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a b s t r a c t

A fluorometric paper-based sensor array has been developed for the sensitive and convenient

determination of seven heavy-metal ions at their wastewater discharge standard concentrations.

Combining with nine cross-reactive BODIPY fluorescent indicators and array technologies-based

pattern-recognition, we have obtained the discrimination capability of seven different heavy-metal ions

at their wastewater discharge standard concentrations. After the immobilization of indicators and the

enrichment of analytes, identification of the heavy-metal ions was readily acquired using a standard

chemometric approach. Clear differentiation among heavy-metal ions as a function of concentration was

also achieved, even down to 10�7 M. A semi-quantitative estimation of the heavy-metal ion concentra-

tion was obtained by comparing color changes with a set of known concentrations. The sensor array was

tentatively investigated in spiked tap water and sea water, and showed possible feasibility for real sample

testing.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

With almost the world’s largest population and a huge
industrial system, China is undergoing an unprecedented process
of rapid industrialization. As this industrialization goes on, var-
ious forms of pollution have increased, which has caused wide-
spread environmental and health problems. Among all these
pollutions, China’s water pollution, seriously contaminated by
industrial discharges, has been increasing most notably with its
industrialization [1].

Heavy metals, by definition, are metals with a density 45 g/
cm3. The increasing concern for the impact of heavy metals has
stimulated active investigations. These heavy metals arise mainly
from industrial wastewater and exist in cationic forms. While low
concentrations of heavy-metal ions may not pose immediate
danger, they tend to accumulate in organisms [2]. Once these
heavy-metal ions enter the human food chain, they cannot be
degraded and represent a serious health hazard. Some can cause
serious damages, and others affect the central nervous system, the
kidney, liver, bones, or teeth. Some heavy-metal ions (e.g., Cu2þ ,
ll rights reserved.

þ86 10 82543450.
Zn2þ , Ni2þ , Co2þ , etc) are, on the one side, essential for life, but on
the other side, toxic to organism if they are in excess [3,4].

Past analytical approaches include relatively expensive instru-
mentation (e.g., AAS, ICP-AES, ICP-MS, anodic stripping voltam-
metry, X-ray fluorescence spectrometry, graphite furnace atomic
absorption spectrometry (GFAAS), atomic fluorescence spectro-
metry (AFS), etc) [5–9]. These prior methods are generally
cumbersome and multi-step. Some heavy-metal ions may change
their forms after sampling, e.g., from inorganic to organic (mer-
curic salts to methylmercury), or may be oxidized or reduced to
different value state. As a result, there is an urgent need for low-
cost, highly sensitive and selective methods of discrimination of
heavy-metal ions, especially at their wastewater discharge stan-
dard concentrations (some of them are as low as 10�7 M).

Instead of trivial analytical instrument methods, a number of
inexpensive colorimetric sensors for the detection of heavy-metal
ions have been proposed (e.g., modified or functionalized nano-
particles, DNAzyme, nanosized dye based test strips, etc) [10–12].
Combining with sensor array technology and pattern recognition
method, optical sensor arrays have been extensively applied for
the determination of toxic industrial gases [13,14], nucleic acid
and biomolecules [15], diols [16], and even for diagnostic [17], etc.
General colorimetric arrays offer a good discrimination capability,
but do, however, suffer from the poor sensitivity of indicators.

As an alternative, fluorometric approach shows unique potential
due to its high sensitivity. Commercially available fluorescence
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indicators were combined to build up fluorometric sensor
arrays for the determination of heavy-metal ions [18,19]. Though
these fluorescence indicators showed remarkable enhan-
cement of sensitivity, the limit of detection was not satisfactory.
Anzenbacher group recently prepared a series of derivatives of 8-
hydroxyquinoline as fluorescent indicators for metal ions array and
obtained impressive selectivity due to its high cross reactivity. The
interaction of 8-hydroxyquinoline moieties in the sensor molecules
with metal ions is, however, relatively weak in aqueous solution,
which makes the discrimination of low concentration metal ions
difficult [20,21]. Therefore, extending this performance to the
environmentally relevant mM concentrations remains a challenge
because of the lack of suitable fluorescent indicators.

In recent years, paper-based sensor devices have been widely
investigated due to the low-cost, easy of use, portability, and
disposability [22]. Paper-based microfluidic devices use the inher-
ent flow properties (capillary force) of channels within paper, and
so they require no external equipment or power sources. Here we
demonstrate a highly sensitive fluorometric paper-based sensor
for the determination of heavy-metal ions at their wastewater
discharge standard concentrations based on a series of new
BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)-based fluor-
escent indicators. Combined with array technologies-based pat-
tern-recognition, we obtained the discrimination capability of
seven different heavy-metal ions at their wastewater discharge
standard concentrations.
2. Experimental

2.1. Chemicals and materials

All the reagents and solvents are of commercial quality and
without further purification. Deionized water was used through-
out this work. 2,20-dipicolylamine, bis(triphenyl-phosphine)
palladium(II) chloride were purchased from TCI Co., Diethyl
malonate, sodium methoxide, methyl mercaptoacetate were
purchased from Alfa Aeser Co., 4-methoxyphenylacetylene were
purchased from Sigma-Aldrich Co.. The heavy-metal ions stock
solutions were Hg2þ , Cd2þ , Ni2þ , Cu2þ , Zn2þ , and Co2þ in the
form of their chloride salts (Agþ was in its nitrate salt) in
Scheme 1. Synthesis of BODIP
deionized water (2.5�10�4 M). All the heavy-metal salts used
were analytical-reagent grade, obtained from Alfa Aesar Co., and
used without further purification unless otherwise specified. pH
was adjusted to 6.5 in aqueous solutions and metal ions stock
solutions by addition of NaOH (0.01 M) or HCl (0.01 M) utilizing a
Titrator T50 (Mettler Toledo Co.) and all the solutions were used
immediately after preparation.

1H NMR spectra were recorded on an Advance Bruker 400 M
spectrometer and referenced to solvent signals. Mass spectra
were obtained on Bruker Apex IV fourier transform mass spectro-
meter. Fluorescence spectra were determined on a Hitachi 4500
spectrophotometer. Absorption spectra were determined on a
Shimadzu UV-1601PC UV–visible spectrophotometer.

2.2. The synthesis of BODIPY-based di-2-picolyamine (DPA)

derivatives

The BODIPY-based DPA derivatives 1–9 were synthesized
according to previous reports. As shown in Scheme 1, S2a–c were
synthesized by reacting S1 with corresponding substrate under
different conditions. 50 mg compound S2a–c (compound S1 for
the synthesis of 2 and 3) was dissolved in 20 mL acetonitrile and
50 mL triethylamine was added. To this solution 2 equiv of di-2-
picolyamine (DPA), N,N-di(pyridin-2-ylmethyl)-ethane-1,2-dia-
mine (DPEA) or N,N,N0-tri(pyridin-2-ylmethyl)- ethane-1,2-dia-
mine (TPEA) in 10 mL acetonitrile was added dropwise with
stirring. The reaction was kept at different temperature until the
disappearance of the starting materials detected by TLC. The
reaction mixture was evaporated to dryness and purified through
column chromatography over silica gel to give 1–9 (see the
Supporting Information, Fig. S1).

2.3. The fabrication of sensor array paper.

The wax-based paper was prepared according to previous
report [23,24]. A Xerox Phaser 8560DN (Fuji, Japan) wax printer
was utilized to print wax-based pattern on Whatman grade no. 41
quantitative filter paper (GE healthcare, UK). The printer head
dispensed melted wax as liquid droplets of approximately 50–
60 mm in diameter on the surface of the paper, and solidify
Y-based DPA derivatives.
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instantaneously without further spreading. The printed paper
was then baked in the oven at 120 1C for 30 min, and the wax
re-melted and penetrated through the thickness of the paper,
forming the hydrophobic barriers.

The BODIPY-based DPA derivatives were separately dissolved
in absolute alcohol at 5�10�4 M and then 7–40 mm silica
particles (380 m2/g) were introduced to at its final concentration
80 mg/mL. After the physical absorption, the silica particles were
washed with distilled water for three times. The obtained silica
particles were then uniformly dispersed in a 5% starch solution by
sonication. 2 mL dispersions of these silica particles immobilized
with different BODIPY-based DPA derivatives were individually
printed on the hydrophilic spots of wax-based paper. The sensor
array papers were then stored in N2 bag at 33% relatively
humidity for at least three days before any experiments.

2.4. The detection procedure.

600 mL of the heavy-metal ion solutions with the desirable
concentrations were introduced to the sensor array paper. The
water-absorbent materials (qualitative filter paper in this case)
were placed under the array paper, so the analyte solution could
only pass through the hydrophilic spots of the sensor array paper
continuously. The heavy-metal ions were then enriched and
efficiently reacted with BODIPY-based DPA derivatives immobi-
lized in the array paper. The fluorescent imaging was performed
using the home-made imaging system.

A UV LED array equipped with a 365 nm narrow band filter
(Band width¼12 nm) was used as excitation light source (see the
Supporting Information, Fig. S2). After filtering the UV source light
using a 400 nm short wavelength pass filter (400–700 nm),
the excited fluorescence array images in a light-tight cylinder
‘‘before’’ and ‘‘after’’ exposure of heavy-metal ions were acquired
from the bottom of the vials using a Nikon D7000 digital camera
Fig. 1. (a) The wax-based nine BODIPY DPA derivatives array paper. (b) The wastewater

images of the array before and after exposure to 5 mM Hg2þ ion.
with a AF-S 60 mm f/2.8 G macro lens. Difference maps were
obtained by subtracting the digital red, green, and blue values of
‘‘after-exposure’’ and ‘‘before-exposure’’ images of the fluores-
cence array consisting of 9 indicators. Adobe Photoshop

TM

was
used to digitize this color difference. Chemometric analyses were
carried out on the color difference vectors using the multi-variate
statistical package. Ward’s minimum variance criterion was used
to minimize the total within-cluster variance. At each step
the pair of clusters with minimum cluster distance is merged.
A hierarchical cluster result was easily achieved.
3. Results and discussion

A practical fluorometric indicator for heavy-metal ions should
meet at least four criteria: (1) large fluorescence change in the
presence of heavy-metal ions, (2) a receptor with a high affinity to
the analytes to achieve high sensitivity, (3) similar photophysical
properties of all fluorophores in the sensor to enable the use of
a single monochromatic light source to excite all fluorescent
indicators, (4) low-cost and highly efficient synthesis of the
indicators.

Following these criteria, we designed fluorometric indicators
for heavy-metal ions determination based on BODIPY (4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene) as fluorophore and di-2-
picolyamine (DPA) derivatives as receptors. The variety of synthetic
pathways to BODIPY-based fluorophores allows efficient prepara-
tion. The fluorescence properties of BODIPY were tunable by
simple substitution at various positions of the difluoroboron
dipyrromethene core [25–27]. DPA and its derivatives DPEA and
TPEA, are well-known receptors for heavy-metal ions [28–30].
The DPA derivatives combine high affinities for a variety of
heavy-metal ions with the capacity to perturb the fluorescence
discharge standard concentrations of seven heavy-metal ions. (c) Raw fluorescence



Fig. 2. HCA for seven heavy-metal ions at their wastewater discharge standard

concentrations and a control.All experiments were run in quintuplicate trials. No

confusions or errors in classification wereobserved in 40 trials. The HCA used

minimum variance (that is, ‘‘Ward’s Method’’) for clustering. A fulldigital database

is provided in the Supporting Information.
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properties of BODIPY, making them the most promising candidates
for the design of fluorometric sensor arrays for heavy-metal ions.

We constructed BODIPY-based indicators from readily avail-
able building blocks of 3,5-dichloroBODIPY and multi-pyridyl
receptors following the elegant method of Dehaen [31,32].
A single chlorine of 3,5-dichloroBODIPY could be replaced with
different substituents by carefully tuning the reaction conditions,
as shown in Scheme 1. The other chlorine could then be replaced
with a multi-pyridyl receptor such as DPA, DPEA and TPEA with
extended reaction times or at elevated temperatures (see the
Supporting Information, Table S1).

Based upon above mechanisms, we created a sensor array
comprised of 9 fluorescent indicators by combining methoxy,
mercapto, chloride, alkyl, aniline or alkynyl-subsituted BODIPY
fluorophore with DPA, DPEA, and TPEA chelators. Combining
the paper-based sensing technique, we developed BODIPY-based
fluorometric sensor array for the determination of heavy-
metal ions.

The array was used to efficiently discriminate among seven
heavy-metal ions (Hg2þ , Cd2þ , Co2þ , Cu2þ , Ni2þ , Zn2þ , and Agþ)
at their wastewater discharge standard concentrations. Since
some of the concentrations were as low as 10�7 M, the enrich-
ment was utilized. As shown in Fig. 1a, due to the hydrophobicity
of wax pattern, the analyte solution can only penetrate through
the indicator-immobilized hydrophilic silica particles. The heavy-
metal ions could be efficiently enriched and react with BODIPY-
based DPA derivatives. Thus, the sensitivity is obviously
improved, and the sensor array paper will be capable of discri-
minate heavy-metal ions at their wastewater discharge standard
concentrations (Fig. 1b).

Though most BODIPY-based fluorescent indicators show the
largest absorption and emission at around 500 nm and 550 nm,
respectively, in order to develop a handheld unit in a relatively
simple way, we used a UV LED array equipped with a 365 nm
narrow band filter as an excitation light source (see the Support-
ing Information, Fig. S2). After the UV source light was filtered
through a 400 nm short wavelength filter (400–700 nm), the
excited fluorescence array images ‘‘before’’ and ‘‘after’’ exposure
of heavy-metal ions were acquired using a digital camera, as
shown in Fig. 1c. The difference maps were obtained by subtract-
ing the digital red, green, and blue values of ‘‘after’’ and ‘‘before’’
images of the fluorescence array allowed clear differentiation of
the ions.

After exposure to seven heavy-metal ions at their wastewater
discharge standard concentrations, the difference maps provided
a fingerprint that effectively identified the heavy-metal ions to
which the sensor array has been exposed. The 27-dimensional
(9 indicators�3 channels of red, green and blue) fluorometric
response pattern of our array to the seven heavy-metal ions
(Hg2þ , Cd2þ , Co2þ , Cu2þ , Ni2þ , Zn2þ , and Agþ) was statistically
explored using the standard chemometric techniques, the hier-
archical cluster analysis (HCA) [33]. HCA is a classification scheme
based on the Euclidean distance (total length of 27-dimensional
color-difference vector, that is, the total array response) among
data points in their full dimensionality. The dendrograms gener-
ated by HCA are shown in Fig. 2. All seven heavy-metal ions and a
control were accurately classified with no misclassification out of
40 cases.

The ability of BODIPY-based array to discriminate seven
heavy-metal ions is impressive and largely the result of the high
dimensionality of the array data. The multidimensional response
pattern was also investigated by principal component analysis
(PCA), which is a statistical treatment used to reduce multi-
dimensional data for easier interpretation. Based on the 40 trials
of eight heavy-metal ions and a control, using 45 trials with
centered, standardized color difference vectors, the PCA of our
array requires 11 dimensions to describe 99% of the discrimina-
tory range (see the Supporting Information, Fig. S3). In contrast,
most prior arrays are dominated by only two independent
dimensions, and have typically 90% of discrimination in the first
principal component. This limited dispersion indicates that very
little of the total diversity of chemical properties is being probed
in traditional liquid sensing.

Difference maps were obtained by taking the differences of the
red, green, and blue (R, G, B) values from the before and after
images. Therefore, the fluorescent response (color changes) was
expressed using the Euclidean distance (ED), which could be
defined by the following formula:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDRÞ2þðDGÞ2þðDBÞ2

q

The fluorescence changes of the array depend on the concen-
tration of each heavy-metal ion, which allows simple estimation
of the concentrations of heavy-metal ions and the detection limits
of the method. Color differences for a representative analyte
(Hg2þ) as a function of its concentration are shown in Fig. 3.
A semi-quantitative interpolation of the heavy-metal concentra-
tion is obtained by comparing the color changes (that is., the total
Euclidean distance of the measurement) with a set of known
concentrations in the library. The sensor array paper showed good
linear relationship between the color changes and Hg2þ concen-
trations at the range of 0.25–1.0 mM.

In real world use, the interference has to be concerned, in
terms of both false positives from harmless cations and anions.
The sensor array has been extensively tested against six common
potential interfering agents: Kþ , Naþ , Ca2þ , Mg2þ , SO4

2� , and



Fig. 3. The semi-quantitative analysis curve of Hg2þ . All experiments were run in triplicate trials.
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Fig. 4. HCA for seven heavy-metal ions at their wastewater discharge standard concentrations and a control as well as common interference ions, e.g., K+, Na+, Mg2+, Ca2+,

SO4
2� , NO3

� , etc. All experimentswere run in quintuplicate trials except for triplicate trials for interferants. The HCA used minimumvariance (that is, ‘‘Ward’s Method’’) for

clustering.
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NO3
� , each at concentrations thousands of times higher than the

eight heavy-metal ions tested. Little interference was observed, as
shown in Fig. 4.
The tap water and sea water real samples were also evaluated
directly after centrifuging at 10,000 rpm for 10 min. The ion
contents in tap water and sea water were previously investigated
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Fig. 5. HCA for three heavy-metal ions at their wastewater discharge standard

concentrations using our sensor array paper stored under N2 for 1, 2, and 4 weeks.
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by ion-chromatography (Dionex ICS-1100) before any testing. Tap
water (pH¼6.8): Cl�: 35.99 mg/L, NO3

�: 38.75 mg/L; Sea water
(pH¼7.2): Cl�: 15326 mg/L, NO3

�: 685.7 mg/L; SO4
2�: 1974 mg/L,

Naþ: 5569 mg/L, Kþ: 261.8 mg/L, Mg2þ: 1254 mg/L; Ca2þ:
246 mg/L. No significant heavy-metal ions were found in these
two samples. The concentrated stock Cu2þ solution was then
introduced, and the final concentration of Cu2þ in these real
samples was at its wastewater discharge standard concentration.
The HCA classified these spiked samples to the corresponding
clusters (see the Supporting Information, Fig. S4). This partially
proves the feasibility of our BODIPY-based DPA derivatives array
paper for real sample testing. The discrimination of multi-ions in
complex mixtures, however, still needs to be further investigated.

The batch-to-batch reproducibility of sensor array paper was
investigated as well, and two batches prepared at different days
showed similar responses to selected heavy-metal ions (see the
Supporting Information, Fig. S5). The sensor array papers were
stored in polyethylene bags under N2 for 1, 2, and 4 weeks, and
storage time has essentially no effect on the array responses, as
shown in Fig. 5.

In summary, we have developed a library of fluorogenic
indicators and created a fluorometric paper-based sensor to
discriminate heavy-metal ions. By combining array technologies
and pattern-recognition methods, we have applied our fluoro-
metric paper-based sensor array to distinguish seven heavy-metal
ions at their wastewater discharge standard concentrations. The
indicators are based on BODIPY as the fluorophore and multi-
pyridyl ligands as the metal-binding receptors. After the immo-
bilization of indicators and the enrichment of analytes, seven
heavy-metal ions could be distinguished using an array of 9 new
indicators with the detection limit down to 10�7 M. The chemo-
metric analysis revealed that the sensor array had a high dimen-
sionality and, consequently, a strong capacity to distinguish
heavy-metal ions at mM concentrations. We are now attempting
to develop an inexpensive portable handheld device for detection
of heavy-metal ions in resource-poor settings based on the array
reported here (see the Supporting Information, Fig. S6).
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