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Cascade toehold-mediated strand displacement strategy for
label-free and sensitivity non-enzymatic recycling amplification
detection of the HIV-1 gene

Qiong Li,*™ Zhi Liu, Danhua Zhou,”* Jiafeng Pan,’ Chengshuai Liu® and Junhua Chen™®

In this work, a label-free fluorescence biosensor for simple detection of the HIV-1 gene was proposed by
using the toehold-mediated strand displacement reactions (TMSDRs), and combine with a non-enzymatic
target recycling amplification strategy. In this system, two TMSDRs were used. In the presence of the HIV-1
gene, an autocatalytic DNA machine can be activated. This leads to the generation of numerous free G-rich
sequences, which can associate with a fluorescent dye N-methylmesoporphyrin IX (NMM) to yield a
amplified fluorescence signal for the target detection. This sensing platform showed a high sensitivity
towards the HIV-1 gene with a detection limit as low as 1.9 pM without any labelling, immobilization, or
washing steps. The designed sensing system also exhibits an excellent selectivity for the HIV-1 gene
compared with other interference DNA sequences. Furthermore, the presented biosensor is robust and has
been successfully applied for the detection of the HIV-1 gene in a real biological sample with satisfactory
results, suggesting that this method is promising for simple and early clinical diagnosis of the HIV infection.
Thanks to its simplicity, cost-effectiveness and ultrasensitivity, our proposed sensing strategy provides a

universal platform for the detection of the other gene by substituting the target-recognition element.

Introduction

Acquired immunodeficiency syndrome (AIDS), firstly reported
by the US Center for Diseases Control in 1981, is a severe
communicable immune deficiency disease caused by the
human immune deficiency virus (HIV).l'2 The World Health
Organization (WHO)/Joint United Nations Program on
HIV/AIDS (UNAIDS) estimates that, up to 2014, about 36.9
million people were living with HIV in the world. AlImost 46% of
them didn’t know their HIV status, and almost 60% were not
accessing reverse transcription treatment.’? Therefore, the
development of a simple and highly sensitive biosensor for HIV
detection in the early infection stage is urgently needed.
Conventional methods for the detection of the HIV
infection in clinical diagnosis are primarily based on virus
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isolation, and include polymerase chain reaction (PCR),4'6
enzyme-linked immune-absorbent assay (ELISA),7'8 and
western blot (WB).9 Unfortunately, they are expensive,
time-consuming, and require fussy pre-treatment. Thus, it is of
great significance to design a convenient, rapid, and low-cost
detection approach for the HIV infection analysis. As
alternatives to conventional methods, biosensors have been
widely used for the virus detection,lo'12 such as colorimetric
biosensors,™ electrochemical biosensors® and fluorescence
biosensors."> However, most of them exhibit relativity poor
sensitivity and require the labelling and immobilization, or
washing steps, which inhibits the application of these
technologies. To overcome these limitations, the label-free
and non-enzymatic toehold-mediated strand displacement
reactions (TMSDRs) strategy has been applied.m'18

TMSDR is an enzyme-free DNA strand displacement
reaction based on the principle of the toehold exchange,lg'21
which is a spontaneous phenomenon driven forward by
entropy without any enzymes.22 Due to the programmability
and versatility, TMSDR-based signal amplification technique
has been used to the construction of various biosensing
systems.B'27

G-quadruplexes are structures that are formed by stacked
G-tetrads, a planar association of four guanines by Hoogsteen
hydrogen bonding.28 Owning to their structure polymorphism
and tunable conformation, G-quadruplexes have been widely
used as building blocks for directing the assembly of nanoscale
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components into sophisticated structures or as a functional
tool for constructing nanoscale devices and biosensors.??32
N-methyl mesoporphyrin IX (NMM) is a commercially available
unsymmetrical anionic porphyrin characterized by a
pronounced structural selectivity for G-quadruplex but not for
duplex (DNA, RNA and RNA-DNA hybrid), triplex or
single-stranded forms.?*3* Generally, NMM only shows a
weakly fluorescence in the free state, but exhibits a 20-fold
enhancement in its fluorescence upon interacting with the
G—quadruplex.35

Herein, a simple, facile, highly sensitive and selective
detection method for the HIV-1 gene was developed by using
the cascaded TMSDRs and non-enzymatic target recycling
amplification assay. In this system, the HIV-1 gene could bind
to the terminal toehold region of the triplicate-stranded DNA
substrate probe (SP) through base pair and initiate the
TMSDRs, resulting the reuse of the target DNA and the
production of plentiful G-quadruplex. Ultimately, the
increasing  G-quadruplex/NMM  complex leads to a
dramatically enhancement in the fluorescence intensity.
Taking advantage of the signal amplification method, the
designed biosensor could achieve a high sensitivity for the
HIV-1 gene detection. Owning to its cost-effectiveness (the
detecting probe used in this research doesn’t require any
modification, and the entire reaction can be carried out in an
isothermal manner  without the involvement of
higher-precision thermal cycler), easy operation, and flexibility,
the sensing system could be a promising platform for the early
point-of-care diagnosis of the HIV-1 infection.

Experimental

Materials and reagents

Dimethyl sulfoxide (DMSO), and tris-(hydroxymethyl)
aminomethane (Tris) were purchased from Sigma-Aldrich (St.
Louis,Mo0). Human serums were provided by the 4th Affiliated
Hospital of Guangzhou Medical University (Guangzhou, China).
NMM was purchased from Frontier Scientific Inc. (Logan, Utah,
USA). A5 mM NMM stock solution was prepared in DMSO and
stored at -20 °C before use. All other reagents and materials
were of analytical grade and used without purification. All of
the solution were prepared with ultrapure water (18.2 MQ/cm)
from a Millipore Milli-Q water purification system (Billerica
MA).

All of the DNA oligonucleotides were ULTRAPAGE-purified
and were purchased from Shanghai Sangon Biotechnology Co.,
Ltd. (Shanghai, China) and their sequences were listed as
follows:

Signal strand (SS): 5'-GCACAGATTGGGTAGGGCGGGTTGGG-3’
Helper strand (HS): 5-TCTCTTTACTATTTTATTT-3’

Long strand (LS): 5'-CTGGGATTAAATAAAATAGTAAAGAGAGCCC
TACCCAATCTGTGC-3’

Fuel strand (FS): 5’'-GCACAGATTGGGTAGGGCTCTCTTTACTATTT
TATTT-3’

HIV-1 gene: 5’-GCTATACATTCTTACTATTTTATTTAATCCCAG-3’
M1: 5-GCTATACATTCTTACTATTTTATTTAATCGCAG-3’

This journal is © The Royal Society of Chemistry 20xx

M2: 5'-GCTATACATTCTTACTATTTTATTTAATGGCAG-3’ yie, Article Oniine
M3: 5-GCTATACATTCTTACTATTTTATTAAATGGCAG1359/C8ANO2340A
NC: 5'-TGCCGCTCATCCGCCACATAAAATGGCAGGCTA-3’

Underline letters represent the mismatched bases.

Assay procedure

The triplicate-stranded DNA substrate probes (SPs) were first
prepared by mixing the LS, HS and SS at a final concentration of 300
nM in 20 mM Tris-HCl buffer (pH = 7.4, 100 mM NaCl, 10 mM MgCl,,
15 mM KCl), heating the mixture to 95 °C for 7 min and then
gradually cooled to room temperature. Subsequently, 300 nM FS
was added to the mixture. Next, various concentrations of the H/V-1
gene were incubated with the above solution with a reaction
volume of 50 pL for 120 min at room temperature. This was
followed by the introduction of the NMM (1 uM) and further
incubation for another 30 min. Finally, the resulting solutions were
diluted to 200 pL. The fluorescence spectra were recorded using a
SpectraMax i3x (Molecular Devices, the U. S.) at room temperature.
The scanning wavelength ranged from 580 to 640 nm (A= 399 nm,
Aem = 610 nm). The fluorescence intensity at 610 nm was used to
estimate the performance of the proposed biosensor. The slit
widths of both the excitation and emission were 10 nm, the PMT
detector voltage was 700 V.

Gel electrophoresis

To prepare the hydrogel, 5 mL of 30% gel solution (29:1), 1 mL TBE
buffer (10x), 100 pL APS, 4 uL TEMED, and 3.8 mL deionized water
were mixed together. This mixture contained a final gel percentage
of 15%. The gel was polymerized for 1.5 h at room temperature and
then soaked in a 1x TBE buffer prior to use. 5 L of each reacted
sample was mixed with 1 pL of 6 x loading buffer and was subject to
the 15% non-denaturing polyacrylamide gel electrophoresis (PAGE).
The PAGE was carried out in 1 x TBE at a constant voltage of 60 V
for about 70 min at room temperature. After staining in diluted
SYBR gold solution, the gels were scanned using a Gel Doc XR
documentation system (Bio-RAD Laboratories Inc. USA).

Results and discussion

Strategy for the HIV-1 gene monitoring

The strategy for the amplified detection of the HIV-1 gene on the
basis of the TMSDRs cascade signal amplification strategy is
schematically demonstrated in Scheme 1. The biosensor consisted
of a triplicate-stranded DNA substrate probe (SP) and a fuel strand
(FS). A G-quadruplex forming signal strand (SS), a helper strand (HS)
and a long strand (LS) are primarily denatured together to obtain
the stable SP, which can avoid the FS trigger the strand
displacement reaction in the absence of the target DNA. The target
DNA can specially bind to the toehold region at 5’-terminus of the
LS and displace the HS via entropy-driven strand displacement
reaction. The dissociation of the HS causes the exposure of initially
obstructed toehold in the middle of the LS. Subsequently, the newly
exposed toehold can hybridize with the FS, resulting in the
liberation of the target DNA as well as the SS at the same time.
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Consequently, the released target DNA can activate another round
of strand displacement reaction. Finally, the free G-rich sequence
produced can form a G-quadruplex structure, which can be “lit up”
by NMM, exhibiting a dramatically enhanced fluorescence intensity.
In the absence of the target DNA, the TMSDRs can’t be activated.
Therefore, the G-rich sequence is still blocked in the LS. Thus, the
system only yields a relatively low fluorescence background. Most
importantly, the sensing system using G-quadruplex/NMM as the
signal reporter, avoids the use of any labels or modification
procedures.
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Scheme 1 Schematic representation of the design strategy for the
amplified detection of the HIV-1 gene on the basis of the
toehold-mediated strand displacement reactions (TMSDRs), and
combine with a label-free and non-enzymatic target recycling
amplification strategy.

Feasibility study

To verify the ability of the designed autocatalytic DNA machine for
the target detection, the fluorescence spectra was investigated
under different conditions. As shown in Fig. 1a, when the SP was
alone in the solution, it exhibited a weak fluorescence emission
peak at 610 nm (black curve), implying that the caged G-rich
sequence can’t interact with NMM. When the HIV-1 gene was
added into the SP solution without FS, SS was still blocked by LS. In
this state, almost no obvious signal change can be observed
compared with the background signal (green curve). When only the
SP and the FS were present, the fluorescence intensity was slight
enhanced compared with the background fluorescence signal (blue
curve). In the presence of the HIV-1 gene, the SP, and the FS, the
fluorescence intensity improved sharply (red curve), suggesting that
the TMSDRs were finished. The G-rich sequence was released and
then interacted with the fluorescence dye NMM. These results
indicated that our designed sensing system can feasibly provide an
amplified fluorescence signal for the detection of the target HIV-1

This journal is © The Royal Society of Chemistry 20xx
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gene. To further verify the feasibility of this,.study, o.gel
electrophoresis experiments were used tdebnfiriASthedreAesf
the fluorescence assay. As shown in Fig. 1b, the SP can be formed
form the hybridization among HS, SS, and LS (lane 1). After the
HIV-1 gene and the SP incubated together, a new band (the
LS/SS/HIV-1 complex) was observed (lane 2), suggesting that the
TMSDR have been occurred and the target could displace the HS
from the SP to form the LS/SS/HIV-1 gene complex. When both the
SP and the FS were present, only negligible leakage, which
accounted for the system background, was observed during the 120
min reaction time (lane 3). However, after the addition of the HIV-1
gene, nearly most of the SP was converted into the LS/FS complex,
and the released HS, SS, and the target HIV-1 gene can also be
observed (lane 4). The above results further indicated that our
designed detecting system can be utilized for the amplified
detection of the target HIV-1 gene.
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Fig. 1 (a) Fluorescence spectra of the system under different
conditions. SP: 300 nM; FS: 300 nM; NMM: 1 uM; (b) The PAGE
images of lane 1: SP; lane 2: SP+ HIV-1 gene; lane 3: SP+FS; lane 4:
SP+FS+HIV-1 gene. SP: 3 uM; FS: 3 uM; The experiments were
performed at room temperature (25 °C).

Optimization of this assay

The experimental parameters (such as the temperature, the
reaction time, and the concentration of the NMM) that could affect
the analytical performance of the designed sensing system were
optimized. The optimizations were performed by varying one
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experimental condition and keeping the conditions of the other
parameters constant. In this work, the reaction temperature plays
an important role in the sensing process. It not only effects the
stability of the SP, but also the binding kinetics between the SP
complex and the target HIV-1 gene. The effect of reaction
temperature on the response of the fluorescence sensor was
investigated by detecting 100 nM of the HIV-1 gene at different
temperatures (4 °C, 25 °C, 37 °C, and 45 °C). The blank sample (in
the absence of the HIV-1 gene) at each temperature was tested
under the same conditions. As shown in Fig. S1 (ESIt), the
fluorescence signal increased with the increase in the temperature
(4-45 °C) in the presence of the HIV-1 gene (green histogram in Fig.
S1, ESIT). However, the higher temperature may change the
stability of the SP, which increases the background signal.*® In order
to obtain the best signal-to-background ratio (S/N) (red line in Fig.
S1, ESIt), 25 °C was considered to be the optimum reaction
temperature. The corresponding error bars in Fig. S1t represent the
standard deviation of three independent measurements obtained
at each reaction temperature.

The performance of the signal amplification and detection of
the HIV-1 gene was deeply influenced by the reaction time of the
TMSDRs. In order to optimize the reaction time, we control the
fluorescence signal response at 25 °C. As shown in Fig. S2 (ESIt), the
fluorescence intensity of the solution containing 100 nM of the
HIV-1 gene increased rapidly when the incubation time ranging
from 30 to 150 min and remained at almost a constant level after
120 min, which suggested that the G-rich sequence was almost
completely released from the SP for the formation of the
G-quadruplex/NMM complex. The issue of reaction time is surely an
important point to be considered. After this first demonstration of
the use of this biosensor, it will be important to shorten the
reaction time in the future with a more extended work.

The effect of concentration of the NMM was also taken into
consideration. As shown in Fig. S3 (ESIT), the S/N level increased
gradually with the increasing the concentration of the NMM from
0.25to 1.5 uM, and reached a peak at 1 uM. However, the S/N level
decreased when the NMM concentration continued to raise (1-1.25
uM). Thus, 1 uM of the NMM was chosen for further experiments.

Analytical performance of the biosensor

To investigate the dynamic range and sensitivity of the assay, a
series of samples containing different concentrations of the HIV-1
gene were tested under optimal experimental conditions. As shown
in Fig. 2a, the fluorescence intensity was enhanced as the
concentration of the HIV-1 gene increased (0-1 pM). The
relationship between the fluorescence intensity at 610 nm and the
concentration of the HIV-1 gene is displayed in Fig. 2b. The resulting
calibration curve shows that a linear dependence between the
fluorescence intensity and the logarithm of the HIV-1 gene
concentration was obtained in the range from 10 pM to 1 uM with
a correlation coefficient (R?) of 0.99 (Fig. 2b, inset). The linear
regression equation is y = 5.9x10° IgC + 1.9x10° (y and C represent
the fluorescence value and the concentration of the HIV-1 gene,
respectively). According to the 36 rule, the calculated limit of
detection (LOD) is 1.9 pM. Compared with the previously reported
method of the HIV-1 gene detection, our sensing platform proposed

This journal is © The Royal Society of Chemistry 20xx

herein have an acceptable analytical range and a yelatively-low
detection limit (Table S1, ESIt). Such a MighlQémaivityNeah+be
attributed to the fact that the autocatalytic DNA machine can
stimulate the formation of numerous G-quadruplex/NMM
complexes even at a low concentration of the target HIV-1 gene.
Here, our proposed fluorescence detection strategy holds great
potential for monitoring of the HIV-1 gene in real biological samples
with high sensitivity.
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Fig. 2 (a) Fluorescence spectra upon addition of different

concentrations of the HIV-1 gene. (b) Plots of the fluorescence
intensity at 610 nm as a function of the HIV-1 gene concentration.
Inset: Linear relationship between the fluorescence intensity and
the logarithm of the HIV-1 gene concentration in the range from 10
pM to 1 uM. The corresponding error bars in (b) represents the
standard deviation of three independent measurements obtained
at different concentrations of the HIV-1 gene.

Selectivity of the biosensor

The selectivity of the sensing platform for the HIV-1 gene to other
four kinds of DNA sequences, including a single-base mismatched
DNA (M1), a two base mismatched DNA (M2), a three base
mismatched DNA (M3), and the non-complementary DNA (NC) at
the same concentration of 100 nM, were also analyzed by the
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present sensing system. As shown in Fig. 3, the fluorescence
intensity varies with the target and the four other kinds of DNA. The
relative fluorescence intensity for M1, M2, M3 and NC were about
34%, 32%, 29% and 29% of the HIV-1 gene, respectively. The four
kinds of DNA sequences showed almost the same intensity as the
blank sample. These results clearly demonstrated the high
specificity of our designed sensing system.

6x10°

5x10°

—~ 4x10°

1x10°

N

Blank HIV-1 gene M1

Fig. 3 Selectivity of the sensing system analyzing the HIV-1 gene
against other four different kinds of DNA sequences. The
concentration was 100 nM for the HIV-1 gene and the four other
DNA sequences. The corresponding error bars represent the
standard deviation of three independent measurements obtained
for different analytes.

Real sample analysis

To investigate whether this fabricated monitoring system could be
applied to real samples, a recovery experiment was carried out. The
collected human serum samples from healthy people were filtered
through a 0.2 pM membrane to remove the insoluble particles.
Aliquots of the serum samples were spiked with different
concentrations, 10, 50, 100 nM, of the HIV-1 gene. As shown in
Table 1, the recovery of all of the measured samples and the
relative standard derivations (RSD) were in the range from 87-103%
and 4.2-6.5% (n=5), respectively, which indicated that the possible
interference from the human serum sample to the biosensor
analysis was negligible. This above data proved that our designed
method can be successfully applied for the detection of the HIV-1
gene in real biological samples.

Table. 1 Analysis of real samples containing the HIV-1 gene at
different concentrations.

Sample Added Found® Recovery RSD
(nM) (nM) (%) (%)
1 10 8.7 87% 6.5
2 50 48.5 97% 5.9
3 100 103 103% 4.2

*The data reported in the table represents the average of five
measurements.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions
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In conclusion, a facile, isothermal, and ultrasensitive platform for

the detection of the HIV-1 gene was developed by using the
TMSDRs, and combine with a label-free and non-enzymatic target
recycling amplification strategy. The addition of the HIV-1 gene
leads to the displacement of the HS and the exposure of the
toehold domains of the SP for the FS to reuse the HIV-1 gene and to
generate massive G-quadruplex structures. The increasing
G-quadruplex interacts with the NMM to form G-quadruplex/NMM
complexes, which result in an enhanced fluorescence intensity of
the reaction solution for the highly sensitive detection of the HIV-1
gene at concentrations as low as 1.9 pM. Moreover, the designed
sensor also exhibits an excellent selectivity toward the HIV-1 gene
compared with other interference DNA samples. Furthermore, this
method can be applied for the determination of the HIV-1 gene in
spiked real biological samples with good recovery and accuracy.
Without the use of any labelling, immobilization, washing, or
modification steps, the developed method described herein is easy
apply for routine monitoring of the HIV-1 gene. Importantly, the
designed autocatalytic DNA machine could be easy extended to
fabricate versatile and robust sensing platforms for the detection of
other gene by choosing the corresponding recognition elements.
With the characteristics described above, this biosensor has great
potential for application as a platform for the early clinical diagnosis
of the HIV infection.
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A label-free biosensor was proposed for the HIV-1 gene detection based onygass
toehold-mediated strand displacement reactions.
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