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A cross-reactive sensor array using mercaptopropionic acid modified cadmium telluride (CdTe),
glutathione modified CdTe, poly(methacrylic acid) modified silver nanoclusters, bovine serum albumin
modified gold nanoclusters, rhodamine derivative and calcein blue as fluorescent indicators has been
designed for the detection of seven heavy metal ions (Ag*, Hg?*, Pb?>*, Cu?*, Cr*+, Mn?* and Cd?*).
The discriminatory capacity of the sensor array to different heavy metal ions in different pH solutions
has been tested and the results have been analyzed with linear discriminant analysis. Results showed
that the sensor array could be used to qualitatively analyze the selected heavy metal ions. The array
performance was also evaluated in the identification of known and unknown samples and the
preliminary results suggested the promising practicability of the designed sensor assay.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The optical sensing arrays, different from the traditional “lock-
and-key” principles in sensor design, involve multiple differential
binding interactions between multiple cross-reactive indicators
and the analytes, and are capable to simultaneously assess multi-
ple chemical information [1,2]. They display many advantages of
high selectivity, high sensitivity, low cost and easy operation. In
addition, chemometrics, based on a dataset involving hundreds to
thousands of variables, and hundreds to thousands of cases or
observations, has been widely applied to solve both descriptive
and predictive problems in chemistry. Therefore, combining opti-
cal sensing arrays with chemometrics analysis technology, the
qualitative analysis of various analytes including volatile organic
compounds [3], protein [4,5], amine acid [6], aptamers [7], anions
[8,9], heavy metal ions [10-12] have been successfully achieved.

Heavy metal ions are ubiquitous in agricultural, industrial and
drinking water, thus constituting a serious environmental problem
in many countries. Unlike other pollutants, heavy metal ions are
difficult to be degraded but easy to be enriched in the human body
through the food chain, with the resulting in many disorders in
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plants and animals [13-16]. Public health concerns are trying to
remediate, control and minimize such pollution as much as
possible, but water pollution is still serious in the world. From
an eco-toxicological point of view, it is imperative to develop
sensitive and selective methods for detecting heavy metal ions at
low level in the environment. Common techniques for the deter-
mination of heavy metal ions include atomic absorption spectro-
metry [17], plasma spectroscopy [ 18], atomic fluorescence method
[19], ion chromatography [20] and electrochemical methods [21].
Although all of them have acceptable sensitivity and selectivity,
they involve rather cumbersome operating conditions, special
instruments and high cost, which limit their widespread applica-
tion. Moreover, the major danger of heavy metal ions in the
environment toward humans is attributed to the synergistical
consequence of the co-existing heavy metal ions. It is of limited
value to selectively determine only one type of heavy metal ion in
practical applications and, therefore, it is important to develop
new methods for the simultaneous determination of a variety of
heavy metal ions in environmental samples.

Fluorescent sensor arrays hold promise to be such a technique
due to their superiorities of low cost, high sensitivity and selectiv-
ity [22]. Up to now, unfortunately, the most available sensing
indicator is commercial or custom organic dyes. Compared with
these organic dyes, fluorescent nanomatetials, like semiconductor
quantum dots and fluorescent noble metal nanoclusters, with
stable fluorescence intensity, high photostability against photo-
bleaching and color tenability, have been adopted for the detection
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of single heavy metal ion [23,24]. To the best of our knowledge,
however, there is rare sensing array introduced semiconductor
quantum dots and noble metal nanoclusters as sensing indicators
though these nanostructured fluorescent materials show high
selectivity to heavy metal ions.

In our work, two semiconductor quantum dots (3-mercaptopro-
pionic acid modified cadmium telluride (CdTe@MPA), glutathione
modified CdTe (CdTe@GSH)) and two noble metal nanoclusters (poly
(methacrylic acid) modified silver nanoclusters (AgNCs@PMAA) and
bovine serum albumin modified gold nanoclusters (AuNCs@BSA))
were prepared. Two organic dyes, rhodamine derivative (RHD) and
calcein blue (CB), were used as fluorescent indicators in a fluorescent
cross-reactive sensor array for the determination of seven heavy
metal ions (Ag*, Hg?*, Pb?*, Cu?*, Cr’*, Mn?* and Cd?*). The
carboxyl group, amine group and thiol group in the fluorescent
indicators are beneficial to discriminate heavy metal ions.
The response characteristics were then evaluated with a chemical
statistical analysis technology at different pH values and ion con-
centrations. Experimental results show that the proposed fluores-
cence cross-reactive sensing array possessed practical applicability
and was suitable for the chosen heavy metal ions.

2. Experimental

2.1. Chemicals and solutions

BSA was purchased from Sangon Company (Shanghai, China),
PMAA (USA) and CB (Japan) were obtained from Sigma-Aldrich.
The other reagents were from the Sinopharm Chemical Reagent
Company (Shanghai, China). All chemicals were used without
further purification. The ultrapure water (18.2 MQ) used in all
experiments was obtained from a Millipore purification system.

Preparation of 20 mmol L~! 4-(2-hydroxyerhyl) piperazine-1-
erhaesulfonic acid (HEPES) buffer solution: 2.408 g HEPES was
dissolved with 300 mL ultrapure water and the pH was adjusted to
7.0 with 1 molL~! NaOH. Finally, the mixture was diluted to
500 mL and kept in a refrigerator at 4 °C.

A 10 mmol L~! stock solution of each heavy metal ion was
prepared by dissolving their nitrates with water and the pH of the
solutions was adjusted with proper buffer solution following the
preparation of standardized metal ions solution. Then solutions of
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lower concentration were prepared by diluting the stock solutions
with water.

2.2. Apparatus

UV-vis absorption and fluorescence spectra were obtained
using a UV2300 spectrophotometer (Techcomp) and an F-4500
spectrophotometer (Hitachi), respectively. The solution pH was
adjusted with a commercial digital acid meter (CyberScan pH 510).
An EOS5D Mark Il camera (Canon, Japan) was used to record the
color change under an irradiation at 365 nm during the experi-
ment. Ultrapure water was supplied from a WRG600A ultrapure
water purifier (Millipore Limited Company, USA). An LWMC-205
microwave oven (Nanjing Xuanguang Technology Limited Com-
pany, China), and an IKA heating magnetic whisk (Sea Princeton
Biotechnology Development Limited Company) were also used for
the synthesis of fluorescent indicators in the experiment.

2.3. Synthesis of fluorescent indicators

2.3.1. Synthesis of CdTe@MPA

Based on the Refs. [25,26], 0.6 mmol CdCl; - 6H,0 and 1.44 mmol
MPA as the stabilizer were dissolved in 50 mL ultrapure water, and
then the solution pH was adjusted from 9 to 11 using 1.0 mol L~!
NaOH. The solution was degased with N, for 30 min. Then 0.3 mmol
Te and 0.7 mmol NaBH, were added, and a colorless NaHTe solution
was obtained while stirring. H,Te was obtained by the addition of
H,SO,4 into the NaHTe solution, and the solution color changed
to yellow. The obtained solution was then placed into a micro-
wave digestion furnace (250 W) and refluxed for 10 min to obtain
CdTe@MPA. After cooling to room temperature, the solution was
stored in a refrigerator at 4 °C.

2.3.2. Synthesis of CdTe@GSH

The carboxyl group, amine group and thiol group in GSH
facilitate it to react with metal ions. Herein, 0.6 mmol CdCl, - 6H,0
and 2.4 mmol GSH were dissolved in 50 mL ultrapure water, and
the following steps were the same as those in Section 2.3.1 except
that the refluxing time was 60 min. Then the CdTe@GSH solution
was again stored in a refrigerator at 4 °C.
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Fig. 1. Normalized absorption (dash dot line), fluorescence excitation (dashed line) and emission (solid line) spectra of (a) CdTe@MPA and (b) CdTe@GSH.
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Fig. 2. Normalized absorption (dash dot line), fluorescence excitation (dashed line) and emission (solid line) spectra of (a) AgNCs@PMAA and (b) AuNCs@BSA.
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Fig. 3. Normalized absorption (dash dot line), fluorescence excitation (dashed line) and emission (solid line) spectra of (a) CB and (b) RHD.

2.3.3. Synthesis of AgNCs@PMAA

In view of the abundant carboxyl group in PMAA, PMAA has been
proven to be a versatile template for the preparation of AgNCs,
herein, AgNCs@PMAA was prepared according to the previous report
[27]. First, 2.5 mL PMAA-Na solution (40%) was added to freshly
prepared 50 mL 50 mmol L~! AgNO; aqueous solution. The mixture
was stirred vigorously to acquire a transparent homogeneous solu-
tion, and it was then transferred to a reaction tube and placed inside
a microwave digestion furnace. Under microwave irradiation (200 W)
and keeping the reaction solution refluxing, the reaction was stopped
within 70s. After cooling to room temperature, the solution was
stored in a refrigerator at 4 °C. In addition, the pH of the dispersion
was adjusted to the required value by adding HNO3; or NaOH.

2.3.4. Synthesis of AuNCs@BSA

According to Xie's work [28], functional protein BSA was used
as a scaffold for sequestering and interacting with inorganic ions
to form products, and there are much carboxyl groups and amine
groups in BSA protein benefit to the recognition of heavy metal
ions in the following experiment. Typically, 25 mL 10 mmol L'
HAuCl, was added to 25 mL 50 mg mL~' BSA aqueous solution

Blank Ag' Hg* Cu* Pb* Cr'* Mn* Cd*

RHD
AgNCs@PMAA
AuNCs@BSA

CB
CdTe@MPA

CdTe@GSH

Fig. 4. Color of fluorescent indicators before and after exposure to heavy metal ions
under 365 nm UV light in the HEPES buffer solution of pH 7.0 (the concentration of
each heavy ion was 10 pmol L.

with vigorous stirring. 0.5mL 1 molL~' NaOH was introduced
2 min later. The reaction was allowed to proceed under vigorous
stirring at 37 °C for 12 h.
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In a typical synthesis [29], 0.10 mL hydrazine monohydrate was
added to 300 mg Rhodamine 6G in 2.0 mL MeOH. The reaction
solution was refluxed for 6 h and diluted with 30 mL EtOAc. The
solution was then washed with 10 mL H,0 and 10 mL 1 mol L~
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NaOH. The organic phase was dried over MgS0O,4, concentrated
and column chromatographed on silica-gel (elution with hexanes:
CH,Cl;:MeOH=10:2:1) to give Rhodamine 6G hydrazide. Then,
200 mg Rhodamine 6G hydrazide in 1.5 mL DMF was added
to a solution of 0.1 mL phenyl isothiocyanate in 1.5 mL DMF. The
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Fig. 5. Fluorescence spectra of fluorescent indicators to heavy metal ions in the HEPES buffer solution of pH=7.0 ((a) CdTe@GSH, (b) CdTe@MPA, (c) AgNCs@PMAA,
(d) AUNCS@BSA, (e) RHD, (f) CB. The concentration of each heavy ion was 10 pmol L~ 1).
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reaction mixture was stirred for 6 h at room temperature. After the
solvent was evaporated under reduced pressure, the crude product
was column chromatographed on silica-gel (elution with hexanes:
EtOAc:CH,Cl,=4:1:1) to give RHD.

2.3.6. Preparation of RHD and CB solution
10 pmol L~! RHD and CB solution were prepared with HEPES
pH 7.0 buffer solution.
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3. Results and discussion
3.1. Optical properties of fluorescent indicators

Previous works have reported that CdTe quantum dots possess
large Stokes’ shift, narrow and tunable emission peak and good
stability [30,31]. In our work, the synthesized CdTe@MPA and
CdTe@GSH displayed strong absorption in the UV region. They
exhibited bright green and red fluorescence under UV-irradiation,
with a maximal excitation wavelength/maximal emission wave-
length (Aex/Aem) at 318/515nm and 316/608 nm, respectively
(Fig. 1).

Metal nanoclusters, composed of a few to a hundred atoms,
exhibit dramatically different optical, electrical and chemical
properties due to their dimensions approaching the Fermi wave-
length of the electrons [32]. Compared with semiconductor
quantum dots, metal nanoclusters are more suitable for biological
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Fig. 7. Response of sensor array to heavy metal ions in pH 5-7 (the concentration of each heavy metal ion was 10 pmol L~ 1).
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CB and RHD emitted blue and pale yellow fluorescence under
UV lamp with their corresponding Aex/Aem Of 326/442 nm and
533/553 nm.

3.2. Fluorescence spectra of the fluorescent indicators to heavy metal
ions

The selectivity of fluorescent indicators to heavy metal ions is
an important factor in the designed sensor array. As shown in
Fig. 4, the color change of the sensor array to heavy metal ions
under 365 nm UV light could be observed with the naked eyes.
In addition, Fig. 5 indicates that most heavy metal ions quenched
the fluorescence of the fluorescent indicators while the fluor-
escence enhancement occurred in the presence of Cd?* for
CdTe@GSH (a), Ag™ and Cr>* for AUNCs@BSA (d), and Hg?* for
RHD (e). Besides, Cu?>* and Hg?* quenched the fluorescence of
CdTe@MPA, CdTe@GSH, AgNCs@PMAA, AuNCs@BSA and CB, while
Hg?* enhanced the fluorescence of RHD. As a result, the designed
sensor array could be used to distinguish Cu?* and Hg?™*.

3.3. Effect of pH

Previous work shows that fluorescent materials are pH-sensitive
[33,34], and so, the possible effect of pH ranging from 1 to 14 on the
six fluorescent indicators of the sensor array was investigated and
analyzed using statistical software SPSS 20.0. Linear discriminant
analysis (LDA) is a method usually used for dimensionality reduction
and classification to give the similarities and differences in the
responses between samples. Also, as a supervised method it provides
clear information about clustering of the data. For a defined group
classes, LDA aims to maximize the ratio of the between-the-class
distance to the within-the-class distance, thus, maximizing the class
discrimination. By plotting discriminant scores against the canonical
roots, the LDA also provides a graphical output, which shows clusters
of similar data, and attests to the degree of discrimination by the
array [9]. Therefore, LDA was been used to analyze the responses of
the sensor array in pH values ranging from 1 to 14. As indicated in
Fig. 6, the effect of pH could be divided into five parts: pH (1 to 2), pH
(3to4), pH (5t09), pH (10 to 12) and pH (13 to 14). The third part
covered a large range probably due to the deprotonation of the
fluorescent indicators varying with the pH from 5 to 9. When the pH
value was higher than 9, the heavy metal ions were in the form of
poorly water-soluble metal salts or the hydroxide and the deproto-
nation of the fluorescent indicators affected the response of the
sensitivity of the sensor array, while the sensor array was influenced
by the protonation effect when the pH was lower than 4. As a result,
a pH value in the range of 5 to 7 was suitable for sensing and was
used in the following experiments.

In consideration of its potential applications, the effect of pH
ranging from 5 to 7 on the sensor array responding to heavy metal
ions was examined and analyzed with statistical software SPSS
20.0. For each pH, a data set corresponding to seven cations
(five trials) was generated and LDA was applied separately to each
data set (Fig. 7). As shown in Fig. 7, some heavy metal ions such
as Cu?*, Cr** and Mn2* presented similar response to the
sensor array at different pHs, while other ions displayed different
responses at each pH, especially for Hg?*. In addition, the heavy
metal ions were separated obviously from each other in the pH
range 5-7, especially at pH 7.

3.4. Sensing of the heavy metal ions

Encouraged by the above results, the qualitative analysis ability
of the designed sensor array was evaluated by investigating the
responses of the sensor array to known and unknown samples.
Since this work aims to synchronously qualitative analysis for
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Fig. 8. LDA of known and unknown sample (hollow circle: known sample, solid
circle: unknown sample).

several heavy metal ions, to reduce the interfering during the
detection, for an unknown sample, some pretreatments were
carried out before the detection such as removing solid impurities,
masking some possible interfering cations and anions previously
reported [23,24,27,29]. LDA was used to qualitatively differentiate
the fluorescence response of the fluorescent indicators with
heavy metal ions. All five replicates of the seven heavy metal ions
were grouped and scores of the two factors were plotted. The
results showed that the plots ascribed to Pb®* and Cr*>* partly
overlapped, suggesting that Pb>* could not be distinguished from
Cr3+. While the other heavy metal ions were separated from each
other, demonstrating the excellent distinguishing ability of the
designed sensor array (Fig. 8).

4. Conclusions

A cross-reactive sensor array was designed for the detection of
seven heavy metal ions using CdTe@MPA, CdTe@GSH, AgNCs@P-
MAA, AuNCs@BSA, RHD and CB as fluorescent indicators. The
effect of pH on the fluorescent sensor array and its response to
the heavy metal ions were studied in this work. The experimental
results analyzed with LDA show that the designed sensor array
possessed qualitative analysis ability to heavy metal ions. This
work offers the possibility of applying the N x N cross-reactive
sensor array to detect heavy metal ions in natural water samples.
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