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1. Introduction

An enzyme-mediated universal fluorescent
biosensor template for pathogen detection based
on a three-dimensional DNA walker and catalyzed
hairpin assembly+t

Dan Li,? Enlai Yang,® Zewei Luo,” Qiyue Xie? and Yixiang Duan { *2

An enzyme-mediated universal fluorescent biosensor template for rapid detection of pathogens was
developed based on the strategy of a three-dimensional (3D) DNA walker and catalyzed hairpin assembly
(CHA) reaction. In the bacterial recognition step, a strand displacement reaction between bacteria and the
double-stranded complex caused the release of the walker strand. The walker strand triggered the DNA
walker to produce an enzyme fragment, and the DNA walker used gold nanoparticles (AuNPs) as the track
to provide an excellent DNA ligand anchoring area. In the CHA step, the enzyme fragment induced the
CHA cycle to yield fluorescence signals, which greatly enhanced the conversion ratio of trigger DNA and
the sensitivity of the fluorescent biosensor. The effect of the distance and density of the DNA ligand was
studied by adjusting the length of poly-adenine (PolyA), and was further explored by its reaction kinetics.
By comparing the maximum reaction rate (V,ax), Michaelis constant (K,,,) and turnover number (K., the
optimized PolyA probe was assessed and identified. In this work, the optimized PolyA-DNA probe exhibi-
ted an outstanding sensitivity in Salmonella typhimurium (S. ty) detection, which is 11.9 times and 4.6
times higher than those of the SH-DNA and the MCH treated SH-DNA. Meanwhile, a detection limit of
28.1 CFU mL™ was achieved in Escherichia coli (E. coli) detection. Furthermore, the biosensor achieved
good selectivity and high repeatability with recoveries of 91%-115% for real sample detection.
Considering these advantages, this template has great potential as a routine tool for pathogen detection
and has wide applications in the field of global public health and food safety.

developing a sensitive and accurate analytical method for
pathogen detection is of great significance to food safety and

Infectious diseases caused by food-borne and water-borne
pathogens pose an increasing threat to public health and the
global economy.”” According to statistics from the World
Health Organization (WHO), almost one in ten people around
the world get sick from eating contaminated food every year.
Food-borne diseases are estimated to have killed 420000
people, out of whom 125000 are children under the age of
five. In order to prevent the spread of infectious diseases,
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global public health.*™®

In the past, a large number of pathogen analysis methods,
such as the culture and colony counting method, the polymer-
ase chain reaction (PCR) and the enzyme-linked immuno-
sorbent assay (ELISA) have been developed.”® However, these
traditional methods are costly and labor-intensive and require
specialized instruments and operators, which are difficult to
meet the requirement of bioanalysis nowadays.'® In order to
overcome these defects, biosensors with high performance
have been explored to use point of care testing (POCT) for
pathogen detection.”** Fluorescent biosensors have attracted
wide attention as a candidate POCT technique because of their
excellent specificity, high speed and ease of use.'*'® The
reported fluorescent biosensors, such as DNA walkers, have
the same working principle, including target capture, displace-
ment and detection. However, the original DNA walker showed
a lack of sensitivity, which is a key factor in the construction of
biosensors. To overcome this constraint, various strategies
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have been developed including increasing the anchored
surface area of the target ligand'®™® and developing signal
amplification methods."* "

Accumulating evidence has demonstrated that the
anchored surface area undergoes a dimensional development.
Initially, a one-dimensional (1D) DNA footpath or two-dimen-
sional (2D) DNA origami track®*>* was studied and used,
which can perform stepwise walking autonomously and pro-
gressively. However, as the research progressed, researchers
found that these connection methods had limited travel space
and few steps to walk. Nowadays, a three-dimensional (3D)
steric structure has shown superior detection performance due
to the effective cargo payload capacity, a large surface area for
molecule immobilization and recognition, and rapid kinetics
of target recycling.'®'®?® For example, Yang et al have
reported a DNA walker nanomachine that can walk randomly
along a 3D track to detect specific nucleic acids. In this
context, gold nanoparticles (AuNPs) as an analytical carrier to
increase the anchored surface area were proposed.*® To date,
there are two main ways of binding the target ligand to the
surface of AuNPs: Au-S connection®”*®* and Au-N
connection.>’' As we know, with the Au-S connection it is
difficult to control the distance of the target ligand on the
surface of AuNPs and to avoid nonspecific DNA-Au binding
through the flexible single stranded DNA (ssDNA) to the AuNP
surface, all of which reduces the hybridization efficiency and
causes insignificant sensitivity of the DNA walker.** To pre-
cisely control the separation and conformation of the adjacent
DNA ligands, poly-adenine (PolyA) binding on the AuNP
surface has been studied, which has the same adsorption
affinity as the Au-S connection. The surface density of the
DNA ligand can be programmatically regulated by changing
the PolyA length which provided opportunities for precise
control of the orientation and conformation of PolyA-DNA and
the nonspecific DNA-Au binding can be eliminated by the
PolyA coating on the AuNP surface, thus improving the hybrid-
ization efficiency and detection sensitivity.>>**** Furthermore,
the tuning of the PolyA length can regulate enzyme activity by
changing the local salt concentration on the AuNP surface and
eliminating steric hindrance between the enzyme and the sub-
strate, which can optimize the reaction performance.*®

Apart from the anchored surface area, the signal amplifica-
tion strategy is also important for the fluorescent biosensor.
Recently, enzyme-free DNA recycling amplification has
attracted much attention because of its advantages of simpli-
city and low cost.>®?” Catalyzed hairpin assembly (CHA) is a
sensitive and enzyme-free technique, which has been widely
studied for signal amplification and nucleic acid detection. In
the reaction system, two hairpin structures are kinetically
trapped and have a stable structure without a trigger DNA
from the enzyme-catalyzed product of the DNA walker. In the
presence of a trigger DNA, the DNA can perform the strand dis-
placement reaction, leading to the opening of two hairpin
structures and recycling of the DNA.>*® CHA achieves signal
amplification by the strand displacement reaction only. With
the addition of a molecular beacon (MB), CHA can generate
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the fluorescent signal to achieve signal detection, thus realiz-
ing sensitive analysis of target.>**°

In this work, a fluorescent biosensor template containing
functional AuNP-based 3D DNA walker and CHA was proposed
for pathogen detection. As a track of the 3D DNA walker,
AuNPs can provide an appropriate anchoring area for the DNA
ligand; the distance and conformation between the adjacent
PolyA-DNA probes have been systematically studied by chan-
ging the length of PolyA with real-time fluorescence intensity
monitoring. Meanwhile, the maximum reaction rate (Vinax),
Michaelis constant (K,), turnover number (K., and K.,/Km
were compared to explore the reasons for detection perform-
ance with different lengths of PolyA. In the whole system, the
effective dual signal amplification involves the DNA walker and
CHA reaction, which had greatly enhanced the conversion
ratio of target DNA and the sensitivity for the detection of
target pathogens. And the fluorescent biosensor used as a tem-
plate with only the aptamer sequence for the target pathogen
and a partial sequence that is complementary to the aptamer
changed when changing the detection pathogen such as S. &y
and E. coli. Furthermore, the proposed fluorescent biosensor
template has achieved good selectivity and obtained good per-
formance in the detection of real samples compared with
quantitative real-time PCR (qPCR), it is believed that this pro-
posed template can facilitate public health and global food
safety.

2. Materials and methods

2.1 Reagents and instrumentation

Gold chloride hydrate (HAuCl,-3H,0) and 2-mercaptoethanol
(2-C,H¢0S) were purchased from Sigma-Aldrich (USA). Sodium
citrate trihydrate (NazC¢H;0,-3H,O) was purchased from
Chengdu Kelong Chemicals Co., Ltd (Chengdu, China). Nt.
BbvCI was obtained from New England Biolabs (Beijing,
China). Tryptone Soy Agar (TSA) was purchased from
AoBoXing (Beijing, China). LB Broth (LB) was purchased from
Sangon Biotech (Shanghai, China). All DNA sequences listed
in Table S1f were synthesized and purified by Sangon
Biotechnology Co., Ltd (Shanghai, China), all of which were
kept at 95 °C for 5 min, and slowly cooled down to room temp-
erature for at least 2 h before use.

The fluorescence spectra were obtained using a LS55 fluo-
rescence spectrophotometer (PerkinElmer, USA). Absorption
spectra were recorded using a PerkinElmer Lambda 25 UV/VIS
spectrometer (PerkinElmer, USA). Optical density at 600 nm
was determined using a NanoDrop One (Thermo, USA).
Nanoparticles were characterized by transmission electron
microscopy (TEM) (Tecnai G2 F20 S-TWIN, FEI, USA) and
Dynamic light scattering (DLS) (ZEN 3690, Malvern, UK).
Polyacrylamide gel electrophoresis (PAGE) images were
scanned using an Azure c300 Biosystem (Azure Biosystems,
USA). Quantitative real-time PCR (qPCR) was carried out using
LightCycler® 96 (Roche, Switzerland).
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2.2 Preparation of gold nanoparticles (AuNPs)

AuNPs were synthesized according to a previous report.*' In
brief, 47 mL of ultrapure water containing 1 mL of
HAuCl,-3H,0 (0.01 ¢ mL™") was heated under vigorous stir-
ring. Then, 3 mL of 1% (v/v) NazC¢H50,-3H,0 was added into
the boiling solution. After this the solution was kept boiling
and stirred for 30 min, and the mixture was naturally cooled
down to room temperature with stirring. The obtained AuNPs
were stored at 4 °C for further use. The concentration of
AuNPs was calculated using C = A 450/e 450.**

2.3 Synthesis of PolyA-DNA-AuNPs (PDAs)

The functional processing of AuNPs using a PolyA-DNA probe
is the basis of this experiment. Briefly, PolyA-DNA and pre-
pared AuNPs were mixed in a molar ratio of 200: 1 for 16 h at
25 °C. Buffer A (0.1 M PBS, 2 M NaCl, pH 7.4) was then slowly
added to the mixture at room temperature for 40 h (the final
concentration of NaCl was 0.2 M). Subsequently, the mixture
was centrifuged and washed with buffer B (10 mM PBS, 0.2 M
NaCl, pH 7.4) three times at 14 000g for 20 min to remove
excess PolyA-DNA. The obtained PolyA-DNA-AuNPs (PDAs)
were resuspended in buffer C (10 mM PBS, 0.1 M NaCl, 1 mM
MgCl,, pH 7.4) for further use.

2.4 Preparation of SH-DNA-AuNPs (SDAs) and MCH treated
SDAs (MSDAs)

Thiol-modified DNA was fixed on the AuNP surface by the salt-
aging method.? Briefly, 10 pL of SH-DNA (100 pM) were mixed
with TCEP (20 mM) for 1 h to cleave the disulfide bond and
then diluted to 400 pL. This activated SH-DNA solution was
incubated with 625 pL AuNPs. Then, buffer A was slowly added
to the mixture for salting and the final concentration of NaCl
was 0.2 M. After centrifugal washing, the obtained SH-DNA-
AuNPs (SDAs) were redissolved in buffer C to 540 pL and
stored at 4 °C for future use. During the regulation process of
2-mercaptoethanol (MCH), 540 pL of SDAs were treated with
MCH (the final concentration was 20 mM) for 1.5 h at 25 °C.
The excess MCH and displaced SH-DNA were removed by cen-
trifugation at 14 000g for 20 min and the supernatant was dis-
carded. Then, the MCH treated AuNPs (MSDAs) were washed
three times with buffer B. The particles were subsequently
resuspended in buffer C and stored at 4 °C.

2.5 Procedure of pathogen detection

The procedure of pathogen detection was simple: only anneal-
ing, replacement, incubation, and fluorescence signal
measurement were needed. In the typical pathogen reco-
gnition procedure, solution A (the mixed solution of 1 pL of
100 uM c-Apt, 3 pL of 100 pM Apt and 96 pL reaction buffer)
was kept at 95 °C for 5 min and annealed to 25 °C to form the
Apt@c-Apt duplex. Then, 20 pL of the pathogen was mixed
with 16 pL of solution A and the mixture was incubated at
37 °C for 30 min to release c-Apt. After centrifugation at 6000
rpm for 5 min, the pathogen was separated and the super-
natant containing c-Apt was collected. Subsequently, 16 pL
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PDAs, 16 pL of 1 pM H1, 16 uL of 1 uM H2, 32 pL of 1 yM F@Q
and 0.06 U pL ™" Nt.BbvCI were added into the above collected
solution and incubated at 37 °C for 50 min. Finally, the whole
reaction solution was tested using a LS55 fluorescence spectro-
photometer at room temperature.

2.6 Bacterial strain and culture

Salmonella typhimurium (ATCC 14028, S. ty), Escherichia coli
(ATCC 25922, E. coli), Yersinia enterocolitica (Y. e),
Staphylococcus aureus (ATCC 6538, S. a) and Shigella sonnei (S.
s) were kindly provided by West China School of Public Health,
Sichuan University. All of the bacteria were grown in Lysogeny
Broth (LB) medium for 12 h at 37 °C under 200 rpm. Then, the
cultured bacteria were gradient diluted to obtain different
optical densities at 600 nm (ODgqo). Meanwhile, the bacterial
concentrations corresponding to each ODgo were quantified
by the culture and colony counting method. After incubation
at 37 °C for 16 h on agar medium, the colonies on the plates
were counted to establish the relationship with ODggo. The
standard linear calibration curves are shown in Fig. S1.f The
bacterial concentration by ODggo was calculated using the stan-
dard linear calibration curves.

2.7 Polyacrylamide gel electrophoresis (PAGE) assay

PAGE was used to test and verify the behavior of DNA assembly
in this work. In the gel electrophoresis assay, the assembly
product of each sample (5 pL) was mixed with 6x loading
buffer (1 pL) and the mixture was loaded into 10% polyacryl-
amide gel. The electrophoresis was driven by 120 V for 40 min
in 1x TAE buffer, the gel was stained with 4S Red Plus nucleic
acid for 15 min and imaged using a gel imaging system.

2.8 Preparation of real samples

In order to analyze the practical application capability of the
biosensor system, the quantitative analyses of real samples
(fresh chicken nuggets and milk) were performed, and they
were purchased from a local Xinnanmen market in Chengdu.
Five pieces of chicken have been inoculated with different con-
centrations of bacteria and minced in a sterile environment.
Then, the minced chicken samples were placed in 20 mL reac-
tion buffer and centrifuged at 8000 rpm for 20 min to remove
excess precipitation, and the supernatants were collected as a
real sample for analysis. Before using for testing, sterilized
milk was mixed with different concentrations of bacteria,
which was then detected using the fluorescent biosensor. In
addition, to verify the reliability of the biosensor, qPCR was
used to detect these samples for comparison.

2.9 Quantitative real-time PCR (qPCR)

To verify the reliability of the fluorescent biosensor method,
gPCR was employed to detect S. ty and E. coli for comparison.
Firstly, the genomic DNA of S. ¢y and E. coli with varying con-
centrations were extracted using a kit, which was used as a
DNA template for qPCR detection. The reaction system of
qPCR and the primer sequences of S. ty and E. coli are shown
in Tables S3 and S4.1 The detection conditions of qPCR were

This journal is © The Royal Society of Chemistry 2021
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as follows: first, annealing at 95 °C for 30 s; second, 40 rounds of
cycling reaction including denaturation at 95 °C for 5 s, anneal-
ing at 55 °C for 10 s, and extension at 72 °C for 15 s; finally, the
standard curves between the S. ¢y and E. coli concentration and
the value of C, were established as shown in Fig. S2.}

3. Results and discussion
3.1 Principle of the fluorescent biosensor template

The working principle for amplified detection of S. ty is shown
in Fig. 1. The detection process can be divided into three steps
for the whole reaction, namely: target recognition, a DNA
walker and the CHA reaction.

In the first step, the complementary sequence (c-Apt) can
be released from the double-stranded structure formed by the
binding between the aptamer (Apt) and S. ¢y. The released
c-Apt acts as the starting DNA to trigger the DNA walker reac-
tion. In the second step, PolyA-DNA was connected to the
AuNP surface by the salt-aging method. When c-Apt encoun-
tered PolyA-DNA, based on the rule of Watson-Click base
pairing, the hairpin structure of the PolyA-DNA probe opened,
resulting in the formation of the double-stranded structure of
c-Apt@ PolyA-DNA. Then, the double-stranded structure is
cleaved by Nt.BbvClI specifically into two fragments, in which
one enzyme fragment (E;) is released. Then, c-Apt automati-
cally binds to another PolyA-DNA strand and initiates a new
cleavage process to generate large quantities of E¢ in a catalytic
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fashion because the number of complementary bases of
c-Apt@ PolyA-DNA is decreased, which forms the basis of the
CHA reaction.

In the third step, the released Ey is used as trigger DNA to
initiate the reaction of CHA that promotes the generation of
fluorescence signals and improves the sensitivity of the fluo-
rescent biosensor. In detail, the existing E; is hybridized with
the H1 and the hairpin structure opens, exposing an active
ssDNA region of H1. Then the hairpin H2 is hybridized with
the active ssDNA region and a HI@H2@E¢ complex is formed.
As the chain displacement reaction proceeds, this complex
resolves into the H1I@H2 dipolymer. The liberated Eg is able to
trigger another CHA cycle. To achieve quantitative detection of
S. ty, the HI@H2 dipolymer is capable of hybridizing with the
fluorescence—quencher complementary structure (F@Q) to
cause the separation between the fluorescent probe and
quencher, causing fluorescence signal emergence. Hence, this
fluorescent biosensor template has great potential for the
detection of S. ¢y. By contrast, in the absence of S. ty, c-Apt is
not released and cannot initiate the separation of the DNA
walker and CHA efficiently. Therefore, the PolyA-DNA, H1, H2
and F@Q retain their original structures and no longer gene-
rate fluorescence signals.

3.2 Characterization and feasibility of the fluorescent
biosensor template

In order to verify the performance of the fluorescent biosensor
template, the connection between PolyA-DNA and AuNPs was

3L 0 2§85
E T Stage 2 ¢
i DNA Walker

H1@Ef
Stage 3 o

— H2
CHA \

- JOIOT ., 00 T

F@Q H1@H2

H1@H2@Ef

Fig. 1 Schematic illustration of the fluorescent biosensor based on a 3D DNA walker moving on the AuNP surface and the CHA reaction.
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Fig. 2 Characterization of the connection between PolyA-DNA and AuNPs and verification of the feasibility. (A) The TEM image of the bare AuNPs.
The scale bar is 50 nm. (B) UV-Vis spectra of AuNPs and functional PolyA-DNA. (C) PAGE image verifying the feasibility. Reaction conditions: lane 1:
16 pL (3 pM) Apt; lane 2: 16 pL (1 uM) c-Apt; lane 3: lane 1 + lane 2; lane 4: lane 3 + 20 pL S. ty; lane 5: 16 pL PolyA;p-DNA, lane 6: lane 4 + lane 5;
lane 7: lane 6 + 0.06 U pL~* Nt.BbvCl; lane 8: lane 7 + 16 puL H1; lane 9: lane 8 + 16 pL H2; lane 10: lane 9 + 32 pL FQQ; lane 11: 16 pL H1; lane 12:
16 pL H2; lane 13: lane 11 + lane 12; lane 14: 32 uL F@QQ. (D) The real-time fluorescence measurement for verifying the performance. Reaction con-
ditions: curve a: without Nt.BbvCl and S. ty; curve b: with S. ty; curve c: with Nt.BbvCl; curve d: with Nt.BbvCl and S. ty.

characterized first. As shown in Fig. 2A, the TEM result shows
that the size of bare AuNPs was uniform indicating that the
AuNPs were successfully synthesized. The UV-Vis absorption
spectra of bare AuNPs show the characteristic peak at 518 nm
(black line), as shown in Fig. 2B. After PolyA-DNA modified the
bare AuNPs, the absorption peak of the functional PDAs shows
an obvious red shift. The wavelength shift ranging from 518 to
527 nm was positively related to the length of PolyA, which
implied that the size of assembled PDAs increases successively
with the increase of the length of the PolyA tail. The direct
proof was provided by the DLS results in Fig. S3.1 The same
tendency from 14.1 + 0.3 to 26.5 + 0.5 in terms of size was
observed. The experimental phenomenon is due to the fact
that the assembled PolyA tail exhibited electrostatic and steric
repulsion to the hairpin DNA, which promotes the extension
of the hairpin DNA into solution. With the increase of the
length of the PolyA tail, the number of hairpin DNA attached
to the surface of AuNPs decreases, thus the acting force of the
PolyA tail to each hairpin DNA connected increases, so that
the hairpin DNA is in a complete standing-up state and the
particle size increases successively.

Subsequently, the PAGE assay was carried out to verify the
feasibility of the biosensor template. The result is shown in
Fig. 2C. When S. ty was added, the band of Apt disappeared as
the specific binding between S. ty and the complementary
sequence c-Apt stays away from Apt, as shown in lane 3 and

2496 | Nanoscale, 2021, 13, 2492-2501

lane 4. When the PolyA;,-DNA encountered Apt@c-Apt@S. ty,
the bright band of c-Apt@PolyA,,-DNA is observed (lane 6) and
the band of E; appeared (lane 7) by the specific cleavage of Nt.
BbvCl. Then H1 and H2 are separately added, and the double-
stranded structure of HI@H2 is observed (lane 9). Upon the
introduction of the signal probe F@Q, the band of the tripoly-
mer of HI@H2@F appeared (lane 10). These results provide
strong evidence that the biosensor template is rationally
designed. Meanwhile, PAGE was employed to verify the speci-
ficity between Apt and S. ty. As illustrated in Fig. S4,1 four
other kinds of bacteria show an obvious Apt@c-Apt band,
implying that Apt can specifically bind to S. #y. In addition, the
performance of the biosensor system was also investigated
using the fluorescence experiment. As shown in Fig. 2D, a low
fluorescence signal is obtained, when S. ¢y and Nt.BbvCI aren’t
in resolution (curve a), and only S. ty (curve b) or Nt.BbvCI
(curve c) is added. In the presence of S. ¢y and Nt.BbvCI (curve
d), a relatively strong fluorescence intensity is observed, which
indicates that this biosensor shows effective signal amplifica-
tion in response to the target bacteria.

3.3 Assessing surface coverage effects on the performance of
the fluorescent biosensor template for S. ty detection

To achieve the optimal performance of the biosensor system,
two key experimental parameters, including the molar ratio of
Apt/c-Apt (Fig. S5AT) and reaction time (Fig. S5B7), were deter-

This journal is © The Royal Society of Chemistry 2021
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mined. The molar ratio of 3 : 1 and the reaction time of 50 min
with the highest F/F, were selected in this work. As research
progressed, we found that the change in the PolyA length
affects the density and conformation of the PolyA-DNA probes
on the surface of AuNPs, which implied that the change in the
length of PolyA could further affect the enzyme activity of the
biosensor. To confirm the supposition, the following formula
(Michaelis—-Menten equation) was used to evaluate the enzyme
activity:

Viax X [S]
Km + [S]

where “V” represents the reaction rate, “Vi,~ represents the
maximum reaction rate, “[S]” represents the substrate concen-
tration, and “K,,” represents the Michaelis constant, which
means the substrate concentration at half the maximum reac-
tion rate in the enzymatic reaction. The substrate in the enzy-
matic reaction is the most appropriate when K, is at a low
level. The turnover number (K., that is positively related to
the catalytic efficiency of the enzyme is calculated by using the
following formula, where “[Eq]” is the total concentration of
the Nt.BbvCI in each system.

Vmax

Keat = [E ]
0

By calculating the K, and K., constants above, the speci-
ficity constant (K../K») as an effective second-order rate con-
stant to reflect the enzyme efficiency and function needs to be
evaluated. In order to achieve this aim, the reaction kinetics of
different states were analysed by monitoring the fluorescence
intensity in real time, as shown in Fig. S6.f When Nt.BbvCI
and 10° CFU mL™" S. ty are present in the reaction solution,
the lowest value of K, is calculated to be 0.2 uM, which indi-
cates that the most appropriate substrate is PolyA;,-DNA-
AuNPs, as shown in Fig. 3A (red line). Similarly, the highest
value of K., is calculated to be 0.04 min™" in the PolyA,, state
(green line), indicating that the state of PolyA;,;-DNA-AuNPs
has the highest catalytic efficiency for Nt.BbvCI. Variations in
K, and K. show that the density and conformation of
PolyA,,-DNA connected to the surface of AuNPs is the best sub-
strate condition and provides the highest catalytic efficiency of
Nt.BbvCI. Meanwhile, upon changing the density of MCH, the
K, is 1.1 times lower and the K., is 1.1 times higher than
those of SDAs, which shows the importance of the density and
conformation of the DNA probe.

Furthermore, the efficiency of the Nt.BbvCI (K.a/Ky) in
each state was compared. As shown in Fig. 3B, the value of
Kea/Kn is distinctly improved from 5A to 10A, and it reaches
its maximum value at 10A, which indicated the cleavage
efficiency of Nt.BbvCI was the best on the condition. In
addition, K., /K, of PolyA;,-DNA shows a higher cleavage
efficiency compared with SDAs, showing that Nt.BbvCI in the
PolyA,,-DNA state has better enzyme efficiency and function
on the AuNP surface. The value of K.,/Ky, improved slightly
using MCH to reduce nonspecific adsorption and adjust the
loading density of SH-DNA, indicating that density regulation
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can eliminate the steric hindrance between Nt.BbvCI and the
cutting site and change the local salt concentration, thus
improving the Nt.BbvCI efficiency. Interestingly, as shown in
Fig. 3C, the Vax shows the same trend as K.,/K,. The vari-
ation of V., with different PolyA lengths pointed out that the
cleavage efficiency of Nt.BbvCl is affected by the change in the
DNA probe density. Therefore, the PolyA tail can be used not
only as an anchoring block between AuNPs and the DNA
probe, but also as an adjustable fixture for adjusting the
density and conformation of the DNA probe to change the
efficiency of Nt.BbvCIL.

To verify the importance of density and conformation, the
detection limit in each system was tested, as shown in Fig. S7.7
The lowest detection limit of S. ¢y is 22.9 CFU mL™" in the
PolyA,,-DNA system, which has increased 17.6 times compared
to the PolyA,,-DNA system. We also observed that the density
adjustment by MCH increases by 2.6 times the detection limit
compared to SDAs as shown in Fig. 3D. The detection limit of
the PolyA,,-DNA system for S. ¢y is one to four orders of magni-
tude lower than that of the previously reported methods
(Table S2at) and this PolyA;,-DNA detection system has the
advantages of being fast and low-cost compared with the cul-
tured bacterial sample*® and laser-induced breakdown spec-
troscopy (LIBS).** In addition, there are some methods that
reach a lower LOD than this work (Table S2b¥). For example,
the reported PCR,” immunology-based assays*’> and surface-
enhanced Raman scattering (SERS)'® methods have realized
the sensitive detection of S. ¢y, and their LODs have reached
7-9, 10 and 4 CFU mL™", respectively. However, the PCR
method requires expensive equipment and has a longer detec-
tion time; immunology-based assays are faced with the chal-
lenge of cross-reaction with closely related antigens and
antigen variation. Although SERS can achieve low-cost and
ultra-sensitive bacterial detection, the reporter molecule used
in the SERS method shows obvious signal attenuation during
the detection process.”® Through the comparison of
Michaelis—-Menten equation constants and detection limit, it
was found that a system with an optimal PolyA tail has an
appropriate density and conformation of the DNA probe, thus
improving the collision probability and efficiency of Nt.BbvClI,
leading to a low detection limit. And based on the above
experimental phenomena, PolyA;,-DNA achieves the optimal
performance for the detection of S. ¢y in this fluorescent
biosensor.

3.4 Generality of the fluorescent biosensor template

To illustrate whether the fluorescent biosensor is suitable for
the detection of other bacteria, E. coli with its DNA aptamer
was tested. E. coli is a Gram-negative bacterial species found
ubiquitously in the intestinal flora of animals, and the occur-
rence of pathogenic variants causes major public health
problems.*”*® simple and sensitive detection of E. coli is very
important for food safety and clinical diagnostics. As shown in
Fig. S8,1 the tripolymer of HI@H2®@F appeared (lane 11) in
PAGE principle analysis, which indicates that the use of the
biosensor is a rational strategy for the detection of E. coli.
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Furthermore, the specificity of Apt of E. coli was confirmed by
PAGE as shown in Fig. S9.1

By real-time fluorescence intensity determination, as shown
in Fig. S11,} the lowest calculated value of K, is 0.1 pM, which
indicates that the most appropriate length is PolyA,, for Nt.
BbvCIL. Correspondingly, the highest K.y is 0.04 min~" in the
PolyA,,-DNA state, which shows the length of PolyA with the
highest catalytic efficiency of Nt.BbvClI is PolyA,,, as shown in
Fig. S10A.f The density and conformation of PolyA-DNA is
adjusted by changing the length of PolyA, which causes the K,
and K, to change. This phenomenon indicated that the pro-
posed template of PolyA;,-DNA had good performance in
E. coli detection. In addition, K¢s/K,, and V., also show the
same tendency as shown in Fig. S10B and C,} indicating that
the cleavage efficiency of Nt.BbvClI is the best in the PolyA;,-
DNA system. Having successfully demonstrated the perform-
ance of cleavage efficiency of the Nt.BbvClI in the E. coli assay,
a standard linear calibration curve was obtained by comparing
the fluorescence change with the concentration of E. coli. As
shown in Fig. 4A-E, the values of the detection limit were
82.1 CFU mL™" for PolyAs-DNA, 28.1 CFU mL™" for PolyA, o
DNA, 79.9 CFU mL™" for PolyA,o-DNA, 391.1 CFU mL™" for
PolyA;o-DNA and 547.4 CFU mL™" for PolyA,;-DNA, respect-
ively. The detection limit of the PolyA;,-DNA system shows a
19.5 times decrease compared with the lowest detection limit
of E. coli, as shown in Fig. 4F. At the same time, the detection
limit of the PolyA,,-DNA system for E. coli was compared with
previously reported methods (Table S2a and bf). From these
experimental data we believe that the PolyA;,-DNA probe
improves DNA hybridization and Nt.BbvCI digestion due to
several reasons. Firstly, an appropriate DNA surface coverage
resulted in a lower amount of phosphate groups with negative
charge on the AuNP surface, which in turn reduced the local

2498 | Nanoscale, 2021,13, 2492-2501

salt concentration and minimized salt-induced enzyme
efficiency inhibition. Secondly, suitable PolyA;,-DNA attached
to the AuNP surface prevents the nonspecific adsorption of the
DNA probe, which lifts the probe to maintain an upright orien-
tation to ease target hybridization and increase enzyme acces-
sibility. Finally, suitable PolyA;,-DNA altered the final DNA
probe density, greatly reducing the spatial and electrostatic
repulsion between the adjacent DNA strands. Generally speak-
ing, the PolyA;,-DNA probe with a suitable length achieved
excellent performance for pathogen detection by improving
the hybridization ability of the probe, probe-target assembly
efficiency and enzymatic activity at the AuNP surface.

3.5 Selectivity of the fluorescent biosensor template

The selectivity of the proposed fluorescent biosensor is mainly
attributed to the application of the highly specific bacterial
aptamer. In this study, other bacteria including Y. e, S. s and
S. a with concentrations of 102, 10°, 10, and 10® CFU mL™
were tested to evaluate the selectivity of the constructed bio-
sensor. In the detection system of S. ty, a high relative fluo-
rescence enhancement is obtained when S. ty was added and
the fluorescence signal from S. ty becomes increasingly higher
than that of non-target bacteria as shown in Fig. 5A. 10> CFU
mL™" is the minimum concentration and the fluorescence
signal from S. ¢y is three times higher than those from other
bacteria, which indicates that this proposed fluorescent bio-
sensor possesses remarkable selectivity to S. ¢y than other bac-
teria. Similarly, in the detection system of E. coli, there is no
significant fluorescence intensity increase upon the addition
of non-target bacteria except for E. coli (Fig. 5B), and the fluo-
rescence signal from the minimum concentration of 10> CFU
mL™" E. coli is three times higher than those from other bac-
teria. According to these experimental results, the proposed

This journal is © The Royal Society of Chemistry 2021
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biosensor shows good selectivity to target bacteria. Moreover,
the biosensor template can be extended to selectively detect
other molecules with a specific aptamer just by changing the
aptamer sequence of the target and the partial complementary
sequence that matches the aptamer sequence.

3.6 Real sample application in chicken and milk

Pathogens in food and water pose a serious threat to public
health and financial stability; so the analysis performance of
the fluorescent biosensor template was assessed by spiking
bacteria of varying concentrations in chicken and milk. As
demonstrated in Table 1, the spiked recovery varied within the
range of 91%-115% and the relative standard deviation (RSD)

This journal is © The Royal Society of Chemistry 2021

varied from 3% to 10% when the concentration of S. ¢ty in the
chicken and milk varied between 1.4 x 10> CFU mL™" and 1.4
x 10° CFU mL™". Compared with qPCR, the discrepancy is the
highest at 14% and the lowest at 1%, indicating that our fluo-
rescent biosensor template provides reliable test results in real
sample testing. The real sample detection of E. coli was also
completed, as shown in Table 2. The spiked recovery and the
RSD varied from 96% to 108% and 6% to 8%, respectively.
Similarly, the discrepancy from gPCR is 12% at the highest
and 3% at the lowest. At the same time, the natural samples
were detected and the results are shown in Table S5.7 For
natural samples, neither method could detect S. ¢y and E. coli,
indicating that the samples were not contaminated with S. &y
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Table 1 Application of the proposed biosensor for S. ty detection (n = 3)
Detected by the sensor Detected by the qPCR

S. ty added (CFUmL™) (CFUmL™) Discrepancies between qPCR
Samples (CFU mL™) Concentration + SD Concentration + SD and the sensor (%) Recovery (%) RSD (%)
Chicken 1.4 x 10” (1.6 £ 0.1) x 10” (1.5 +0.1) x 10° 1 112 3

1.4 x10* (1.4 +0.1) x 10" (1.2 +0.2) x 10" 12 100 7

1.4 x 10° (1.3 £0.1) x 10° (1.4 £ 0.6) x 10° 7 91 10
Milk 1.4 x 10> (1.3 +0.1) x 10> (1.2 +0.1) x 10> 8 95 9

1.4 x 10" (1.4 +0.1) x 10* (1.2 +0.1) x 10" 14 102 7

1.4 x10° (1.6 +0.1) x 10° (1.4 +0.2) x 10° 11 115 6
Table 2 Application of the proposed biosensor for E. coli detection (n = 3)

Detected by the sensor Detected by the qPCR

E. coli added (CFU mL™) (CFU mL™) Discrepancies between qPCR
Samples (CFU mL™) Concentration + SD Concentration + SD and the sensor (%) Recovery (%) RSD (%)
Chicken 8.4 x 107 (8.4 £ 0.6) x 10” (8.9 £ 0.6) x 10 6 100 7

8.4 x10* (8.0 +0.7) x 10* (8.9+0.9) x 10 11 96 8

8.4 x 10° (8.4 +0.5)x 10° (8.8 +0.4) x 10° 6 99 6
Milk 8.4 x 10> (9.1 +0.7) x 10 (8.6 = 0.9) x 10” 6 108 8

8.4 x 10" (8.8 £ 0.5)x 10* (8.5+0.6) x 10" 3 105 5

8.4 x 10° (8.3 +0.5)x 10° (9.2 +0.8) x 10° 12 98 6

and E. coli. All these results showed that target detection can
be realized, and it is reasonable to anticipate that the template
can find wide applications in real sample analysis.

4. Conclusion

In summary, an enzyme-mediated universal fluorescent bio-
sensor template based on a 3D DNA walker and CHA was con-
structed successfully for pathogen detection. Firstly, due to the
robust manipulation capacity of the DNA walker and the
superior signal amplification capacity of CHA, as low as
22.9 CFU mL ™" for S. ¢y and 28.1 CFU mL™" for E. coli can be
detected within 50 min. Secondly, the specificity of this strat-
egy was significantly enhanced because of the excellent identi-
fication ability of the pathogen aptamer and strict sequence
design of the DNA walker and CHA system. Thirdly, compared
with SH-DNA and SH-MCH states, our strategy fully employed
the PolyA-DNA probe to ensure the stability and conformation
between adjacent DNA probes on the AuNP surface. By tuning
the length of PolyA, the cleavage efficiency of Nt.BbvCI was pre-
cisely regulated, which is the basis of the CHA reaction and
one of the decisive factors for good performance of the fluo-
rescent biosensor. Fourth, the fluorescent biosensor template
has good universality and can be extended to detect other
pathogens with a specific aptamer just by changing the
aptamer sequence of the target pathogen and the partial
sequence that is complementary to the aptamer sequence. We
believe that the novel biosensor template can provide opportu-
nities for better application of biomolecule detection. Our pro-
posed template can facilitate food safety and global public
health.

2500 | Nanoscale, 2021, 13, 2492-2501

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

This research was gratefully supported by the National Natural
Science Foundation of China (no. 21874095); Miaozi Project in
the Science and Technology Innovation Program of Sichuan
Province (no. 2019094). The authors also thank the Analytical
& Testing Center of Sichuan University for TEM
measurements.

References

1 Y. Choi, J. H. Hwang and S. Y. Lee, Small Methods, 2018, 2,
1700351-1700359.

2 0. Schwartz and M. Bercovici, Anal. Chem., 2014, 86,
10106-10113.

3 J. Chen, Z. Huang, Z. Luo, Q. Yu, Y. Xu, X. Wang, Y. Li and
Y. Duan, Anal. Chem., 2018, 90, 12019-12026.

4 Y. Xu, Z. Luo, J. Chen, Z. Huang, X. Wang, H. An and
Y. Duan, Anal. Chem., 2018, 90, 13640-13646.

5 A. Pournaras, T. Koraki and M. Prodromidis, Anal. Chim.
Acta, 2008, 624, 301-307.

6 J. Yuan, Z. Tao, Y. Yu, X. Ma, Y. Xia, L. Wang and Z. Wang,
Food Control, 2014, 37, 188-192.

7 P. Ohlsson, M. Evander, K. Petersson, L. Mellhammar,
A. Lehmusvuori, U. Karhunen, M. Soikkeli, T. Sepp,
E. Tuunainen and A. Spangar, Anal. Chem., 2016, 88, 9403-
9411.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nr07593k

Published on 11 December 2020. Downloaded on 5/15/2021 6:31:25 AM.

Nanoscale

8

10

11
12

13

14

15

16

17

18

19

20

21

22

23

24
25

26

27

28

29

N. Mishra, A. Caciula, A. Price, R. Thakkar, ]J. Ng,
L. Chauhan, K. Jain, X. Che, D. Espinosa and M. Cruz,
mBio, 2018, 9, e00095-e00018.

L. varadi, J. Luo, D. Hibbs, J. Perry, R. Anderson, S. Orenga
and P. Groundwater, Chem. Soc. Rev., 2017, 46, 4818-4832.
M. Mauk, ]J. Song, H. Bau, R. Gross, F. Bushman,
R. Collman and C. Liu, Lab Chip, 2017, 17, 382-394.

S. Yoo and Y. Sang, Trends Biotechnol., 2015, 34, 7-25.

T. Banerjee, T. Tummala, R. Elliott, V. Jain and S. Santra,
Acs Appl. Nano Mater., 2019, 2, 5587-5593.

C. Seo and J. Kim, Biochem. Biophys. Res. Commun., 2010,
391, 1494-1499.

S. Wu, N. Duan, Z. Shi, C. Fang and Z. Wang, Anal. Chem.,
2014, 86, 3100-3107.

I. Cho, L. Mauer and ]. Irudayaraj, Biosens. Bioelectron.,
2014, 57, 143-148.

W. Lee, D. Kwon, W. Choi, G. Jung and S. Jeon, Sci. Rep.,
2015, 5, 9701.

Q. Yu, X. Wang and Y. Duan, Anal. Chem., 2014, 86, 1518-
1524.

X. Yan, J. Wang, L. Zhu, J. Lowrey, Y. Zhang, W. Hou,
J. Dong and Y. Du, Lab Chip, 2015, 15, 2634-2646.

N. Paniel, J. Baudart, A. Hayat and L. Barthelmebs,
Methods, 2013, 64, 229-240.

W. Wu, S. Zhao, Y. Mao, Z. Fang, X. Lu and L. Zeng, Anal.
Chim. Acta, 2015, 861, 62-68.

X. Wang, F. Wei, S. Yan, H. Zhang, X. Tan, L. Zhang,
G. Zhou, L. Cui, C. Li and L. Wang, Biosens. Bioelectron.,
2014, 54, 55-63.

D. Leigh, U. Lewandowska, B. Lewandowski and M. Wilson,
Curr. Chem., 2014, 354, 111-138.

Y. Tian, Y. He, Y. Chen, P. Yin and C. Mao, Angew. Chem.,
Int. Ed., 2005, 44, 4355-4358.

L. Wang, R. Deng and ]. Li, Chem. Sci., 2015, 6, 6777-6782.
S. Liu, X. Qin, J. Tian, L. Wang and X. Sun, Sens. Actuators,
B, 2017, 53, 886-890.

X. Yang, Y. Tang, S. Mason, J. Chen and F. Li, ACS Nano,
2016, 10, 2324-2330.

B. Liu, P. Wu, Z. Huang, L. Ma and ]. Liu, J. Am. Chem. Soc.,
2018, 140, 4499-4502.

X. Qu, D. Zhu, G. Yao, S. Su, ]J. Chao, H. Liu, X. Zuo,
L. Wang, J. Shi and L. Wang, Angew. Chem., Int. Ed., 2017,
56, 1855-1858.

Z. Huang, B. Liu and ]. Liu, Langmuir, 2016, 32, 11986-
11992.

This journal is © The Royal Society of Chemistry 2021

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

View Article Online

Paper

D. Zhu, J. Chao, H. Pei, X. Zuo, Q. Huang, L. Wang,
W. Huang and C. Fan, ACS Appl. Mater. Interfaces, 2015, 7,
11047-11052.

L. Chen, J. Chao, X. Qu, H. Zhang, D. Zhu, S. Su,
A. Aldalbahi, L. Wang and H. Pei, ACS Appl. Mater.
Interfaces, 2017, 9, 8014-8020.

P. Liang, C. Juan, H. Yu, O. Alkhamis and Y. Xiao, ACS
Appl. Mater. Interfaces, 2018, 10, 4233-4242.

D. Zhu, D. Zhao, J. Huang, Y. Zhu and L. Wang, Nanomed.
Nanotechnol., 2018, 29, 5-11.

G. Yao, H. Pei, J. Li, Y. Zhao, D. Zhu, Y. Zhan, Y. Fan,
Q. Huan and C. Fan, NPG Asia Mater., 2015, 7, e159-
el165.

D. Zhu, H. Pei, J. Chao, S. Su, A. Aldalbahi, M. Rahaman,
L. Wang, L. Wang, W. Huang and C. Fan, Nanoscale, 2015,
7,18671-18676.

X. Zhang, Z. Yang, Y. Chang, M. Qing and R. Yuan, Anal.
Chem., 2018, 90, 9538-9544.

J. Chen, B. Shang, H. Zhang, Z. Zhu, L. Chen, H. Wang,
F. Ran, Q. Chen and ]. Chen, RSC Adv., 2018, 8, 14798~
14805.

C. Jung, P. Allen and A. Ellington, Nat. Nanotechnol., 2015,
11, 157-163.

0. Bodulev, K. Burkin, E. Efremov and I. Sakharov, Anal.
Bioanal. Chem., 2020, 412, 5105-5111.

N. Yin, S. Yuan, M. Zhang, J. Wang, Y. Li, Y. Peng, J. Bai,
B. Ning, J. Liang and Z. Gao, Microchim. Acta, 2020, 187, 1-
11.

Z. Huang, J. Chen, Z. Luo, X. Wang and Y. Duan, Anal.
Chem., 2019, 91, 4806-4813.

W. Haiss, N. Thanh, A. Jenny and D. Ferning, Anal. Chem.,
2007, 79, 4215-4221.

E. Boer and R. Beumer, Int. J. Food Microbiol., 1999, 50,
119-130.

E. Yang, W. Liao, Q. Lin, H. An, D. Li and Y. Duan, Anal.
Chem., 2020, 92, 8090-8096.

C. Wen, J. Hu, Z. Zhang, Z. Tian, G. Ou, Y. Liao, Y. Li,
M. Xie, Z. Sun and D. Pang, Anal. Chem., 2013, 85, 1223~
1230.

E. Yang, D. Li, P. Yin, Q. Xie, Y. Li, Q. Lin and Y. Duan,
Biosens. Bioelectron., 2021, 172, 112758.

N. Jo, B. Kim, S. Lee, J. Oh, L. Park, K. Lim, J. Shin and
K. Yoo, Biosens. Bioelectron., 2018, 102, 164-170.

R. Queir6s, N. De-Los-Santos-Alvarez, ]. Noronha and
M. Sales, Sens. Actuators, B, 2013, 181, 766-772.

Nanoscale, 2021,13, 2492-2501 | 2501


https://doi.org/10.1039/d0nr07593k

	Button 1: 


