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The rapid, simultaneous, sensitive detection of the targets has important application prospects for disease
diagnosis and biomedical studies. However, in practical applications, the content of the targets is usually
very low, and signal amplification strategies are often needed to improve the detection sensitivity.
DNAzyme-driven DNA walkers are an excellent signal amplification strategy due to their outstanding
specificity and sensitivity. Food-borne pathogens have always been a foremost threat to human health,
and it is an urgent demand to develop a simple, rapid, sensitive, and portable detection method for food-
borne pathogens. In addition, there are various species of pathogens, and it is difficult to simultaneously
detect multiple pathogens by a single DNA walker. For this reason, a substrate strand with three rA clea-
vage sites was cleverly designed, and a multivalent DNA walker sensor combined with the microfluidic
chip technology was proposed for the simultaneous, rapid, sensitive analysis of Vibrio parahaemolyticus,
Salmonella typhimurium, and Staphylococcus aureus. The developed sensor could be used to detect
pathogens simultaneously and efficiently with low detection limits and wide detection ranges. Moreover,
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the combination of gold stirring rod enrichment and DNA walker achieved double amplification, which
greatly improved the detection sensitivity. More importantly, by changing the design of the substrate
chain, the sensor was expected to be used to detect other targets, thus broadening the scope of practical
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Introduction

In recent years, a variety of biosensing technologies have been
developed using the unique biochemical recognition capabili-
ties of organisms, which were widely applied in medical care,
genetic analysis, environmental monitoring, food testing, etc.
However, in practical application, the concentration of target
biomolecules in living organisms is usually very low.”> To
achieve efficient detection, the signal amplification strategy is
often needed to improve the detection sensitivity.” At present,
some common signal amplified strategies, such as hybrid
chain reaction (HCR), rolling circle amplification (RCA), strand
displacement amplification (SDA), and DNA walker, can obtain
significant signal amplification effects.*”” Among these assays,
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applications. Therefore, the sensor can build novel detection tool platforms in the field of biosensing.

DNA walker had become increasingly used owing to its simpli-
city and high sensitivity.®> DNA walker is mainly constructed by
integrating three basic components: walking strands, walking
tracks, and driving forces.’ It can cleave DNA substrates under
the action of driving forces and move autonomously along the
programmed nucleic acid trajectory for improving the detec-
tion sensitivity of trace biological samples.'® Usually, DNA
walkers consist of strand displacement, protein enzymes, and
DNAzymes that act as drivers to propel DNA walkers. However,
in the process of strand displacement, double-stranded (ds)
DNA strands as waste and the dilution of the system because
of the necessity of externally adding single-stranded (ss) DNA
strands for hybridization control limit the potential applica-
bility of DNA walking devices controlled by fuel strands.'*
Besides, the protein enzyme was susceptible to experimental
conditions (temperature, pH, and ionic concentration), which
easily led to the poor detection reproducibility and accuracy.'?
Meanwhile, the high cost and easy inactivation of protein
enzymes also greatly limit their application.'® In view of the
above limitations, DNAzymes have aroused immense interest
in various biomedical and biosensor applications due to their
unique and excellent characteristics including high catalytic
efficiency, good chemically and thermally stability, excellent
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specificity, and easy preparation.’*'® With the assistance of
specific metal ions, DNAzymes enable quick and efficient cata-
lysis of the continuous cleavage of a single RNA linkage
embedded in their complementary DNA substrates."” In
addition, it was easy to control the DNAzyme activity by regu-
lating the depletion or addition of the cofactor metal ions,
which can switch the DNA walker off or on.'®'° Hence, com-
bining DNA walker with DNAzyme cleavage reaction may
possess an excellent prospect of being applied to various bio-
logical analyses. However, due to the single design and fixed
length of the fuel chain (substrate chain) and swing arms
(DNAzyme chains), the DNA walker is almost limited to the
detection of a single target.>’ Furthermore, DNA walker usually
uses gold nanoparticles or magnetic nanoparticles as walking
tracks.>"** These nanoparticles have a strong adsorption effect
on DNA and are likely to produce steric hindrance during the
DNA walker process, which was not conducive to the walker.>?
Therefore, it is necessary to improve the DNA walker system to
address the above limitations.

As a common public health security hazard, food-borne
pathogens have always been a foremost threat to human
health.>*?® According to the report, more than 90% food poi-
soning diseases are caused by pathogenic bacteria.”®
Therefore, there is an urgent demand to develop a simple,
rapid, and portable detection method for food-borne patho-
gens. According to China’s food safety national standards,””
many food-borne pathogens are required to be undetectable in
foods. The content of foodborne pathogenic bacteria in food is
very low, which requires high sensitivity of bacterial detection
methods. Therefore, using signal amplification or enrichment
methods can achieve lower detection limit and better detection
effect. In addition, the matrix in food is complex and diverse,
manifold bacterial pathogens coexist in a single food sample
in most instances, while most of the current investigations
focus on single bacterial detection;*®*° thus, there is an
intense necessity for detecting multiple bacterial pathogens
simultaneously. Microfluidic chip (MC) technology can manip-
ulate the fluid in the micrometer scale through a high voltage
electric field and then integrate the process of sample injec-
tion, separation, and detection into a square centimetric level
microchip analysis platform.*"*> Due to the excellent separ-
ation effect of MC, it also can achieve the simultaneous detec-
tion of multiple targets.*>?* Hence, MC plays an important
role in the field of rapid analysis and simultaneous detection
of multiple samples on account of its simple and fast oper-
ation, low sample consumption, favorable separation
efficiency, and friendly environment.*>

Herein, a multivalent DNA walker sensor combined with
MC technology was developed to achieve simultaneous, rapid,
and sensitive detection of multiple pathogens such as Vibrio
parahaemolyticus, Salmonella typhimurium, and Staphylococcus
aureus. Firstly, for improving the detection sensitivity, functio-
nalized gold rod (labelled with 4-mercaptophenylboronic acid)
was used to capture targets, resulting in the enrichment of the
bacteria for the first signal amplification. Secondly, to solve
the limitation of the low concentration and detection of single
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target, a multivalent DNA walker sensor was designed for the
second signal amplification, including a set of signal probes
(substrate chain labelled by phenylboronic acid) with three rA
cleavage sites and three sets of capture probes (Zn**-specific
DNAzyme chains labelled with different antibodies). Thirdly,
to solve the steric hindrance caused by common nanoparticles,
the targets’ pathogenic bacteria were directly used as walking
tracks. Thus, not only was the adsorption of DNA to the
walking track reduced, but the higher specific surface area of
bacteria can load more signal molecules, resulting in better
signal amplification. When the pathogens existed, the signal
probe and the capture probe could be respectively self-
assembled on the surface of the pathogen through the reaction
of cis-diols with polysaccharides and antigens with antibodies,
respectively. It is worth noting that, benefiting from the speci-
ficity of the antibody, different capture probes would self-
assembled onto the corresponding pathogenic bacteria,
respectively. Then, under the action of Zn**-driven DNAzyme
(8-17 enzyme), the three capture probes can cleavage the
specific rA site on the signal probe to trigger DNA walker based
on the surface of the pathogenic bacteria (walking track), result-
ing in many DNA fragments of three different lengths. After
that, the obtained DNA fragments of different lengths were sep-
arated and detected by MC, which can realize the simultaneous
quantitative detection of three pathogenic bacteria. Importantly,
by changing the design of the signal probe and capture probes,
the DNA walker sensor was expected to be a versatile platform
for the simultaneous detection of different targets.

Experimental section
Functionalization of the gold stirring rod

The gold stirring rod with the function of bacterial enrichment
was made of 4-mercaptophenylboronic acid (4-MPBA) and a
gold-plated stirring rod through the Au-S bond. Firstly, the
gold stirring rod was cleaned by a heated piranha solution (the
ratio of H,SO, and 30% H,0, was 3: 1) and deionized water to
remove organic impurities on the stirring rod. Secondly, the
gold stirring rod was put into the MPTMS solution (100 pL
ethanol, 33 pL 0.1 M HCIl, 200 pL. MPTMS, 667 pL water) and
placed for 1 h. Then, the gold stirring rod was taken out and
rinsed 3 times with PBS (pH 7.4). Finally, the stirring rod was
put into 100 mL AuNPs solution for 1 h to obtain the gold stir-
ring rod @ AuNPs. Afterward, the obtained gold stirring rod
@AuNPs was immersed in a 10 mM 4-MPBA solution (diluted
with ethanol) at 4 °C overnight. Then, the 4-MPBA-modified
stirring rod was rinsed with deionized water and immersed in
1 mM 6-mercapto-1-hexanol (MCH) solution overnight to block
the excess gold sites. The obtained gold stirring bar was stored
at 4 °C until further experiment. The picture of the gold stir-
ring rod is shown in Fig. S8B.}

Preparation of signal probe and capture probes

The preparation of the signal probe was accomplished by a
copper-free click chemistry strategy. First, E17 (10 pM) was
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mixed with excess acetylene ethyl phenylboronic acid (PBA,
100 pM, 2% DMSO), and then ascorbic acid (2.5 mM), copper
sulfate (100 pM), and THPTA (500 pM) were added to the
mixed solution to catalyze the click reaction (all of them were
final concentrations). After 0.5 h, the product was separated by
SDS-PAGE, and the product band was cut with a knife, and
then soaked in TE buffer to redissolve the product to obtain
the signal probe PBA@E17, which was stored at 4 °C.

The preparation of the capture probes was referred from
the literature,’® which was achieved through the coupling of
antibody and DNAzymes (P-VP, P-ST, P-SA) with a little revi-
sion. The steps were as follows. Firstly, the antibody was incu-
bated with a 30-fold molar excess of DBCO-NHS for 30 min at
room temperature and then ultrafiltered (three times) with a
30 kba MWCO centrifugal filter, obtaining the DBCO-anti-
body. Secondly, the azido-modified DNA in a 20-fold molar
excess was incubated with the DBCO-antibody for 30 min.
Finally, the above solution was washed with PBS and centri-
fuged by ultrafiltration to remove excess DNA. The resulting
capture probes were stored at 4 °C.

Detection of the multivalent DNA walker biosensor

The functionalized gold stirring rod was taken into a mixture
solution containing three target pathogenic bacteria together,
and was stirred at 120 rpm for 40 min to achieve the capturing
and enrichment of pathogenic bacteria. Then, the above stir-
ring rod, capture probes, and signal probes were mixed simul-
taneously (molar ratio of the capture probes to the signal
probe 1:10, pH = 8.0), and incubated at room temperature for
30 min. At this point, due to the specificity of the antibodies,
the different capture probes were immobilized on the respect-
ive bacterial surfaces, while the signal probe was bound to the
bacterial surface via PBA. The reacted stirring rod was then
taken out, immersed in the solution containing Zn>" (100 uM),
and incubated for 30 min at room temperature. As a result, the
different capture probes selectively cleave the specific rA sites
on the signal probe, initiating DNA walking on the surface of
the corresponding bacteria, obtaining a large number of DNA
fragments of different lengths (three types of bacteria corre-
spondingly produce three different lengths of DNA fragments)
and enabling signal amplification. Next, the abovementioned
fragments were detected by MC, the separation and detection
of DNA were obtained by controlling the voltage change, and
then the detection of the target pathogenic bacteria was
realized.

Results and discussion

Design of the biosensor and its simultaneous detection
mechanism

The development of simultaneous, rapid, and sensitive detec-
tion methods has always been a research focus in the field of
bioanalysis. However, it is difficult to detect low-content
targets directly using traditional detection methods. Therefore,
it is necessary to use some strategies for signal amplification.

This journal is © The Royal Society of Chemistry 2023
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DNA walker was often used as an effective signal amplification
strategy because it can perform multiple motions in succes-
sion under a single trigger event, producing copious signalling
molecules. In the meantime, MC was an excellent choice for
the simultaneous detection of targets because of its outstand-
ing separation results. Based on this, a multivalent DNA
walker sensor combined with MC technology was developed to
achieve simultaneous, rapid, and sensitive detection of mul-
tiple pathogens such as Vibrio parahaemolyticus, Salmonella
typhimurium, and Staphylococcus aureus.

The principle of this work was described in Scheme 1. First,
a gold stir bar functionalized with 4-mercaptobenzeneboronic
acid was used to enrich for the target pathogen due to the fact
that the cis-diol on the phenylboronic acid can bind to the
polysaccharide on the bacterial surface.®” Then, it was mixed
and reacted with both the signal probe (phenylboronic acid
modified one) and the capture probe (antibody modified one).
At that moment, the signal probe and the capture probe can
be respectively self-assembled on the surface of the pathogen
through the reaction of cis-diols with polysaccharides and anti-
gens with antibodies (Scheme 1A). In this case, both the signal
and capture probes were confined to the surface of the patho-
gen, allowing the two to hybridize in close proximity to each
other. It was worth noting that benefiting from the specificity
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Scheme 1 The principle of the multivalent DNA walker sensor Au-Rods
@ PBA @ Bacteria @ DNA-Walker to simultaneously detect three patho-
genic bacteria.
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of the antibody, the different capture probes would be self-
assembled onto the corresponding pathogenic bacteria,
respectively. Next, under the action of Zn**, the three capture
probes can cleave the specific rA site on the signal probe to
trigger DNA walker based on the surface of the pathogenic bac-
teria (walking track), resulting in many DNA fragments of
three different lengths (Scheme 1B). Therefore, a functiona-
lized gold rod was used to enrich the targets and was inte-
grated with the DNA walker strategy to achieve double signal
amplification. Finally, the obtained DNA fragments of
different lengths were separated and detected by MC. MC con-
sisted of S (sample reservoir), B (buffer reservoir), SW (sample
waste reservoir), BW (buffer waste reservoir), and microchan-
nels. The sample was injected from S, and the voltages were
adjusted as S =280 V, SW =510V, B= 320V, and BW = 0 V for
1 min. At this time, three DNA fragments of different lengths
converged at the intersection. Then, the voltages changed to S
=250V, SW =250 V, B=0V, BW = 1000 V. In the meantime,
the sample will flow from the intersection to the detection
region. Due to the different lengths of the three DNA frag-
ments, the longer DNA fragments had a slower movement elec-
trophoresis speed during, resulting in the peaks of the three
DNA fragments occurring at different times for separation pur-
poses. The peak intensities of the three DNA fragments were
corresponding to their corresponding bacterial concentrations,
thus enabling the simultaneous quantitative detection of mul-
tiple target pathogenic bacteria (Scheme 1C). If the capture
probes were not modified with the antibodies, it cannot be
immobilized on the surface of the corresponding target bac-
teria; thus, the DNA walker cannot be formed and the corres-
ponding signal cannot be detected. Meanwhile, the targets’
pathogenic bacteria were directly used as walking tracks,
which effectively avoided the generation of false positive
signals. If the pathogenic bacteria were absent, there was not
only a lack of primer strands to initiate DNA walkers but also a
walking track for DNA walkers. In that case, even if there is a
small amount of signal leakage and the enzyme cleavage reac-
tion occurs, DNA walker cannot be formed to amplify the cata-
lytic signal. In addition, compared with traditional DNA walker
tracks (such as gold nanoparticles and magnetic beads), the
higher specific surface area of the bacteria can load more
signal molecules, resulting in better signal amplification.

Characterization of probes and their combination with targets

To explore the process of probe synthesis, the principles of
their preparation are briefly displayed in Fig. 1A. The signal
probe (E17-PBA) was prepared by the click reaction of PBA
(alkynyl modified) with the E17 (azido-modified) DNA strand.
The capture probes were prepared by the click and amide reac-
tions of the coupling agent DBCO-NHS (containing both
alkynyl and ester groups) with the azido-modified DNAzyme
strand and antibodies containing amino groups, respectively.
Simultaneously, for the purpose of illustrating the successful
preparation of the signal probe and the capture probes, they
were verified by MC.**?° As shown in Fig. 1B, lanes 1-8 were
strips of E17, E17-PBA, P-VP, P-VP-Ab, P-SA, P-SA-Ab, P-ST, and
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Fig. 1 (A) The principle of signal probe and capture probes’ preparation.
(B) Microfluidic chip proved the preparation of the signal probes and
capture probes. (0.2 uM E17, P-SA, P-ST, P-VP, 2 uM PBA, 0.01 pM anti-
body, all final concentrations). (C) Verification of the binding of P-SA-Ab
to S.A by ELISA. (All bacteria were cultured for 6 h, and the incubation
time of P-SA-Ab with the bacteria was 1 h).

P-ST-Ab, respectively. From the figure, when E17 was bound to
phenylboronic acid and P-SA, P-ST and P-VP bound to their
corresponding antibodies, the depth of the color of the DNA
strands corresponding to lanes 2, 4, 6, 8 became shallow, and
new electrophoresis bands appeared upper, which demon-
strated the successful preparation of the signal probe (E17-
PBA) and the capture probes (P-VP-Ab, P-SA-Ab, P-ST-Ab).

With the further purpose of exploring whether the capture
probe can bind to its corresponding bacteria, the enzyme-
linked immunosorbent assay (ELISA) method was used
for characterization. As displayed in Fig. 1C, al-e6, f1-he,
f7-h12, c7-e12, and a7-b12 represent the ELISA results of
Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC
25922), Vibrio parahaemolyticus (ATCC 17802), Salmonella typhi-
murium (ATCC 14028), and PBS (pH = 7.4), respectively.
Columns 1-6 and 7-9 both showed the concentration gradients
of different bacteria (10°, 108, 107, 10%, 10°, and 10 CFU mL™"),
and columns a-e and f-h displayed the concentration gradients
of the capture probes (1:5, 1:10, 1:20, 1:40, and 1:80). It
could be concluded from the figures that the blue color changes
only occurred in the presence of S.A, while the other bacteria
and the blank control group showed no color change, which
meant that the prepared P-SA-Ab capture probe had excellent
specificity binding to S.A.*® The conditions of the remaining
two capture probes (P-ST and P-VP) binding with their corres-
ponding bacteria are revealed in Fig. S1.7 From the blue distri-
butions in Fig. S1A and S1B,} it can be perceived that the
binding of the P-ST-Ab and P-VP-Ab capture probes to their
corresponding bacteria also had prominent specificity.

This journal is © The Royal Society of Chemistry 2023
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Characterization of the multivalent DNA walker sensor

To clearly observe the enrichment of the target pathogenic bac-
teria by the gold stirring rod, the individual bacteria, gold stir-
ring rod, and gold stirring rod after the enrichment of bacteria
were photographed by a scanning electron microscope (SEM)
separately for directly observing the enrichment effect.
Fig. 2A-C and D depicted the SEM images of the three patho-
genic bacteria and gold stirring rod, respectively. It can be
seen from the figures that V.P and S.T were both rod-shaped
with smooth surfaces, while the V.P were slimmer than S.T, S.
Awas spherical and had distinct boundaries, and all three bac-
teria exhibit unique morphology.*" The surface finish of the
gold stirring rod alone was inadequate, which may be attribu-
ted to the soaking time of the piranha solution being insuffi-
cient, resulting in incomplete cleaning. Fig. 2E and F respect-
ively show the enrichment effect of unmodified and modified
phenylboronic acid gold stirring rod on pathogenic bacteria.
According to the figures, though the experimental conditions
were identical, they were rare even when no pathogenic bac-
teria was captured on the gold stirring rod without the modifi-
cation of phenylboronic acid, while the gold stirring rod modi-
fied with phenylboronic acid was loaded with different bac-
teria on a large area, which indicated that the gold rod-modi-
fied by phenylboronic acid not only greatly improved the cap-
turing ability of pathogenic bacteria but can also capture a
variety of pathogenic bacteria simultaneously.

To support the above point of view, a confocal microscope
was used to prove the enrichment ability of the functionalized
gold stirring rod for pathogenic bacteria. The pathogenic bac-
teria were stained with AO dye (the excitation wavelength at
488 nm, emission wavelength at 515 nm), and the confocal
microscopy images of the pathogenic bacteria enriched by the
gold stirring rod were obtained (Fig. 3). As can be clearly
observed from the figures that all the subsequent gold stirring
rods modified with phenylboronic acid (Fig. 3D-F) produced
fluorescent signals and were evenly distributed in the field of
view, however, the unmodified gold stirring rods had no fluo-
rescence (Fig. 3A-C), which showed that the functionalized
gold stirring rods were obtained from the enrichment of three
target pathogenic bacteria indeed.

Fig. 2 SEM of (A to C) single bacteria (from left to right: V.P, S.T, S.A),
(D) single gold stirring rod and (E) its surface, (F) gold stirring rod simul-
taneously enriched three target pathogenic bacteria.
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Fig. 3 Confocal microscopy images of bacteria enriched with gold stir-
ring rod (A, B, C represents the images of V.P, S.T, and S.A enriched
without PBA, respectively, and D, E, F represents the images of V.P, S.T,
and S.A enriched with PBA, respectively). The concentration of patho-
genic bacteria was 1 x 10° CFU mL™* and PBA was 100 uM, the fluor-
escent dye was AO with excitation wavelength of 488 nm and emission
wavelength of 515 nm, the enrichment time was 40 min. The scale bar is
50 pm.

Feasibility of multivalent DNA walker amplification biosensor

The catalytic effect of Zn** on DNAzyme was demonstrated by
the MC technology, and the specific cleavage relationship
between the substrate chain and the DNAzyme chains was veri-
fied. From Fig. 4A, lanes 1-4 were the electrophoresis bands
corresponding to the E17 substrate chain, P-VP, P-SA, and P-ST
DNAzyme chains. Lanes 5-7 were the electrophoretic bands of
the products obtained by mixing E17 with P-VP, P-SA, and P-ST
respectively. When Zn>" was presented, E17 hybridized with
the corresponding DNAzyme chain, triggering the cleavage
effect of DNAzyme. Compared with lane 1, the concentration
of the band corresponding to E17 decreased, and two new
bands were produced in lanes 5, 6, and 7. The new bands origi-
nated from the cleavage DNA fragments, which were obtained
by combining P-VP, P-SA, and P-ST with E17 to form an 8-17
DNAzyme conformation for cutting the corresponding rA sites
and liberating different length of DNA chains. These results
clearly showed that the capture probes based on 8-17
DNAzyme designed by us can be utilized to cleave E17 and
generate three characteristic DNA fragments that can be separ-
ated and detected by MC.*

For the sake of testing the performance of the DNA walker
whose walking track was our pathogenic bacteria, MC was
applied to detect its feasibility and the mutual interference
between them. As explained in Fig. 4B, lane 1 represented the
presence of the E17-PBA signal probe, there was only one band
that appeared in the electrophoresis image. When P-VP-Ab and
10° CFU mL™" V.P were added to the solution, a new DNA
strand (about 8 bp, 16 nt) was generated in the corresponding
electrophoretic image, and the signal intensity of the corres-
ponding E17-PBA probe strand was reduced (lane 2). When
P-ST-Ab and 10° CFU mL™" S.T were added to the solution, a
DNA strand of approximately 12 bp (24 nt) was produced, and
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Fig. 4 Microfluidic chip technology to confirm the feasibility of the
capture probes’ specific cleavage of the signal probe. (A) Without patho-
genic bacteria. (The probes were dispersed in PBS buffer (pH 7.4), their
final concentration was 0.5 pM, and the cleavage time were 0.5 h). (B)
With pathogenic bacteria. (C) The curve of corresponding electrophor-
esis of (B). (The concentration of pathogenic bacteria was 1 x 10® CFU
mL~t and probes were 0.2 uM; other conditions were the same as in (A)).

the signal intensity of the E17-PBA probe strand decreased
(lane 3). Similarly, when P-SA-Ab and 10° CFU mL™" S.A were
presented, a DNA strand of approximately 18 bp (36 nt)
emerged, and the E17-PBA probe concentration also declined
(lane 4). These results manifested that the pathogenic bacter-
ium can be successfully used as walking track for the DNA
walker, and the characteristic DNA fragments can be obtained.
Moreover, supposing that the solution contained two target
pathogenic bacteria and their corresponding capture probes
synchronously, such as lane 5, there were S.T as well as S.A,
with the concentration of the E17-PBA probe decreased and
new bands were generated at 18 bp and 12 bp. In the presence
of both S.A and V.P, or both S.T and V.P and their corres-
ponding capture probes, likewise, the concentration of E17-
PBA probe decreased, and the new bands of 18 bp, 8 bp, and
12 bp, 8 bp were produced in lanes 6 and 7, separately.
Noteworthy, when the three kinds of bacteria and their corres-
ponding capture probes existed in the meantime, the E17-PBA
probe concentration in lane 8 weakened, and 18 bp, 12 bp,
and 8 bp bands appeared in lane 8 homochromously, which
illustrated that when multiple pathogenic bacteria coexisted,
different pathogenic bacteria will emancipate the corres-
ponding signal chains through the DNA walker, and there was
no internal interference between them. As a result, the detec-
tion strategy can realize the simultaneous detection of mul-
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tiple targets. Fig. 4C displayed the peak images obtained by
the separation and simultaneous detection of three target
pathogenic bacteria of MC. The results are shown in Fig. 4B,
and the concurrent quantification of the three pathogenic bac-
teria was successfully achieved.

Optimization of experimental parameters

To obtain the best performance of the biosensor, the Zn>" con-
centration, cleavage time, pH, and stirring rod’s enrichment
time were optimized. The cleavage of the substrate chain by
the DNAzyme was catalyzed by Zn”*; accordingly, the concen-
tration of Zn>" has a certain effect on the DNA walker. Hereby,
the influence of Zn** concentration in the range of 10-250 pM
was analyzed. As shown in Fig. S2A,1 when the signal intensity
was the highest, the Zn>* concentration was 100 uM. Next, the
impact of the cleavage time of DNA walker in the range of
10-60 min was evaluated. With the extension of the incubation
time, the signal gradually increased and reached a plateau at
30 min (Fig. S2Bf). The results showed that 30 min was
enough to complete the DNA walker cleaving process. The pH
also had a major influence on the binding of phenylboronic
acid to pathogenic bacteria. Consequently, the pH of the reac-
tion buffer was the basic parameter that needed to be opti-
mized. The influence of pH on the experiment was analyzed in
the pH range of 3.0-10.0. Fig. S2Ct{ showed that when the pH
was 8.0, the signal intensity reached the maximum value, and
then, as the pH value further increased, the signal value began
to decrease, indicating that 8.0 was the optimal pH value for
the experiment. In addition, the enrichment time of the gold
stirring rod for pathogenic bacteria was also an important
factor affecting the detection performance of the sensor. When
the enrichment time reached 40 min, the signal value did not
change much with the extension of time (Fig. S2Dt), which
revealed that the enrichment of the pathogenic bacteria was
basically achieved in 40 min. Moreover, since the ratio
between the capture probes and the signal probe played an
important role in DNA walker signal amplification, we com-
pared the signal responses of the two at different molar ratios.
Fig. S31 clearly showed that the signal intensity of the three
pathogenic bacteria attained the maximum when the molar
ratio was 1:10 (capture probe/signal probe), and this molar
ratio was applied in subsequent experiments.

Specificity and stability of the multivalent DNA walker sensor

Since multiple bacterial pathogens and target bacteria coexist
in most instances, the specificity of the sensor should be con-
firmed. E. coli, Listeria monocytogenes, and Edwardsiella were
selected as interfering bacteria to evaluate the specificity of
our sensor (Fig. 5A). As expected, under optimal conditions, if
there were no target bacteria in the sample, extremely low
signal values in the blank sample and other bacteria samples
were observed. In contrast, once the target such as V.P or S.T
or S.A was presented, significant signals were generated
accordingly, and there was no mutual interference between the
three target bacteria, which confirmed that our work had excel-
lent selectivity. Besides, the stability of the sensor within 10
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Fig. 5 (A) The selectivity performance of the sensor with the inter-
ference of different bacteria. (B) Stability of the biosensor. (The concen-
tration of bacteria was 1 x 106 CFU mL™%, pH was 8.0, the reaction buffer
was PBS buffer and time was 0.5 h).

days was also evaluated (Fig. 5B). Compared with the initial
signal value, after 10 days, the signal intensity values of V.P, S.
T, and S.A (1 x 10° CFU mL™") decreased very slightly; each
experiment was performed 3 times in parallel, and the relative
average deviation was less than 5.0%, demonstrating that the
DNA walker amplification sensor possessed satisfactory stabi-
lity and repeatability.

The sensing performance of multivalent DNA walker
amplification biosensors for V.P, S.T, and S.A

The dynamic responses of a series of V.P, S.T, and S.A with
different concentrations under optimal conditions were sim-
ultaneously measured by the MC method to understand the
detection limit of the DNA walker amplification sensor for
the target (Fig. 6). From Fig. 6A, as the concentration of the
three target pathogenic bacteria was enhanced from 10 to
10% CFU mL™", the corresponding signal intensity value also

Intenisty (a.u.)
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Fig. 6 (A) Microfluidic chip technology determination of V.P, S.T, and S.
A in the concentration range from 10 CFU mL™* to 1 x 108 CFU mL™. (B),
(C), and (D) Correspond to the calibration plots for V.P, S.T, and S.A,
respectively. (The signal probe was 0.2 uM and the capture probes were
0.02 uM, pH was 8.0, the reaction buffer was PBS buffer, and time was
0.5 h).
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rose, proving that the concentration value of the target
bacteria and the intensity of signal were proportional. The
standard curves of the logarithm of the concentration of V.P,
S.T, and S.A and their signal intensity were plotted. For
Fig. 5B, C, and D, the linear equations were I;p = 2.39 X
log[V.P] — 1.97, Isr = 10.68 x log[S.T] — 7.98, and Is, =
14.31 x log[S.A] — 7.70. The detection range of V.P, S.T, and
S.Awas 1 x 10>-1 x 10%, 1 x 10'-1 x 105, and 1 x 10'-1 x 108
CFU mL™!, and the detection limit was 28, 10, and
9 CFU mL™", respectively. In addition, some previous
methods for the simultaneous detection of bacteria were
compared with this method to explain our advantages
(Table S41). The detection limits of the three bacteria were
obtained by this method respectively, indicating a wider
detection range and lower target detection limits than most
previously available methods. Apart from this, for the detec-
tion of three kinds of bacteria, first, the reason why our
method greatly shortened (<1 h) the detection time compared
with the fluorescence method of Wu’s group (>2 h) was due
to the labelling of the fluorescent probe that they modified
on the DNA strand, which increased the complexity of probe
preparation and thus prolonged the time.*’ The probes did
not require any fluorophore labelling and were simple to
prepare. For another, the MC detection platform can realize
the simultaneous injection and detection of multiple
samples, further reducing the detection time.

Determination of the biosensor in different water samples

To further determine the applicability of the method in
actual samples, different water samples and mixed spiked
samples with target bacteria were used as actual samples
were analyzed for their detection conditions. The results are
summarized in Table S5.1 The recovery rates of V.P, S.T, and
S.A in the four aquatic samples were all above 90%, and the
RSD values were all less than 10%. The above results indi-
cated that the biosensor platform can be used to simul-
taneously detect three kinds of foodborne bacteria that may
coexist in complex samples and has great potential for the
simultaneous detection of V.P, S.T, and S.A in water
samples.

Discussion of the multivalent DNA walker amplification effect

The loading number of the probes on the targets bacteria over
time was measured by UV spectrophotometry to verify the
signal amplification effect of the designed sensor. As can be
seen from Fig. S4,f the DNA loading on the surface of the
pathogenic bacteria had basically reached saturation at
30 min, and the loading number of the probes remained
almost unchanged with the further increase in time.
According to Lambert-Beer law, the DNA concentrations on V.
P, S.T, and S.A were calculated to be 3.16 x 1077, 1.2 x 107°,
and 1.5 x 10° M; thus, the loading number of the probes on
the above three pathogenic bacteria was further calculated to
be 3.16 x 107*°, 1.2 x 107, and 1.5 x 10™** mol CFU?,
respectively. In addition, to determine the enzymatic activity of
the designed sensor, the kinetics of the enzymatic reaction
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was quantitatively described using the classic Michaelis
equation (eqn (1)),

Vimax[S]

" Km + 9] )

where V is the reaction rate, V. is the maximum reaction
rate, when the enzyme was completely saturated with the sub-
strate (signal probe), [S] is the substrate concentration, and K,
is the Michaelis constant. When the reaction rate reached half
the maximum reaction rate, eqn (1) can be converted into the
following form.

Vinax _ VmaxS] 1 [8]
Knm+1S] 2 Km+5

2 Km+[S = [8] = K 2)

Thus, the K, value was the substrate concentration when
the enzyme reaction rate reached half the maximum reaction
rate (eqn (2)). Therefore, the changes in the reaction rate at
different substrate concentrations were measured; the conse-
quences were observed from Fig. S4,} K, (v.p) = 0.23 pM, Ky, (s.
1 = 0.3 uM, and K, s.a) = 0.34 pM, which indicated good
affinity between the capture probes and the signal probe.

DNA walker was used to take gold nanoparticles as the
walking tracks. Thereby, the signal amplification effects of the
target pathogens and gold nanoparticles can be compared as
walking tracks. Fig. S5t revealed that under the same con-
ditions, the signal amplification effect of the DNA walker on
the targets were better than that on gold nanoparticles. The
possible reason was that gold nanoparticles had strong adsorp-
tion effect on DNA, which produced a certain steric hindrance
effect and was not conducive to the progress of DNA walker. As
the target, pathogenic bacteria not only effectively avoided the
steric hindrance effect but, at the same time, its larger specific
surface area can accommodate more probe strands; thus, its
signal amplification effects were greater over gold nano-
particles. The key concept of the DNA walker was the high
mobility of the DNA walker after activation. DNAzyme consists
of a catalytic core with two binding domains on both sides.
Once the DNA walker was activated, the DNAzyme hybridizes
with the substrate strand through the two binding domains.
For this reason, the influence of the binding length between
the DNAzyme chain and the substrate chain on the experiment
was studied. Fig. S61 showed that when the base binding
numbers of the signal probe and corresponding capture
probes on V.P, S.T, and S.A were 9/8, 10/8, and 10/8, respect-
ively, the signal was the strongest. A longer binding domain
can significantly increase the binding efficiency between the
capture probes and the signal probe, thereby enhancing the
probability of cleavage. However, a very long binding domain
will prevent the capture probes from hybridizing with the next
signal probe to reduce the mobility of the DNA walker, thus
affecting the reaction rate. Thus, the base binding lengths of
9/8, 10/8, and 10/8 of the capture probes and the signal probe
were selected as the probe chains for V.P, S.T, and S.A, respect-
ively. Furthermore, through the bioluminescence method, it
has been proved that the pathogenic bacteria used in the
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experiment were alive (Fig. S7t). Therefore, the DNA walker
amplification sensor can be applied for the detection of live
bacteria.

Conclusion

In summary, a multivalent DNA walker sensor combined with
MC technology was developed to successfully realize the sim-
ultaneous, rapid, selective, and sensitive detection of V.P, S.T,
and S.A. Antibody-functionalized DNAzyme chains endowed
the sensor with excellent specificity. At the same time, the
ingenious design of the substrate chain (with three rA clea-
vage sites) successfully achieved the simultaneous quantitat-
ive detection of the targets of the three pathogens. The multi-
valent DNA walker sensor applied the target pathogen directly
as walking tracks, effectively avoided the generation of false
positive signals, and reduced the steric hindrance effect
caused by traditional nanoparticle tracks. In addition, the
developed sensor integrated gold stirring rod enrichment
and DNA walker to achieve dual signal amplification,
which significantly improved the detection sensitivity.
The detection time of V.P, S.T, and S.A was within 30 min.
The detection range of V.P, S.T, and S.A was 1 x 10>-1 x 105,
1 x 10'-1 x 10%, and 1 x 10'-1 x 10® CFU mL™, and the
detection limit was 28, 10, and 9 CFU mL™", respectively. It is
worth mentioning that by changing the design of the signal
probe and the capture probe, the DNA walker sensor is
expected to become a general platform for the simultaneous
detection of different targets.
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