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a  b  s  t  r  a  c  t

A  sensitive  and  selective  colorimetric  Cd2+ detection  method  was  developed  using  di-(1H-pyrrol-2-
yl)methanethione  functionalized  gold  nanoparticles  (DP-AuNPs).  Aggregation  of DP-AuNPs  was  induced
immediately  in  the  presence  of  Cd2+, yielding  a color  change  from  red  to blue.  This  Cd2+-induced  aggre-
gation  of  DP-AuNPs  was  monitored  using  the naked  eye  and  UV–vis  spectroscopy.  The  SPR absorbance

2+ 2+
eywords:
olorimetric sensor
d(II)
old nanoparticles
i-(1H-pyrrol-2-yl)methanethione

(635  nm)  of the  reaction  between  DP-AuNPs  and  Cd shows  a good  linearity  in the  Cd concentration
range of  0.5–16  �M and  a low  detection  limit 16.6  nM  (S/N  = 3). The  DP-AuNPs  showed  excellent  selec-
tivity  toward  Cd2+ compared  to other  metal  ions  Ag+, Al3+, Ca2+, Cd2+, Co2+, Cr3+, Cu2+,  Fe2+,  Fe3+,  Hg2+,
Mg2+, Mn2+,  Ni2+, Pb2+, and Zn2+. Optimal  detection  of Cd2+ was  achieved  over  a pH range  from  4  to 9.5.
Furthermore,  DP-AuNPs  were  applied  to detect  Cd2+ in lake water,  showing  low  interference.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cadmium (Cd) is one of the most toxic heavy metals, and is
idely used in industry and agriculture in applications such as
etal alloys, batteries, and phosphate fertilizers [1]. Cadmium is

asily absorbed and accumulated by plants and organisms, subse-
uently going through the soil–plant–animal–human food chain
2]. Chronic cadmium exposure causes renal dysfunction, calcium

etabolism disorders, and several serious diseases such as lung,
rostate, and renal cancers [3–5]. The maximum limit of cadmium

n drinking water set by the World Health Organization (WHO) is
 �g/L [6]. In order to better detect and monitor the presence of
d2+ ions, the demand for sensitive and selective Cd2+ detection
as gained much attention.

For identifying and detecting cadmium ions, several analysis
ethods such as atomic absorption spectrometry [7], inductively

oupled plasma mass spectroscopy (ICP-MS) [8], inductively
oupled plasma-atomic emission spectrometry (ICP-AES) [9],
nd electrochemical methods have been developed. Recently,
everal fluorescent chemosensors for Cd2+ detection have been

lso reported [10–14]. However, because they are made of organic
olecules, fluorescent chemosensors are not highly soluble in
ater and have photobleaching problem. On the other hand,

∗ Corresponding author. Tel.: +886 3 5712121x56506.
E-mail addresses: spwu@mail.nctu.edu.tw, spwu@faculty.nctu.edu.tw

S.-P. Wu).
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925-4005/© 2014 Elsevier B.V. All rights reserved.
colorimetric methods based on functionalized gold nanoparticles
(AuNPs) are simple and convenient, and can solve these limitations.

Gold nanoparticles have been widely applied as probes for
metal ions [15–23], anions [24–27], small molecules [28], proteins
[29,30], nucleic acids [31,32], and other analytes. Gold nanoparti-
cles are easily modified by capping agents, possess excellent optical
properties including high extinction coefficients, and distance-
depend on plasmonic absorption [33,34]. Therefore, functionalized
gold nanoparticles have been applied as colorimetric probes, and
these have received great attention in visual sensing applications
because of the plasmonic absorbance shift [35–37]. In these assays,
analytes induce the aggregation of modified gold nanoparticles,
resulting in color changes from red to blue, which are easily
observed by the naked eye. The distance-dependent plasmonic
absorbance shift of AuNPs has become a useful tool in the develop-
ment of colorimetric sensing of various analytes.

In this report, di-(1H-pyrrol-2-yl)methanethione (DP) func-
tionalized gold nanoparticles (DP-AuNPs) were synthesized for
detecting Cd2+. Gold nanoparticles were prepared through
the citrate-mediated reduction of HAuCl4. Di-(1H-pyrrol-2-
yl)methanethione [38,39] was  attached to the surface of AuNPs
through the sulfur linkage, and the resulting DP-AuNPs can be used
for metal ion detection (Scheme 1). Metal ions such as Ag+, Al3+,
Ca2+, Cd2+, Co2+, Cu2+, Cr3+, Fe2+, Fe3+, Hg2+, Mg2+, Mn2+, Ni2+, Pb2+,

and Zn2+ were tested for metal ion selectivity, but Cd2+ was the only
metal ion that caused aggregation of DP-AuNPs. This caused the SPR
absorption band of the DP-AuNPs to shift to a longer wavelength,
leading to a color change from red to blue. This color change can be

dx.doi.org/10.1016/j.snb.2014.04.069
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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cheme 1. Schematic depiction of the Cd2+-triggered aggregation of DP-AuNPs for
d2+ detection.

sed to detect the presence of Cd2+ ions. The plasmonic absorbance
hift at 650 nm directly indicates the degree of DP-AuNPs aggrega-
ion caused by the addition of Cd2+ ions.

. Experimental

.1. Materials

Hydrogen tetrachloroaurate(III) tetrahydrate and citric acid
ere purchased from Showa. Thiophosgene was purchased from
CROS ORGANICS. Pyrrole, Al(ClO4)3·9H2O, Cr(ClO4)3·6H2O and

risodium citrate was purchased from Alfa Aesar. AgClO4·xH2O,
a(ClO4)2·4H2O, Cd(ClO4)2·xH2O, CoCl2·6H2O, Cu(BF4)2·xH2O,
e(BF4)2, FeCl3·6H2O, Hg(ClO4)2·xH2O, Mg(ClO4)2·6H2O,
i(O2CCH3)·4H2O, Pb(ClO4)2·3H2O and Zn(BF4)2·xH2O were
urchased from Sigma–Aldrich. MnSO4·H2O was purchased from
iedel-de Haen. 4-(2-Hydroxyethyl)-1-piperazine-ethane-sulfonic
cid (Hepes) and tris(hydroxymethyl) aminomethane (Tris) were
urchased from Biobasic. 2-(N-morpholino)ethanesulfonic acid
Mes) was purchased from J.T. Baker. All the other materials were
nalytically pure and were used without further purification.
ll pure water with a resistivity of 18.2 M� cm was  provided
y a Millipore Direct-Q 3 Ultrapure Water System (Billerica,
assachusetts, USA). The synthesis and characterization of di-(1H-

yrrol-2-yl)methanethione (DP) are described in the supporting
nformation [40].

.2. Instruments

NMR  spectra were obtained on Bruker DRX-300 NMR  (Bil-
erica, Massachusetts, USA). UV–vis spectra were recorded on
gilent 8453 UV–vis spectrometer (Santa Clara, California, USA).
EM images were recorded from JEOL JEM-2010 Transmission
lectron Microscope (Tokyo, Japan). IR spectra were recorded on
omem DA8.3 Fourier transform spectrometer (Quebec, Canada).

CP-MS analysis was recorded on Perkin Elmer Sciex Elan 5000
nductively coupled plasma mass spectrometry (Waltham, Mas-
achusetts, USA).

.3. Preparation of DP-AuNPs

Gold nanoparticles were prepared by reducing HAuCl4 with
risodium citrate in the aqueous solution [41]. All glassware was
horoughly cleaned with aqua regia (3:1 HCl/HNO3) and rinsed with
illipore-Q water prior to use. Briefly, HAuCl4 (40 mL,  195 �M)  was
eated to 100 ◦C. Trisodium citrate solution (540 �L, 0.1 M)  was
dded rapidly to the solution and the mixture solution was  heated
or 2 h at the same temperature. In order to remove excess sodium
Wavenumber  (cm )

Fig. 1. FT-IR spectra of (a) DP and (b) DP-AuNPs.

citrate, the citrate-reduced Au nanoparticles were centrifuged for
15 min  (12,000 rpm) and then dissolved with Millipore-Q water.
Di-(1H-pyrrol-2-yl)methanethione (DP) solution (0.5 mL,  0.05 mM)
was added into the AuNPs solution with sonication for ligand-
exchange reaction. The excess ligands in the mixture were removed
by centrifugation for 3 times. Finally, the DP-AuNPs were collected
and stored at room temperature for further use.

2.4. Colorimetric detection of Cd2+

To a 1.0 mL  of solution containing DP-AuNPs, different metal
ions (15 �M)  were added separately. The mixtures were main-
tained at room temperature for 20 min  and then transferred
separately into 1.5-mL quartz cuvette. Their SPR absorption bands
were recorded by UV–vis spectrophotometer.

2.5. The influence of pH on Cd2+ induced aggregation of DP-AuNPs

AuNPs were added with Cd2+ (15 �M)  in 1.0 mL  aqueous solu-
tion (10 mM buffer). The buffers (10 mM)  were: pH 3–4, sodium
citrate/citratic acid; pH 4.5–6, Mes; pH 6.5–10, Hepes; pH 10–12,
Tris.

3. Results and discussion

3.1. Characterization of DP-AuNPs

Gold nanoparticles were prepared through the citrate-mediated
reduction of HAuCl4. Di-(1H-pyrrol-2-yl)methanethione (DP) was
added into the AuNPs solution as the capping agent. Transmission
electron microscopy (TEM) images revealed that the average parti-
cle size of DP-AuNPs was around 13 nm.  The maximum absorption
of the surface plasma resonance (SPR) of the AuNPs was located at
520 nm by a UV–vis spectrophotometer. The presence of DP-AuNPs
was also verified by infrared spectroscopy. As shown in Fig. 1a, the
characteristic skeleton peaks of DP were 3396, 3349, 1530, 1403,
1291, 1096, 1062, and 1025 (cm−1). In Fig. 1b, the peaks are similar
to those of DP. These results indicate that DP was  capped on the
surface of the gold nanoparticles through the Au–S bond.

3.2. Interaction of DP-AuNPs with various metal ions
To evaluate the selectivity of DP-AuNPs toward various metal
ions in an aqueous solution, the UV–vis spectra of the synthesized
DP-AuNPs were measured in the presence of metal ions such as
Ag+, Al3+, Ca2+, Cd2+, Co2+, Cr3+, Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Mn2+,
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with Cd2+ (15 �M)  in the presence of other metal ions, namely
Ag+, Al3+, Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Mn2+, Ni2+,
Pb2+, and Zn2+ at 150 �M each (Fig. 6). The plasmonic absorp-
tion shift caused by the mixture of Cd2+ with another metal ion
ig. 2. (Top) Photographic image of DP-AuNPs in the presence of various metal ion
15  �M). Buffer: 10 mM Hepes, pH 7.

i2+, Pb2+, and Zn2+. Fig. 2 shows the effect of the metal ions on
he appearance of DP-AuNPs in solution. Cd2+ was the only ion that
aused a plasmonic absorption peak to shift from 520 to 635 nm.
his red shift was  observed as a color change from red to blue. The
ther metal ions did not influence the absorption spectra, indicating
hat no aggregation occurred. The dipyrrole on DP-AuNPs functions
s a metal ion chelator. Cd2+ binding between the dipyrrole on DP-
uNPs induced the aggregation of the DP-AuNPs (Scheme 1). Fig. 3
hows a TEM image of the Cd2+-induced aggregation of DP-AuNPs.

The degree of aggregation of DP-AuNPs depended on the con-
entration of Cd2+ ions; Fig. 4 shows the plasmonic absorbance
hange on addition of different concentrations of Cd2+. The
bsorbance at 520 nm decreased with increasing Cd2+ concentra-
ion. The absorbance at 635 nm rose during Cd2+ titration as a result
f the Cd2+-induced aggregation of AuNPs. A linear relationship
etween the absorbance and the Cd2+ concentration was found
hen the concentration of Cd2+ ions was between 0.5 and 16 �M.
he limit of detection for Cd2+ was found to be 16.6 nM (see Figure
2 in the supplementary data), which is comparable with those of
reviously reported optical assays as shown in Table 1.

ig. 3. (A) TEM images of DP-AuNPs. (B) TEM images of DP-AuNPs in the presence
f  Cd2+. The scale bar is 50 nm.
�M). (Bottom) UV–vis spectra of DP-AuNPs in the presence of different metal ions

Aggregated DP-AuNPs can be redispersed by removing Cd2+

ions with EDTA; this was confirmed by the consequent plasmonic
absorption shift from 635 to 530 nm (Fig. 5). After removing the
supernatant using a centrifuge and suspending the residue in an
aqueous media, the dispersed DP-AuNPs can be reused to detect
Cd2+ (see Figure S4 in the supporting information). Through this
technique, the DP-AuNPs system can be used repeatedly for the
detection of Cd2+.

3.3. Interference studies

In order to study the influence of other metal ions on Cd2+

binding to DP-AuNPs, competitive experiments were carried out
800600400
0.0

0.4

0.8

1.2

635n m

A
bs

or
ba

nc
e

Waveleng th(nm )

Fig. 4. SPR absorption changes of DP-AuNPs in the presence of various concentra-
tions of Cd2+ (10 mM Hepes, pH 7).
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Table  1
Comparison of this work with some methods for Cd2+ detection.

Detection method Linear range (M) Limit of detection (M)  Reference

AA 8.9 × 10−9–1.7 × 10−7 1.8 × 10−9 [7]
ICPMS 1.1 × 10−9–1.3 × 10−8 7.1 × 10−10 [8]
ICP-AES 4.5 × 10−8–8.9 × 10−7 9.8 × 10−9 [9]
Organic fluorescent probe 3.2 × 10−6–3.2 × 10−4 1.2 × 10−9 [11]
Organic fluorescent probe 0–5.0 × 10−5 Not given [12]
Organic fluorescent probe Not given 1.0 × 10−9 [13]
Organic fluorescent probe 8.0 × 10−6–4.0 × 10−4 3.1 × 10−6 [14]
This method 0.5 × 10−6–1.6 × 10−5 1.7 × 10−8

Table 2
Determination of Cd2+ in lake water.

Sample Added Cd2+ (�M) Proposed methoda (�M) Recovery (%) RSDb (n = 3, %) ICP-MS method (�M)

1 3.0 2.9 96.7 4.4 3.0
2  6.0 6.1 102.4 2.1 6.1
3  9.0 9.1 

a By using DP-AuNPs.
b RSD is the abbreviation of relative standard deviation.

Fig. 5. Reversible binding of Cd2+ with DP-AuNPs in aqueous solutions (10 mM
HEPES, pH 7.0). (a) The black line is the UV–vis spectrum of DP-AuNPs. (b) The
blue  line is the UV–vis spectrum of DP-AuNPs in the presence of Cd2+ (15 �M).  (c)
The red line is the UV–vis spectrum of DP-AuNPs in the presence of Cd2+ (15 �M)
followed by addition of EDTA (1 mM).  (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of this article.)

Cd(II) Ag(I) Al(II I)Ca(II)Co(II)Cr(III )Cu(II) Fe(II)Fe(III)Hg(II)Mg(II)Mn (II) Ni (II) Pb(II ) Zn(II)
0.0

0.4

0.8

1.2

A
63

5/A
52

0

Fig. 6. Absorbance ratio (A635/A520) of DP-AuNPs in the presence of different metal
ions.  Black bars represent the addition of a single metal ion (150 �M);  red bars
represent a mixture of Cd2+ (15 �M)  with another metal ion (150 �M).
101.2 1.1 8.9

was similar to that caused solely by Cd2+. This indicates that the
other metal ions did not interfere in the binding of DP-AuNPs with
Cd2+. This finding is consistent with previous studies suggesting
that Cd2+ is the only metal ion that can induce the aggregation of
DP-AuNPs.

3.4. Influence of pH on Cd2+-induced aggregation of DP-AuNPs

To investigate the pH range over which DP-AuNPs can effec-
tively detect Cd2+, a pH titration of DP-AuNPs was carried out.
In Fig. 7, the absorbance ratio (A635/A520) of DP-AuNPs was low
and constant over the pH range of 4–12. This indicates that the
DP-AuNPs were stable in the pH range of 4 to 12. When the
pH was lower than 4, the absorbance ratio (A635/A520) of DP-
AuNPs increased. Under acidic conditions (pH 3), protonation on
DP resulted in the aggregation of AuNPs. The influence of pH on
the Cd2+-induced aggregation of DP-AuNPs is also shown in Fig. 7;
addition of Cd2+ resulted in a high absorbance ratio (A635/A520) over
a pH range of 4–9.5. At pH > 10, the absorbance ratio (A635/A520)
decreased due to the formation of colloidal Cd(OH) [42]. There-
2
fore, the optimal pH range for detecting Cd2+ by DP-AuNPs is
4–9.5.

2 4 6 8 10 12
0.0

0.4

0.8

1.2

1.6

DP-AuNPs

DP-AuNPs  + Cd2+

A
63

5/A
52

0

pH

Fig. 7. Influence of pH on the UV–vis spectra of DP-AuNPs in the absence and pres-
ence of Cd2+ (15 �M).
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.5. Application to the analysis of lake samples

To verify the practical application of DP-AuNPs, water sam-
les from different lakes in Hsinchu, Taiwan were collected. All
he water samples were filtered through a 0.2 �m membrane and
hen spiked with different amounts of a Cd2+ standard solution. A
alibration curve of DP-AuNPs plasmonic absorption shifts in the
resence of different Cd2+ concentrations was prepared (see Figure
5 in the supplementary data). The analytical results are shown
n Table 2. The recovery values ranged from 96.7% to 102.4%, with
he relative standard deviation (RSD) lower than 4.4%. The results
btained by DP-AuNPs are in good agreement with those obtained
y ICP-MS. As a result, DP-AuNPs could be applied to detect Cd2+

ons in complex aqueous solutions. Compared with other methods
or Cd2+ ion detection, this probe showed a lower cost and better
erformance.

. Conclusion

This report demonstrated that DP-AuNPs can be used to detect
d2+ ions effectively. Cd2+ was the only metal ion that induced
ggregation of DP-AuNPs, resulting in a color change from red to
lue and a corresponding plasmonic absorption shift from 520 to
35 nm.  The optimal pH range for Cd2+ detection using DP-AuNPs
as determined to be from 4 to 9.5. In addition, DP-AuNPs can be
sed to detect Cd2+ in environmental samples.
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