the TG Au-NP with anions: F� (s), Cl� (n), Br� (h), I
reducing agent immediately precipitated. The position
of the SH group is also an important parameter for
the particle synthesis. 5-Thio-DD-glucose (5-TG) was
somewhat less active, and the prepared 5-TG Au-NP
partially aggregated and then precipitated in a few days.
The particle size and size distribution of gold nanoparti-
cles were measured using dynamic light scattering with a
He–Ne laser as excitation source (DLS-6000, Otsuka
Electronics, Japan). The average particle diameter can
be tuned over a size range of 20–50 nm by varying the
molar ratio of TG/Au from 0.45 to 0.51. The 1-TG
Au-NP prepared at the 1-TG/Au ratio of 0.5 had a par-
ticle diameter of 32 nm with a polydispersity index of
0.15. The morphology of the 1-TG Au-NP was observed
by using a transmission electron microscope (JEM-
100CX, JEOL Ltd., Japan). Figure 2 shows a typical
TEM image of the 1-TG Au-NP. The shape of the
1-TG Au-NP was slightly irregular irrespective of the
1-TG/Au ratio. The diffraction rings in the figure are
clearly due to a face centered cubic gold unit cell struc-
ture. The oxidation state of gold in the 1-TG Au-NP was
determined by X-ray photoelectron spectroscopy
(ESCA-3300, Shimazu Corp., Japan). The Au4f7/2 and
4f5/2 peaks were observed at 84.4 and 88.1 eV, respec-
tively, which are characteristic of Au0. The FT-IR spec-
trum of the TG Au-NP measured by using a JASCO
FT/IR-460 plus spectrometer was essentially featureless.
The n potential measurements were carried out with an
electrophoretic light scattering spectrophotometer
(ELS-8000, Otsuka Electronics, Japan). The n potential
of the 1-TG Au-NP was close to zero (�2.0 mV) at the
physiological pH, indicating TG molecules coordinate
with the exterior to shield the surface charge.

The 1-TG Au-NP is well dispersed in the buffer solution
at physiological pH compared with the citrate-capped
gold nanoparticles highly sensitive to pH and ionic
strength. The colorimetric detection of halide anions
(F�, Cl�, Br�, I�) and oxoanions (H2PO

�
4 , CH3CO

�
2 ,

NO�
3 ) was investigated using UV–vis spectroscopy in

an aqueous solution of 10 mM HEPES buffer (pH 7.4)
at 20 �C. As shown in Figure 3, addition of F� to a solu-
pon addition of 0–50 mM of F� in 10 mM HEPES buffer (pH 7.4). (b)
� (·), H2PO

�
4 (d), CH3CO

�
2 (m), NO�

3 (j).



Figure 4. Color changes of the 1-TG Au-NP in 10 mM HEPES buffer
(pH 7.4); [anion] = 30 mM.
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tion of the 1-TG Au-NP causes a red shift in the surface
plasmon band. Extinction at wavelengths above 600 nm
corresponds to the collective plasmon resonance of clo-
sely spaced gold nanoparticles, indicating the anion-in-
duced nanoparticle aggregation. DLS measurements
also indicate the size distribution of the 1-TG Au-NP
change from 30 to 100 nm upon the addition of anions.

Quantitative analysis of anions was performed using a
ratiometric method that is unaffected by variations in
sample conditions. The ratio of extinction at 523 and
800 nm was used, which represent the relative amount
of free and aggregated gold nanoparticles, respectively.
A plot of this extinction ratio as a function of anion con-
centration shows a sigmoidal titration curve (Fig. 3b).
At a certain threshold concentration of anions, the dif-
ference in the anion concentration can be seen by the
naked eye as the color change from red to blue. The de-
gree of the threshold concentration for the 1-TG Au-NP
was determined to be F� <CH3CO

�
2 �Cl� �H2PO

�
4 �

NO�
3 � Br� � I�. The 1-TG Au-NP is capable of selec-

tively detecting F� in the range of 20–40 mM. The pref-
erence for F� over other anions may be explained by the
strong basicity and the spherical shape of F�. According
to the basicity of anions, F� and AcO� give strong com-
plexes with the TG molecules on the particle surface. In
particular, the multidentate F� ion readily induces the
particle aggregation compared to the bidentate AcO�

ion. Figure 4 displays the colorimetric detection of F�.
Each vial contains a solution of the 1-TG Au-NP in
10 mM HEPES buffer. The addition of 30 mM of F� in-
duces the appearance of a blue color while the addition
of 30 mM of the other anions induces no color change.

In conclusion, we report herein a simple way for the di-
rect synthesis of the TG Au-NP by using the reducing
and stabilizing abilities of TG. Halide anions and oxo-
anions induce the aggregation of the 1-TG Au-NP in
aqueous solution. The striking color change associated
with the F�-induced aggregation has been successfully
employed for the naked eye detection of F�. Further
development of colorimetric nanoprobes with improved
selectivity and sensitivity are ongoing in our group.
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