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ABSTRACT: A facile colorimetric sensor array for detection of multiple
toxic heavy metal ions (Hg2+, Cd2+, Fe3+, Pb2+, Al3+, Cu2+, and Cr3+) in water
is demonstrated using 11-mercaptoundecanoic acid (MUA)-capped gold
nanoparticles (AuNPs) and five amino acids (lysine, cysteine, histidine,
tyrosine, and arginine). The presence of amino acids (which have functional
groups that can form complexes with metal ions and MUA) regulates the
aggregation of MUA-capped particles; it can either enhance or diminish the
particle aggregation. The combinatorial colorimetric response of all channels
of the sensor array (i.e., color change in each of AuNP and amino acid
couples) enables naked-eye discrimination of all of the metal ions tested in
this study with excellent selectivity.
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Toxic heavy metal ions (e.g., Hg2+, Pb2+, Cd2+) can cause
serious environmental and health problems at even very

low concentrations. Humans and other living organisms can be
exposed to the toxic metal ions through water, air, soil, and
food.1,2 Therefore, reliable detection of toxic metal ion levels in
these sources is important for improving the public health and
controlling the environmental pollution. Common methods for
the detection of metal ions are mostly spectroscopy based
techniques such as atomic absorption, ion-coupled-plasma,
inductively coupled plasma emission, and inductively coupled
plasma mass spectroscopies.3−5 However, these methods
require intense technical training because of their complicated
procedures, and they are expensive and time-consuming.
Recently, metal nanoparticle (mostly gold or silver) based

colorimetric assays for toxic metal ion detection have been
emerged as a simple and low-cost alternative of spectroscopy
based methods.6−13 These assays are based on controlled
aggregation of surface modified (with aptamers, peptides etc.)
metal nanoparticles in the presence of metal ions. Aggregation
of metal nanoparticles in the presence of analyte ions changes
the color of nanoparticles solution. Therefore, rapid and
sensitive detection of metal ions without the need of any
equipment (i.e., naked eye observation of color changes) or
using a simple UV−vis absorption spectrophotometer can be
achieved. Although many successful colorimetric probes have
been reported for detection of single specific metal ions;
colorimetric sensor arrays that are capable of detection of
multiple metal ions are very rare.3,14,15 One example of such
colorimetric assays is reported by Kim et al.3 which uses simple
MUA-capped AuNPs for simultaneous detection of Hg2+, Pb2+,
Cd2+ ions through ion-templated chelation process between

these divalent metal ions and carboxyl groups of MUA
molecules. However, the assay lacks of selectivity between the
metal ions. Same problem is applicable for the other multiple
metal ion colorimetric assays.
In this paper, we describe a colorimetric sensor array that is

capable of discrimination of seven metal ions (Hg2+, Cd2+, Fe3+,
Pb2+, Al3+, Cu2+, and Cr3+) simultaneously with excellent
selectivity. The colorimetric assay is based on metal ion induced
aggregation of MUA-capped AuNPs in the presence of different
amino acids (lysine, cysteine, histidine, tyrosine, and arginine).
Amino acids were used because they can bind AuNPs through
their amino groups and also can form complexes with metal
ions through their carboxyl and amino groups.3,10,16,17 In
addition, their side chains may also contain functional groups
that have affinity to both AuNPs and metal ions; for example
mercapto group of cysteine or second amino group of lysine.
Accordingly, use of amino acids provides the selectivity by
interacting AuNPs and metal ions with many different
pathways. Each of the amino acids and MUA-capped AuNPs
forms a distinct sensor element of the colorimetric array. We
observed that presence of amino acids can either enhance or
diminish the metal induced aggregation. Aggregation of AuNPs
changes the color of nanoparticle solution from red to purple or
blue.7 Therefore, by analyzing the combinatorial colorimetric
response (e.g., using hierarchical cluster analysis or simply by
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naked-eye) of the each sensor element, it is possible to
discriminate all of the seven metal ions tested in this study.
The binding ability of amino acids onto the surface of MUA-

capped AuNPs were investigated using Raman spectroscopy
and zeta potential measurements. In order to obtain the Raman
spectra, we incubated the AuNPs with amino acids for
approximately 15 min and washed the AuNPs several times
in order to remove the unbound amino acids. Then, we dried
the solutions onto the glass substrates and collected Raman
spectra of AuNPs. The Raman peaks corresponding to the
organic groups18 (e.g., −CH2− and −COOH) increased
significantly after interacting the AuNPs with amino acids
(see the Supporting Information, Figure S1) indicating the
amino acid binding to the AuNP surface. In addition, zeta
potential measurements showed that after amino acid treatment
zeta potential of the AuNPs become more negative which also
points out the amino acid binding to the surface (see the
Supporting Information, Table S1). Amino acids can easily bind
onto the AuNP surfaces through their amino groups.19

In the colorimetric assay, many different interactions
between AuNPs, amino acids, and metal ions are possible
(Scheme 1). The results of Raman spectroscopy and Zeta

potential measurements indicated that amino acids can bind to
the MUA-capped AuNP surfaces and form mixed ligand
surfaces. Accordingly, we considered that some of the amino
acids attached to the surface of AuNPs and some are free in the
solution and we proposed the following mechanisms. First of
all, there may be no interaction with AuNPs and they are not
aggregated (Scheme 1a). Note that in this scenario, there may
be interaction between amino acids and metal ions but in the
both cases AuNPs well-dispersed in the solution. In the second
mechanism, metal ions can induce the aggregation of AuNPs
(Scheme 1b) and result in a color change. Here, presence of
amino acids has no effect on the colorimetric response. In the
third scenario, amino acids can interact with metal ions that
normally aggregate AuNPs and prevent the aggregation

(Scheme 1c). Lastly, metal ions and amino acids can co-
contribute the aggregation of AuNPs (Scheme 1d). Also,
mechanisms related with amino acid induced aggregation of
AuNPs can be proposed. However, in our experimental
conditions, amino acids did not cause aggregation of AuNPs
in the absence of metal ions; therefore mechanisms related with
amino acid induced aggregation are not applicable for our
colorimetric array. In addition, structure of MUA-capped
AuNPs and some possible interactions between functional
groups and metal ions were demonstrated in Figure S2 (see the
Supporting Information).
Figure 1 shows the response (i.e., extinction at 625 nm/525

nm; Ex625/525) of the colorimetric assay against seven metal ions
(Hg2+, Cd2+, Fe3+, Pb2+, Al3+, Cu2+, and Cr3+) at different
concentrations between 2 and 50 μM. The representative UV−
vis spectra of AuNPs in the presence of Cd2+ (20 μM) and
lysine are given in Figure S3 (see the Supporting Information).
There was only a slight change in the UV−vis spectra of AuNPs
in the presence only Cd2+ and Ex625/525 value is almost same
with the blank control. In the presence of both lysine and Cd2+,
on the other hand, absorption at around 625 nm increased,
which indicates the aggregation of AuNPs6 and accordingly
colorimetric response is increased significantly which can be
also observed from Figure 1. The aggregation of AuNPs was
also investigated using TEM (see the Supporting Information,
Figure S4). In the absence of lysine and Cd2+ AuNPs were well-
separated and dispersed onto the TEM grid (see Supporting
Information, Figure S4a); however in the presence of lysine and
Cd2+ AuNPs aggregated and formed large clusters (see the
Supporting Information, Figure S4b).
The average particles size of AuNPs was calculated to be 29.8

± 5.3 nm from TEM images (see the Supporting Information,
Figure S4a). AuNP concentration in the assay is 0.1 nM (which
was calculated according to a previous report using the TEM
size of particles20) and amino acid concentration is 50 μM for
cysteine and 200 μM for other amino acids. Amino acid
concentrations were selected to ensure no aggregation of
AuNPs in the absence of metal ions (see the Supporting
Information, Figures S5 and S6). We studied the effect of
amino acid concentration on the aggregation of AuNPs in the
concentration range of 0 to 500 μM. It was observed that
expect cysteine none of the amino acids cause significant
aggregation of AuNPs; Ex625/Ex525 values remained almost
unaffected. For cysteine, on the other hand, a concentration-
dependent aggregation and increase in Ex625/Ex525 value was
observed. Nevertheless, up to a concentration of 100 μM
cysteine did not cause significant aggregation. Accordingly, we
selected the amino acid concentrations as 50 μM for cysteine
and 200 μM for other amino acids (see the Supporting
Information, Figure S5). In addition, we studied the stability of
the amino acid (above selected amino acid concentrations were
used) added AuNP solutions for 1 h. No aggregation was
observed even after 1 h (see the Supporting Information,
Figure S6). In addition, to investigate effect of salinity on the
response of AuNPs, we added different amounts of phosphate
buffered saline (PBS) (pH 7.4, 10 mM) on to the MUA-capped
AuNPs. It was observed that above the final PBS concentration
of 2 mM AuNPs aggregated and Ex625/525 values gradually
increases with the increasing PBS solution (see the Supporting
Information, Figure S7). Nevertheless, the assay can be used in
mild salinity conditions. Also, it is important to note that MUA-
capped AuNPs were stable at least for two months at 4 °C.

Scheme 1. Schematic Representation of Proposed Metal
Ions, Amino Acids, and AuNP Interactions: (a) No
Interaction, (b) Metal Ions Induce the Aggregation of
AuNPs, (c) Amino Acids Interact with Metal Ions and
Prevent Aggregation of AuNPs; and (d) Metal Ions and
Amino Acids Co-Contribute the Aggregation of AuNPs
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All proposed mechanisms of AuNP aggregation can be
observed from Figure 1. For example, in the presence of lysine
and 10 μM of Hg2+, the response of the assay is similar to the
blank (i.e., only AuNPs) which indicates that MUA-capped
AuNPs are not aggregated (proposed mechanism a). In the
presence of 20 μM of Cr3+, AuNPs aggregate independent from
the presence of cysteine, which can be given as an example of
mechanism b. In the presence of 20 μM Cu2+, AuNPs
aggregate; however, when tyrosine is in the solution, no
aggregation is observed and the response of the assay remains
unchanged (proposed mechanism c). Lastly, in the absence of
arginine 10 μM Cd2+ does not interact with MUA-capped

AuNPs, whereas the aggregation is observed if arginine was
added (proposed mechanism d).
The colorimetric sensor array enables naked eye discrim-

ination of the seven metal ions. For instance, Figure 2a shows a
representative photograph of the colorimetric array response
against 20 μM of metal ions. As it can be clearly seen from the
photograph each of the metal ions produce different color
pattern. We observed that some metal ions produce more
colorimetric response (i.e., changing the original red color of
AuNPs in more channels) than others. For example, Pb2+ and
Cr3+ promoted aggregation at five of the six channels; on the
other hand addition of Al3+ produced slight color change at
only one of the channels. In addition, we tested nine more

Figure 1. Effect of metal ion concentration (0−50 μM) on the response (Ex625/Ex525) of the colorimetric sensor array. (a) Hg
2+, (b) Cd2+, (c) Fe3+,

(d) Pb2+, (e) Al3+, (f) Cu2+, and (g) Cr3+.
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metal ions (Ag+, Ca2+, Zn2+, Co2+, Ni2+, Sr2+, K+, Na+, Fe2+) and
their mixtures with the assay. We observed that none of these
metal ions produce significant color change (i.e., response) in
any channel (see the Supporting Information, Figure S8). It is
important to note that, the response of the assay against the
same metal ion with different valence numbers is different. For
example, for iron ions; Fe3+ produced colorimetric response in
three channels of the assay (Figure 2), whereas Fe2+ did not
produce any response (see the Supporting Information, Figure
S8). This result indicate that the colorimetric assay can be also
used for discriminate the metal ions with different valence
numbers.
The different affinity of the metal ions with the colorimetric

sensor array can be explained with the difference in chelate

formation capability of metal ions with carboxyl groups of
MUA molecules and functional groups (amino, carboxyl, thiol
etc.) of amino acids.21 The colorimetric response of the array
against metal ions in Figure 2a can be also expressed as color
mapping using simple software for clearer representation.
Figure 2b shows blue-scale color map of averaged response
from three separate measurements of the array against 20 μM
of each metal ion. The color map demonstrates the excellent
discrimination among all tested metal ions.
To demonstrate reproducibility of the colorimetric sensor

array response, a hierarchical cluster analysis (HCA) was
performed using the Euclidean algorithm (see the Supporting
Information for details).22,23 Figure 3 shows the results of HCA
analysis of the array response against metal ions at different

Figure 2. (a) Representative photograph of the colorimetric sensor array response against 20 μM of metal ions. (b) Blue-scale representation of the
colorimetric sensor array response. White corresponds to no aggregation and blue corresponds to aggregation of AuNPs.

Figure 3. Hierarchical cluster analysis of colorimetric sensor array of seven different metal ions at different metal ion concentrations: at (a) 2, (b) 10,
(c) 20, and (d) 50 μM.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am5071283 | ACS Appl. Mater. Interfaces 2014, 6, 18395−1840018398



concentrations for three separate experiments. The dendrogram
demonstrates that at high metal ion concentrations (20 and 50
μM) all of the metal ions can be successfully identified without
a mistake for all of the three separate experiments indicating the
good reproducibility of the colorimetric sensor array. At low
concentrations (2 and 10 μM), on the other hand, response of
some metal ions interfere with each other; at 2 μM, only 2 of 7
metal ions, and at 10 μM, 4 of 7 metal ions can be identified. In
addition, we performed HCA analysis for the averaged response
of all concentrations between 2 μM and 50 μM (using the data
represented in Figure 1). There is good discrimination between
most of the tested solutions especially at high metal ion
concentrations (see the Supporting Information, Figure S9). At
low concentrations (2 and 10 μM) of weakly responsive metal
ions (e.g., Hg2+, Fe2+ and Cu2+), discrimination (e.g., difference
from the response of blank) is not very clear. Nevertheless, the
colorimetric sensor array can identify most of the cases
depending on the metal ion concentration and responsivity.
Lastly, we tested binary and ternary mixtures of three metal

ions (Hg2+, Cd2+, Fe3+) with the colorimetric assay. The assay
successfully discriminate the all combinations (Figure 4). One

can expect that in the presence of two metal ions the response
of the colorimetric assay should be the addition of their
responses with the assay. Although this is true for most of the
cases, we observed that for some cases it is more complicated
(Figure 4a). For example, when there was only Cd2+ present in
the assay, color change in the lysine channel was observed.
Interestingly, presence of Hg2+ prevents the colorimetric

response of Cd2+ in this channel. Whereas, presence of Fe3+

has no effect on the colorimetric response of Cd2+ in the lysine
channel.
In conclusion, we have demonstrated a colorimetric sensor

array that can simultaneously detect and identify several heavy
metal ions (Hg2+, Cd2+, Fe3+, Pb2+, Al3+, Cu2+, and Cr3+) in
aqueous media, to our knowledge for the first time. The
colorimetric sensor array utilizes MUA-capped AuNPs and
amino acids. In the absence of amino acids MUA-capped
AuNPs are aggregated by most of the studied metal ions. The
presence of amino acids (lysine, cysteine, histidine, tyrosine,
and arginine) either enhances or prevents the aggregation of
the MUA-capped AuNPs. The possible mechanisms of
aggregation/colloidal stability were discussed. By analyzing
the combinatorial response of the array components (i.e., each
AuNP and amino acid couple), all of the tested metal ions can
be discriminated in a broad concentration range. This
concentration range is highly dependent to the responsivity
(i.e., ability to induce aggregation of AuNPs) of the metal ions.
For example, highly responsive Pb2+ ions can be identified
between 2 and 50 μM; on the other hand, weakly responsive
Fe3+ ions can be identified at the concentrations above 10 μM
(see the Supporting Information, Figure S9). In addition, the
response of the colorimetric sensor array is highly reproducible;
it discriminated all tested metal ions for three separate
experiments without a mistake at the metal ion concentration
of 20 μM. Although the reached sensitivity (low μM level)
using MUA-capped AuNPs does not satisfy the needed
detection limit (around low nM level) for real-world
applications, it is possible to design colorimetric arrays for
metal ion detection from real samples using simply metal
nanoparticles that are capped with different ligands (peptides,
aptamers, citrate, etc.) according to the general method
described in this study. In addition, we believe that the
introduced straightforward colorimetric detection method can
be easily adopted to other metal ions and as well as other
chemical sensing platforms including proteins, peptides sugars,
and organic contaminants.
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