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A B S T R A C T

Lead poisoning in drinking water is a serious threat to public health as it may cause permanent damage to the
human nervous system and developmental disorders in children. Many detection methods were developed based
on fluorometric, electrochemical, and chemiluminescent assays, but they require precise instruments for signal
quantification, which limit the practicality in resource-limited sites. Here we provide a visual detection of lead
ions based on nanoparticle-amplified magnetophoresis and Mie scattering. Lead ions first react with GR-5
DNAzyme to release a DNA fragment that can connect magnetic microparticles (MMPs) and gold nanoparticles
(AuNPs) through DNA hybridization. Next, the connected AuNPs are collected by magnetic separation and then
released. Benefit from the hundreds of oligonucleotides on the AuNPs, tiny amount of AuNPs, which represent
low concentration of lead ions, can effectively connect a second pair of MMPs and polystyrene microparticles
(PMPs). Upon magnetophoresis, it changes solution turbidity from milky to clear because of the reduction of Mie
scattering when less free PMPs suspend in the solution. Our results achieved a limit of detection (LOD) at 55 pM
in 100 μl (reaction concentration) and 1.108 nM in 5 μl (sample concentration), which is much lower than the
prescribed level in drinking water suggested by Environmental Protection Agency (72 nM). In addition, it also
achieves high selectivity against other metal ions (> 50,000 to 1) and is compatible with detection in tap water,
providing a visual, sensitive detection without complicated instrument.

1. Introduction

Environmentally hazardous substances in food [1,2] or water [3,4]
pose significant threats to human health. Lead is one of the most lethal
contaminants in industrial waste and drinking water. Because it is non-
biodegradable, lead poisoning can accumulate in the human body,
leading to prolonged impairment of brain function or fetus fatality
during pregnancy [5]. Thus, to better control this problem, sensitive
and quantitative detection of lead contamination is highly desired.

DNAzyme, a form of DNA oligonucleotides which could catalyze a
specific hydrolytic cleavage in the presence of specific metal ions
[6–10], has been employed as a primary agent for lead ion detection
because it can be easily synthesized and is stable compared to protein-
based enzymes or ribozymes. Many detection methods of lead ions have
been built around GR-5 DNAzyme (GR-5) [11–19] because of its ex-
ceptional selectivity against other competing metal ions [20–22]. In the
presence of lead ions, the DNAzyme is activated and cleaved at the RNA
site (rA) of the substrate strand. Through such conformational change,
DNAzyme with functional label can generate signals such as

fluorescence [11,14–16,23–25], electrochemistry [17,26,27] and che-
miluminescence [18,19]. However, those detections require expert
techniques or complicated instruments for signal analysis. In contrast,
visual detections can provide a simple and visible readout suitable for
the general public. For example, based on the unique optical properties
and high surface-to-volume ratio, gold nanoparticles (AuNPs) [28] have
been employed to generate visual signals for lead detections
[11,18,26,28–35]. Nevertheless, visual detection such as colorimetric
assay is generally based on AuNP aggregation [29,30,32,33,35], which
requires not only specific temperature control [29,30] but also large
amounts of linkers to induce sufficient aggregation [33,35]. Thus, suf-
ficient sensitivity is difficult to achieve.

Instead of directly using AuNP for signal generation, AuNPs can also
be used as a trigger to initiate a subsequent reaction or process
[31,32,34]. Adopting this idea, here we report a 2-step visual detection
based on GR-5 with nanoparticle-amplified magnetophoresis and Mie
scattering (Scheme 1). In the step 1, GR-5 is cleavable by lead ions and
releases a DNA fragment that can connect magnetic microparticles
(MMPs) and AuNPs through DNA hybridization (Fig. S1). The
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connected AuNPs, with a number proportional to the amount of lead
ions, can be collected by magnetic separation. In the step 2, the col-
lected AuNPs are released by denaturation. Based on the vast amount of
oligonucleotides on the released AuNPs, AuNPs can effectively hy-
bridize to the oligonucleotides on the second pair of MMPs and poly-
styrene microparticles (PMPs), leading to the formation of MMPs-
AuNPs-PMPs even with very tiny amount of AuNPs. After magnetic
attraction, the solution turbidity changes from milky to clear because of
the reduced Mie scattering when less PMPs freely suspend in the so-
lution. Such two-step amplification achieved a limit of detection (LOD)
at 55 pM in 100 μl (reaction concentration) and 1.108 nM in 5 μl
(sample concentration), which is significantly lower than the prescribed
level in drinking water suggested by Environmental Protection Agency
(72 nM), and is extremely selective on lead ions against other metal
ions (> 50,000 times), and applicable to detection in tap water.
Overall, combining nanoparticle-amplified magnetophoresis and Mie
scattering, we demonstrate a visual and sensitive detection of lead
contamination without complicated instrument for signal analysis.

2. Experimental

2.1. Oligonucleotide sequence

The sequences of oligonucleotides are listed in Table S1. The GRDS
(Integrated DNA Technologies) and GRE (BGI BIO-Solutions HONGK-
ONG Co., Ltd.) were designed based on the original form [20] with
extension on its two termini. Other oligonucleotides were synthesized
from BGI BIO-Solutions HONGKONG Co., Ltd.. Once receiving, the
oligonucleotides were dissolved in DEPC-treated water (Thermo Fisher
Scientific). The P1’s sequence was designed to hybridize with the 3′ end
of GRDS, and is complementary to P1C. The E1C was designed to

hybridize with the 3′ end of GRE, which is only revealed after hydro-
lytic cleavage of GR-5. Thus, once the GR-5 is cleaved (Fig. S1), the
DNA fragment composed of 3′ end of cleaved GRDS and 3′ end of GRE
can hybridize with P1 on AuNPs (15 nm in diameter; PERSer Nano-
technology Ltd.) and E1C on MMPs (CM01 N, 0.86 μm in diameter;
1.864 × 1010 particles/ml, Bangs Laboratories, Inc.), allowing AuNPs
being connected to MMPs in the step 1. Note that the AuNPs were si-
multaneously modified with P2, which has sequence complementary to
P2C. Thus, in the step 2, P1 and P2 on AuNPs can hybridize to P1C on
MMPs and P2C on PMPs (CP01 F, 0.989 μm in diameter; 1.827 × 1010

particles/ml, Bangs Laboratories, Inc.). SGRDS target is a short single-
strand DNA oligonucleotide that can hybridize with G’ and P2 in jux-
taposition. It was used to optimize the ratio between MMPs modified
with G’ and AuNPs modified with P1 and P2, or PMPs modified with P2.
For immobilization on micro or nanoparticles, the oligonucleotides
were either thiolated for binding to AuNPs (lengthened with poly T tail
to enhance the hybridization efficiency) or biotinylated for binding to
MMPs or PMPs coated with streptavidin. All hybridization of DNA
oligonucleotides modified on particles was conducted at 25 ℃ for 30
min.

2.2. Modification of particles

The thiolated oligonucleotides P1 and P2 (6.25 μl, 100 μM) were
first activated by (2-carboxyethyl) phosphine (TCEP, Sangon Biotech
Ltd., 10 mM, 5 μl) for 1 h, and then mixed with 750 μl of AuNP solution
(15 nm in diameter, particles/ml: 2.0 × 1010) for overnight incubation.
A step-wise aging process was conducted until 0.3 M NaCl was
achieved, i.e. addition of 0.025 M NaCl (J&K Scientific) by 4 times,
followed by 4 times of addition of 0.05 M NaCl, with 45 min time in-
terval between each addition. After aging for 16 h, the AuNPs were

Scheme 1. Working principle of the visual detection of lead ions. [Step 1]: GR-5 DNAzyme is cleavable by lead ions and releases a fragment that can connect
magnetic microparticles (MMPs) and gold nanoparticles (AuNPs). [Step 2]: After magnetic separation, the connected AuNPs are released by denaturation and then
used to connect a second pair of MMPs and polystyrene microparticles (PMPs). [Final measurement]: Change of solution turbidity because of the reduced Mie
scattering when less PMPs freely suspend in the solution.
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washed by centrifugation at 13.3 × g for 3 times with 30 min time
interval each, followed by resuspension in 750 μl of TA buffer (50 mM
Tris Acetate consisting of Tris(hydroxymethyl) aminomethane (J&K
Scientific) and acetic acid (J&K Scientific), 0.2 M NaCl (J&K Scientific),
and 0.2 % Tween 20 (Thermo Fisher Scientific)). The biotinylated oli-
gonucleotides E1C, P1, P1C and P2C were immobilized onto MMPs or
PMPs through ‘biotin-streptavidin’ complex. Briefly, 0.72 μg oligonu-
cleotide was mixed to each μl of either MMPs or PMPs solution, where
the provided oligonucleotide was significantly greater than the total
capacity of microparticles to ensure that all binding sites are fully
loaded. After gentle shaking in room temperature for 30 min, the par-
ticles were rinsed three times by TA buffer to remove the excess oli-
gonucleotides. Finally, the particles were resuspended at 10 mg/ml.

2.3. Optimization of ratio of MMPs to PMPs or AuNPs

Synthesized DNA (SGRDS target) was used as the target at 4 μM in 5
μl to connect MMPs to AuNPs or 1.76 μM in 2.5 μl to connect MMPs to
PMPs. Varied volume of MMPs modified with G’ (1.25 μl, 2.5 μl, 3.75 μl,
5 μl, and 6.25 μl, 10 mg/mL) were used to connect to a fixed amount of
AuNPs modified with P1 and P2 strand (80 μl, particles/ml: 2.0 ×
1010). The final volume was adjusted to 100 μl by TA buffer. Similarly,
the varied volume of MMPs modified with G’ (0.5 μl, 1 μl, 2 μl, 3.5 μl, 5
μl, and 7.5 μl, 10 mg/mL) were used to connect to a fixed amount of
PMPs modified with P2 strand (3.5 μl, 10 mg/mL). The experimental
solution was brought to 22 μl by adding TA buffer. After hybridization,
the absorbance of the supernatant was measured at the wavelength of
400 nm by UV–vis spectrometer (BioDrop μlITE, UK) for PMPs; or at the
wavelength of 520 nm by Agilent 8453 spectrophotometer (UV-AG-1)
for AuNPs.

2.4. Hydrolytic reaction of GR-5 by lead ion

GRDS and GRE were hybridized at a 1:1 ratio for 30 min at 25 ℃ to
form the GR-5 DNAzyme at 1 μM in 30 μl in the TA buffer. Because a
small amount of GR-5 may be unexpectedly cleaved during GR-5 for-
mation, 50 μl MMPs with E1C (10 mg/ml) were added to remove the
cleaved fragment. To determine the LOD, 5 μl of different concentra-
tions of lead (II) acetate trihydrate (from J&K Scientific) was prepared
in TA buffer. For selectivity test, various metal ions including Nickel
(Ni), Copper (Cu), Cadmium (Cd), Calcium (Ca), Barium (Ba) and
Mercury (Hg) (all are in AA standard form from J&K Scientific) were
used to react with GR-5 at concentration of 1 mM diluted in TA buffer in
5 μl. For the reaction in different pH values, 5 μl DEPC-treated water
with various concentrations of lead ions was first adjusted by the ad-
dition of NaOH or HCl until the pH reached 3, 6, 9, or 11. For tests in
tap water, lead ions with different concentrations was spiked in tap
water, and the final volume was 5 μl. Next, the lead solution reacted
with the purified GR-5 at 100 nM in 10 μl for 45 min. Of note, we found
that the use of bovine serum albumin (BSA) coating in microcentrifuge
would inhibit the hydrolytic reaction between GR-5 and lead ions (lane
5–6 in Fig. S2). Such inhibition may be due to the binding between lead
ions and BSA [36,37]. Hence, BSA-coated tubes were not used in the
reaction between GR-5 and lead ions.

2.5. Hybridization between MMPs and PMPs using cleaved GR-5

The GR-5 solution after reaction with lead ions was added into 3.5
μl of MMPs (10 mg/mL) modified with E1C in microcentrifuge tube
coated with BSA (1 %). After 30 min of shaking, three times washing by
TA buffer on a magnetic rack was conducted to remove the excess
oligonucleotides, leaving only cleaved GR-5 fragment connected to the
MMPs. Next, 3.5 μl of PMPs (10 mg/mL) modified with P1 was mixed
into the solution and incubated for 30 min with gentle vortex at room
temperature. Supernatant with free PMPs was then collected in mi-
crocentrifuge tube coated with BSA (1 %) by magnetic separation for

direct visual inspection or quantitatively analysis by optical absorbance
at the wavelength of 400 nm by UV–vis spectrometer (BioDrop μLITE,
UK).

2.6. Hybridization between MMPs and AuNPs using cleaved GR-5

The GR-5 solution after reaction with lead ions was added into 5 μl
of MMPs (10 mg/mL) modified with E1C in microcentrifuge tube
coated with BSA (1 %). After 30 min with shaking, the supernatant was
removed using magnetic separation. After three times of washing by TA
buffer, the MMPs linked with cleaved GR-5 were mixed with the AuNPs
(15 nm in diameter, particles/ml: 2.0 × 1010, 80 μl) modified with both
P1 and P2 for 30 min. After magnetic separation, the supernatant was
collected in microcentrifuge tube coated with BSA (1 %) for later use or
measurement of absorbance at wavelength of 520 nm by Agilent 8453
spectrophotometer (UV-AG-1).

2.7. Amplified visual detection using collection of linked AuNPs

The linked MMPs and AuMPs were denatured using NaOH solution
(10 μl, 1 M) for 5 min in microcentrifuge tube coated with BSA (1 %),
allowing the isolation of AuNPs. The released AuNPs were rinsed twice
using 100 μl, 0.1 M phosphate buffer (0.0754 M Na2HPO4, 0.0246 M
NAH2PO4, pH 7.4) and concentrated in 10 μl of 0.1 M phosphate buffer.
Next, 5 μl of MMPs (10 mg/ml) modified with P1C and 3.5, 7 or 8.75 μl
of PMPs (10 mg/ml) modified with P2C were added for incubation
inside the 0.1 M phosphate buffer for 1 h. For visual detection of MMPs-
AuNPs-PMPs based on magnetophoretic effect, supernatant of free
PMPs was collected in microcentrifuge tube coated with BSA (1 %) by
magnetic separation for direct visual inspection or quantitatively ana-
lysis of optical absorption at the wavelength of 400 nm by UV–vis
spectrometer (BioDrop μLITE, UK).

2.8. Agarose gel electrophoresis

Five percent agarose gel was formed by dissolving 5 g of agarose
powder (Thermo Fisher Scientific) in 100 ml of 1X TAE buffer (diluted
from 10X TAE buffer, Thermo Fisher Scientific). The solution was mi-
crowaved until boiling, and all the agarose particles were dissolved.
Then, the solution was mixed with 3 μl, 10,000X gel red (BIOTIUM) and
poured into the casting tray until it cooled down and formed the gel.

Hybridization of oligonucleotide (200 nM diluted by TA buffer) was
conducted at room temperature for 1 h. Next, oligonucleotides (200 nM
for each strand) were loaded in the gel for conducting DNA migration
inside the gel tank (electrophoresis unit) prefilled with the 1X TAE
buffer under 130 V for 45 min. The gel was visualized by BIO-RAD Gel
Doc EZ Imager. Different-length strands can be observed to determine
the efficiency of double-strands formation. GeneRuler Ultra Low Range
DNA Ladder (SM1211, Thermo Fisher Scientific) was used as a re-
ference.

2.9. Dynamic light scattering (DLS)

The MMPs, AuNPs, and PMPs were prepared in TA buffer with the
volume of 25 μl (10 mg/ml), 400 μl (particles/ml: 2.0 × 1010) and 35 μl
(10 mg/ml) respectively. For MMPs-AuNPs-PMPs, solution was mixed
with 25 μl MMPs, 400 μl AuNPs and 35 μl PMPs (same as the experi-
mental ratio). All samples were centrifuged and resuspended in 450 μl
of TA buffer and incubated at 25 ℃ for 30 min with shaking for hy-
bridization between MMPs, AuNPs, and PMPs. Afterward, the mea-
surement was conducted by Dynamic Light Scattering Particle Size
Analyzer (Malvern Zetasizer Nano ZS) with the measured volume at
400 μl.
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2.10. Transmission electron microscopy (TEM)

The MMPs, AuNPs, and PMPs were prepared in TA buffer with the
volume of 6.25 μl (10 mg/ml), 100 μl (particles/ml: 2.0 × 1010), and
8.75 μl (10 mg/ml), respectively. For MMPs-AuNPs-PMPs, solution was
mixed with 6.25 μl MMPs, 100 μl AuNPs and 8.75 μl PMPs together. All
samples were centrifuged and resuspended in 100 μl of TA buffer. Next,
the solutions were concentrated 10 times in TA buffer by centrifugation
and incubated at 25 ℃ for 30 min with shaking for hybridization be-
tween MMPs, AuNPs, and PMPs. Seven microliters of the concentrated
solution was deposited on a 300 mesh copper grid, and allowed to
absorb for 30 min. After that, excess solution was removed, followed by
rinsing with ethanol and absorbed by filter paper. After being kept in a
desiccator overnight, the TEM imaging was carried out using a
Transmission Electron Microscope (FEI / Philips Tecnai 12 BioTWIN).

3. Results and discussion

3.1. Gel electrophoresis of hydrolytic cleaved GR-5

We first conducted gel electrophoresis to visualize the hydrolytic
cleavage of GR-5. GR-5 can be successfully formed by hybridization
between GRDS and GRE at a 1:1 ratio, while there was a slight amount
of GR-5 auto-cleaved (lane 1–3 in Fig. 1). With the addition of lead ions
(200 nM), the majority of GR-5 was cleaved (lane 4 in Fig. 1), releasing
a fragment which can hybridize with P1 at 3′ end of GRDS and E1C at 3′
end of GRE (lane 5–7 in Fig. 1). Note that the reaction can occur at 25℃
or 37 ℃ (Fig. S3), suggesting the tolerance to temperature variation
within the range of room temperature. Of note, the intact GR-5 can only
bind with P1 but not E1C (lane 8–10 in Fig. 1) because the 3′ end of
GRE is occupied by the intact GRDS. Based on such design, only cleaved
GR-5 is allowed to bind to E1C and P1 simultaneously.

3.2. Visual detection using magnetophoresis and Mie scattering without
amplification

Based on the enzymatic cleavage of GR-5, we next investigated the
visual detection of lead ions without amplification. The principle is
based on GR-5-mediated connection between MMPs and PMPs, i.e.
MMPs-GR-5-PMPs (scheme in Fig. 2). We first optimized the ratio be-
tween MMPs to PMPs to ensure sufficient change of solution turbidity
after forming the MMPs-GR-5-PMPs. For simplicity, we used synthe-
sized single-strand DNA, i.e. SGRDS target (200 nM), to represent the
cleaved GR-5 fragment for particle connections. Correspondingly, G’
was modified on MMPs and P2 was modified on PMPs such that G’ and
P2 can hybridize with the SGRDS target in juxtaposition, leading to the
connections between MMPs to PMPs that reduce the solution turbidity

after magnetophoresis. To optimize the particle ratio, we changed the
volume of MMP solution (10 mg/mL) while keeping the sufficient
amount of PMPs fixed (3.5 μl, 10 mg/mL) such that high absorbance
can be obtained when the target is absent. As shown in Fig. S4A, after
mixing and magnetic attraction, the absorbance value was reduced with
the increasing volume of MMPs due to the reduced Mie scattering when
more MMPs were available to attract PMPs to the sidewall. Based on the
situation of the lowest absorbance, which indicates the effective par-
ticle-particle connections, 3.5 μl of MMPs was chosen to connect PMPs.

With the optimized pair of MMPs to PMPs, we next investigated the
suitable GR-5 concentration to differentiate samples with/without lead
ions. Here, MMPs were modified with single-strand oligonucleotide
E1C, while PMPs were modified with P1. As such, the fragment released
from cleaved GR-5 can hybridize with E1C and P1 simultaneously, in-
creasing the connection between MMPs to PMPs. We found that GR-5 of
1 or 5 nM was insufficient to connect MMPs and PMPs, while excess
amount of GR-5 such as 25 or 50 nM would cause too much auto-
cleaved GR-5 fragment that made the solution clear even when lead ion
was absent (Fig. 2A). In contrast, when GR-5 was 10 nM, the increase of
lead ion concentration led to an apparent reduction of absorbance,
providing the best contrast between samples with/without lead ions
(Fig. 2A).

With optimized GR-5 concentration and particle ratio, we next ex-
plored the LOD of this visual detection without amplification. When the
concentration of lead ions increased from 4.4 nM to 880 nM, the ab-
sorbance of the PMPs solution reduced. Using the calibration graph
plotted in the linear range of 0–80 nM (Fig. S5 and Fig. 2B), the LOD
was estimated as 6.22 nM in 22 μl (reaction concentration) or 27.38 nM
in 5 μl (sample concentration), which were calculated based on 3 σ/m
[10,38], where σ is the standard deviation of blank sample (0.05412),
and m is the absolute slope of the calibration equation (0.00593).

3.3. Visual detection using nanoparticle-amplified magnetophoresis and Mie
scattering

To enhance the detection sensitivity, we next applied the nano-
particle-based amplification (Scheme 1). Instead of using GR-5 for di-
rect connection between MMPs and PMPs, MMPs first connected to
AuNPs by cleaved GR-5 fragment such that the number of connected
AuNPs is proportional to the amount of lead ions. After the magnetic
separation, the AuNPs can be released from the MMPs through DNA
denaturation. Simultaneously carrying P1 and P2 with a great number,
the AuNPs can be used to connect a second pair of MMPs modified with
P1C and PMPs modified with P2C, leading to strengthened connection
between MMPs and PMPs, i.e. MMPs-AuNPs-PMPs. We first used DLS
and TEM to characterize the particle connections. The result of DLS
showed that the diameter of MMPs and PMPs is 0.999± 0.447 μm and
1.087±0.224 μm, respectively, while the diameter of AuNPs is
29.48±18.35 nm (Fig. S6). After hybridization, the diameter of MMPs-
AuNPs-PMPs becomes 2.157± 1.04 μm, suggesting the successful
connection between the three particles. Furthermore, using TEM for
direct observation, it is clear the formation of MMPs-AuNPs-PMPs is
mediated by AuNPs that connect MMPs and PMPs (Fig. S7).

We next optimized the ratio between MMPs and AuNPs in the step1
using SGRDS target (200 nM) to represent the cleaved GR-5 fragment.
Similar to the optimization of particle ratio above, we adjusted the
volume of MMPs (10 mg/mL) when AuNP concentration was fixed at a
sufficient concentration (particles/ml: 2.0 × 1010, 80 μl) to ensure high
absorbance when SGRDS target is absent. According to the results, 5 μl
of MMPs was chosen to connect AuNPs (Fig. S4B). Next, we optimized
the amount of PMPs to be used in the step 2. When the lead ion was
absent, a very small amount of AuNPs, i.e. due to non-specific binding
or auto-cleaved GR-5, can be still collected by magnetic separation,
even though most of the auto-cleaved GR-5 was already removed by
MMPs with E1C before the lead ion reaction. Because these AuNPs still
carry strong connectivity, they can still greatly reduce the number of

Fig. 1. Agarose gel analysis of GR-5 DNAzyme hybridization. Lane 1: GRDS,
substrate strand; Lane 2: GRE, enzyme strand; Lane 3: GR-5; Lane 4: GR-5 +
Pb2+ (200 nM); Lanes 5: GR-5 + Pb2+ (200 nM) + E1C; Lane 6: GR-5 + Pb2+

(200 nM) + E1C + P1; Lane 7: GR-5 + Pb2+ (200 nM) + P1; Lane 8: GR-5 +
E1C; Lane 9: GR-5 + P1; Lane 10: GR-5 + E1C + P1.
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free PMPs in the step 2, causing the increased background noise or false
positive signals. To compensate it, we adopted more PMPs in the step 2
after amplification. PMPs of 3.5, 7 and 8.75 μl were tested with the
negative control and sample solution with lead ion solution (20 nM in 5
μl). When PMPs is 3.5 μl, we found that the absorbance value of sample
with or without lead ion was below 0.25, indicating that almost all
PMPs were linked to MMPs through the AuNPs (Fig. S8). In contrast, by
increasing the volume of PMPs, we found that 7 μl and 8.75 μl of PMPs
used in the amplification step not only reduced the noise but also in-
crease the signal-to-noise ratio. Consequently, 7 μl PMPs were applied
in the step 2.

After applying the amplification with the optimized particle ratio,
we again observed a reduction of Mie scattering when lead con-
centration increased (Fig. 3A-C). By plotting the calibration graph with
a linear range of 0–1 nM (Fig. 3D), the LOD achieved to 55 pM in 100 μl
(reaction concentration) or 1.108 nM in 5 μl (sample concentration),
which were calculated based on 3 σ/m, where σ as 0.13434 and m as
0.36373. Thus, comparing to the LOD without amplification (Fig. 2B),
the signal was amplified to around 25 times. By comparing to other
state-of-the-art detections (Table S2), our method achieved high sen-
sitivity comparable or even better than most of the methods based on
fluorescence or colorimetric signals, providing a sensitive and visual
detection of lead contamination without complicated instrument.

3.4. Selectivity

To validate the selectivity of this amplified visual detection, we
conducted a test with different metal ions that may be present in nat-
ural or industrial water source such as calcium (Ca) mercury (Hg),
cadmium (Cd) and copper (Cu), or may accompany with lead as a
binary product such as nickel (Ni) [5,39] and barium (Ba) [40]. Re-
markably, our detection is highly selective toward lead ions (20 and
200 nM) than any other metal ions with much higher concentration (1
mM) (Fig. 4). Based on the concentration of use, the selectivity is at
least 50,000–1. Therefore, it is feasible to apply our method for the
detection of real water samples even if other metal ions are present.

3.5. Detection in different acidic/basic environment

To investigate the compatibility of this assay in different environ-
ment, we used lead ion samples spiked in water with pH = 3, 6, 9 and
11, which represents the acidic or basic condition such as the surface
water systems (pH = 6.5–8.5), the groundwater system (pH = 6–8.5)
and extreme condition which may not be even suitable for drinking (pH
= 3 or 11). The result showed that, while the signal-to-noise ratio was
reduced, we can still differentiate sample with lead ion>20 nM in
mildly acidic/basic condition (pH = 6 and 9), and sample with lead

Fig. 2. Visual detection using magnetophoresis and Mie scattering without amplification. (A) Optimization of GR-5 DNAzyme concentration for connection of MMPs-
GR-5-PMPs (mean±max deviation, n = 3). (B) Linear range of the relative absorbance at wavelength of 400 nm with respect to the concentration of lead ions
(mean±max deviation, n = 3). Inlet: line fitting within the lineage range of the relative absorbance with respect to the concentration of lead ions.

Fig. 3. Visual detection using nanoparticle-
amplified magnetophoresis and Mie scattering.
(A) Optical image showing the change of so-
lution turbidity resulted from the presence of
lead ions with different concentrations. (B)
Spectral absorbance measurement of the solu-
tion. (C) Measurement of solution turbidity by
the relative absorbance at 400 nm wavelength
(mean±max deviation, n = 3). (D) Linear
range of the relative absorbance at wavelength
of 400 nm with respect to the concentration of
lead ions (mean±max deviation, n = 3).
Inlet: line fitting within the lineage range of
the relative absorbance with respect to the
concentration of lead ion.
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ion>200 nM in extremely acidic/basic condition (pH = 3 and 11)
(Fig. S9 and Fig. 5). Thus, while the extremely acidic/basic environ-
ment may affect the detection mechanism by reducing the stability of
DNA hybridization, our detection still works in a mildly acidic/basic
environment, which is still sufficient for monitoring the safety of
drinking water.

3.6. Detection in tap water

At last, to validate the compatibility and practicability of our assay
towards real applications, we applied this assay for detection in tap
water. Lead ions were spiked into the tap water (final concentration:
10, 20, or 100 nM), and the results were compared to that in buffer
solution as a reference. We found that the water sample without adding
lead already led to a small reduction of absorbance value, suggesting
that lead ions were contained in the tap water (Fig. 6). Based on the

calibration curve (Fig. 3D), we can determine the concentration of lead
in tap water is 0.359 nM in 5 μl (sample concentration). Next, by
spiking additional lead ions into such tap water sample, the additional
lead ion of 10 nM can cause a reduction of absorbance value similar to
the 20 nM case in buffer, and achieved almost zero absorbance for the
case with an additional lead ion of 20 nM (Fig. 6). Together, the results
show the compatibility of our assay for practical application in tap
water sample and suggest the presence of lead contamination in tap
water in Hong Kong.

4. Conclusion

Lead poisoning in drinking water poses severe risk to human health.
By combining nanoparticle-amplified magnetophoresis and Mie scat-
tering, we demonstrate a visual detection of lead with LOD of 55 pM in
100 μl (reaction concentration) and 1.108 nM in 5 μl (sample con-
centration)), which is much lower than the prescribed level in drinking
water suggested by Environmental Protection Agency (72 nM). Also, it
achieves high selectivity (> 50,000–1) against other competing metal
ions. More importantly, this method is compatible with detection in tap
water or environmental sample with mild acidity/basicity, suggesting
that this simple and highly sensitive detection as a potential application
for monitoring lead contamination in drinking water.
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Fig. 4. Selectivity of lead detection against
other six metal ions with higher concentration
(1 mM). (A) Optical image showing the change
of solution turbidity resulted from the presence
of different metal ions. (B) Spectral absorbance
measurement of solution. (C) Measurement of
solution turbidity by the relative absorbance at
400 nm wavelength (mean±max deviation, n
= 3).

Fig. 5. Measurement of solution turbidity by the relative absorbance at 400 nm
wavelength showing the lead ion detection in acidic/basic environment
(mean±max deviation, n = 3).
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