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Easy-to-use dipstick tests for lead have been developed by
immobilizing nanoparticle–DNAzyme conjugates on lateral ﬂow
devices and their application for detecting lead in paints is
demonstrated.
Designing easy-to-use biosensors for trace metal ions in the
environment is of considerable importance1 as these metal ions
are large in number, small in quantity and high in toxicity.
Metal-speciﬁc DNAzymes, functional DNA molecules that
can catalyze a reaction in the presence of a particular metal
ion, have emerged as a new class of metal-ion sensors1e,2
because DNAzymes with desired metal speciﬁcity and aﬃnity
can be obtained by a combinatorial biology technique called
in vitro selection.3 When combined with gold nanoparticles
(AuNPs), the DNAzymes have been transformed into highly
sensitive and selective colorimetric biosensors, producing color
changes between red (dispersed AuNPs) to blue (aggregated
AuNPs) in response to a target recognized by DNA.2c,4 Using
this method, we have demonstrated colorimetric biosensors
for metal ions such as Pb2+, UO22+ and Cu2+.2b,k,5
While these colorimetric biosensors have taken an important
step towards real-time sensing as the signal is detectable by the
naked eye, without the need for expensive instrumentation,
they still require laboratory type operations, such as precise
transfer and mixing of multiple solutions. In addition,
although the sensitivity is high when the absorbance is
recorded using a UV-Vis spectrophotometer, it is often diﬃcult
to distinguish the red color of dispersed nanoparticles against
a blue background from the aggregates, particularly at low
metal-ion concentrations. Furthermore, AuNPs are not very
stable in the solution state; they are vulnerable to aggregation
under a variety of conditions thereby making it diﬃcult to
store the sensors for a long period of time.
Lateral ﬂow devices are an ideal platform for making
dipstick type tests to further improve the performance of
DNAzyme–AuNP colorimetric sensors. In addition to eliminating precise solution transfer and allowing separation of
AuNPs to make it easier to distinguish colors, the reagents can
be prepared in a dry or nearly dry state, making the device
stable at ambient conditions for a long period of time. The
home pregnancy test is the most commonly used application of
lateral ﬂow devices that use antibodies for detection. Being

Department of Chemistry, University of Illinois at Urbana-Champaign,
600 S. Mathews Ave., Urbana, IL, USA. E-mail: yi-lu@illinois.edu;
Fax: +1-217-244-3186; Tel: +1-217-333-2619
w Electronic supplementary information (ESI) available: Experimental
section; optimization of DNAzyme construct; speciﬁcity data; details
for detection of lead in paint. See DOI: 10.1039/b917772h

1416 | Chem. Commun., 2010, 46, 1416–1418

more stable to denaturation, DNA is an attactive molecule to
replace antibodies in the dipstick tests. Despite the promise,
DNA-based dipstick tests are not common. Glynou et al.
reported a lateral ﬂow device for the detection of DNA.6 To
expand on the range of analytes detected, we previously
reported dipstick tests for the detection of adenosine and
cocaine using AuNP conjugated to aptamers.7 A paper based
bioassay using aptamers and the protein enzyme DNAase I
which also involved the disassembly of nanoparticle aggregates
that were dried onto paper substrates was reported by Yingfu
Li and coworkers.4f Even though our previously reported
methodology can be applied to almost any target for which
aptamers can be obtained, because aptamers with high aﬃnity
for metal ions have been diﬃcult to select, this methodology
has not been applied to dipstick tests for metal ions. To extend
the applicability of this test for metal ions, metal-speciﬁc
DNAzymes are an excellent choice. However, it is not trivial
to adopt the aptamer-based dipstick methodology by simply
replacing aptamers with DNAzymes because DNAzymes
undergo not only binding as aptamers do, but also catalytic
activity and product release, making the design more complicated. Herein, we report a method to convert DNAzyme–
AuNPs into dipstick tests for metal ions, speciﬁcally for Pb2+.
In the process, we showed that the cross-link based method
used in the previous aptamer–AuNP system4f,7 did not work
for the DNAzyme–AuNP system. Instead, we succeeded in
developing a non-cross-linked DNAzyme–AuNP system for
detection. Furthermore, we have demonstrated the dipstick
tests to be ideal for detection of lead in household paints, in
accordance with the EPA deﬁned threshold of 1 mg cm2
Pb2+ for paint to be classiﬁed as a lead-based paint.8
We chose the 8–17 DNAzyme to construct the dipstick tests
for Pb2+ because of its very high activity as shown by a fast
cleavage rate (estimated kobs B50 min1 at pH 7.0).9 Fig. 1a
shows its reaction scheme. In the presence of Pb2+, the enzyme
strand (called 17E) catalyzes the cleavage of the substrate
(called 17S) at the single ribo-adenosine base (shown in red).
Based on this reaction scheme, the 8–17 DNAzyme has been
previously converted into ﬂuorescent,2a,d colorimetric2c,5a,b,d
and electrochemical sensors2i for Pb2+. Unlike aptamer-based
colorimetric tests, the presence of target does not cause
immediate disassembly of the aggregates in the DNAzyme-based
colorimetric tests.4f,7 Disassembly in the case of DNAzymes
has been shown to require heating2c or the use of invasive
DNA strands5b to release the cleaved product trapped in the
nanoparticle aggregates. Either of these methods will lead to
added complexity and they are not feasible for lateral ﬂow
devices. Therefore, we decided to use an alternative approach
that does not involve formation of nanoparticle aggregates
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Fig. 1 (a) The 8–17 DNAzyme reaction. In the presence of Pb2+, the
17E enzyme catalyzes the cleavage of the substrate, 17S at the single
ribo-linkage (shown in red). (b) Modiﬁed 8–17 construct conjugated to
AuNPs (called Enz-SubAuNP) used for the dipstick tests. (c) Assembled
lateral ﬂow device. (d) Negative control. In the absence of Pb2+,
AuNP-uncleaved substrate is captured at the control zone via
streptavidin–biotin interaction, producing a single red line. (e) Positive
test. Substrate is cleaved in the presence of Pb2+ and the AuNPcleaved product migrates beyond the control zone to be captured at
the test zone by hybridization to complementary DNA. Two red lines
are produced.

and thus the detection is not based on a change in the optical
properties of AuNPs.
In our scheme, the 8–17 DNAzyme was modiﬁed to form
the construct shown in Fig. 1b. The 17S substrate was
modiﬁed on the 3 0 end to have a biotin moiety. On the
5 0 side, 18 additional bases (AAG)6 were added to act as a
site for DNA hybridization required for the capture of cleaved
product. In addition, the 5 0 end was functionalized with a thiol
group in order to conjugate the substrate to 13 nm AuNPs.
When the original 8–17 DNAzyme construct with symmetric
9 base pairs on either substrate-binding arm was tested, this
construct failed to display a positive signal as designed (see
ESI, S2w). To facilitate the release of the cleavage product
without compromising the binding of the substrate, three
bases were deleted from the 3 0 end of the enzyme and two
bases were added to the 5 0 end of the 17E enzyme. The
shortened arm facilitated the release of the cleaved product
after reaction, while the overall stability of the construct
before cleavage was maintained due to the extra base-pairing
on the opposite arm. The enzyme–substrate complex was
prepared in a buﬀer containing 25 mM Tris-HCl (pH 8.0),
100 mM NaCl, and 8% sucrose by hydridizing the enzyme to
the substrate conjugated to AuNPs and this was referred to as
Enz-SubAuNP. Sucrose was added to the buﬀer in order to
keep the DNA hybridized and facilitate rehydration of the
complex.
The lateral ﬂow device was constructed using a Millipore
Assembly kit by placing of four overlapping pads on a backing
(see ESI, S1w). Streptavidin and capture DNA were applied on
the capture zone and test zone of the membrane, respectively
and the complex, Enz-SubAuNP was spotted on the conjugation
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pad and allowed to dry for 8 h (Fig. 1c). In order to perform
the test, the dipstick was dipped in a ﬂow buﬀer containing
25 mM Tris (pH 8.0) and 30 mM NaCl which rehydrated the
Enz-SubAuNP complex. In the absence of Pb2+, the substrate
would remain uncleaved and Enz-SubAuNP would migrate
on the membrane till it reached the control zone, where
the biotin-containing Enz-SubAuNP could be captured by
streptavidin, thus producing a single red line at the control
zone (Fig. 1d). In the presence of Pb2+, the substrate would be
cleaved, and the cleaved product would migrate past the
control zone to be captured at the test zone by a 27 base long
DNA sequence complementary to the cleaved substrate piece
(called capture DNA), producing a red line at the test zone.
Since the cleavage reaction may not be 100% complete,
the positive tests would normally result in two red lines, one
being the cleaved product and the other being the uncleaved
enzyme-substrate (Fig. 1e).
To determine the sensitivity of the dipstick test, the lateral
ﬂow devices were dipped in a ﬂow buﬀer containing varying
amounts of Pb2+. As expected, a single red line was observed
at the control zone in the absence of Pb2+. In contrast, the
presence of Pb2+ resulted in a second red line at the test zone,
and its intensity increased with increasing Pb2+ concentration
(Fig. 2a). This test can be qualitative or semi-quantitative
because a color chart can be used to estimate the Pb2+
concentration, like a pH paper. The detection limit for this
test was determined to be B5 mM. This detection limit is
higher than B0.1 mM reported for the DNAzyme–AuNP
sensor in solution.2c This is not surprising, as when the same
DNAzyme was immobilized on a gold surface, the reaction
was slowed down by diﬀusion limitation of Pb2+ to the
DNAzyme active site on the surface, resulting in long reaction
time (up to 1 h).2d Since the reaction on the lateral ﬂow device
takes place within 10 min, it is diﬃcult to complete such a slow
reaction on the surface.
To further improve the sensitivity of the system, we decided
to perform the Pb2+-induced cleavage reaction in solution and
use the lateral ﬂow device as a medium to visualize the results.
To the Enz-SubAuNP complex in buﬀer, Pb2+ was added and

Fig. 2 Results of dipstick test for lead: (a) performance when the
Enz-SubAuNP was pre-immobilized on the conjugate pad and the
Pb2+ reaction occurred on the surface of the device; (b) performance
when Enz-SubAuNP was allowed to react with Pb2+ in solution
and then placed on the conjugate pad; (c) performance when 5 mM
EDTA was added to the system to shift the dynamic range;
(d) detection of lead in paint around the US federal threshold for
leaded paints (1 mg cm2).
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the reaction was allowed to proceed for 15 min. This mixture
was then placed on the conjugate pad of a lateral ﬂow device
and the device was dipped in the ﬂow buﬀer (Fig. 2b). A clear
red line at the test zone can be seen at 0.5 mM Pb2+, and thus
the sensitivity is B10 times better than the system shown in
Fig. 2a. The sensitivity of this lateral ﬂow device shown in
Fig. 2b is also good in comparison with our previously
reported colorimetric lead sensor that is based on the disassembly
of AuNPs and produces a blue to red color change with
Pb2+.2c Although the detection limit for the solution-based
method is 0.1 mM when the absorbance is measured using a
UV-Vis instrument, it is diﬃcult to visualize the red color
below 5 mM Pb2+, because of the large blue background from
the aggregates. Thus, this lateral ﬂow device provides a B10-fold
improvement in sensitivity for visual detection over the
previously reported colorimetric sensor.2c Furthermore,
performing the reaction in solution only requires one additional
step of placing the reacted DNAzyme construct on the
conjugation pad, which can be carried out using a dropper.
In addition to the improved sensitivity, the selectivity of the
test for Pb2+ over other divalent metal ions at 10 mM
concentration is maintained, although it is lower than that
of the previously reported 17E construct (see ESI, S3w).2c
In order to test the eﬃcacy of the dipstick test for practical
applications, we investigated the use of the lateral ﬂow device
for detecting lead in paints. The US Department of Housing
and Development (HUD) classiﬁes paint to be lead-based if it
contains more than 1 mg cm2 of lead and an ideal test should
provide a positive response above the cut-oﬀ and negative
response below it.8 Paint samples were spiked with known
amounts of lead salt and painted on a solid surface, over which
another layer of paint was applied to simulate multiple layers
of paints seen in old houses (see ESI, S4aw). The lead was
extracted from the paint by suspending the paint samples in
10% acetic acid for 3 h. Since our sensor has a low detection
limit, we used EDTA, which is a good chelator for Pb2+ to
tune the dynamic range of this sensor. Metal ions chelated to
EDTA are not available for interaction with the DNAzyme. In
addition to tuning the dynamic range, EDTA also eliminates
any non-speciﬁc cleavage due to trace metals present in the
buﬀer that may occur during annealing or storage, thus reducing
the likelihood of any false positives. The test demonstrated in
Fig. 2b was repeated with 5 mM EDTA in the buﬀer, which
resulted in the detection limit shifting to 10 mM Pb2+, and the
faint red line seen at the test zone in the absence of Pb2+ was
completely eliminated (Fig. 2c). For the lead-paint tests, a
calculated amount of EDTA (50 mM, see ESI, S4bw) was
added to the DNAzyme construct such that it could chelate
Pb2+ extracted from those samples that have lower lead
content than the federally deﬁned threshold for lead-based
paint. Fig. 2d depicts the results from dipstick tests performed
with paint samples with varying amounts of Pb2+. A red line
at the test zone is observed only in samples containing
1 mg cm2 lead or higher, whereas paint samples with lower
Pb2+ content produce a line at the control zone only, due to
the absence of free Pb2+ in solution.
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In conclusion, we have used the 8–17 DNAzyme and AuNPs
to construct an easy-to-use dipstick test for Pb2+ with a detection
limit of B0.5 mM without the use of any instrumentation to
visualize the results. The dipstick test shows promising results
for the detection of Pb2+ extracted from paints. Such a
simple dipstick test will ﬁnd wide use in household and other
environmental applications.
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