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ABSTRACT: Lead contamination in drinking water is a
primary concern in public health, but it is difficult to monitor
by end-users. Here, we provide a rapid and power-free
microfluidic particle dam which enables visual quantification
of lead ions (Pb2+) by the naked eye. GR-5 DNAzyme with
extended termini can connect magnetic microparticles
(MMPs) and polystyrene microparticles (PMPs) by DNA
hybridization, forming “MMPs-GR-5-PMPs”. When Pb2+ is
present, GR-5 is cleaved, resulting in an increasing number of
free PMPs. To visually count the free PMPs, the solution is
loaded to a capillary-driven microfluidic device that consists of
a magnetic separator to remove the MMPs-GR-5-PMPs,
followed by a particle dam that traps and accumulates the free
PMPs into a visual bar with growing length proportional to the concentration of lead. The device achieved a limit of detection at
2.12 nM (0.44 ppb), high selectivity (>20,000-fold) against other metal ions, high tolerance to different pH and water hardness,
and is compatible with tap water with a high recovery rate, enabling visual quantification and user-friendly interface for rapid
screening of water safety.

KEYWORDS: particles, lead, DNAzyme, microfluidics, visual detection

Lead ions (Pb2+) have been a severe threat to the
environment and public health. It is especially a primary

concern in drinking water since lead can accumulate in organs
or tissues after chronic exposure, resulting in neurological,
reproductive, cardiovascular, and developmental disorders.1 To
determine the lead ions, standard platforms, including atomic
absorption spectrometry, inductively coupled plasma, atomic
emission spectrometry, and mass spectrometry have been
widely used.2−4 However, it requires expensive equipment,
sophisticated sample preparation, and skilled operators, making
the detection procedures time-consuming and not accessible
by ordinary end-users.
Therefore, considerable efforts have been spent to develop

miniaturized analytical tools for simple and sensitive detection
of lead ions. In the past decades, functional nucleic acids
(FNAs) have exhibited their great potential in the field of
analytical applications.5−7 Artificial FNAs, including ribozymes,
deoxyribozymes (DNAzymes), and aptamers, are of great
importance for quantitative detection of lead ions due to the
advantages of low cost, high affinity, high sensitivity, and
excellent stability.1,8−12 GR-5 DNAzyme is a commonly used
FNA that exhibits highly sensitive and selective hydrolytic
cleavage with the presence of lead ions.13,14 Wang et al.
developed a fluorescence biosensor based on GR-5 DNAzyme
modified on gold nanoparticles (AuNPs). With the presence of

lead ions, the GR-5 DNAzyme is cleaved, resulting in a
fluorescence signal due to the releasing of a short FAM-linked
oligo fragment.10 Meanwhile, the cleavage of DNAzyme can
also induce different aggregation states of gold nanoparticles,
inducing a color change observed by visual inspection.15 To
further simplify and miniaturize the lead detection, DNAzyme
has been used in microfluidics systems with reporters such as
fluorescent tag,16 electrochemiluminescence,17 glucose,18,19 or
redox-active ferrocene for electrochemical signal.20 To provide
visual signals, the presence of lead ions can also lead to
formation of a visible bar by deposition of gold nanoparticles in
a lateral flow dipstick,21 aggregation of gold nanoparticles
along with the laminar flow in the microchannels,22 or
movement of an ink bar in volumetric bar-chart chip.23

Alternatively, other detection strategies such as combining the
graphene oxide quantum dot with fluorescence quenching
methods24 and lead specific fluorescent molecular sensor
CalixDANS425 were also proposed.
Although many detection strategies were developed,

quantitative analysis has been challenging. Generally, fluo-
rescence, colorimetric, or visual detection requires special
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fluorescence/optical detector or a standard color table, making
the results ambiguous and difficult to interpret. It is even more
complicated to install benchtop instrumentation on a
miniaturized device for quantitative analysis. On the other
hand, electrochemistry-based measurement and volumetric
bar-chart chip are effective approaches to quantitatively
determine trace lead ions.20,23 However, delicate operation
and nontrivial protocol are required for preparing such
reactions, creating technical hurdles for on-site and real-time
detection by untrained end-users.
Here, we provide a simple and sensitive microfluidic particle

dam which enables visual quantification of lead ions (Pb2+) by
the naked eye. GR-5 DNAzyme with extended termini is
utilized to hybridize with the oligonucleotides on magnetic
microparticles (MMPs) and polystyrene microparticles
(PMPs), forming “MMPs-GR-5-PMPs”. Importantly, the GR-
5 is cleaved when Pb2+ is present, resulting in an increasing
number of free PMPs proportional to the amount of lead ions.
To quantify it, an automated, capillary-driven microfluidic
device consisting of a magnetic separator is used to remove the
MMPs-GR-5-PMPs, leaving the free PMPs continuing to flow

until being trapped by a particle dam in downstream. Thus, the
PMP accumulation eventually forms a visual bar quantifiable
by the length (Figure 1). We first optimized the experimental
conditions including particle ratio and GR-5 concentration.
Next, to test its function, we explored the limit of detection,
tolerance to different pH and water hardness, and selectivity
against other metal ions. Finally, we explored the feasibility of
application in tap water.

■ RESULTS AND DISCUSSION

Working Principle of the Microfluidic Device. The
device consists of an inlet for sample loading. We intentionally
make the outer region of the inlet hydrophobic, which is
opposed to the hydrophilic inner walls of the microchannel.
Thus, when the particle solution is deposited at the inlet, the
wettability contrast ensures all particle solution is pumped into
the microchannel (Figure S1). After loading, the self-driven
capillary flow carries the solution to first pass a stomached-
shape magnetic separator for separating free PMPs from the
MMPs-GR-5-PMPs. For the blank control, most of MMPs-
GR-5-PMPs are attracted by the permanent magnets in the

Figure 1. Schematic illustration of the working principle. The lead ions can cleave the GR-5 DNAzyme, preventing the connection between
magnetic microparticles (MMPs) and polystyrene microparticles (PMPs). After loading to a capillary microfluidic device, the free PMPs can first
pass the magnetic separator, which removes the MMPs-GR-5-PMPs, and continue to flow until being trapped by the particle dam with a nozzle,
forming a visual bar by PMP accumulation reflecting the concentration of lead ions.

Figure 2. Optimization of lead detection. (a) Optimization of the ratio of MMPs to PMPs using MB155 as a single strand oligonucleotide to
connect MMPs and PMPs. (b) Agarose gel analysis. Well 1: GRDS (Substrate strand); Well 2: GRE (Enzyme strand); Well 3: GR-5 DNAzyme;
Well 4: GR-5 DNAzyme + Pb2+ (200 nM). (c) Optimization of GR-5 concentration.
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bottom of the magnetic separator (Video S1). When lead is
present (200 nM), the free PMPs can pass the magnetic field
(Video S2) and continue to flow until being stopped at a
particle dam with a nozzle (narrowest width = 8 μm), which
can trap and accumulate PMPs with diameter of 15.34 μm in
the trapping channel (Video S3). Thus, the amount of free
PMPs can be read and visually quantified by the trapping
length.
Optimization of Experimental Conditions. We first

optimized the ratio of MMPs and PMPs to maximize the
signal-to-noise ratio. A mixture of disconnected MMPs and
PMPs was used to represent the broken GR-5 connection after

hydrolytic cleavage by lead ions. For simplicity, single strand
oligonucleotide MB155 with sequence complementary to
Probe 1 and Probe 2 in juxtaposition (600 nM in 1 μL,
sequence in Table S1), was used to connect the MMPs and
PMPs, forming MMPs-MB155-PMPs representing the MMPs-
GR-5-PMPs. As opposed to blank control without MB155, we
used a relatively higher concentration of MB155 to ensure that
all MMPs and PMPs can be linked. We found that the ratio of
MMPs to PMPs at 1:1 (volume ratio of the stock solution)
provided the optimal relative contrast (Figure 2a), as magnetic
attraction was insufficient at the ratio of 0.5:1, and no

Figure 3. Limit of detection. (a) Optical images of the PMP accumulation resulted from various lead ion concentrations. (b) Length of
accumulated PMPs in the trapping channel (mean ± max deviation, n = 3). (c) Linear regression of the trapping length with respect to each
concentration of lead ions (mean ± max deviation, n = 3).

Figure 4. Practicality of the lead detection. (a) Selective detection of lead ions (500 nM) against other metal ions with higher concentration (4
μM/1 mM) (mean ± max deviation, n = 3). (b) Selective detection of lead ion in the presence of other metal ions (Buffer: blank buffer sample
without addition of metal ions; M2+: addition of all metal ions other than Pb2+ in 1 mM; Pb2+: addition of Pb2+ in 50 nM. (c) Lead detection in
different pH conditions. (d) Lead ion detection in different water hardness levels. Soft: 55 mg/L; Moderately Hard: 107.5 mg/L; Hard: 157.7 mg/
L; Very Hard: 318.3 mg/L. (e) Detection in tap water with spiked lead ions.
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improvement was gained when MMPs were increased to 2:1
ratio. Thus, 1:1 ratio of MMPs and PMPs was used in follows.
We next optimized the concentration of GR-5 used to

connect microparticles for lead detection. As shown in the gel
electrophoresis result (Figure 2b), GR-5 was formed by
hybridization between substrate strand GRDS and enzyme
strand GRE at 1:1 ratio, but was cleaved at RNA site (rA) of
substrate strand with the presence of lead ions, which would
result in the disconnection between MMPs and PMPs. By
testing different GR-5 concentrations (Figure 2c), we found
that the optimal concentration of GR-5 DNAzyme is 25 nM
since less GR-5 DNAzyme (10 nM) would cause the
insufficient linkage between MMPs and PMPs, while too
concentrated GR-5 DNAzyme (50 nM) would induce low
sensitivity because it requires more lead ions to cleave the GR-
5.
Limit of Detection. Based on the optimized particle ratio

(1:1) and the GR-5 concentration (25 nM) (Figure 2), we
next explored the limit of detection by a set of lead ion solution
with various concentrations (0 nM, 50 nM, 100 nM, 200 nM,
300 nM, and 500 nM). As expected, increasing lead
concentration led to an increase of PMP accumulation length,
which can be observed and quantified by the naked eye (Figure
3a). Based on the measured trapping length (Figure 3b) and
the lineage regression (Figure 3c), a limit of detection of 2.12
nM (0.44 ppb) was determined (S/N = 3, calculated on the
basis of 3 σ/k, where σ is the standard deviation of the blank
control, and k is the absolute slope of the linear equation,
0.39442), which is around 35 times below the required 15 ppb
of permissible concentration defined by the U.S. Environ-
mental Protection Agency.
Selectivity. To investigate the selectivity of our device,

different metal ions such as Nickel (Ni2+), Copper (Cu2+),
Cadmium (Cd2+), Calcium (Ca2+), Barium (Ba2+), and
Mercury (Hg2+) were used. With 500 nM of lead ions, the
trapping length can reach up to 4.5 mm, which means that GR-
5 DNAzyme was cleaved in the presence of lead ions (Figure
4a). In contrast, for other metal ions with much higher
concentration (4 μΜ and 1 mM), the trapping length was
similar to that of the blank control without metal ions,
indicating that other metal ions cannot cleave the GR-5
DNAzyme. Moreover, to investigate the possible interference
on lead detection when other metal ions are simutaneously
present, we detect Pb2+ (50 nM) in a mixture of all other metal
ions (Nickel (Ni2+), Copper (Cu2+), Cadmium (Cd2+),
Calcium (Ca2+), Barium (Ba2+), and Mercury (Hg2+)) with
much higher concentration (1 mM). The results showed that
our detection is not interfered by other metal ions (Figure 4b).
After calculation, the selectivity achieved >20,000-fold.
Tolerance to Acidity/Basicity. To investigate the

tolerance to water source with different acidity/basicity, lead
ions were spiked in water with adjusted pH = 6.0−8.5, which
represents the acidic/basic condition in the groundwater
system (pH = 6.0−8.5) and the surface water systems (pH =
6.5−8.5). The results showed clear difference in trapping
length between samples with and without 50 nM lead ions,
suggesting the suitability of detection in ground and surface
water systems. For pH 6.0 and 8.5, the difference of trapping
length was slightly reduced (Figure 4c), which might be
because the GR-5 DNAzyme becomes unstable and even
causes nonspecific binding between microparticles when the
pH value is beyond the range of 6.5−8.0.

Tolerance to Water Hardness. To test the tolerance to
water hardness, we adopted four kinds of water samples with
different hardness levels (Soft (55 mg/L), Moderately Hard
(107.5 mg/L), Hard (157.7 mg/L), and Very Hard (318.3
mg/L) according to the water hardness scale from World
Health Organization). The results showed clear and consistent
distinction in trapping length between samples with and
without 50 nM lead ion, suggesting high tolerance to water
hardness (Figure 4d).

Detection in Tap Water. To demonstrate the practical
application of our method, we challenged our microchip for
the detection of lead ions in tap water. Original lead ions
concentration in tap water was determined as 8.68 nM by ICP-
MS. In our device, the trapping length resulting from tap water
was 0.74 ± 0.3 mm. According to the linear regression as a
calibration line (Figure 3c), the lead concentration can be
calculated as 6.48 ± 4.92 nM, which is 74.7% recovery as
compared to the original lead concentration 8.68 nM (Figure
4e and Table 1). In addition, with spiked lead at concentration

of 200 nM and 500 nM, high recovery rates were again
observed at 77.8% and 68.1%, respectively, which exhibits good
practicability for the lead ion detection in real water samples.

■ CONCLUSIONS
Lead contamination in drinking water has become a global
concern in public health. A simple, user-friendly, and
inexpensive detection strategy is highly desired. Here, based
on accumulation of PMPs at the particle dam, we demonstrate
a rapid and self-driven microchip enabling visual quantification
of lead ions (Pb2+) by the naked eye. We achieved a limit of
detection at 2.12 nM (0.44 ppb), which is 35 times below the
required 15 ppb of permissible concentration defined by U.S.
Environmental Protection Agency. Also, high selectivity
(>20,000-fold) against other metal ions, high tolerance to
different pH and water hardness, and compatibility with tap
water with high recovery rate were also demonstrated.
Together, this portable, power-free, label-free, and low cost
microfluidic strip allows simple and rapid screening for end
users to monitor water safety.
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Table 1. Detection in Tap Water with Spiked Lead Ions

sample
original
(nM)

added
(nM)

found (nM)
[mean ± SD]

recovery
(%)

Tap water 1 8.68 0 6.48 ± 4.92 74.7
Tap water 2 8.68 200 162.3 ± 19.4 77.8
Tap water 3 8.68 500 346.15 ± 1.316 68.1
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was originally published ASAP on December 12,
2019. The limit of detection was revised from 0.768 ppb to
0.44 ppb, and the corrected version was reposted on December
16, 2019.
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