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ABSTRACT: Single-nanoparticle collision electrochemistry (SNCE) has
gradually become an attractive analytical method due to its advantages in
analytical detection, such as a fast response, low cost, low sample
consumption, and in situ real-time detection of analytes. However, the
biological analyte’s direct detection based on the SNCE blocking mode has
the problems of low sensitivity and specificity. In this work, an SNCE
biosensor based on SNCE electrocatalytic strategy was used for the
detection of H7N9 AIV. Nucleic acid aptamers were introduced to
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recognize the target virus (H7N9 AIV). After the recognition event,

ssDNA, was released and hybridized with another ssDNA,. Owing to the nicking endonuclease Nt.Alwl-mediated target nucleic acid
cyclic amplification, one virus particle can indirectly induce the release of 4.2 X 10° Au NPs that can be counted by the SNCE
electrocatalytic strategy. The high conversion efficiency greatly improved the detection sensitivity, and the detection limit was as low
as 24.3 fg/mL. Therefore, the constructed biosensor can achieve a highly sensitive and specific detection of H7N9 AIV and show a

great potential in bioanalytical application.

B INTRODUCTION

In recent years, single-nanoparticle collision electrochemistry
(SNCE) has gradually developed to be an emerging nano-
particle analysis method.'™* The main process is that upon
applying a specific voltage to the electrode, nanoparticles in the
solution are driven by Brownian motion to the microelectrode
surface and collide with an electrode, resulting in transient
electrochemical signals.” According to the different reaction
modes of the interaction between nanoparticles and the
microelectrode, the typical reactions of a single-nanoparticle
collision can be divided into three cateégories: blocking,
electrocatalytic, and particle self-electrolysis.” In the blocking
mode, insulating nanoparticles collide with a microelectrode or
even adhere to the electrode surface and further hinder the
original redox reaction of electroactive substances on the
electrode, resulting in reduced step-like current transients. The
information about nanoparticles can be directly obtained by
analyzing the staircase current transients. As for the electro-
catalytic mode, electroactive nanoparticles with catalytic
properties, such as Pt NPs,”® Au NPs,”'* collide with an
inert microelectrode, by which electroactive species in the
solution are catalyzed. Also, step-like or peak-like signals are
generated. Moreover, in the self-electrolysis mode, chemical
signals can be observed because of the self-electrolysis of
nanoparticles such as Ag NPs.'""?

Based on SNCE, information such as the size,"'* catalytic
performance,ls’16 concentration,’’ and aggregation18 of a
single nanoparticle could be acquired. At the same time,
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SNCE has the advantages of a fast response, simple operation,
low cost, and low sample consumption. Therefore, there is
great application potential and value in the detection of
biological analytes by SNCE."” Since Bard’s group first used
SNCE to detect DNA in 2012,*° the method of SNCE has
received more attention in the detection of biological analytes
and has been used for the detection of DNA,>' RNA,*
proteins,” viruses,”* and so forth. Specifically, early studies
mainly adopted the SNCE blocking mode to detect biological
analytes directly. The current flux was reduced by a collision
with the microelectrode of insulating biological analytes. In the
SNCE blocking mode, the detection specificity is limited due
to electrochemical collision signals, which may be generated by
nontarget analytes. At the same time, if the biological analyte
adheres to the electrode surface, it may cause contamination of
the electrode.”>*® Compared with the blocking mode, the
SNCE electrocatalytic mode has a higher accuracy and
specificity. The SNCE electrocatalytic mode can produce
more significant current changes, which are beneficial to the
statistics and analysis of signals. The accuracy of detection is
enhanced. Besides, the application of the electrocatalytic mode
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Scheme 1. Schematic Illustration of a Single-Nanoparticle Collision Electrochemistry Biosensor for the Highly Sensitive and

Specific Detection of H7N9 AIV*
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“(A) Schematic of ssDNA, releasing. (B) Nicking endonuclease Nt.Alwl-mediated target recycling and Au NP release for the electrochemical

single-nanoparticle collision measurement.

mainly relies on the indirect conversion of biological analytes
into catalytic nanoparticles.””*® In this process, through the
introduction of specific recognition of targets, such as
antibodies and aptamers, the specificity of the method can
be greatly improved. However, in present applications, the
SNCE electrocatalysis mode is mainly used for the analysis of
the basic properties of nanoparticles.'"””*° Recently, a few
studies focusing on electrocatalysis and direct electrolysis of
nanoparticles for bioanalytical detection have been re-
ported.**' >33 While the SNCE electrocatalytic method
for bioanalytical detection has not been systematically
developed, the detection sensitivity needs to be further
improved. Therefore, it is necessary to develop a biosensor
by taking a full advantage of the SNCE electrocatalytic mode
and with the help of an efficient signal amplification strategy to
achieve a highly sensitive and specific detection of biological
analytes.

Here, we proposed an SNCE biosensor (SNCEB) based on
the SNCE electrocatalytic mode for a highly sensitive and
specific detection of the H7N9 avian influenza virus (AIV).
First, nucleic acid aptamers were used for the recognition of
the target virus (H7N9 AIV). Single-strand DNA,; (ssDNA,)
was released after the recognition event and hybridized with
another single-strand DNA, (ssDNA,). After that, with the
help of an enzyme NtAlwl, Au NPs were released and
participated in a single-nanoparticle collision test to quantify
the target virus particles. In order to improve the sensitivity
and specificity of detection, nucleic acid aptamers were
introduced into this work, and the detection of H7N9 AIV
was converted to the detection of nucleic acids. Owing to the
diverse and flexible amplification strategies of nucleic acids, the
method can be widely applicated in biosensing. The specificity
of the method was greatly improved based on the specific
recognition of H7N9 AIV and its aptamers. Also, magnetic
nanospheres (MNs) in this work were used to improve the
convenience of separation. At the same time, the use of the
nicking endonuclease Nt.Alwl can mediate the cyclic
amplification of the target nucleic acid.” Also, in the presence
of the nicking endonuclease Nt.Alwl, one virus particle can
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indirectly induce the release of multiple Au NPs that can be
counted by the SNCE electrocatalytic strategy. Therefore, the
highly sensitive and specific detection of H7N9 AIV was
achieved based on the proposed SNCEB.

B EXPERIMENTAL SECTION

Single-Nanoparticle Collision Electrochemistry Test.
The single-nanoparticle collision electrochemical test was
carried out in a Faraday cage, using a three-electrode system,
Ag/AgCl (3 M KCl) as the reference electrode, Pt wire as the
counter electrode, and Au UME as the working electrode,
respectively. The electrolyte was a 0.8 mM HCIO, solution,
the voltage was set to —0.4 V, and the data sampling interval
was 3 ms for i—t experiments. Before testing, nitrogen was
introduced into the electrolyte solution for 30 min to fully
eliminate the dissolved oxygen. Then, the sample was added
into the solution and stirred with nitrogen bubbles for 1 min.

Preparation of MNs-apt-ssDNA,. MNs were synthesized
by the method previously reported,®* and the preparation of
aptamer-modified MNs (MNs-apt) was based on the
interaction of biotin and streptavidin (SA). First, 6 mg of N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) and 3 mg of N-hydroxysuccinimide (NHS) were added
to 1.2 mg/mL of MNs, respectively, in 600 uL of a 0.01 M
phosphate buffer solution (PBS, pH = 6.8) to react for half an
hour at room temperature. Next, 6 puL of 5 ug/uL SA was
added to the above solution for 4 h at 37 °C to obtain
streptavidin-modified MNs (MNs-SA). After that, 2 uL of 100
UM Dbiotin-modified aptamer was reacted with 50 pL of
prepared MNs-SA for 1 h at 37 °C. Finally, the conjugates
were dealt with 0.01 M PBS (pH = 7.2) containing 1% BSA for
half an hour and washed 3 times with 0.01 M PBS (pH = 7.2)
until the supernatant was free of foam and the MNs-apt was
obtained.

The preparation of MNs-apt-ssDNA; was based on the
partial complementary pairing of the aptamer and ssDNA;. 2
L of 100 uM ssDNA, and 50 uL of MN-apt were mixed and
reacted at 37 °C for 2 h. After washing S times, MN-apt-
ssDNA, dispersed in 0.01 M PBS (pH = 7.2) was obtained.
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Figure 1. Change of the hydrated particle size (A) and { potential (B) of MNs after modification of the aptamer. Bright-field image (C) and
fluorescence-field image (D) of MNs-apt-ssDNA;. Change of the hydrated particle size (E) and ¢ potential (F) of MNs after modification of

ssDNA, and Au NPs.

Preparation of MNs-ssDNA,-Au NPs. MNs-ssDNA,-Au
NPs were prepared according to published work with slight
changes.”® Specifically, 6 uL of 100 uM ssDNA,, 12 uL of 4
mM tris(2-carboxyethyl) phosphine (TCEP), and 12 uL of
0.01 M PBS (pH = 7.2) were mixed and reacted at 37 °C for 1
h. The ssDNA, solution was then added to 300 uL of MNs-SA,
and the rest of the operation was similar to the preparation
method of MNs-apt mentioned above. Briefly, SA-modified
MNs interacted with biotin-modified ssDNA, to obtain MNs-
ssDNA, conjugates.

After that, 500 uL of 6 nM Au NPs was incubated with 50
UL of MNs-ssDNA, overnight at 4 °C. Then, 10 yL of 1% SDS
was added to the above solution with gentle shaking at 25 °C
for 1 h. Then, 40 uL of 1 M NaCl was slowly added to the
mixture and incubated for 12 h. Finally, the mixture was
washed 3 times with 0.01 M PBS (pH = 7.2) containing 0.01%
SDS until the supernatant was colorless, and the MNs-
ssDNA,-Au NPs were obtained.

Quantitative Detection of H7N9. 50 uL of H7N9 AIV
with different concentrations was added to MNs-apt-ssDNA;
with gentle shaking at 37 °C for 3 h. After that, the released
ssDNA, solution was added and reacted with MNs-ssDNA,-Au
NPs for 1 h at 37 °C. Then, a commercial magnetic scaffold
was used to carefully remove the supernatant, and then 10 yL
of 0.01% SDS, S uL of 10 X NEB buffer, 1 uL of Nt.Alwl, and
34 uL of sterilized water were added to the MNs-ssDNA,-Au
NPs at 37 °C for 1.5 h. The supernatant Au NPs were
separated, and 20 puL of supernatant was added to 20 mL 0.8
mM HCIO, for single-nanoparticle collision electrochemical
tests.

B RESULTS AND DISCUSSION

Detection Principle of the SNCEB. The detection
principle of the SNCEB was illustrated in Scheme 1.
Specifically, the H7N9 AIV aptamers were immobilized on
the surface of MNs and partially hybridized with ssDNA; to
form H7N9-apt-ssDNA,; conjugates. H7N9 AIV was recog-
nized by the aptamers specifically, and the H7N9-apt-ssDNA,
conjugates released ssDNA, into the supernatant. The released
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ssDNA; was then hybridized with ssDNA,, which was linked
with Au NPs and bound to MNs (MNs-ssDNA,-Au NPs) to
form the double-stranded DNA. In the presence of the nicking
endonuclease Nt.Alwl, the ssDNA, in the double-stranded
DNA containing the specific recognition sequence of
-GGATC- was cleaved while ssDNA,; remained unchanged.
Also, ssDNA, was released to participate in the next round of
recycling to achieve the purpose of cyclic amplification. At the
same time, the Au NPs attached to ssDNA, were cleaved and
used for electrochemical detection. The released Au NPs
collided effectively with the Au ultramicroelectrode (Au UME)
in a perchloric acid electrolyte under a specific voltage. By
counting the SNCE frequencies of Au NPs, the concentration
of H7N9 AIV can be obtained indirectly. Therefore, the
SNCEB based on the electrocatalytic mode for the highly
sensitive and specific detection of H7N9 AIV was constructed.

Preparation and Characterization of MNs-Apt-
ssDNA, and MNs-ssDNA,-Au NPs. For the successful
construction of the SNCEB, MNs-apt-ssDNA; and MNs-
ssDNA,-Au NPs conjugates were prepared, respectively. MNs
were used in the SNCEB because of their excellent separation
and enrichment capabilities. The average hydrated particle size
of the synthesized MNs was about 4152 nm (Supporting
Information Figure S1B), and MNs can be almost completely
enriched within 180 s by a commercial magnetic scaffold
(Supporting Information Figure S1C), which indicated a good
magnetic response of the synthesized MNs. Next, the
biotinylated aptamer was coupled to the surface of MNs-SA.
Dynamic light scattering (DLS) was used to characterize the
hydrated particle size and { potential of MNs before and after
coupling the aptamer. After coupling the aptamer, the hydrated
particle size increased from 410.9 to 566.3 nm (Figure 1A),
and the ¢ potential changed from —20.9 to —36.1 mV (Figure
1B), indicating the successful preparation of MNs-apt. Then,
to confirm the successful preparation of MNs-apt-ssDNA,,
FAM fluorescently labeled ssDNA; was hybridized with MNs-
apt. From the images of the bright field (Figure 1C) and
fluorescence field (Figure 1D), it can be observed that there
was an obvious fluorescence after hybridization with ssDNA,,
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and MNs-apt-ssDNA; conjugates were constructed success-
fully.

MNs-ssDNA,-Au NPs conjugates were prepared based on
the traditional salt aging method. Au nanoparticles (Au NPs)
were synthesized by the sodium citrate method.*® Also, the size
distribution histogram and UV—vis absorption spectroscopy of
synthetic Au NPs were reported in the Supporting Information
Figure S2. Au NPs were connected to MN-ssDNA, based on a
gold—thiol bond interaction. Specifically, the preparation
method of MNs-ssDNA, was similar to that of MNs-
ssDNA,. Moreover, the concentration of added ssDNA, was
optimized to 2 uM (Supporting Information Figure S3).
Besides, the preparation process of MNs-ssDNA,-Au NPs was
also optimized. As shown in the Supporting Information Figure
S4, MNs-ssDNA,-Au NPs presented a transparent wine-red
color and kept stable when both TCEP and 1% BSA were
used; otherwise, the mixture was in an aggregation state and
presented a dark color, just like the phenomenon in the
absence of ssDNA,. In this process, TCEP was used to reduce
the disulfide bonds that formed during the operation and
storage of the thiol-modified ssDNA, so that Au NPs can react
with ssDNA, as fully as possible. Besides, 1% BSA was added
to MNs-ssDNA, to avoid the nonspecific adsorption of Au
NPs on the surface of MNs. DLS was used to characterize
MNs-ssDNA,-Au NPs. The hydrated particle size increased
from 402.7 to 588.3 nm (Figure 1E) after Au NPs coupling.
Also, since the surface of Au NPs was negatively charged, the {
potential shifted negatively from —34.9 to —42.3 mV (Figure
1F) after Au NPs coupling. All the pieces of evidence indicated

8395

that the MNs-ssDNA,-Au NP conjugates were successfully
constructed.

Feasibility of the Single-Nanoparticle Collision
Electrochemistry Biosensor. To illustrate the feasibility of
the SNCEB, the feasibilities of H7N9 AIV addition to release
ssDNA; from MNs-apt-ssDNA; and enzymatic cleavage to
obtain Au NPs were verified separately. First, it was necessary
to verify whether the ssDNA, can be released successfully. The
ssDNA, was labeled with the FAM fluorescent dye to prepare
MNs-apt-ssDNA,-FAM, and different concentrations of H7N9
AIV were added to react with MNs-apt-ssDNA;-FAM. After
the reaction, the supernatant containing ssDNA-FAM was
magnetically separated, and the intensity of the ssDNA;-FAM
supernatant was measured using a fluorescence spectropho-
tometer. As shown in Figure 2A, with an increasing H7N9 AIV
concentration, the fluorescence intensity of ssDNA;-FAM
obtained from the supernatant also increased. It means that
H7N9 AIV can successfully replace ssDNA,; from MNs-apt-
ssDNA,.

Next, the feasibility of the enzymatic cleavage to obtain Au
NPs was further explored. Au NPs obtained from the
experimental group (with Nt.Alwl) and the control group
(without Nt.Alwl) were respectively subjected to electro-
chemical tests. In the electrochemical tests, the voltage was set
to —0.4 V (Supporting Information Figure SS), and Au UME
(Supporting Information Figure S6) with a radius of 38 um
was used as the working electrode. Au UME was prepared by
flame sintering and the sealing method.”” The chronoampero-
metric i—t curve without (green) and with (red) the nicking
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endonuclease Nt.Alwl was shown in Figure 2B. When there
was no nicking endonuclease Nt.Alwl, the Au NPs cannot be
cleaved, and no collision signal was found. Conversely, in the
presence of Nt.Alwl, the Au NPs were released due to a
specific enzyme cleavage, and collision events were produced.
All the above results confirmed that the proposed SNCEB
could work effectively.

Optimization of Detection Conditions and Feasibility
of the Highly Sensitive Detection of H7N9 AIV. The
reaction time of ssDNA, release (Figure 3A) and the enzyme
cleavage reaction time (Figure 3B) were optimized, respec-
tively. Also, the optimal reaction time of ssDNA, release was 3
h, and the enzyme reaction time was optimized to be 1.5 h. In
single-particle collision electrochemical detection, the disper-
sibility of Au NPs has an influence on the current intensity and
collision frequency of SNCE. Therefore, it is necessary to
optimize the concentration of perchloric acid to avoid the
aggregation of Au NPs. As shown in Figure 3C, the hydrated
diameter of Au NPs kept relatively stable in a low
concentration of perchloric acid, and when the perchloric
acid concentration was increased to 2.4 mM, the hydrated
particle size increased sharply. For the purpose of ensuring the
monodisperse and stable existence of Au NPs in the perchloric
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acid during the test, the final concentration of perchloric acid
was selected as 0.8 mM. A higher concentration of perchloric
acid led to the unstable existence of Au NPs since the
negatively charged Au NPs were electrically neutralized in the
presence of high concentrations of hydrogen ions, which
resulted in the agglomeration of Au NPs and presented a large,
hydrated particle size in perchloric acid. Under the 0.8 mM
perchloric acid, Au NPs can keep stable, and their average
hydrated particle size was about 23.7 nm (Figure 3D).
Therefore, SNCE can work effectively in this concentration
of electrolyte. Besides, the hydrated particle size of Au NPs at
different timepoints was also tested to ensure that Au NPs
remained stable within the test time range. As shown in the
Supporting Information Figure S7, the hydrated particle size of
Au NPs hardly changed during 2 h. Since the electrochemical
tests in our experiment were generally within 1 h, therefore, the
monodispersity of Au NPs can be ensured within the test time
scale. At the same time, the theoretical collision frequency of
nanoparticles can be estimated by eq 1

= 4DypCrpaly (1)

where fiyeoretical 1S the theoretical collision frequency, and Dyp,
Cnp, a are the diffusion coefficient of NPs, the molar

ftheoretical
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Figure 4. (A) Relationship between the H7N9 AIV concentration and the SNCE frequency. (B) Linear relationship between the logarithmic value
of the H7N9 AIV concentration and the single-particle collision electrochemistry frequency. (C) Specificity of the single-nanoparticle collision
electrochemical biosensor; the concentration of each kind of virus was 20 ng/mL. (D) Single-particle collision electrochemical biosensor for

complex sample detection.

concentration of NPs, and the radius of the electrode,
respectively, and N, is the Avogadro constant.”” When other
conditions are fixed in the experiment, the collision frequency
is proportional to the concentration of NPs, and the formula
provides a theoretical basis for quantification of nanoparticles.

The chronoamperometric i—t curve without (black) and
with (red) 2 pg/mL H7N9 AIV was shown in Figure 3E.
When there was no H7N9 AIV, only a few collision signals of
Au NPs appeared. However, H7N9 AIV was recognized by
MNs-apt-ssDNA;| when 2 pg/mL H7N9 AIV (approxjmately
3.80 X 10* particles/mL) was added. Also, ssDNA; was
released to participate in the target cycle amplification
mediated by the nicking endonuclease Nt.Alwl. At the same
time, Au NPs were obtained by enzymatic cleavage and used
for electrochemical collision experiments. As shown in Figure
3F, there were obvious signals when H7N9 was added, and the
Au NPs collision frequency was 0.187 Hz. Since Au NPs were
added to 20 mL of 0.8 mM HCIO, for electrochemical testing,
the approximate concentration of Au NPs obtained from the
linear curve (Supporting Information Figure S8B) was 0.27
nM, which was approximately 1.61 X 10" particles/mL.
Therefore, one H7N9 AIV can indirectly induce the release of
multiple Au NPs, and the conversion efficiency was as high as
1:42 X 10° and such a high conversion efficiency indicated
that the signal amplification strategy was effective, and the
highly sensitive detection of H7N9 AIV can be achieved based
on the SNCEB.

Quantitative Detection of H7N9 AIV. The analytical
performance of the proposed SNCEB was explored. As shown
in Figure 4A,B, in the concentration range of H7N9 AIV 0.2
pg/mL to 200 ng/mlL, there was a good linear relationship
between the electrochemical collision frequency and the
logarithmic value of the H7N9 AIV concentration. Also, the
detection limit was 24.3 fg/mL. The proposed method has a

8397

high sensitivity and a wide linear range. At the same time, to
test the specificity of the method, different kinds of viruses
including H7N9 AIV, HON2 AIV, and Japanese encephalitis
virus (JEV) were involved in the testing (Figure 4C). The high
collision frequency of Au NPs can only be detected when
H7N9 AIV was added. The collision frequency was almost
negligible when HON2 AIV and JEV were added just like that
addition of the blank control, indicating a high specificity of
the SNCEB for H7N9 AIV detection.

Besides, to verify the application potential of the proposed
method in complex samples, the SNCEB was used for the
quantification of H7N9 AIV in serum. 20 ng/mL H7N9 was
spiked into the serum and PBS buffer for testing, respectively.
As shown in Figure 4D, compared to the results in the PBS
buffer, there was almost no significant change in the collision
frequency when the biosensor was used for the quantification
of H7N9 AIV in serum. Therefore, this method has a great
application potential in the detection of complex samples. The
anti-interference ability and high sensitivity of the SNCEB may
be due to the following reasons: (1) a good separation effect
can be achieved by using MNs in complex samples, (2) the
specificity of the strategy was improved by the introduction of
a nucleic acid aptamer with a high-affinity recognition to
H7N9 ALV, and (3) through nicking endonuclease Nt.Alwl-
mediated cyclic amplification, one virus particle can indirectly
induce the release of 4.2 X 10° Au NPs. With such a high
conversion efficiency, a highly sensitive detection of H7N9
AIV was achieved.

B CONCLUSIONS

In conclusion, a SNCEB based on the electrocatalytic strategy
for a highly sensitive and specific detection of H7N9 AIV was
proposed. By utilizing the strong affinity between H7N9 AIV
and its aptamer, the detection of the virus was converted into
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the detection of nucleic acids. At the same time, by using the
nicking endonuclease Nt.Alwl, one H7N9 AIV can indirectly
induce the release of multiple Au NPs. Besides, with the help
of the SNCE electrocatalytic strategy, a higher sensitivity and
precision were achieved than the direct detection by the
blocking mode. Therefore, the proposed SNCEB can be
promising for a highly sensitive and specific detection of H7N9
AlV, and it could be expected to broaden the application for
the detection of biological analytes.
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