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HIGHLIGHTS

e One-pot detection with femtomolar
limit of detection.

e Signal interpretation can be achieved
in three ways, visual observation,
spectrophotometry, and electro-
chemical detection.

e The integration of lyophilization and
magnetogenosensing makes the test
stable and easy to transport.

e This platform can potentially detect
nucleic acid of any viral or bacterial
pathogen in infected samples.
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ABSTRACT

DNA strand displacement is an attractive, enzyme-free target hybridization strategy for nano-biosensing.
The target DNA induces a strand displacement reaction by replacing the pre-hybridized strand that is
labeled with gold nanoparticles (AuNPs). Thus, the amount of displaced-AuNP-labeled strand is pro-
portional to the amount of target DNA in the sample. The use of a magnetogenosensing technique to
isolate the target DNA allows for a simple, one-pot detection approach, which minimizes possible carry-
over contamination and pipetting errors. We sought a proof-of-concept for this technology in its ability
to detect DNA-equivalent of hepatitis E virus (HEV), which causes acute viral hepatitis for which rapid
and simple diagnostic methods remain limited. Signal detection was done via visual observation,
spectrophotometry, and electrochemistry. The sensor demonstrated good sensitivity with detection
limits of 10 pM (visual), 10 pM (spectrophotometry) and 1 fM (electrochemical). This sensor also
exhibited high specificity for real target amplicons and could discriminate between perfect and mis-
matched sequences. Lyophilized biosensor reagents stored at 4 °C, 25 °C, and outdoor ambient tem-
perature, were stable for up to 90, 50, and 40 days, respectively. The integration of magnetic separation
and target DNA-induced strand displacement reaction in a dry reagent form makes the sensing platform
easy-to-use and suitable for field settings.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Infections caused by hepatitis E virus (HEV) is emerging as a
serious global disease. It is transmitted via the fecal-oral route,
mainly through contaminated food and water. HEV infection is
associated with several extrahepatic manifestations, including a
range of neurological injuries, pancreatitis, kidney injury, throm-
bocytopenia and death in severe cases. There is currently no uni-
versally approved vaccine for HEV [1,2]. Therefore, timely detection
of the disease is important, particularly in under-resourced,
endemic, or high-burden areas. Several HEV detection assays
have been developed, such as Polymerase chain reaction (PCR)
[3—8], Next-generation sequencing (NGS) [9], Enzyme-linked
immunosorbent assay (ELISA) [10,11] and Loop-mediated
isothermal amplification (LAMP) [12,13]. These methods achieve
ultra-sensitivity, but the stability and cost of the enzymes often
limit its utility.

Electrochemistry-based DNA biosensors offer many advantages
as an alternate HEV screening assay, as they are highly sensitive,
simple, portable and cost-effective for nucleic acid detection [14].
Gold nanoparticles (AuNPs) are commonly used as an electro-
chemical label for nucleic acid assays owing to their favorable
characteristics such as facile chemical synthesis with well-
controlled nano-scaled particle and size distribution, wide
compatibility with biomolecules, and high stability [15,16]. The use
of magnetic bead nanoparticles (MBs) or Fe304 (ferro/ferric oxide)
nanoparticles for molecular separation and purification of nucleic
acids eliminates the complicated procedures of conventional solid-
phase DNA isolation [17,18]. In addition, the MBs provide a large
surface area for the attachment of prehybridized DNA strands in the
target induced-DNA strand displacement reaction.

Target induced-DNA strand displacement is a DNA hybridization
strategy whereby one of the double-stranded target DNA strands
displaces a prehybridized strand so that it can bind to the free
strand that is partially or fully complementary to it [19—21]. Strand
displacement can be initiated at complementary single-stranded
domains or toehold and progresses simultaneously through
branch migration. A displacement reaction is a spontaneous reac-
tion that does not require external energy or an enzyme. The re-
action rate can be accelerated by changing the temperature or salt
concentration. This reaction has been integrated into applications
such as isothermal DNA amplification [22], nano-machine or DNA
walker [23], controllable immobilization of enzymes [20], and DNA
sensing [19,24].

This paper describes the one-pot detection of HEV using a DNA
strand displacement reaction. As illustrated in Scheme 1, there are 4
main steps in this process. Firstly, AuNP-labeled reporter probes
(RP) are pre-hybridized with capture probes (CP) on MBs. In the
presence of target DNA, the target strand that is complementary to
the CP will displace the AuNP-labeled RP and bind to the CP. The
unbound AuNP-labeled RP will be separated from the MB-CP-
bound RP using magnetic separation. The number of displaced
AuNP-RP represents the amount of target DNA. Signal detection can
be done by visual observation, spectrophotometry or electro-
chemical detection. Furthermore, a hybridization mix containing all
reagents, except the DNA target, was lyophilized into a ready-to-
use dry form for long term stability and storage.

2. Material and methods
2.1. Reagents and materials
All solutions were prepared with ultrapure water from Milli-Q®

Integral Water Purification System (Merck, Germany). Sodium
chloride, potassium chloride, sodium phosphate dibasic, potassium

dihydrogen phosphate, Tween 20, sorbitol, sucrose, tris-base, acetic
acid, sodium dodecyl sulphate (SDS) and tris (2-carboxyethyl)
phosphine (TCEP) were purchased from Sigma-Aldrich, USA.
Dynabeads™ MyOne™ Streptavidin T1 were purchased from
Thermo Fisher Scientific, USA and 40 nm gold nanoparticles were
purchased from DCN Diagnostics, USA. Screen-printed carbon
electrodes (SPCE) were obtained from Quasense, Thailand.

All oligonucleotides used in this work were supplied by Inte-
grated DNA Technologies, USA. The capture and biotin blocking
probes are labeled with biotin at the 5’ ends, while the reporter and
thiol blocking probes are labeled with thiol group at the 5’ ends.
The details of the sequences are listed in Table 1.

2.2. DNA conjugation to AuNPs

Functionalization of AuNPs with thiolated oligonucleotides was
performed using the salt ageing method with a slight modification
[25]. Firstly, 10 puL of RP (100 uM) and 30 pL of thiol blocking probes
(100 uM) were activated by TCEP. Then, the thiol-activated probes
were added to 1 mL of a 40 nm AuNPs solution and allowed to
incubate for 16 h at room temperature. After incubation, 10 uL of
500 mM Tris-acetate (pH 8.2) and 100 pL of 1 M NaCl were added
into the mixture. The reaction mixture was incubated for at least
24 h at room temperature to complete the conjugation process.
After centrifugation, the AuNP-conjugated probes (AuNP-RP) were
resuspended with 500 pL of 25 mM Tris-acetate with 8% (w/v)
sucrose buffer (pH 7.4) and kept at 4 °C until use.

2.3. DNA immobilization on MB nanoparticles

The immobilization of DNA on the MB was performed according
to the manufacturer’s instructions. 100 pL of Dynabead™ MyOne™
Streptavidin T1 (10 pg pL~!) was washed 3 times with 20 mM PBS
(pH 7.4) containing 0.05% Tween 20. After that, 4 pL of CP (100 uM)
and 12 pL of biotin blocking probe (100 pM) were added to the MBs
and incubated for 40 min at room temperature with gentle rotation
of the tubes. The coated beads were washed three times, with
200 pL of 20 mM PBS (pH 7.4) using magnetic separation. Finally,
the immobilized CP (MB-CP) was resuspended in 20 mM PBS and
kept at 4 °C until use.

2.4. Prehybridization and DNA strand displacement reaction

Prehybridized DNA strands were prepared by adding 5 pg mL™!
MB-CP with 10 puL of AuNP-RP and incubated for 20 min at45°Cina
water-bath. Washing was performed 5 times with 20 mM PBS
containing 0.05% Tween 20, and 3 times with 20 mM PBS.The su-
pernatant was discarded, and the pellet of pre-hybridized DNA mix
(containing AuNP-RP bound to MB-CP) was resuspended with 30 puL
of target DNA in 20 mM PBS. This was used for DNA strand
displacement. The reaction was incubated at 55 °C for 30 min. A
magnet was used to separate the target DNA bound to MB-CP from
the unbound (displaced) AuNP-RP and 5 pL of the supernatant was
used for signal detection.

2.5. Detection of target DNA hybridization

DNA strand displacement and successful hybridization of the
target DNA to MB-CP were detected using visual observation,
spectrophotometry, and electrochemical methods. The supernatant
containing unbound AuNP-RP was directly measured by each
analytical method, without any washing step. The red color for-
mation could be observed by the naked eye. For spectrophotometry
detection, the absorbance of unbound AuNP in the supernatant was
measured at 520 nm. The electrochemical measurement was
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Scheme 1. Schematic illustration showing an overview of the one-pot detection of HEV using a DNA strand displacement reaction.

Table 1
Oligonucleotide sequences used in this study.

Oligonucleotide

Sequences (5’ to 3')

Capture probe

Reporter probe

Linear target DNA

1 base mismatched target DNA
3 bases mismatched target DNA
Biotin blocking probe

Thiol blocking probe
Non-complementary DNA (HAV)
Non-complementary DNA (HBV)
Non-complementary DNA (HCV)

5'-Biotin-GTC ACC CCA GAA ACC ACC GCC GG 3/

5'-Thiol-GGT GGT TTC TGG GGT GAC 3’

5’ CCG GCG GTG GTT TCT GGG GTG AC 3’

5’ CCG GCA GTG GTT TCT GGG GTG AC 3’

5" CCG GCG GTG GTT TCT TTA GTG AC 3’

5'-Biotin- TTT TIT TIT T 3’

5'-Thiol- TTIT TITTIT T 3’

5" CGT TGA ATG GTT TTT GTC TTA ACA ACT CAC CAA TAT CCG CCG CTG TTA CC 3’

5" AAG ATG TTG TAC AGA CTT GGC CCC CAA TAC CAC ATC ATC CAT ATA ACT GAA AGC CAA 3/
5" CTG CGT GAA GAC AGT AGT TCC TCA CAG GGG AGT GAT TCA TGG TGG AGT GTC GCC C 3’

performed by pipetting 5 uL of the supernatant onto the working
electrode surface of the SPCE followed by 50 pL of 1 M hydrobromic
acid-bromine solution (HBr/Bry). The AuNPs (Au®) were oxidized to
Au ions (Au*) by this strong acid. A differential pulse anodic
stripping voltammetry (DPASV) technique was performed using a
potentiostat (Metrohm-Autolab, Netherlands). The Au>* ions were
deposited on the surface of the working electrode by electrode-
position at —0.75 V for 100 s. This was followed by application of a
step potential of 0.005 V with an interval time of 0.1 s, and mod-
ulation amplitude of 0.1 V for 0.05 s. For both spectrophotometry
and electrochemical detection, the cut-off values were determined
as + 3 standard deviations (3 SD) of the background signal.

2.6. Assay performance

The assay sensitivity was tested by varying the target DNA
concentration from 0.1 fM to 1 pM. The assay specificity was eval-
uated with 100 pM of non-complementary DNA sequences, which
were designed based on the genome sequences of hepatitis A
(HAV), B (HBV), and C (HCV) viruses. Single-base and three-base
mismatched sequences were also included.

2.7. Ready-to-use pre-hybridization mix in dry form

Pre-hybridized DNA strands were prepared as described in
Section 2.4. After the washing step, the pellet was resuspended in
30 pL of 20 mM PBS containing 10% (w/v) sorbitol (pH 7.4) [26]. The
pre-hybridization mix was lyophilized in a CentriVap Micro IR
vacuum centrifugal concentrator (Labconco, USA) until completely
dry. The tubes were sealed and kept in the dark with silica gel to
prevent exposure to light and humidity. The lyophilized reagents’
stability was evaluated under 3 different storage conditions (4 °C,
25 °C, and ambient temperature) for up to 3 months. At pre-
determined time points, the lyophilized reagent was recon-
stituted by adding 100 pM of target DNA solution in 30 uL of 20 mM
PBS and measured using DPASV.

2.8. Detection of nucleic acid derived from HEV

To establish a simplified proof-of-concept in the ability for the
DNA strand displacement assay to detect nucleic acid derived from
a virus (HEV), viral RNA from an HEV-positive blood sample was
extracted using the guanidinium thiocyanate-phenol-chloroform
extraction method as previously described [27]. Complementary
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DNA was synthesized using ImProm-II Reverse Transcription Sys-
tem (Promega, USA). Nested-PCR was performed to generate a PCR
product (960 bp double-stranded DNA), which was purified using
agarose gel electrophoresis. The concentration of the DNA was
determined by measuring the absorbance at 260 nm using a
Nanophotometer (NanoPhotometer N60, IMPLEN, USA). HEV-
derived DNA (100 pM) and linear target DNA (100 pM) were used
in the strand displacement reaction.

Human serum samples were spiked with the prepared DNA to
simulate infected clinical sample. For controls, PBS buffer was used
instead of a serum sample. Microwave irradiation [28] and
microwave-Chelex methods were used for the extraction of DNA
from the spiked serum samples. For both methods, the spiked
serum was irradiated in a microwave oven (Samsung, Korea) at
800W for 5 min until it was desiccated. For the microwave irradi-
ation method, sterile PBS was added to adjust the volume to 30 pL
and used for the DNA strand displacement reaction. For the
microwave-Chelex method, 5% (w/v) Chelex (Bio-Rad, USA) in PBS
was added to a final volume of 30 pL and subsequently heated to
95 °C for 15 min. The resin was precipitated by centrifugation, and
the clear supernatant was used for the DNA strand displacement
reaction.

3. Results and discussion

3.1. The efficiency of AuNP conjugation to RP and MB
immobilization of CP

The efficiency of AuNP conjugation to the DNA probes was
determined by comparing the absorbance of DNA before and after
conjugation. The amount of DNA attached to one AuNP was esti-
mated to be ~16,000 molecules with a 60% loading efficiency
(Table S1). The molar ratio of AuNPs and DNA was an important
factor in determining the colloidal stability and DNA hybridization.
A high surface density of DNA probes could potentially increase
hybridization efficiency and facilitate the melting process, which
are necessary for DNA hybridization [29]. On the other hand, high
surface density may also cause steric hindrance [30], which was
avoided by the use of thiol blocking probes containing poly Ty
bases in this study.

The efficiency of CP immobilization on the surface of MB was
measured using the absorbance at 260 nm. Approximately 73% of
total DNA was immobilized on the MB, with a final concentration of
1.74 aM of MB-CP. The streptavidin MB was able to bind to bio-
tinylated CP via a biotin-avidin interaction. An optimal ratio of DNA
to MB is vital to avoid non-specific adsorption via electrostatic in-
teractions of the exterior iron ions (especially Fe>*) of MBs with the
negative charge of the DNA phosphate backbone [18]. Therefore,
biotinylated blocking probes containing poly T1g bases were used to
minimize steric hindrance. The use of MB for the separation of
bound and unbound DNA targets eliminated the need for multiple
washing steps and resulted in a simplified procedure and reduced
assay time [31,32].

3.2. Effect of MB-CP concentration on hybridization and DNA strand
displacement reactions

The duration for magnetic separation of DNA bound to MB-CP
from the unbound (displaced) AuNP-RP was optimized by varying
the magnet application time from 30 to 180 s at each washing step.
The result (Fig. S1) shows that there is no significant difference in
the signal at 90 s and above (p < 0.05). Therefore, the shortest
magnetic separation time was selected at 90 s to shorten the assay
time and prevent non-specific binding/aggregation. Due to the
large surface area of the magnetic beads, non-specific binding of

AuNP-RP to its surface is possible. Fig. S2 shows the effect of sodium
dodecyl sulphate (SDS) in the hybridization buffer on the current
signal (A) and displacement efficiency (B). The current signal of the
reaction without SDS was significantly higher (p < 0.05) than the
reactions with SDS, possibly due to non-specific binding of AuNP-
RP to the MB surface. The displacement efficiency of the reaction
incorporated with SDS was significantly higher (p < 0.05) than the
reaction without SDS. The addition of SDS in the hybridization
buffer reduces non-specific hybridization and controls non-specific
adsorption and variations in ionic strength via divalent Mg* or
monovalent Na' ions, which affect hybridization melting temper-
ature and lead to enhancement of DNA hybridization kinetics and
strand displacement [33,34]. Therefore, 0.1% (w/v) SDS was used as
a surfactant in the hybridization buffer in all the experiments (Fig
S2 B).

The concentrations of MB-CP were tested at 2.5, 5, 10, 15, and
20 pg mL~! for pre-hybridization with 78 pg mL™' of AuNP-RP,
followed by target-induced strand displacement with 100 pM of
the DNA target. The result showed an increase in the pre-
hybridization electrochemical current signal when the concentra-
tion of MB-CP increased from 5 to 10 pg mLfl, while there is no
significant difference after 10 ug mL™! (p < 0.05) (Fig. 1A). After
target-induced strand displacement has occurred, the highest
current signal was obtained with 5 mg mL~! MB-CP, while the non-
complementary target signal remained unchanged (Fig. 1B).
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Fig. 1. Effect of different MB-CP concentrations on hybridization (A) and DNA strand
displacement reactions (B). The prehybridization was performed using different con-
centrations of MB-CP and 78 pg mL~! of AuNP-RP, while target-induced DNA strand
displacement was performed with 100 pM of target DNA (LT) or non-complementary
DNA (NC). The electrochemical current shown is the mean of 5 replicates (n = 5).
Different letters indicate significant differences among different MB-CP concentrations
(one-way ANOVA followed by Tukey HSD Test, p < 0.05). The star (*) above the bar
chart represents the selected optimal point, which will be used for further
experiments.
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Concentration imbalances between duplex (pre-hybridized of MB-
CP/AuRP) and target DNA have been used to drive the reactions by
adjusting the new equilibrium concentrations of all constituents in
the system [21]. Hence, concentration-disequilibrium force be-
tween the target DNA and duplex drives the adequate reaction of
“Target DNA + MB-CP/AuRP — AuRP + MB-CP/target DNA” for-
ward, leading to the enhancement of the displacement reaction.
Thus, a more significant difference between the target and pre-
hybridized DNA molar ratio resulted in faster kinetics.

3.3. Sensitivity and specificity of the assay

The sensitivity of the assay using visual observation, spectro-
photometry, and electrochemical detection methods were deter-
mined. The red color of the AuNP-RP could clearly be detected by
the naked eye from 10 pM to 1 pM of target DNA, while the absence
of a red color (colorless read-out) was observed for 1 pM of target
DNA, 100 pM NC and the blank (Fig. 2A). Spectrophotometry yiel-
ded a limit of detection (LOD) of 10 pM of target DNA, while the
linear range was 1 pM to 1 uM (R? = 0.94) (Fig. 2C). Electrochemical
detection gave a LOD of 1 fM of target DNA (3S/N), while the linear
range was 1 pM to 1 uM (R? = 0.97) (Fig. 2D). The correlation be-
tween spectrophotometry and electrochemical detection yielded a
R? value of 0.91, indicating a positive linear relationship between
the 2 techniques over the range 1 pM to 1 uM (Fig. 2B). However,
electrochemical detection was 10,000 times more sensitive than
spectrophotometry. Thus, spectrophotometry and visual detection
would be more suitable for the detection of samples with high
target DNA concentration due to their simplicity and ease-of-use.
These two detection methods are expected to facilitate the use of
this assay in the field or laboratories with limited resources.

The sensitivity values obtained using the 3 detection methods
were comparable to other studies that used a target-induced DNA
displacement strategy and AuNPs as a signaling label (Table S2).
Moreover, the use of magnetogenosensing in our assay greatly
reduced the assay time to 30 min and increased sensitivity due to
the higher surface area for probe immobilization. In addition, the
assay did not require any multiple washing steps after target-
induced DNA displacement and DNA immobilization on the
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electrode surface. The assay’s specificity was evaluated using target
and non-complementary DNA targets (HAV, HBV, and HCV).
Although these viruses are from different viral families, their
infection can cause inflammation of the liver, which in some in-
stances could lead to liver cirrhosis or hepatocellular carcinoma.
Therefore, distinguishing the different types of viral hepatitis is
important in determining disease severity and treatment options.

The positive cut-off value for electrochemical detection was
determined as 150 nA. From the experimental results (Fig. 3), all
non-complementary DNA targets (HAV, HBV, HCV) were negative,
while combinations of HEV DNA and non-complementary DNA
yielded positive results. The assay could discriminate between
perfectly complementary and mismatched (1 and 3 bases) se-
quences (p < 0.05). The signal of the mismatched targets was
similar to the signal of non-complementary DNA targets (HAV, HBV,
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charts represent the mean of 5 replications DPASV measurement (n = 5). Lowercase
letters denote homogenous subsets analyte by one-way ANOVA followed by Tukey
HSD Test, p < 0.05.
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chemical methods (B), by absorption spectrophotometry of AuNP at 520 nm (C) and by electrochemical detection (D). Collected data were from 5 replications (n = 5). (For
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Fig. 4. The performance of the lyophilized pre-hybridization mix stored at 4 °C (blue),
25 °C (green), and outdoor ambient temperature (red) for three months. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

HCV). In acute HEV infections, co-infection with multiple hepatitis
viruses frequently occurs [5,35]. Therefore, this assay could be used
to specifically detect HEV infection in the presence of a co-infection.
On the other hand, a HEV-based serology test often suffers from
cross-reactivity with other infectious agents, indicating a low
positive predictive value of serological testing [36,37].

3.4. Stability of the lyophilized prehybridization mix

This work is the first report of a one-pot, ready-to-use lyophi-
lized mix for HEV detection. The lyophilized mix is easy to store,
transport and use in the field [17]. The dry form is ready-to-use and
only requires the addition of the target DNA or sample to recon-
stitute it. This assay greatly reduces the assay complexity and the
risk of cross-contamination from multiple pipetting steps.

In our study, sorbitol was used as the cryoprotectant based on a
previous study, which selected sorbitol for lyophilization of DNA-
conjugated gold nanoparticles [26]. Sugar is usually used as a
cryoprotectant for the lyophilization of biomolecules and nano-
particles. Several hypotheses for the protective effects of sugars
have been proposed, including a water replacement hypothesis,
glass formation hypothesis, and kosmotropic effect.

A pre-hybridization mix, containing MB-CP hybridized to AuNP-
RP and 10% sorbitol, was lyophilized to a dry form. The stability of
the lyophilized form was evaluated at 4 °C, 25 °C, and outdoor
ambient temperature to simulate the conditions in the field. The
outdoor ambient temperature ranged from 24 to 34 °C, as recorded

by the Thailand Meteorological Department (www.tmd.go.th) from
August to November 2018.

The results from the stability study show that the pre-
hybridization mix stored at 4 °C was stable for up to 3 months
with no significant decrease in the current signal for 90 days. There
were an 18% and 30% decrease in the current signal from the mix
stored at 25 °C and outdoor ambient temperature for 50 days,
respectively (Fig. 4). The drop in assay performance could be
attributed to the denaturation of biomolecules due to increased
temperature and humidity.

3.5. Detection of viral DNA

The 960 bp viral DNA could be detected using visual observation
(Fig. 5A), spectrophotometry, and electrochemical detection
(Fig. 5B). The correlation of the signal response from the longer
strand RT-PCR amplicon with the short linear DNA target (23 bases)
was ~93% and 100% for electrochemical and spectrophotometry
measurements, respectively.

The World Health Organization (WHO) has established an in-
ternational standard (IS) for HEV RNA (code number 6329/10),
which is 5.39 logjg units mL™! (95% CI 5.15—5.63), or 250,000 IU
mL~1 [38]. In this study, the possible limit of detection using elec-
trochemical and spectrophotometry (optical) detection is 4.26 log1g
units mL~! and 8.26 logip units mL~, respectively. This result
shows that our sensing platform could in principle detect the IS for
HEV RNA detection.

The viral DNAand short linear DNA targets were then spiked into
human serum samples or PBS buffer as a control, to mimic the
procedure for nucleic acid detection in serum samples. Microwave-
irradiation and microwave-Chelex methods were used in the
nucleic acid extraction process from human serum. The DNA loss
during the extraction process was determined using a UV—vis
spectrophotometer at 260 nm, which were 14.54% and 7.41% for
microwave-irradiation and microwave-Chelex method, respec-
tively (data not shown). There may be some loss of DNA due to
incomplete cell lysis, DNA degradation, or inefficient extraction
procedures. The assay performances using spiked serum samples
were expressed as the percentage of recovery, as shown in Table S3.
The microwave-Chelex method resulted in higher recovery of long
PCR amplicons than short linear DNA targets.

Further investigation revealed that the change in the reaction
buffer’s pH from neutral to basic during the extraction process
using Chelex resin could lead to a higher displacement of the target

Wavelen nm
@ ® ofh (am)
400 500 600
600 0.18
~ Optical - 0.16
%00 1 getection L 0.14
~
< 400 A 4 0.12
~ -
) € 500 - - 0.10 O
PCR Negative g1 “"" Electrochemical | 0.08 O
amplicon control 5 200 477 detection L 0.06
| Tt e} 0.04
- 0.02
0 T T 0.00
0.30 0.40 0.50 0.60
Potential (V vs Ag/AgCl)

Fig. 5. Detection of HEV from patient serum sample using visual detection, spectrophotometry, and electrochemical detection. (A) Visual detection of a positive reaction containing
displaced-AuRPs with 100 pM of RT-PCR amplicon (red color solution in a left tube) compared to the negative control (colorless solution in the right tube). (B) The measurement of
displaced-AuRPs with 100 pM target amplicon (solid line) and non-complementary PCR product (dash line), voltammogram from DPASV technique is shown in black and
absorbance spectra are shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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DNA (Fig. S3). The percentage of displacement efficiency was
reduced at lower pH compared to neutral or basic conditions. The
change in pH can induce conformational changes in ssDNA,
affecting its accessibility for hybridization [39]. At low pH (pH
4.0—6.0), ssDNA chains are stretched by a decrease of repulsive
hydration forces between the phosphate groups on neighboring
probe molecules due to H* protonation. In contrast, at high pH, the
charged phosphate backbones of the ssDNA strands are fully
deprotonated and electrostatic repulsion increases, leading to
separation of the DNA strands and lower steric hindrance. There-
fore, the target DNA has a higher chance of displacing the AuNP-RP
from the MB-CP. This work demonstrates the potential application
of this assay for real sample detection.

4. Conclusion

The development of a one-pot approach provides simplicity of
detection using easily accessible techniques. Integrating the target
DNA-induced displacement reaction, magnetic separation, and a
thermo-stabilized reagent reduces the chances for carry-over
contamination and pipetting error. The amount of displaced-
AuNP-RP directly represents the amount of target DNA in the
sample. Detection could be done by visual observation, spectro-
photometry, and electrochemistry with good sensitivity and spec-
ificity. Furthermore, discrimination of either single base or three
bases mismatched sequences could be achieved, which would be
useful for mutation or genotyping studies. From a practical appli-
cation point of view, the lyophilized dry reagent can be stored at
4 °C for up to 3 months without significant performance loss.
Finally, this assay is easy to implement and could potentially be
used for the detection of nucleic acid of viral or bacterial pathogens
in infected samples.
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Abbreviation

PCR Polymerase chain reaction

NGS next generation sequencing

ELISA Enzyme-linked immunosorbent assay

LAMP Loop-mediated isothermal amplification

SDS sodium dodecyl sulphate

AuNPs gold nanoparticles

HEV hepatitis E virus

HAV hepatitis A virus

HBV hepatitis B virus

HCV hepatitis C virus

MBs magnetic bead nanoparticles

Fe304 (ferroferric oxide) nanoparticles

RP reporter probes

CcP capture probes

SPCE Screen-printed carbon electrode

PBS phosphate buffer saline

DPASV Differential pulse anodic stripping voltammetry
LT linear target DNA

NC non-complementary DNA

M-LT mismatched DNA linear targets

HCR hybridization chain reaction

TMSD toehold-mediated DNA displacement reaction

SD-LAMP strand displacement integrated loop mediated

amplification
CSRP circular strand-displacement polymerization
RSD replication— scission—displacement
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