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A new fluorescence sensor for the highly selective detection of
Cu’* jon with a detection limit of 3.6 nM based on the
aggregation-induced fluorescence quenching of the highly
fluorescent glutathione-capped gold nanoparticles is reported.

The study of gold nanoparticles (AuNPs) is one of the most
exciting research fields in nanotechnology owing to its
extensive applications for biosensor fabrication.! In this area,
a number of colorimetric assays have been developed taking
advantage of the extremely high extinction coefficients® and
the strongly distance-dependent surface plasmon resonance
(SPR) absorption® of AuNPs. In these assays, AuNPs solution
generally exhibits a color change from red to blue because
of the shift of the SPR band to longer wavelength when
the nanoparticles are in the aggregated state. Reversely,
redispersion of the aggregated AulNPs results in a color
recovery from blue to red. Based on this state-dependent
(aggregation/redispersion) SPR absorption properties, AuNPs
can be used as a convenient tool for the sensing of metal ions,*
enzymes,’ proteins,® oligonucleotides,” and other small
molecules.® In addition to the SPR absorption, the fluorescence
properties of AuNPs have also fascinated scientists.
Especially, the origin of the observed fluorescence has been
intensely discussed.” However, applications of this novel
fluorophore are greatly limited by the low quantum yields
(QYs) ranging from 1073,°" to 1072.%¢ Recently, preparations
of fluorescent gold nanoparticles (F-AuNPs) with strong
fluorescence emission have been reported.!® For example,
F-AuNPs encapsulated in biocompatible poly(amidoamine)
dendrimers exhibit strong emission (QY's between 0.1 and 0.7),
and size tunable fluorescence from the UV to the near IR.'%?
Introduction of alkanethiol ligands onto the surface of AuNPs
can be used in the synthesis of highly fluorescent gold
nanoparticles with QYs = 0.03."% These novel fluorescent
nanoparticles have shown applications in immunoassay'' and
intracellular imaging.'> However, exploration of F-AuNPs-based
fluorescence sensors remains at a very early stage.

In this communication, we develop a highly sensitive and
selective fluorescence sensor for the essential biological metal
jon Cu®" based on the aggregation-induced fluorescence
quenching of glutathione-capped F-AuNPs. Glutathione
(GSH), a natural tripeptide, was employed as a stabilizer
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and a gentle reducing agent in a one-step synthesis of
GSH-capped F-AuNPs.!> TEM images of the as-prepared
GSH-capped F-AuNPs, as shown in Fig. 1(a), indicate that
the particles are well-dispersed, and the average diameter is
2.1 £+ 0.4 nm. Dynamic light scattering (DLS) measurements
show that the hydrodynamic diameter of these particles is
2.5 nm (see Fig. Sla, ESIt). FT-IR spectra of free GSH and
GSH-capped F-AuNPs are shown in Fig. S2 (ESIf). The
disappearance of the S-H stretching band (~2525 cm™') on
the surface of GSH-capped F-AuNPs suggests the formation
of covalent bonds between thiols and AuNPs. Fig. 2 shows the
absorption, fluorescence excitation and emission spectra of
GSH-capped F-AuNPs. It is evident that the absorption
spectra of GSH-capped F-AuNPs exhibits strong and broad
absorption in the UV range with an onset at ~470 nm. The
absence of a surface plasmon peak around 520 nm indicates
that most of the particles are smaller than 2.5 nm.'* Strong
emission of the GSH-capped F-AuNPs was observed around
561 nm with excitation maxima around 417 nm. The large
Stokes shifts (144 nm) and the microsecond-range fluorescence
lifetime (1.7 ps) (Fig. S3, ESIf) suggests that the

emission might result from a ligand-to-metal charge transfer

Fig. 1 TEM images of GSH-capped F-AuNPs in different solutions:
(a) F-AuNPs in water; (b) F-AuNPs in Cu®>" solution; (c) as for
(b) + EDTA.
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Fig. 2 Normalized absorbance spectra (dashed line), fluorescence
excitation spectra (dotted line) and emission spectra (solid line) of
GSH-capped F-AuNPs.
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transition.'> Evaluated QYs of the as-prepared GSH-capped
F-AuNPs are 0.01, using quinine sulfate as standard.'®

The as-prepared GSH-capped F-AuNPs can be used as a
highly sensitive and selective fluorescence ““turn-off” sensor for
Cu?" ion without further modification. It was evidenced that
the fluorescence of GSH-capped F-AuNPs was effectively
quenched by Cu?" ion (Fig. 3). As indicated in Fig. 4(a), this
fluorescence quenching of GSH-capped F-AuNPs is highly
selective for Cu®?" ion. Upon interaction with different
bivalent and trivalent metal ions (2 uM), the GSH-capped
F-AuNPs fluorescence intensity shows a substantial decrease
for Cu®’" ion, whereas the fluorescence intensity of
GSH-capped F-AuNPs is nearly unaffected by metal ions
other than Cu?*. Fig. 4(b) depicts the sensitivity of
GSH-capped F-AuNPs as a Cu?>* ion sensor. The Stern—Volmer
plot shows a linear relationship (R*> = 0.996) between the
fluorescence decrease with the concentration of Cu?" ion over
the range from 8 nM to 2 pM. The limit of detection (LOD)!”
for Cu?" ion was calculated to be 3.6 nM. This value of LOD
is three orders of magnitude better than that from a colori-
metric AuNPs sensor for Cu?* ion.**’ These results also
indicate that GSH-capped F-AuNPs is a more sensitive fluor-
escence sensor for Cu®' ion than other reported nano-
particles.'® In addition, unlike most of the organic fluorophores,
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Fig. 3 Quenching of the GSH-capped F-AuNPs by Cu>" ion
(performed in pH 5.5, 20 mM MES buffer.)
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Fig. 4 (a) Selectivity and (b) sensitivity of GSH-capped F-AuNPs
toward Cu®" ion (performed in pH 5.5, 20 mM MES buffer; the
concentration of all the metal ions in (a) was 2 uM; Fy and F
correspond to the fluorescence intensity of GSH-capped F-AuNPs in
the absence and presence of metal ions, respectively.)

the high water solubility of GSH-capped F-AuNPs allows this
sensor to be used in aqueous media without the need for
organic cosolvents. This high selectivity Cu>" ion sensor may
find various applications in environmental and biological
samples; furthermore, the long fluorescence lifetime of
GSH-capped F-AuNPs enables the use of time-gated detection
to reduce the background noise of these samples.

The fluorescence quenching of GSH-capped F-AuNPs in
the presence of Cu®' jon was attributed to nanoparticle
aggregation induced by the complexation between GSH and
Cu®" ion. Previous investigation of GSH self-assembled
monolayers (SAMs) revealed that GSH molecules which
adsorbed onto the gold electrode could combine with Cu®*
jon resulting in the formation of 2 : 1 (GSH : Cu*%)
complexes.19 Thus, it is reasonable to speculate that Ccu??t
ion might be able to stimulate the aggregation of GSH-capped
F-AuNPs, resulting from the metal-ion-based particle linking
process.** This speculation was proved by TEM and DLS
measurements. Typical TEM images (Fig. 1(b)) show that
GSH-capped F-AuNPs are cross-linked to each other forming
a compact structure of >100 nm the presence of Cu®>”" ion.
DLS data show that the average hydrodynamic diameter of
these linked particles is 180.6 nm (Fig. Slb, ESI}), which is
much higher than that of the individual nanoparticles before
treatment with Cu®* ion (Fig. Sla, ESI{). These results of
DLS measurements imply that the observed TEM image of
aggregation did not result from the solvent drying process
during TEM specimen preparation, and further support the
Cu’*—ion-induced aggregation of GSH-capped F-AuNPs.

That complexation between GSH molecules and Cu®*
ion induced aggregation and fluorescence quenching of
GSH-capped F-AuNPs was further confirmed by a competition
test. In this test, ethylenediaminetetraacetate (EDTA), a
strong metal ion chelator, was used in competition with
GSH-capped F-AuNPs for Cu®" ion, and in regulating the
aggregation/redispersion of GSH-capped F-AuNPs, and thus
the quenching/recovering of the fluorescence of GSH-capped
F-AuNPs. As expected, adding an equivalent amount of
EDTA results in the dispersion of the GSH-capped F-AuNPs
aggregates and isolated nanoparticles were once again
observed by TEM (Fig. 1(c)). DLS measurements further
support the redispersion of the aggregated nanoparticles
(Fig. Slc, ESIY). Correspondingly, the quenched fluorescence
resulting from the aggregation of GSH-capped F-AuNPs is
recovered. Fig. 5 shows both decreasing of the fluorescence
intensity of GSH-capped F-AuNPs as a function of Cu®>”" ion
titrated and restoring of the quenched fluorescence intensity of
GSH-capped F-AuNPs followed by titration of EDTA.
Notably, the fluorescence intensity is completely restored at
[Cu?’*] = [EDTA], and above that concentration the
fluorescence intensity stays nearly unchanged. In a control
experiment, EDTA showed no influence on the fluorescence of
GSH-capped F-AuNPs in the absence of Cu®" ion, further
confirming that the observed fluorescence recovery results
from the complexation between EDTA and Cu’*.

In summary, we have demonstrated GSH-capped F-AuNPs
can be used as a fluorescence “turn-off” sensor for Cu®* ion.
The high sensitivity and selectivity response might be
attributed to the excellent sensitivity of fluorescence
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Fig. 5 Fluorescence response of GSH-capped F-AuNPs to the
sequential addition of Cu?" ion followed by EDTA.

spectroscopy and the high complexation constant of the amino
acid moiety with Cu®* ion which is larger than that with other
metal ions.?® This highly sensitive and selective sensoring
results from the aggregation of GSH-capped F-AuNPs
induced by the cross-link complexation between GSH and
Cu?". Therefore, this strategy can in principle be extended to
fluorescence sensors for other metal ions by the modification
of the GSH-capped F-AuNPs with selective binding groups.
Moreover, the carboxylic acid and amino functionality of the
capped GSH molecules would make this further modification
much easier. In addition, the observed reversible fluorescence
recovery suggest that GSH-capped F-AuNPs/Cu®>" aggregates
could be useful as a “turn-on” fluorescence sensor for anions
or proteins which competitively complex with Cu®" jon.
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Notes and references

1 (@) E. Katz and 1. Willner, Angew. Chem., Int. Ed., 2004, 43, 6042;
(b) N. L. Rosi and C. A. Mirkin, Chem. Rev., 2005, 105, 1547.

2 S. Link and M. A. El-Sayed, J. Phys. Chem. B, 1999, 103, 8410.

3 (a) R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger and
C. A. Mirkin, Science, 1997, 277, 1078; (b) J. J. Storhoff,
A. A. Lazarides, R. C. Mucic, C. A. Mirkin, R. L. Letsinger and
G. C. Schatz, J. Am. Chem. Soc., 2000, 122, 4640.

4 (a) Y. Kim, R. C. Johnson and J. T. Hupp, Nano Lett., 2001, 1,
165; (b) D. Li, A. Wieckowska and I. Willner, Angew. Chem., Int.
Ed., 2008, 47, 3927; (¢) J.-S. Lee, M. S. Han and C. A. Mirkin,
Angew. Chem., Int. Ed., 2007, 46, 4093; (d) J. W. Liu and Y. Lu,
Chem. Commun., 2007, 46, 4872; (¢) S. Y. Lin, S. W. Liu, C. M. Lin
and C. Chen, Anal. Chem., 2002, 74, 330; (f/) X. R. He, H. B. Liu,
Y. L. Li, S. Wang, Y. J. Li, N. Wang, J. C. Xiao, X. H. Xu and

W

(=)}

~

oo

10

11

13
14
15

16

17

19
20

D. B. Zhu, Adv. Mater., 2005, 17, 2811; (g) J. W. Liu and Y. Lu,
J. Am. Chem. Soc., 2005, 127, 12677; (h) S. O. Obare,
R. E. Hollowell and C. J. Murphy, Langmuir, 2002, 18, 10407,
(/) J. W. Liu and Y. Lu, J. Am. Chem. Soc., 2004, 126, 12298.

(a) C. Guarise, L. Pasquato, V. D. Filippis and P. Scrimin, Proc.
Natl. Acad. Sci. USA, 2006, 103, 3978; (b) Y. D. Choi, N. H. Ho
and C. H. Tung, Angew. Chem., Int. Ed., 2007, 46, 707;
(¢) R. R. Liu, R. Liew, J. Zhou and B. G. Xing, Angew. Chem.,
Int. Ed., 2007, 46, 8799; (d) Z. X. Wang, R. Levy, D. G. Fernig and
M. Brust, J. Am. Chem. Soc., 2006, 128, 2214; (¢) A. Laromaine,
L. L. Koh, M. Murugesan, R. V. Ulijn and M. M. Stevens, J. Am.
Chem. Soc., 2007, 129, 4156; (f) X. Y. Xu, M. S. Han and
C. A. Mirkin, Angew. Chem., Int. Ed., 2007, 46, 3468.

(a) C. S. Tsai, T. B. Yu and C. T. Chen, Chem. Commun., 2005,
4273; (b) S. Lee and V. H. Perez-Luna, Anal. Chem., 2005, 77,
7204.

(a) R. A. Reynolds, C. A. Mirkin and R. L. Letsinger, J. Am.
Chem. Soc., 2000, 122, 3795; (b) H. X. Li and L. Rothberg, Proc.
Natl. Acad. Sci. USA, 2004, 101, 14036.

(a) J. Wang, L. H. Wang, X. F. Liu, Z. Q. Liang, S. P. Song,
W. X. Li, G. X. Li and C. H. Fan, 4dv. Mater., 2007, 19, 3943;
() J. W. Liu and Y. Lu, Angew. Chem., Int. Ed., 2006, 45, 90;
(¢) P. K. Sudeep, S. T. S. Joseph and K. G. Thomas, J. Am. Chem.
Soc., 2005, 127, 6516.

(a) J. P. Wilcoxon and J. E. Martin, J. Chem. Phys., 1998, 108,
9137; (b) T. P. Bigioni and R. L. Whetten, J. Phys. Chem. B, 2000,
104, 6983; (¢) S. Link, A. Beeby, S. FitzGerald, M. A. El-Sayed,
T. G. Schaaff and R. L. Whetten, J. Phys. Chem. B, 2002, 106,
3410; (d) S. Link, M. A. El-Sayed, T. G. Schaaff and
R. L. Whetten, Chem. Phys. Lett., 2002, 356, 240; (¢) T. Huang
and R. W. Murray, J. Phys. Chem. B, 2001, 105, 12498;
(H G. L. Wang, R. Guo, G. Kalyuzhny, J.-P. Choi and
R. W. Murray, J. Phys. Chem. B, 2006, 110, 20282;
(g) Y. Negishi and T. Tsukuda, Chem. Phys. Lett., 2004, 383, 161.
(a) J. Zheng, J. T. Petty and R. M. Dickson, J. Am. Chem. Soc.,
2003, 125, 7780; (b) J. Zheng, C. W. Zhang and R. M. Dickson,
Phys. Rev. Lett., 2004, 93, 077402; (¢) H. W. Duan and S. M. Nie,
J. Am. Chem. Soc., 2007, 129, 2412; (d) Y. P. Bao, C. Zhang,
D. M. Vu, J. P. Temirov, R. B. Dyer and J. S. Martinez, J. Phys.
Chem. C, 2007, 111, 12194; (¢) C. C. Huang, Z. S. Yang, K. H. Lee
and H. T. Chang, Angew. Chem., Int. Ed., 2007, 46, 6824.

R. C. Triulzi, M. Micic, S. Giordani, M. Serry, W. A. Chiou and
R. M. Leblanc, Chem. Commun., 2006, 5068.

S.Y. Lin, N. T. Chen, S. P. Sum, L. W. Lo and C. S. Yang, Chem.
Commun., 2008, 4762.

J. Zheng, PhD thesis, Georgia Institute of Technology, 2005.

D. G. Duff and A. Baiker, Langmuir, 1993, 9, 2301.

(a) V. W.-W. Yam, E. C-C. Cheng and Z. Y. Zhou, Angew. Chem.,
Int. Ed., 2000, 39, 1683; (b) J. M. Forward, D. Bohmann,
J. P. Fackler, Jr and R. J. Staples, Inorg. Chem., 1995, 34, 6330.
M. J. Adams, J. G. Highfield and G. F. Kirkbright, Anal. Chem.,
1977, 49, 1850.

D. C. Harris, Quantitative Chemical Analysis, W. H. Freeman and
Company, New York, 6th edn, 2002, pp. 727-729.

(a) L. X. Mu, W. S. Shi, J. C. Chang and S. T. Lee, Nano Lett.,
2008, 8, 104; (b) Y. F. Chen and Z. Rosenzweig, Anal. Chem., 2002,
74, 5132; (¢) R. M. Renault, R. Pansu, S. A. Gerbier and
C. Larpent, Chem. Commun., 2004, 2344.

C. Fang and X. Y. Zhou, Electroanalysis, 2003, 15, 1632.

A. C. Liu, D. C. Chen, C. C. Lin, H. H. Chou and C. H. Chen,
Anal. Chem., 1999, 71, 1549.

1738 | Chem. Commun., 2009, 1736-1738

This journal is © The Royal Society of Chemistry 2009


http://dx.doi.org/10.1039/B820145E

