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ARTICLE INFO ABSTRACT

Keywords: Exposure to lead in drinking water elevates blood lead levels and causes permanent impairment to human body.

Leads To provide a preventive measure for lead intoxication, here we report a sensitive visual quantification of lead

Visual detection in drinking water and whole blood. GR-5 DNAzyme can be cleaved by Pb?*, releasing an oligonucleotide T

DNAZYI_“e o that triggers catalytic assembly of hairpin complex H1H2 connecting magnetic microparticles (MMPs) and poly-

;ﬂizlg’;;g;::m assembly styrene microparticles (PMPs). After loading the particle solution into a capillary-driven microfluidic device,

Microfluidics MMPs-H1H2-PMPs are first attracted and removed by a magnetic separator, and the remaining free PMPs con-
tinue flowing along the microchannel until accumulating at a particle dam. As such, more lead ions cause shorter
PMP accumulation quantifiable by the naked eye. The method achieved a limit of detection (LOD) of 246 pM,
and is extremely selective (> 40,000 folds to other metal ions), and highly tolerant to acidity/basicity (6 — 8.5)
and water hardness (55 — 318.3mg/L). More importantly, high recovery rate (> 78%) in tap water and LOD of
2.57nM for lead level in whole blood were achieved, demonstrating a visual quantification method for screening
water safety and lead intoxication with user-friendly interface.

1. Introduction

Lead ion is one of the most poisonous heavy metal ions commonly
present in gasoline, batteries and pigments industries [1]. Due to its
non-biodegradability, there are approximately 300 million tons of
mined lead circulating in soil and groundwater, resulting in serious en-
vironmental pollution [1]. A very small amount of lead ions can cause
many diseases in human body, such as neurological diseases, cardiovas-
cular diseases, reproductive system diseases, developmental disorders,
and increase the risk of permanent neurological damage and hyperten-
sion to children [2]. Therefore, there are urgent needs for monitoring
the trace amounts of lead in drinking water for environment and food
safety, or in blood for diagnosis of lead intoxication.

BLL (blood lead level) of concern is 5pug/dL (241.3nM) for children
according to CDC Response to Advisory Committee on Childhood Lead
Poisoning Prevention Recommendations, while the Environmental Pro-
tection Agency has defined 15 ppb (72.4nM) as the action level for lead
in tap water [3,4]. To monitor it, there are analytical techniques in-
cluding atomic absorption spectrometry (AAS) [5], atomic fluorescence
spectrometry (AFS) [6], inductively coupled plasma mass spectrome-

= Corresponding author.
Email address: thchen@cityu.edu.hk (T-H Chen)
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.snb.2020.128727

Received 14 May 2020; Received in revised form 1 August 2020; Accepted 7 August 2020
Available online xxx

0925-4005/ © 2020.

try (ICP-MS) [71, and capillary electrophoresis [8,9]. However, because
costly instruments or complicated procedures are required, those meth-
ods are inconvenient, time-consuming and not suitable for end-users
[10].

Recently, various chemo- and bio- sensors for Pb®* detection have
been employed using recognition materials, including proteins [11],
peptides [12], nucleic acids [13] and small ligands [14]. Among them,
DNAzyme has been extensively studied and attracted wide interest
due to their numerous advantages of high stability, catalytic activity,
low relative molecular weight, and simple synthesis and modification
[15,16]. Pb?*-specific DNAzyme GR-5 is usually utilized as the core of
sensors to output signals such as fluorescence [17-24], electrochemistry
[25-28], chemiluminescence [29-31] and colorimetry [32-37]. How-
ever, for those conventional signals, standard equipment such as spec-
trometer or ammeter is needed, which makes the analysis bulky and
expensive. To make it more suitable for on-site and fast measurement
through untrained end-users, miniaturized detection with simple and
visible readout is more desired. There are attempts based on the ap-
pearance of a visible bar on lateral flow dipstick [38] and accumula-
tion of nanoparticles in the microchannels [39]. In particular, quan-
titative measurements of lead were also allowed by the movement of
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Table 1
Comparison of methods with visual readouts
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Detection Concept LOD Sample-to-Result Time Sample Matrix Equipment/Instrumentation Ref.
Dipstick test 0.5 pM 30 min Pb2* extracted from paints No [38]
Microfluidic chip 10pM 15 min Water Microscope / Magnifier [39]
Volumetric bar-chart chip 1.0 nM 40 min DI water No [40]
Microfluidic chip 2.12nM 65 min Tap water No [41]
Microfluidic chip 246 pM 95 min (Tap water); 125 min (Whole blood / Plasma) Tap water / Whole blood / Plasma No This work
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Fig. 1. Working principle of CHA triggered by the released T after GR-5 cleavage. First, GR-5 is cleaved by lead ions to release the oligonucleotide Target (T) (Step 1). With addition of
H1 and H2, the T hybridizes with H1 and opens its hairpin structure (Step 2), which can subsequently open the H2 and then displace and release the T for the next cycle (Step 3). After
repeating, it produces massive amount of assembled H1 and H2. H1-H2 complexes would hybridize with the biotinylated oligonucleotides P1 and P2 on streptavidin-coated MMPs and
PMPs, respectively, leading to the formation of MMPs-H1H2-PMPs (Step 4). Finally, MMPs-P1 and MMPs-H1H2-PMPs would be attracted to the tube side wall resulting in clear solution.
Otherwise, when there is no Pb?>* added, MMPs could not connectto PMPs, leaving the solution turbid.

an ink bar [40] or microparticle accumulation in microfluidic chip [41].
However, for visual detections, the LOD is mostly at nM/uM level, and
detection in unprocessed, raw matrix such as blood is hardly achieved
(Table 1).

In this work, a visual, quantitative, and sensitive method for lead
ion detection is provided using cascade-amplified microfluidic particle
accumulation. When lead ion is present, Pb?*-specific GR-5 is cleaved
to release a strand of oligonucleotide Target (T). Of note, oligonu-
cleotides can be used for signal amplification such as hybridization
chain reaction [42], catalytic hairpin assembly (CHA) [43], rolling cir-
cle amplification [44] and toehold-mediated strand displacement [45].
Because CHA is enzyme-free, free-energy-driven, convenient, and pro-
grammable in isothermal reactions [46-48], the released T is used to
trigger CHA with hairpins H1 and H2 to amplify the production of T
(Fig. 1). In follows, the mass-produced hairpin assembly H1IH2 con-
nects MMPs and PMPs, leading to the formation of MMPs-H1H2-PMPs.
Next, a microfluidic system is applied. Microfluidics has become an
enabling technology for point-of-care and personalized diagnostics be-

cause of low reagent consumption, high throughput and rapid analysis
[49-54]. To visually quantify the particle connection, the particle so-
lution is loaded onto a microfluidic device. Driven by capillary flow,
MMPs-H1H2-PMPs are first removed by a magnetic separator, while
free PMPs can continue flowing and eventually accumulate at a parti-
cle dam, forming a visual bar with a visible length inversely propor-
tional to the amount of lead ions. Comparing to our previous method
where MMPs and PMPs are connected by the GR-5 but separated after
lead-mediated cleavage [41], here the T releaseded from GR-5 cleavage
is used to trigger the CHA amplification. Thus, low concentration of lead
can bring mass-produced hairpin assembly H1H2 to connect MMPs and
PMPs, allowing great improvement of detection sensitivity. With vali-
dated particle connection based on Pb?*-triggered CHA, the LOD of lead
detection, selectivity, and tolerance to solution acidity/basicity and wa-
ter hardness were investigated. Furthermore, tap water and whole blood
were applied to demonstrate the visual and sensitive Pb?* detection for
monitoring water safety and lead intoxication.
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Fig. 2. Magnetophoresis assay for detection of lead ions. (a) Optical image of supernatant with suspending PMPs resulted from different concentrations of Pb?* (0-50nM). (b) Relative
UV-Vis spectral absorbance corresponding to (a). (¢) Relative spectral absorbance at 400 nm. (d) Linear regression of the relative spectral absorbance at 400 nm of varying concentrations

of Pb%* (mean =+ max deviation, n = 3).

= - Inlet
/”
-

A S~ ~
_\r.-. ~
GR-5 a

X
PMPs-P2 MMPs-P1
Qun __  Cmm
H1 H2

wlo Pb?* OE__, (@111 r

CHA Reaction | © Pb?

w/ Pb2*

Trapping Channel
Accumulated PMPs

¥
¥

#
i #ﬁ‘tﬁr‘
\ =

. Particle Dam
- with a Nozzle

Magnetic
Separator

Fig. 3. Working principle of the microfluidic device. After CHA and reaction with microparticles, the solution is loaded to a microfluidic device driven by capillary flow. A magnetic
separator would first capture the MMPs and MMPs-H1H2-PMPs, and free PMPs can continue flowing until be trapped by a particle dam. Therefore, more lead ions would cause shorter

PMP accumulation with a length readable by the naked eye.
2. Materials and methods
2.1. Oligonucleotide Sequences
The sequences of GRDS (Integrated DNA Technologies) and other
oligonucleotides (BGI BIO-Solutions HONGKONG Co., Ltd.) are listed

in Table S1. They were received in powder state and dissolved in di-
ethyl pyrocarbonate (DEPC) -treated water (Thermo Fisher Scientific)

at 100pM. GRDS hybridizes with GRE to form the GR-5, which is
cleaved by lead ions and releases a short sequence T (underlined se-
quence of GRDS) (Fig. S1) [55]. As such, the H1 was designed as a hair-
pin with stem part (labelled bold in Table S1), which can hybridize with
the T (via the sequence labelled italic), and its opened form can then
hybridize with H2 (via the sequence of H1 and H2 labelled underline).
Thus, the stem part of H2 (the sequence labelled bold) can be opened
and displace the T. Meanwhile, biotinylated P1 and P2 immobilized
on streptavidin-coated MMPs and streptavidin-coated PMPs can hy-
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Fig. 4. LOD of lead detection using the microfluidic device. (a) Optical Image of accumulating PMP with respect to Pb?* concentration. (b) The measured PMP accumulation length. (c)
The linear regression of the PMP accumulation length with respect to Pb>* concentration (mean * max deviation, n = 3).

bridize with the spare space of H1 and H2, respectively, leading to the
formation of MMPs-H1H2-PMPs.

2.2. Agarose Gel Electrophoresis

First, 100mL of 1X TAE buffer (Thermo Fisher Scientific) was used
to dissolve 4 g of agarose powder (Thermo Fisher Scientific). The mix-
ture was boiled in micro-wave oven for 2min, followed by addition of
4yl of 10,000X GelRed® Nucleic Acid Gel Stain (Biotium) and boiling
for another 2min. Next, all the solution was transferred to a casting tray
and cooled down for 30min in room temperature to form 4% agarose
gel, and then placed in the gel tank filled with 1X TAE buffer. The con-
centration of all oligonucleotide strands and Pb?* was 200nM in bind-
ing buffer (50 mM Tris-HCl, 140 mM NaCl, 5mM KCl, pH 7.5, all from
Sigma-Aldrich, USA). Before loading into the electrophoresis unit, each
sample was mixed with 6X DNA Gel Loading Dye (Thermo Fisher Scien-
tific) with a ratio of 5:1. The electrophoresis was conducted under 130 V
for 40 min using GeneRuler Ultra Low Range DNA Ladder (SM1211,
Thermo Fisher Scientific) as the reference. Finally, BIO-RAD Gel Doc EZ
Imager was used to visualize the result.

2.3. Modification of Microparticles

Based on the streptavidin-biotin bonds, MMPs and PMPs were mod-
ified with P1 and P2, respectively. For magnetophoresis assay, 3.5 pL of
MMPs (CME0101, 0.86 um in diameter, 1.827 X 10'° microspheres/mL,
Bangs Laboratories, Inc., USA) was mixed with 3.5puL of P1 (100 pM),
while 3.5 pL of PMPs (CP01004, 0.989 um in diameter, 1.557 x 10'° mi-
crospheres/mL, Bangs Laboratories, Inc., USA) was mixed with 3.5pL
of P2 (100 uM). For particles used in microfluidic chip, 5uL of MMPs
(CMCO0100, 0.36 um in diameter, 3.063 x 10'! microspheres/mL, Bangs
Laboratories, Inc., USA) was mixed with 5uL of P1 (100uM), while

5uL of PMPs (CP01008, 15.34pum in diame-

ter, 5.033 x 10° microspheres/mL, Bangs Laboratories, Inc., USA) was
mixed with 5pL of P2 (100 pM). The mixed solution was gently shaken
for 30 minutes to immobilize the biotinylated oligonucleotides on the
streptavidin-coated microparticles. Next, the microspheres were rinsed
3 times respectively with 200 uL of washing buffer (50 mM Tris-HCI,
140mM NaCl, 5mM KCl, 0.2% Tween 20, pH 7.5, all from
Sigma-Aldrich, USA) to remove the excess oligonucleotides. In the wash-
ing step, MMPs were separated and collected by a magnet rack, and
PMPs were separated and collected by a centrifuge (13.8 X g, 5min-
utes). Finally, for magnetophoresis assay, P1 modified MMPs and P2
modified PMPs were adjusted to 3.5 pL (10 mg/mL (1% solids w/v)); for
microfluidic chip, P1 modified MMPs and P2 modified PMPs were ad-
justed to 5puL (10mg/mL (1% solids w/v)).

2.4. Lead-Mediated Cleavage of GR-5 with CHA Amplification

One pM of GRDS and GRE were incubated in binding buffer (50 mM
Tris-HCl, 140mM NaCl, 5mM KCl, pH 7.5) for 30min to form
1pMGR-5. Next, 100 or 200nM of GR-5 in 2pL (diluted in binding
buffer) was mixed with 2 pL of lead ion solution, i.e. lead (II) acetate tri-
hydrate powder (Strem Chemicals, Inc.) diluted in Deionized (DI) water
(Milli-Q Plus system, with a resistivity of 18.2MQcm) at different con-
centration together with 5pL binding buffer and incubated for another
30min. To test the selectivity, the lead solution was replaced by 2uL
of Barium (Ba®*), Mercury (Hg2"), Copper (Cu?*), Strontium (Sr?*),
Cadmium (Cd?*), Manganese (Mn?*), Cobalt (Co?*), Nickel (Ni%*), and
Calcium (Ca?*) solution (AA standard form, J&K Scientific). For reac-
tion with different pH values, lead solution was prepared in DI water
with different pH values by adding NaOH/HCI. For reaction with dif-
ferent water hardness, lead solution was prepared in 4 kinds of wa-
ter samples from different brands of bottled water with varied hard-
ness. Classification of water hardness is based on WQA (Water Qual-
ity Association), which defines the water hardness using American de-
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Fig. 5. Detection with environmental interference. (a) Selectivity of lead ion detection against other nine metal ions. (b) Selectivity of lead ion detection in a cocktail of other nine metal
ions (Pb?*: addition of Pb?>* (5nM); M?*: addition of all other nine ions (200 uM) except Pb?*; Buffer: blank sample). (c) Tolerance of pH range from 6.0 to 8.5. (d) Tolerance of different
water hardness levels at 55mg/L (Soft), 107.5mg/L (Moderately Hard), 157.7 mg/L (Hard), and 318.3mg/L (Very Hard) (mean + max deviation, n = 3).

gree equivalent to mg/L by the equation of Water hardness (mg/L)
= Ca (mg/L) X 2.497 + Mg (mg/L) x 4.118. Accordingly, the wa-
ter hardness is calculated as 55mg/L from Bourbon™ (soft), 107.5mg/
L FIJI™ (moderately hard), 157.7mg/L from AQUA™ (hard), and
318.3mg/L from Vittel™ (very had). For tests in tap water, 2 uL of lead
ions was first spiked in 98 uL of tap water to make the final concentra-
tion at 50nM. Next, 2pL of tap water with or without spiked lead was
used to mixed with GR-5 solution as aforementioned. For tests in blood,
2L of lead ions was also first spiked in 98 uL. of whole blood (sheep
blood, Nanjing Maojie Microorganism Technology Co., Ltd) or plasma
(supernatant after centrifugation 13.8 X g for 45min) to make the final
concentration at 0, 0.1 nM, 1nM, 10nM (for plasma), 100nM, 1 uM, and
10 pM. Next, 2 pL of blood with or without spiked lead was mixed with
the GR-5 solution. For all above, after the hydrolytic reaction with GR-5
for 30 min, 9pL of product solution (containing 2pL of 100nM GR-5,
2uL of metal ions at different concentration in binding buffer, water
hardness samples, tap water, whole blood, or plasma and 5 pL of binding
buffer) was mixed with 100nM of H1 and H2 in 4pL in binding buffer
and incubated 30 min for CHA-based signal amplification.

2.5. Magnetophoresis Assay

After hydrolytic reaction of GR-5 and CHA amplification, the 13 pL
of product solution in binding buffer, water hardness samples, or tap
water was mixed with MMPs-P1 and PMPs-P2 (3.5pL, 10mg/mL) and
incubated 30min with gentle shaking to form the MMPs-H1H2-PMPs
sandwich structure. For detection in whole blood or plasma, MMPs-P1
(3.5pL, 10mg/mL) was first added and incubated for 30min. After
rinsing by washing buffer for 3 times to remove the blood cells

and plasma, the solution volume was adjusted to 16.5pL using binding
buffer, and PMPs-P2 (3.5pL, 10mg/mL) was then added and incubated
for 30 min. Next, the MMPs-H1H2-PMPs were removed by a magnetic
rack, and the turbidity of supernatant with free PMPs was observed by
the naked eye, or quantified by absorbance measurement using UV-Vis
spectrometer (BioDrop pLITE, UK).

2.6. Design and Fabrication of Microfluidic Chip

The layout of the microfluidic device is based on our previous de-
sign [41,55]. Norland optical adhesive 63 (NOA63, Norland Products,
USA) is used as the channel material because plasma treatment (Har-
rick Plasma, 400 mTorr, 2min) enables the bonding to glass substrate
while maintaining prolonged hydrophilic property for many days, thus
eliminating the hydrophobicity recovery issue as compared to com-
monly used polydimethylsiloxane (PDMS). The fabrication starts from
spin-coating SU8 2015 photoresist (Gersteltec Sarl, Switzerland) onto
a silicon wafer (Suzhou Crystal Silicon Electronic & Technology Co.,
Ltd.) at 1200rpm. After UV exposure and development, a SU8 master
with a thickness of 25 + 0.3pm was obtained. Next, the SU8 master
was poured with PDMS precursor (elastomer base: curing agent = 10:1,
SylgardTM 184, Dow Corning, USA) and baked at 70°C for 2h. Af-
ter being cured and peeled off, the patterned surface of the PDMS was
treated with plasma (Harrick Plasma, 400 mTorr, 2min) before appli-
cation of (3-Aminopropyl) trimethoxysilane (Sigma Aldrich, USA) by
gas-phase deposition at room temperature for 6h. Afterward, a sec-
ondary PDMS casting was performed on the patterned surface of the
first PDMS. The uncured NOA63 glue was smeared onto the patterned
surface of the secondary PDMS, and covered by a commercially avail-
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Table 2
Lead detection in tap water

Original Pb** Spiked Pb%* Recovery
(nM) (nM) Found (nM) (%)
Tap water 8.68 0 7.05 +1.72 81.2
1
Tap water 8.68 50 46.14 = 16.46 78.6

2

able polypropylene film (KOKUYO, Japan) with 100 um thickness. Af-
ter expose to UV-light for 50 seconds, the NOA can be peeled-off easily.
Before bonding, trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (97%)
(J&K Scientific Ltd.) diluted in toluene (10 wt%) was used to coat a glass
slide inside a vacuum chamber for 40 min. After coating, a tape was
used to cover the outer region of the inlet to protect its hydrophobicity.
Next, plasma treatment (Harrick Plasma, 800 mTorr, 2 min) was applied
to the unprotected region of the glass slide and the patterned surface of
NOAG63, allowing bonding the NOA63 chip onto the glass slide. As such,
the microfluidic device can maintain inner wall of NOA63 microchan-
nel hydrophilic as opposed to the hydrophobic outer region of the inlet.
Finally, a neodymium magnet in the size of 2.6 mm X 1.8 mm X 1.5mm
was then glued at 1 mm next to the magnetic separator.

2.7. Detection in Microfiuidic Chip

The procedure for hydrolytic reaction of GR-5 and CHA amplifica-
tion was the same as aforementioned. After that, for detection in binding
buffer, water hardness samples, or tap water, 1 pL of solution extracted
from the 13 pL of product solution (containing 2 pL of 200

nM GR-5, 2 uL of metal ions solution, 4 pL of 200nM H1 and H2 mixed
solution, and 5pL of binding buffer) was mixed with 1pL of MMPs
(10mg/mL) and 1pL of PMPs (10mg/mL) for 30 min incubation with
gentle shaking. For detection in whole blood / plasma, 1 pL solution ex-
tracted from the 13 pL of product solution was mixed with 1 pL of MMPs
(10mg/mL) for 30 min incubation with gentle shaking. After rinsing for
3 times to remove the blood cells and plasma, the solution volume was
brought to 2pL with washing buffer. Next, 1 uL. PMPs (10 mg/mL) was
added and incubate for another 30 min with gentle shaking. At last, 3pL
final solution was loaded on the microfluidic chip. All the steps were
carried out at room temperature.

3. Results and discussion

We first design the CHA triggered by the released T after hydrolytic
cleavage of GR-5 DNAzyme (Fig. 1). The system involves two hairpin
structures, H1 and H2. At beginning, GR-5 is cleaved by lead ions to
release the oligonucleotide Target (T) (Fig. S1), which hybridizes with
H1 and opens its hairpin structure. Next, the opened H1 can subse-
quently open the H2 and then displace and release the T, which can then
open another H1 for the next cycle. After repeating, it produces massive
amount of assembled H1 and H2 which can hybridize the biotinylated
oligonucleotides P1 and P2 on streptavidin-coated MMPs and PMPs, re-
spectively, leading to the formation of MMPs-H1H2-PMPs complex.

Agarose gel electrophoresis was used to ensure the hydrolytic re-
action of DNAzyme and CHA. Our results showed that the GR-5 was
formed by pairing GRE with GRDS (well 1-3 in Fig. S2), and cleaved
by Pb%* to release the T (well 4 in Fig. S2). Before encountering the T,
the H1 and H2 can coexist stably (well 5-7 in Fig. S2). However, when
T was released, it can hybridize with H1 (well 8 in Fig. S2), followed
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by the formation of HIH2 complex (upper band of well 9 in Fig. S2) by
recycling the T during each cycle.

Next, magnetophoresis was used to optimize the concentration of H1
and H2 for effective connection between MMPs and PMPs. MMPs with
P1 and PMPs with P2 are added following the hydrolytic reaction of
GR-5 and CHA (Fig. 1). After formation of MMPs-H1H2-PMPs, an exter-
nal magnetic field is applied, which pulls MMPs and MMPs-H1H2-PMPs
to the sidewall of a test tube, leaving only PMPs freely suspending in the
solution [55,56]. As the amount of free PMPs is inversely proportional
to the number of MMPs-H1H2-PMPs, more lead would make the solu-
tion clear because of the reduced Mie scattering and solution turbidity.
In contrast, if MMPs and PMPs are not connected, only MMPs would be
attracted and the solution remains turbid. Using the amount and ratio
of MMPs and PMPs optimized previously [57], different concentrations
of H1 and H2 were tested, and the solution turbidity was measured by
UV-Vis spectrometry (Fig. S3). By comparing the signal-to-noise ratios,
20nM of H1 and H2 was selected as the optimized concentration (in the
final solution with GR-5, Pb2+, H1, H2, MMPs, and PMPs).

Notably, with the use of CHA, it is possible to achieve complete
transparency with only very few of the liberated target if the reaction
time is long enough. However, long reaction time is impractical even
though lower LOD may be obtained. To balance it, the incubation time
for CHA was studied. Using lead ions with different concentration (0,
0.05nM and 50 nM), the absorbance decreased with the increase of CHA
reaction time (Fig. S4). Importantly, we found that 30 min of CHA re-
action is already sufficient to discriminate the samples with the lowest
concentration of lead, 0.05nM, from the blank control. Therefore, to
minimize the required reaction time, 30 min was chosen as the optimal
time for CHA reaction.

The LOD was explored based on such magnetophoretic assay with
various Pb?* concentrations from 0 to 50nM (total volume: 20 pl).
When Pb2* was absent (0M), the solution was completely turbid and
opaque. On the contrary, along with the increment of Pb?* concentra-
tion, the suspension gradually became clear and transparent. The dis-
tinction can be differentiated by the naked eye when Pb?* was beyond
4nM (Fig. 2a). UV-Vis spectrometer was applied to measure the spec-
tral absorbance of the supernatant (Fig. 2b and c). As expected, the ab-
sorbance was inversely proportional to the concentration of Pb?* with
a linear range of 50pM — 2nM (R? = 0.997, Fig. 2d). On basis of the
absorbance at 400 nm, the LOD was 472 pM (estimated based on 3 o/k,
where k represents the absolute slope of the linear regression equation,
and o represents the standard deviation of the blank sample).

Next, a microfluidic device was used to explore the visual and quan-
titative detection (Fig. 3). Once the MMPs-H1H2-PMPs are formed, the
microparticle solution is loaded into a microfluidic device consisting of
an inlet for the sample loading, a stomached-shape magnetic separa-
tor, a trapping channel, and a particle dam with a narrowing nozzle.
The inlet contains a hydrophobic outer region to ensure all microparti-
cle solution can wick into the hydrophilic microchannel after loading.
The solution first passes the magnetic separator that attracts the MMPs
and MMPs-H1H2-PMPs to the side, leaving free PMPs to continue flow-
ing until being trapped at a particle dam because the PMP diameter
(15.34pum) is wider than the narrowest nozzle width. As such, PMPs
would accumulate in the trapping channel and form a visual bar with
a length inversely proportional to the amount of lead ions and quantifi-
able by the naked eye.

To determine the LOD based on PMP accumulation in the microflu-
idic device, various concentrations of Pb%* (0, 0.05, 0.5 and 50nM)
were tested. As shown in Fig. 4a, shorted length of PMP accumulation
with the increased Pb?* concentration can be easily observed by the
naked eye. According to the trapping length and lineage regression (Fig.
4b and c), a limit of detection of 246pM was determined, which is
around 300-fold lower than the permitted concentration, 72.4nM, ac-
cording to EPA.
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Notably, this LOD is much lower than that of our previous method,
i.e. 2.12nM [41]. There are two reasons. First, the particle connection is
changed from “turn-off” to “turn-on” mechanism. Previously GR-5 was
used to connect MMPs and PMPs, and cleaved when Pb is present, caus-
ing more PMPs accumulation in the particle dam. While this is a simple
way to report signals, more lead is needed to break the already-formed
particle-particle connections. In contrast, our current method is based
on newly-formed connections triggered by the presence of lead. As such,
less lead is needed, making the detection more sensitive when lead con-
centration is low. Second, instead of directly affecting the particle con-
nections, the released T from GR-5 after lead-mediated cleavage is used
to trigger the CHA amplification. Thus, small amount of T can lead to
mass-produced hairpin assembly H1H2 connecting MMPs and PMPs. As
a result, the sensitivity of Pb?* detection has been dramatically im-
proved.

To explore the selectivity of lead detection, different metal ions
including Barium (Ba?*), Mercury (Hg?"), Copper (Cu?"), Strontium
(Sr2*), Cadmium (Cd?*), Manganese (Mn?*), Cobalt (Co?*), Nickel
(Ni2*), and Calcium (Ca®*) were applied. The magnetophoresis assay
showed that lead at 10nM can greatly reduce the solution turbidity (Fig.
S5a), indicating the successful formation of MMPs-H1H2-PMPs. How-
ever, such connection was not observed with other more concentrated
metal ions (400 pM) as the solution remained turbid. Consistently, the
high selectivity was again observed by detecting Pb?* in a cocktail solu-
tion of other nine metal ions (Fig. S5b). Similar results were obtained on
microfluidic device. The trapping length was about 1.5mm when Pb?*
was 5nM (Fig. 5a). However, for other nine metal ion samples with
much higher concentration (200 uM), the length of PMP accumulation
was much longer and similar to the length of the blank control (without
Pb?*). Again, the selectivity can be observed in a cocktail solution con-
taining Pb?* (5nM) with all other nine metal ions (200 uM) (Fig. 5b).
Thus, the selectivity to lead detection is more than 40,000-folds against
other metal ions according to the concentration of use. The superior se-
lectivity is attributed to the property of GR-5. GR-5 is the first DNAzyme
isolated through in vitro selection specific to Pb?* [58]. Compared to
other DNAzyme, GR-5 contains catalytic core regions for Pb?*-depen-
dent activity while excluding other peripheral motifs active with other
divalent metal ions [59]. Therefore, only Pb®* led to an obvious de-
crease of absorbance and trapping length under the same conditions
against other metal ions.

Moreover, the stability and tolerance of the detection to various wa-
ter sources with different acidity/basicity and hardness were investi-
gated. Five nM Pb?* were added in water with pH = 6.0, 6.5, 7.0, 7.5,
8.0, and 8.5 or water samples with different hardness levels. For pH
value in the tested range (Fig. 5c), the results maintain equable, indi-
cating the tolerance of different water sources with wide pH range. For
four water samples with different hardness scale (Fig. 5d), distinction
of trapping length was observed between samples with/without 5nM
Pb?*, suggesting the excellent tolerance to water hardness. Also, the re-
sult was reconfirmed by measuring the solution absorbance using mag-
netophoresis assay (Fig. S5c and d).

Finally, tap water and whole blood were applied with spiked lead
ions. ICP-MS shows that the tap water contains 8.68nM of Pb?*. The
PMP trapping length was 1.73 + 0.28mm observed from the device
(Fig. 6a), which can be calculated as 7.05 + 1.72nM using the linear
equation in Fig. 4c. Thus, 81.2% of recovery rate was obtained (Table
2). Furthermore, such high recovery rate can be again achieved by spik-
ing additional 50nM Pb?* in the tap water (78.6%, Table 2). To ex-
plore the compatibility with diagnosis of lead intoxication, blood with
spiked Pb?* was applied. First, blood plasma was tested because it
is a stable and standard matrix in many clinic assays. Although the
sensitivity was reduced, a LOD of 16.02nM can still be achieved in
such complex biofluids (Fig. S6). Furthermore, considering the applica-
tion in resource-limited settings without a centrifuge or even electric-
ity, unprocessed whole blood was tested. Strikingly, a LOD of 2.57 nM
(Fig. 6b and c¢) was still achieved, which is around 100 times
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lower than the upper limit for blood lead for child, 241.3nM (5 pg/dL),
recommended by the Centers for Disease Control (US). The sensitivity is
even better than detection in blood plasma possibly because of the ex-
emption of centrifugation. Together, it demonstrates that the microflu-
idic device is compatible with complex biofluids, and retains high sen-
sitivity without additional blood purification process, indicating its po-
tential for future practical application.

4. Conclusions

Using cascade-amplified microfluidic particle accumulation, we re-
port an enzyme-free, label-free, and highly sensitive method for visual
quantitative detection of lead ions. The hydrolytic cleavage of GR-5
and CHA can be conducted in room temperature without time consum-
ing thermal cycling. By rapid PMP accumulation as a visually quanti-
tative readout in the capillary-driven microfluidic device, the method
achieved LOD at 246 pM, and is extremely selective (> 40,000 folds to
other metal ions), and highly tolerant to acidity/basicity (6 - 8.5) and
water hardness. Such performance is much better than other miniatur-
ized platform with visual readouts. More importantly, this detection can
be applied to detect lead in tap water with high recovery rate (> 78%)
and in whole blood with LOD of 2.57nM, providing a simple and con-
venient device for monitoring water safety and lead intoxication.
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