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ABSTRACT: Herein, for the first time, we engineered click
chemistry reaction to trigger a 3D DNA walking machine for
ultrasensitive electrochemical detection of copper ion (Cu®*),
which provided a convenient access to overcome the
shortcomings of poor selectivity and limited amplification
efficiency in traditional determination of Cu’*. Click
chemistry reaction drove azido-S2 to bind with alkynyl-S1
for the formation of a walker probe on aminated magnetic
polystyrene microsphere@gold nanoparticles (PSC@Au),
which opened the hairpin-locked DNAzyme. In the presence
of magnesium ion (Mg**), the unlocked DNAzyme was
activated to cleave the self-strand at the facing ribonucleotide
site, accompanied by the release of product DNA (S3) and
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the walker probe. Therefore, the walker probe was able to open the adjacent hairpin-locked DNAzyme strand and then be
released by DNAzyme cleavage along the PSC@Au-DNAzyme track. Eventually, the liberated single-strand S3 induced catalytic
hairpin assembly (CHA) recycling, resulting in the capture of a large number of methylene blue-tagged hairpin DNA (MB-H2)
on the sensor surface and significant electrochemical responses. By coupling click chemistry reaction with the dual-amplification
strategy of the 3D DNA walking machine and CHA recycling, the proposed biosensor not only demonstrated high accuracy and
selectivity for Cu®" detection in real samples but also showed excellent performance for Cu** detection with a wide linear range
of 1.0 pM to 500 nM and low detection limit of 0.33 pM. Moreover, this elaborated biosensor could be readily expanded to
Mg** detection with a constant concentration of Cu’*, which paves a new way to apply the 3D DNA walking machine in various

ion sensings.

opper ion (Cu®"), one of the essential micronutrients in

metabolic processes, has multiple functions for life,
including electron transduction, enzyme catalysis, and oxygen
transport. Abnormal Cu** levels in the body can cause adverse
health effects, such as copper deficiency diseases, liver and
kidney damage, and even serious neurodegenerative diseases."””
It is therefore of great importance for human health to develop
a simple, reliable, and ultrasensitive method to monitor and
sense the Cu?" levels in water. To date, a variety of strategies
have been developed for Cu** detection based on small organic
molecules,”* nanomaterials’~” and biomaterials.*'° However,
they are generally accompanied by some drawbacks including
complicated organic synthesis, poor sensitivity and selectivity,
and the use of toxic chemicals. Alternatively, click chemistry
reaction has been used widely in sensing systems due to
characteristic advantages including high selectivity, superior
ligation efficiency, and mild reaction conditions."' ™** Most
reported Cu?" sensors, however, without signal amplification
strategies, suffer from relatively low detection sensitivity. To
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overcome this drawback, several reports of adopting multi-
invertase conjugated magnetic bead signal a 6phﬁcat1on
strategy'® or catalytic hairpin assembly (CHA)'® achieved
sensitive detection of Cu®*. Although the above studies
improved the sensitivity of Cu** monitoring to some extent,
the detecting sensitivity is still limited due to the lack of highly
efficient amplification strategy, which cannot satisfy the
requirement of trace detection of Cu®" in environmental and
biological samples. Hence, it is desirable to explore a highly
efficient amplification strategy for the ultrasensitive detection
of Cu®*, which represents an advance over traditional analytical
methods.

The DNA walking machine, an example of an intelligent and
automatically ongoing DNA-based nanomachine, has been
considered as an extremely attractive nucleic acid amplification
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Scheme 1. (A) Fabrication Process of Click Chemistry Reaction-Activated 3D DNA Walking Machine. (B) Electrode
Modification and Signal Output Process on the Electrode with Catalytic Hairpin Assembly (CHA)
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tool due to its inherent advantages of high cargo loading
capacity, accelerated target-recycling kinetics, and protein
motor imitation.'”'® Powered by energy-containing hybrid-
ization,"” hydrolysis,”” and conformational change”"** of
DNA, the DNA walking machine can walk progressively
along the tracks to achieve cargo transit and target detection.
However, most DNA walking machines have been built on
one-dimensional or two-dimensional tracks,>~>* which have
the common limitation of low mobility and cargo payload.
Impressively, the three-dimensional (3D) DNA walking
machine, performing on 3D nanomaterials, possesses increased
walkinég steps and satisfactory signal amplification of nucleic
acids®® or protein detection,”” because of the improved
mobility of the walker and high DNA loading efficiency.”>*’
In this contribution, a 3D DNA walking machine triggered by
click chemistry ligation between azido-modified DNA and
alkynyl-modified DNA is proposed for ultrasensitive electro-
chemical detection of Cu*".

In this work, we have for the first time applied click
chemistry reaction to a 3D DNA walking machine for
developing a sensitive electrochemical biosensor for Cu®*
detection, which couples the high selectivity of click chemistry
reaction with dual-amplification strategy of the 3D DNA
walking machine and catalytic hairpin assembly (CHA)
recycling. As shown in Scheme 1A, the prepared machine
was composed of azido-labeled S2 (azido-S2), alkynyl-labeled
S1 (alkynyl-S1), and hairpin-locked DNAzyme™® track-
assembled on aminated magnetic polystyrene microsphere@

gold nanoparticles (PSC@Au) by the Au—S bond. In the
absence of target Cu®’, the alkynyl- and azido-DNA were
unable to bind for the hairpin-locked DNAzyme strand
opening. Upon the addition of target Cu®’, Cu* was in-site
generated through the reduction of Cu®* with help from
sodium ascorbate (AA), which specifically and efficiently
triggered the click chemistry between azido on S2 and alkynyl
on S1, resulting in the formation of a walker probe on PSC@
Au. Then the walker probe caused an unfolding of hairpin-
structured DNAzyme. In the presence of cofactor magnesium
ion (Mg®"), the unlocked DNAzyme was activated to cleave
the self-strand at the ribonucleotide site, accompanied by the
release of product DNA (S3) and walker probe from the
DNAzyme strand. Therefore, the walker probe was able to
open the adjacent hairpin-locked DNAzyme strand and then
be released by DNAzyme cleavage along the PSC@Au-
DNAzyme track. With the amplification strategy of the 3D
DNA walking machine, a large number of S3 were produced to
trigger CHA recycling. Simultaneously, as displayed in Scheme
1B, thiol-labeled hairpin DNA (H1) was covalently attached to
a gold nanoparticle-assembled glassy carbon electrode
(depAu/GCE) via the Au—S bond. Next, mercaptohexanol
(MCH) was employed to backfill the unspecific sites of the
electrode. When the obtained single-strand S3 was introduced
onto the sensor, S3 could combine with HI to open the
hairpin structure of H1, generating a DNA duplex with an
exposed tail. In this case, the exposed tail of H1 hybridized
with the methylene blue-tagged hairpin DNA (MB-H2),
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triggering CHA recycling and releasing S3. The liberated S3
could thus bind with another HI, and the reaction was
switched again, achieving the attachment of plenty of MB-H2
onto the electrode with notable electrochemical responses. As
a result, the coupling of click chemistry reaction with the 3D
DNA walking machine enabled the proposed biosensor to
detect Cu®" with high selectivity. With the dual-amplification
strategy of the 3D DNA walking machine and CHA recycling,
this biosensor exhibited high sensitivity for tracing Cu** in real
samples. Moreover, the elaborated biosensor could be
employed for determination of Mg®’, which paved the way
to applications of the 3D DNA walking machine in the sensing
of various ions.

B EXPERIMENTAL SECTION

Chemicals and Materials. Aminated magnetic polystyr-
ene microspheres (NH,-PSC) were supplied by Tianjin
BaseLine ChromTech Research Centre (Tianjin, China).
Hydrogen tetrachloroaurate (HAuCl,-4H,0, 99.9%), mercap-
tohexanol (MCH), and sodium ascorbate (AA) were
purchased from Sigma Chemical Co. (St. Louis, MO).
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and
DNA oligonucleotides were provided by Sangon Biotech
Co., Ltd. (Shanghai, China). The corresponding sequences are
listed in Table SI.

Apparatus. Electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and square wave voltammetry
(SWV) were performed on a CHI 660D electrochemistry
workstation (Shanghai Chenhua Instrument Co., Ltd., China)
with a conventional three-electrode system.’’ Polyacrylamide
gel electrophoresis (PAGE) was recorded on a Bio-Rad
imaging system (Hercules, CA).

Preparation of a 3D DNA Walking Machine Modified
on PSC. Modification of aminated PSC with a 3D DNA
walking machine was synthesized by Au—N coupling. First,
500 uL of NH,-PSC (S mg mL™") was washed with ultrapure
water sufficiently, whereafter 5 mL of 20 nm citrate-stabilized
AuNP solution was added.*” After 1 h of incubation at 4 °C,
the obtained PSC@Au nanocomposites were washed three
times and resuspended into 1 mL of phosphate buffer (PBS,
0.1 M, pH 7.4). Meanwhile, DNAzyme was heated to 95 °C
for S min and slowly cooled to room temperature. For
preventing disulfide formation, all thiol-modified oligonucleo-
tides were preincubated with 10 mM TCEP solution for 40
min. Afterward, a mixture of 200 uL of PSC@Au, 200 uL of
DNAzyme (S M), and 10 uL of S1 (S M) was incubated at
room temperature for 12 h. To maximize the loading amounts
of oligonucleotides,33 17 uL of NaCl solution (1 M) was added
into the above solution mixture and repeated five times ata 1 h
interval. After incubation at room temperature for another 24
h, the solution was magnetically separated to remove
unconjugated oligonucleotides. Finally, the PSC@Au-DNA
assembly was washed three times and then stored in 200 uL of
PBS (0.1 M, pH 7.4) for the following experiment.

Fabrication of the Electrochemical Biosensor. First, a
glassy carbon electrode (GCE) was pretreated with alumina
slurry (0.3 and 0.05 um) and then coated with a layer of
AuNPs (depAu) by electrodepositing in 2 mL of HAuCl,
solution (1%) at —0.2 V for 30 s. Then 10 uL of thiol-H1 (2.0
uM) was dropped onto the above electrode (depAu/GCE)
and incubated at room temperature overnight. Finally, the
nonspecific binding sites of modified electrode were blocked
with 10 uL of MCH (1.0 mM) for 40 min.
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Operation of Click Chemistry Reaction-Triggered 3D
DNA Walking Machine. The ligation of alkynyl-SI1 with
azido-S2 was performed by mixing 8 uL of azido-S2 (S uM), 1
uL of Cu** (various concentration), 1 uL of AA (2-fold relative
to the concentration of Cu®*"), and 90 uL of the prepared
PSC@Au-alkynyl-S1, followed by incubating at room temper-
ature for 90 min. Afterward, the mixture was separated with a
magnet to remove unconjugated azido-S2 and resuspended
into 90 uL of PBS buffer (0.1 M, pH 7.4). Then 10 uL of Mg**
solution (10 M) was added into the above solution and
incubated at 37 °C for 4 h. Finally, the product DNA (S3)
solution was separated with a magnet for to further induce
catalyzed hairpin assembly (CHA) on the electrode surface.

Experimental Measurements. Before electrochemical
measurement, the modified electrode was immersed in a
mixture containing 10 yL of methylene blue-labeled H2 (MB-
H2, 2 uM) and 10 uL of the obtained S3 at 37 °C for 2 h to
conduct CHA recycling. Afterward, the electrochemical
biosensor was immersed in 2 mL of PBS buffer (0.1 M, pH
7.4) for SWV detection from —0.6 to 0 V at a frequency of 25
Hz.

Gel Electrophoresis. A 16% freshly prepared polyacryla-
mide gel was prepared with 5X TBE buffer (445 mM Tris, 445
mM boric acid, 10 mM EDTA, pH 8.0). Electrophoresis was
run at 120 V for 2.5 h in 1X TBE buffer. After being stained by
ethidium bromide (EB), the gel was viewed under UV light.
Detailed reaction conditions for the samples are the same as in
the electrochemical assay.

B RESULTS AND DISCUSSION

Polyacrylamide Gel Electrophoresis (PAGE) Charac-
terization. The feasibility of click chemistry reaction-triggered
3D DNA walking machine operation and CHA reaction was
characterized by PAGE (16%). As shown in Figure 1, the
single bands in lanes 1, 2, S, 8, and 9 represented the individual
nucleotides of S1 (4 uM), S2 (4 pM), hairpin-locked
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Figure 1. PAGE analysis for different samples: lane 1, single-stranded
DNA §1; lane 2, single-stranded DNA S2; lane 3, the mixture of S1
and S2 without target; lane 4, the mixture of S1 and S2 with target
and AA; lane 5, hairpin-locked DNAzyme strand; lane 6, the mixture
of hairpin-locked DNAzyme strand, S1, and S2; lane 7, amplification
products of the click chemistry reaction-triggered 3D DNA walking
machine; lane 8, hairpin H1; lane 9, hairpin H2; lane 10, annealing of
H1 and H2; lane 11, the mixture of products S3, H1, and H2.
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DNAzyme strand (2 yM), H1 (0.5 yM), and H2 (0.5 uM),
respectively. Compared with the mixture of S1 and S2 (lane 3),
the mixture of S1, S2, Cu** (10 uM), and AA (20 uM)
generated a clear band with a higher molecular weight (lane 4),
which indicated the ligation of S2 and S1. S1 and S2 did not
hybridize with DNAzyme (lane 6 vs 1, 2, and S) because the
walker probe did not form. When cofactor Mg** (1 uM) was
added into the mixture of DNAzyme, S1, S2, Cu**, and AA, a
bright band with increased molecular weight and a blurry band
with the fastest mobility were observed (lane 7), owing to the
hybridization of the walker probe with DNAzyme and the self-
cleavage of DNAzyme. As a control test, the annealing reaction
of H1 with H2 in the absence of products S3 was investigated
by PAGE. As shown in lane 10, two bright bands
corresponding to H1 and H2 and an indistinct band of the
H1/H2 duplex could be obviously observed. After introduction
of products S3, the hybridization of the H1/H2 duplex (lane
11) was facilitated in contrast to hybridization by the annealing
of hairpin H1 and H2 (lane 10). These results demonstrated
that the progression of the click chemistry reaction-triggered
3D DNA walking machine could generate S3 to further trigger
the CHA reaction on the electrode.

Electrochemical Characterization of the Modified
Electrode. To investigate the stepwise fabrication process
for the modified electrode, CV and EIS were performed in PBS
(0.1 M, containing 5 mM [Fe(CN)¢]>~*7). As shown in
Figure 2A, relative to the bare GCE (curve a), modification of
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Figure 2. (A) CV and (B) EIS characterization of modified electrode
in 5 mM [Fe(CN)]>~/* electrolyte: (a) bare GCE, (b) depAu/GCE,
(c) thiol-H1/depAu/GCE, (d) MCH/thiol-H1/depAu/GCE, and
(e) MB-H2/MCH/thiol-H1/depAu/GCE.

the AuNPs caused an increasing redox peak current (curve b)
because they could promote electron transfer between
[Fe(CN)¢]>/*" and the electrode. When thiol-H1 was
modified on the sensing interface, however, the redox peak
decreased (curve c), owing to electrostatic repulsion between
[Fe(CN)4]>~* and the negatively charged phosphate back-
bones of thiol-H1.>*** Moreover, the redox peak decreased
again (curve d) upon introduction of nonconductive MCH to
block the nonspecific site of the sensing interface. Undoubt-
edly, a further decreased redox peak was observed after
incubating a mixture of MB-H2 and product S3 (curve e),
owing to the fact that more negatively charged phosphate
backbones were introduced onto the electrode surface.
Figure 2B showed impedance curves of the stepwise
modification process. Compared with the bare GCE (curve
a), the value of electron-transfer resistance (R,,) of depAu/
GCE decreased (curve b) owing to the conductivity of the
AuNDPs. After negatively charged thiol-H1 (curve c) and
nonconductive MCH (curve d) were sequentially modified
onto the electrode, however, the value of R, increased

continually. When the electrode was incubated with a mixture
of MB-H2 and S3, the value of R,, increased greatly (curve e).
These results indicated the successful fabrication of the
modified electrode according to Scheme 1.

Optimization of the Experimental Conditions. Because
the amplification efficiency of the 3D DNA walking machine
relies on both the click chemistry reaction and the Mg**-
dependent DNAzyme cleavage, the concentration ratio
between S1 and DNAzyme was optimized in this study. To
investigate the optimal ratio, the proposed biosensor was
evaluated by using SWV with six ratios (from 1:5 to 1:30).
With the increase of ratio from 1:5 to 1:20, the current
response increased and reached a plateau after 1:20. Therefore,
1:20 was chosen as the optimal ratio for subsequent
experiments (Figure 3A).
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Figure 3. (A) Influence of the concentration ratios between S1 and
DNAzyme toward SWV response (ratios between S1 and DNAzyme:
1:5, 1:10, 1:15, 1:20, 1:25, 1:30. (B) Effect of click chemistry reaction
time toward SWV response (time: 0, 15, 30, 45, 60, 75, 90, 105 min).

Under the above optimal condition, the click chemistry
reaction time was also optimized at room temperature. The
proposed biosensor was studied by SWV in the presence of
Cu?* (100 nM) at a time interval of 15 min (0, 15, 30, 45, 60,
75, 90, 105 min). As shown in Figure 3B, the SWV response
increased rapidly with prolonged reaction time and tended to
level off after 90 min. Therefore, 90 min was enough for click
chemistry. We also used polyacrylamide gel electrophoresis to
examine the click chemistry time, and similar results were
obtained (Figure S1).

Effect of Cu?>* and Mg?* on the Analytical Perform-
ance of the Biosensor. The target Cu** and cofacter Mg**
were important elements for click chemistry reaction-triggered
3D DNA walking machine operation, which affects the
analytical performance of the biosensor. Therefore, the
proposed biosensor was investigated by SWV in the
presence/absence of target Cu** with/without Mg7~+ (Figure
4). When the biosensor was incubated with 0 nM Cu®', the
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Figure 4. SWV response of the biosensor incubated with 0 nM Cu?
(curve a), 500 nM Cu®* without Mg** (curve b), and 500 nM Cu**
with 1 uM Mg** (curve c).
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alkynyl- and azido-DNA were unable to bind to the hairpin-
locked DNAzyme strand opening and none of the product S3
was released, which was consistent with the result that a low
SWYV response was observed (curve a). In the presence of 500
nM Cu** but without Mg**, the SWV response barely changed
(curve b), suggesting that the DNAzyme was not activated to
cleave the self-strand for generating product S3. When 500 nM
Cu’" and 1 yuM Mg** were modified on the sensing surface, the
SWV current increased dramatically (curve c). This might be
ascribed to the fact that amounts of single-strand S3 were
generated by the 3D DNA walking machine, resulting in the
capture of many MB-DNAs onto the sensor surface with
dramatically increased SWV response. Therefore, this bio-
sensor not only can realize detection of Cu®* but can also be
employed for Mg®" detection.

Analytical Performance of the Biosensor toward
Cu®*. To investigate the analytical performance of the click
chemistry reaction-triggered 3D DNA walking machine, the
proposed biosensor was incubated with Cu** standard solution
with different concentrations and analyzed by SWV. As shown
in Figure 5A, the SWV response increased with incremental

1800} (A) a—h 2000} (B)
0.6 OV I=02105lgc,,, +3.286
1600} , —
L1200 < r=0.9993
~ ~
™~ ~ 1200
600
800
0

R TR S
E/V Ige /M

Figure S. (A) SWV response of the biosensor with various
concentrations of Cu*" (1 pM, 10 pM, 100 pM, 500 pM, 1 nM, 10
nM, 100 nM, S00 nM) in 0.1 M PBS (pH 7.4). (B) Calibration plot
of SWV response vs the logarithm of Cu** concentration.

Cu®" concentration. Figure 5B showed that the SWV response
was proportional to the Cu®* concentration from 1.0 pM to
500 nM with a regression equation expressed as I = 0.2105 Ig
cco”t + 3.286, and the correlation coefficient was 0.9993. A
detection limit of 0.33 pM for the target could be estimated. As
shown in Table 1, the proposed click chemistry reaction-
triggered 3D DNA walking machine strategy showed enhanced
sensitivity and wider linear range compared with other
reported methods, which should be attributed to the

Table 1. Comparison of Different Methods for Cu**
Analysis

detection
methods strategies linear range limit refs
colorimetric click chemistry 50 nM 5.9 nM 14
to 50 uM
fluorescent CdSe/ZnS QDs 30 nM 0.1SnM 36
to 600 nM
fluorescent Cu**-dependent 10 pM 1.0 pM 37
DNAzyme to 200 nM
electrochemical ~ Cu**-glycine 0.5 nM 424 pM 38
to 30 nM
electrochemical TPAASH 0.6 uM 80.3 nM 39
to 11 uM
electrochemical ~ metal—organic 5.0 pM 1.0 pM 6
frameworks to 900 nM
electrochemical  click chemistry 1.0 pM 0.33 pM  this
to S00 nM work

integration of the high selectivity of the click chemistry
reaction with the dual-amplification strategy of the 3D DNA
walking machine and CHA recycling. Nevertheless, this
developed sensing platform consisted of 3D DNA walking
machine operation and electrode assembly, which was often
subject to complicated operation. Therefore, future develop-
ment to construct a rapid, simple, and convenient sensing
platform is urgently needed.

Specificity, Reproducibility, and Stability of the
Proposed Biosensor. To further evaluate the specificity,
Ag*, Ca**, Mg*', Cd**, Hg**, Pb**, Co**, Mn®*, Fe**, and Cr’*
(10 uM, respectively) were chosen as interfering ions, whose
concentration was 100-fold relative to the concentration of
Cu®* (100 nM). As shown in Figure 6, compared with the
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Figure 6. Specificity of the electrochemical biosensor toward mixture
control, blank control, and different interferences: Ag*, Ca>*, Mg**,
Cd*, Hg™, Pb*, Co®, Mn*', Fe?*, and Cr*. The concentration of
each interfering ion was 10 uM, which was 100-fold more than that of
target Cu** (100 nM).

blank control, no significant SWV responses from interfering
ions were observed except that of target Cu** (100 nM). In
addition, while 100 nM Cu** coexisted with all interfering ions
(10 uM, respectively), the SWV response of the mixture was
almost unchanged in comparison with the case of only target
Cu®". These results indicated good specificity of this strategy
for Cu** detection. The reproducibility of the biosensor was
studied by interassay (the same electrode toward 100 nM Cu**
was detected five times) and intra-assay (five electrodes were
used with 100 nM Cu**). The relative standard deviation
(RSD) of interassay and intra-assay was 4.2% and 6.1%,
respectively, demonstrating that the reproducibility was
acceptable. The stability was monitored by storing the
biosensor at 4 °C and assaying every 3 days by SWV. After
15 days, the SWV response retained 90.6% of its initial current,
suggesting that the biosensor had acceptable stability.

Recovery Test. To investigate the application potential of
the developed biosensor, a recovery experiment was adopted.
Briefly, tap water samples, obtained from the tap in our
laboratory, were used to prepare various concentrations of
Cu®". From Table 2, we could see that the recovery ranged
from 98.8% to 105% and RSDs varied from 2.2% to 9.4%,
suggesting that our proposed strategy was promising for Cu**
detection in tap water.

B CONCLUSION

In this work we developed a highly selective and ultrasensitive
approach for electrochemical detection of Cu** by coupling the
click chemistry reaction-triggered 3D DNA walking machine
with CHA recycling, which demonstrated attractive features
relative to traditional detection of Cu®*. Click chemistry
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Table 2. Recovery Results of the Proposed Biosensor in Tap
Water

samples added (nM) found (nM)“ recovery (%) RSD (%)
1 0.100 0.102 102 5.6
2 0.500 0.506 101 2.2
3 1.00 1.05 105 9.4
4 10.0 10.1 101 3.5
S 100 98.8 98.8 4.4

“Mean value of four parallel determinations in the optimal experiment
conditions.

reaction was applied for the first time to initiate the 3D DNA
walking machine, which enabled the proposed biosensor with
high selectivity toward Cu®" detection. Based on the dual-
amplification strategy of the 3D DNA walking machine and
CHA recycling, the sensitivity of the designed biosensor was
greatly enhanced. Interestingly, it can be readily extended for
the detection of Mg**, offering great potential for the detection
of various ions in diverse fields such as clinical diagnosis and
environmental areas.
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