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ABSTRACT: Herein, a novel DNA cascade amplification, including double hairpin DNAs 4 et
recognition-triggered single-target recycling (D-STR) and concatenated DNA structure-
controlled rolling circle amplification (C-RCA), was developed as a signal amplifier to
construct a highly specific and ultrasensitive electrochemiluminescence (ECL) biosensor for

human immunodeficiency virus (HIV) DNA fragments detection, which not only revealed ~— >l
tremendous potential in avoiding false positive signals but also obviously promoted the r% -
amplification efficiency simultaneously compared to conventional single recognition of the L

LN
B padlock ’

target. Once the target DNA triggered the rolling circle amplification (RCA), the obtained

concatenated

Pt—N bond, capturing massive ruthenium (Ru)-labeled ssDNA as the ECL signal tag to

RCA products could be anchored on the Pt-modified glassy carbon electrode (GCE) via the 3 & &h/tk rame Vot O

generate remarkable ECL emission. As a result, the proposed biosensor showed highly specific
and ultrasensitive detection of the target with the detection limit down to 27.0 aM, which
gives great impetus to the development of a novel specific biosensor for practical bioanalysis

and diagnostic technologies.

B INTRODUCTION

Detection of specific DNA sequences and discrimination of
single-nucleotide polymorphisms (SNPs) are significant for
predicting disease predisposition and drug effectiveness.””
Thus, it is of critical importance to enhance the specificity of
nucleic acid detection. Recently, many nucleic acid amplifica-
tion strategies, such as hybridization chain reaction (HCR),’
catalytic hairpin assembly (CHA),* polymerase chain reaction
(PCR),’ strand displacement amplification (SDA) , and rolling
circle amplification (RCA),” have widely emerged in
biosensing, clinical diagnosis, and treatments.>™° Usually,
single-recognition strategies based on the abovementioned
traditional amplification technologies were developed owing to
sequence specificity, but one or two nucleotide substitution in
the target could not been distinguished from a perfectly
matched target, which would lead to distinct false positive
signals to interfere the accurate detection. Although some
efforts have been dedicated for promoting the specificity of
nucleic acid recognition, for instance, the introduction of
locked nucleic acid (LNA) with high discrimination capability
or nanomaterials with strong interaction with biomarkers to
construct a nucleic acid detection platform for enhancing the
selectivity,'' ™' these approaches still encountered the
disadvantage of complex operation and complicated proce-
dures. Therefore, developing a convenient and highly specific
method for nucleic acid sequence recognition is of utmost
significance for practical biological applications. In this study, a
double hairpin DNAs recognition-triggered single-target
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recycling (D-STR) was first proposed, in which two
recognition parts were designed to severally discriminate
nucleotide substitution of the target, so that it possessed the
mutual correction function for remarkably improving the
specificity of target recognition in comparison with single
recognition of the target.

As a proof of concept, the D-STR and concatenated DNA
structure-controlled rolling circle amplification (C-RCA) were
employed to construct the electrochemiluminescence (ECL)
sensing interface for the specific and ultrasensitive detection of
human immunodeficiency virus (HIV) DNA fragments. By this
way, the designed cascade amplification including D-STR and
C-RCA also realized a significant progress in signal
amplification efficiency. The corresponding principle and
fabrication process of the proposed biosensor are exhibited
in Scheme 1. Initially, two hairpin DNAs (H1 and H2) were
introduced to synchronously discern different parts of the
target for releasing two output DNAs (W1 and W2) with the
aid of exonuclease III (Exo III). Subsequently, only in the
simultaneous presence of two output DNAs, the concatenated
DNA structure could be opened for releasing the padlock
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“Schematic description of the specific and sensitive biosensor for HIV DNA

fragments detection based on (A) double-recognition-triggered single-

target recycling and (B) concatenated DNA structure-controlled rolling circle amplification. (C) Construction process of the proposed ECL

biosensor.

strands to initiate subsequent RCA reaction. Afterward, the
obtained RCA products with amounts of repetitive DNA
sequences could be anchored on Pt NPs-modified GCE
through the Pt—N bond."”"> Then, plentiful ECL lumino-
phore ruthenium (Ru)-labeled ssDNA strands were captured
by the immobilized RCA products to generate strong ECL
emission with tripropylamine (TPrA) as the coreactant for the
ultrasensitive detection of HIV DNA fragments. In conse-
quence, the elaborated biosensor performed a good linearity
ranging from 100 aM to 100 pM with a low detection limit of
27.0 aM. The work also strongly evidenced that the D-STR has
the great discrimination ability of the single-base mismatched
sequence from the target, providing a new insight for specific
detection of nucleic acid to hold great promise in clinical
application.

B EXPERIMENTAL SECTION

Exo Ill-Assisted Target Cycling Reaction. The DNA
strands H1 and H2 were annealed at 95 °C for § min, followed
by gradually cooling down to room temperature over 2 h for
forming a stable hairpin structure.'®'” First, 1 M HI and H2
was added in a tube; then, varieties of different concentrations
of HIV DNA fragments were introduced for 2 h at 37 °C, and
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the exonuclease III (0.5 U/uL) was added for 1 h at 37 °C;
then, the abovementioned solution was kept at 65 °C for 10
min to stop the enzyme reaction.

RCA Reaction. Initially, 1 yM padlock and Al and A2
strands were hybridized at 37 °C for 2 h after annealing at 95
°C for 5 min. The as-prepared Exo IIl-assisted target cycling
outputs were injected in the abovementioned tube for 2 h at 37
°C. Subsequently, 1 M primer was introduced for 2 h at 37
°C. Then, 10X T4 DNA ligation buffer and 5 U/uL T4 DNA
ligase were introduced overnight at 16 °C. Afterward, 10X
phi29 bufter, 0.2 U/uL phi29 DNA polymerase, and 500 yM
dNTPs were introduced for 2 h at 30 °C. Finally, the
abovementioned solution was heated to 65 °C for 15 min to
inactivate the enzyme.

Fabrication of the Biosensor. First, the glassy carbon
electrode (GCE) was polished with 0.3 and 0.05 um of
alumina powder and rinsed with deionized water for further
use. Then, the prepared electrode was immersed into H,PtCly:-
6H,0 (1%) solution and electrodeposited at —0.25 V for 30 s
to attain the platinum nanoparticles (Pt NPs)-modified layer.
Subsequently, 10 yuL of RCA products was anchored on the
electrode overnight at 4 °C via the Pt—N bond. After being
rinsed with deionized water, 10 uL of 6-mercapto-1-hexanol

https://doi.org/10.1021/acs.analchem.1c01012
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(MCH, 1 mM) was incubated for 40 min at room temperature
for blocking nonspecific binding sites. Ultimately, 10 4L of Ru-
modified ssDNA was dropped on the sensing interface for 2 h
at ambient temperature to obtain ECL signals.

ECL Detection. The proposed biosensor was tested in 2
mL of phosphate-buffered saline (PBS, pH = 7.4) including 15
mM TPrA to obtain the ECL signals using an MPI-A ECL
analyzer. Additionally, the scanning potential varied from 0 to
1.25 V with a scan rate of 200 mV/s, and the photomultiplier
tube high voltage was set as 800 V. The AI was the decreased
value (AI = I — I, I indicated the ECL signals of the blank),
while I expressed the ECL signals with various concentrations
of target HIV DNA fragments.

B RESULTS AND DISCUSSION

Feasibility Analysis of Double Hairpin DNAs-Trig-
gered Single-Target Recycling (D-STR). The native
polyacrylamide gel electrophoresis (PAGE, 16%) was utilized
for investigating the feasibility of D-STR. As seen in Figure 1,

Figure 1. 16% native PAGE of the samples: lane 1, 1 M H1; lane 2,
1 uM H2; lane 3, 1 uM HIV DNA (target); lane 4, 1 yM H1 + HIV
DNA,; lane 5, 1 uM H1 + HIV DNA with Exo III; lane 6, 1 uM H2 +
HIV DNA; lane 7, 1 uM H2 + HIV DNA with Exo III; and lane 8, 1
uM H1 + H2 + HIV DNA with Exo IIL

lane 1 (H1, 60 base) and lane 2 (H2, 60 base) were much
higher than the lane 3 (HIV DNA fragments, 21 base), owing
to the larger molecular weight. When HIV DNA fragments
were introduced to recognize H1 (lane 4, H1 + T) or H2 (lane
6, H2 + T), respectively, it could be observed that lane 4 and
lane 6 posed a higher position because H1 or H2 was
successfully hybridized with HIV DNA fragments. After the
addition of Exo III, a bright band was displayed in lane 5 (H1
+ T with Exo III) and lane 7 (H2 + T with Exo III),
confirming the successful generation of output DNA (W1 and
W2). Furthermore, as shown in lane 8, when H1 and H2 were
simultaneously added to recognize the target, a much thicker
bright band with almost the same position as lane 6 and lane 7
was obtained in the presence of Exo III, indicating that the
double hairpin DNAs recognition of HIV DNA fragments
recycling was reasonable and practicable.

PAGE Analysis of Specificity. To further prove the
specificity of the prepared biosensor, the PAGE (16%) was
employed to characterize the discrimination ability from
mismatched DNA sequences. As shown in Figure 2A, lane 3
was H1 + H2 + T, which was much lower than H1 (lane 1)
and H2 (lane 2) because of the cleavage of Exo-1II for H1 and
H2 strands. Lane 4, lane 5, lane 6, and lane 7 corresponded to
HI1 + H2 + M1, H1 + H2 + M2, H1 + H2 + M2/, and H1 +
H2 + M2 in the presence of Exo III, respectively (Ml
represented the single-base mismatched DNA and M2, M2/,
and M2" represented three different kinds of double-base
mismatched DNA), and they all showed no distinct band of
two outputs obtained in lane 3 because they could not be
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Figure 2. (A) 16% native PAGE analysis of different samples: lane 1,
H1; lane 2, H2; lane 3, H1 + H2 + T with Exo II[; lane 4, H1 + H2 +
M1 with Exo III; lane 5, H1 + H2 + M2 with Exo III; lane 6, H1 + H2
+ M2’ with Exo III; and lane 7, H1 + H2 + M2” with Exo IIL (B)
ECL intensities of the proposed biosensor (a) in the absence of H1,
(b) without H2, (c) in the absence of T, and (d) with 100 pM HIV
DNA.

discerned to trigger the cleavage. The results exhibited
discrimination ability of the single-base mismatched sequence,
further proving the excellent specificity of the proposed
biosensor.

Meanwhile, the single recognition of the target was
characterized. In Figure 2B, curve a represented the ECL
intensity in the absence of H1, while curve b showed the ECL
response of the proposed biosensor without H2, and they all
exhibited slight changes compared with the blank sample
(curve c). However, the ECL intensity showed a great increase
when 100 pM HIV DNA fragments were introduced (curve d).
The results illustrated that only the H1 and H2 were
simultaneously added to recognize the target, and the HIV
DNA fragments could be detected. Thus, it could be
concluded that compared with single recognition of the target,
double hairpin DNAs recognition of the single target possessed
a mutual correction function owing to the different
discrimination abilities to different parts of the target, which
extremely enhanced the specificity of target recognition.

CV and EIS Characterization of the Proposed
Biosensor. To investigate the modification process of the
ECL biosensing platform, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were charac-
terized in 5 mM [Fe(CN)¢]*~/*+~ containing 0.1 M KCl. As
shown in Figure 3A (CV), the bare GCE (curve a) showed a
pair of obvious redox peaks. Moreover, after the deposition of
Pt NPs, the current increased obviously due to high
conductivity of Pt (curve b).'®> When RCA products (curve
c) were immobilized on the electrode in succession, the redox
peak current was decreased distinctly because the negatively
charged DNA phosphate backbone would repulse [Fe-
(CN)¢]*/*. Then, MCH (curve d) was dropped on the
sensing interface for blocking nonspecific binding sites, and a
declined redox current was observed owing to the impediment
of MCH. Similarly, after incubation of ssDNA (curve e), the
redox peak current was further decreased for the hindrance of
ssDNA.

Simultaneously, as depicted in Figure 3B (EIS), compared
with the bare GCE (curve a), the Pt-deposited GCE (curve b)
showed a lower electron transfer resistance (R,,) owing to Pt
facilitating electron transfer. When RCA products (curve c),
MCH (curve d), and ssDNA (curve e) were modified on the
electrode stepwisely, a series of increased R, were obtained
due to the obstruction of MCH and the nucleic acid.'” These
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Figure 3. (A) CV curves of the (a) bare GCE, (b) Pt NPs/GCE, (c) RCA products/Pt NPs/GCE, (d) MCH/RCA products/Pt NPs/GCE, and
(e) ssDNA/MCH/RCA products/Pt NPs/GCE in 0.1 M PBS (pH 7.4) containing 5.0 mM [Fe(CN)4]*~* and 0.1 M KCL. (B) EIS diagram of
the electrode assembly process (a) bare GCE, (b) Pt NPs/GCE, (c) RCA products/Pt NPs/GCE, (d) MCH/RCA products/Pt NPs/GCE, and
(e) ssDNA/MCH/RCA products/Pt NPs/GCE in 0.1 M PBS (pH 7.4) containing 5.0 mM [Fe(CN)¢]*~/#~ and 0.1 M KCI. Moreover, the inset

showed the equivalent circuit diagram.
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Figure 4. (A) ECL intensity—potential curves of the proposed biosensor incubated with HIV DNA fragments concentrations of 100 aM, 1 fM, 10
M, 100 fM, 1 pM, 10 pM, and 100 pM (from a—g). (B) Relationship between AECL (AI = I, — I) and the concentration of HIV DNA fragments.
The inset: the calibration plot of AECL of the logarithm of HIV DNA fragments concentration. (C) Stability of different concentrations of HIV

DNA fragments from 100 aM to 100 pM.

Table 1. Comparison of This Work with Other Methods

method target linear range LOD ref.
fluorescence HIV DNA 0.025 nM to 500 nM 15 pM 20
fluorescence HIV-1 RNAs 10 nM to 300 nM 2.06 nM 21
PEC” HIV DNA 10 fM to 1 nM 1.16 M 22
electrochemistry HIV-1 gene 100 fM to 10 nM 150 M 23
ECL HIV DNA 0.05 pM to 50 nM 39.81 M 24
ECL HIV-1 gene 3 fM to 0.3 nM 0.3 M 25
ECL HIV DNA 100 aM to 100 pM 27.0 aM this work

“Photoelectrochemical.

results were in good agreement with that observed in CV,

further demonstrating the successful assembly of the biosensor.
ECL Responses of the Proposed Biosensor. To

investigate the analytical performance of the developed
biosensor, the ECL signals of various concentrations about
HIV DNA were measured with the “off—on” mode under the
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optimum conditions (details are shown in Supporting
Information, Figure S1). As demonstrated in Figure 4A, the
ECL signals exhibited a monotonically increase with elevated
concentrations of target HIV DNA fragments from 100 aM to
100 pM. While Figure 4B exhibited the relationship between
AECL and the concentration of HIV DNA fragments, it was

https://doi.org/10.1021/acs.analchem.1c01012
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Figure S. (A) Specificity of the proposed biosensor (a) blank, (b) 1 nM M1, (c) 1 nM M2, (d) 1 nM M2, (e) 1 nM M2”, (f) 10 pM HIV DNA
fragments, and (g) mixture containing 10 pM HIV DNA, 1 nM M1, 1 nM M2, 1 nM M2/, and 1 nM M2". (B) Difference value of ECL signals (the
ECL intensity of HIV DNA subtract the ECL intensity of (a) M1, (b) M2, (c) M2/, and (d) M2").

found that the developed biosensor manifested an excellent
linear relationship between the ECL intensity and the
logarithm of various concentrations of HIV DNA fragments
(the inset of Figure 4B). The corresponding regression
equation was Al = 20189 lgc + 33,549 with a squared
correlation coefficient of 0.9937. Moreover, the limit of
detection (LOD) was down to 27.0 aM. The analytical
performance of the proposed biosensor was contrasted with
other detection strategies. As shown in Table 1, the fabricated
biosensor exhibited a high sensitivity and a lower LOD, which
demonstrated that it might have great application prospect in
clinical bioassay.

Stability was a vital parameter for the performance of the
developed biosensor. As observed in Figure 4C, the ECL
signals of various concentrations about target HIV DNA
fragments were relatively stable with three continuous scans,
reflecting that the proposed biosensor exhibited fabulous
stability.

Selectivity of the Proposed Biosensor. To further study
the selectivity and specificity of the designed biosensor, the
effect of single-base mismatched DNA (Sm-DNA) and three
kinds of double-base mismatched DNA (Dm-DNA) about the
ECL signals were monitored. To further monitor the specificity
of the proposed biosensor, the concentrations of interfering
substances (the mismatched DNA) were selected as 1 nM
which were 100 times higher than that of 10 pM target HIV
DNA fragments. As illustrated in Figure SA, the ECL intensity
changes in Sm-DNA and Dm-DNA (from column b to e) were
negligible compared with the blank sample in the absence of
target HIV DNA fragments (column a). Inversely, once a small
amount of HIV DNA fragments (10 pM) were mixed with
these interfering mismatched DNAs (column g), the ECL
intensities were rapidly increased, which was almost same as
the value obtained from 10 pM HIV DNA fragments (column
f), indicating the high selectivity and specificity of the
proposed biosensor.

Simultaneously, single recognition of the single target
including the Hl-induced biosensor (padlock strands were
only locked by Al strands) and H2-induced biosensor
(padlock strands were only locked by A2 strands) was
constructed for contrasting with the mismatch-base discrim-
inability of the proposed biosensor (the selectivity of the H1-
induced biosensor and H2-induced biosensor is shown in the
Supporting Information). Thus, from Figure SB, it represented
the difference value of ECL intensity [the ECL signals of HIV
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DNA fragments subtract the ECL intensity of (a) M1, (b) M2,
(c) M2/, (d) M2"] of different biosensors, and the difference
value of ECL intensity of the proposed biosensor (black line)
was distinctly higher than those of the H1-induced biosensor
(red line) and H2-induced biosensor (blue line), manifesting
the superior selectivity of the proposed biosensor, which
further declared the ascendant specificity of D-STR.
Detection of HIV DNA Fragments in Clinical Serum
Samples. The reliability of the proposed biosensor for HIV
DNA fragments detection was evaluated by investigating the
HIV DNA fragments in the human serum sample, which was
acquired from Xingiao Hospital (Chongging, China). The
experiment was carried out by the standard addition method
through adding various concentrations of standard HIV DNA
fragments into the 10-fold human serum diluted with 0.1 M
PBS (pH = 7.4) buffer. As shown in Table 2, the recoveries of

Table 2. Recovery Study Carried out in Serum Samples for
HIV DNA Fragments Determination by the Proposed
Biosensor (n = 3)

spiked found
sample  concentration/pM concentration/pM  recovery/% RSD/%
1 NY 50.12 101.7 3.04
2 10 11.04 110.4 3.69
3 1 1.040 104.0 1.95
4 0.1 0.09921 99.21 2.44
S 0.05 0.04816 96.32 2.94

HIV DNA fragments varied from 96.32 to 110.4% with the
relative standard deviation (RSD) of 1.59—4.51% for the HIV
DNA fragments (n = 3), which manifested that the designed
ECL sensing platform revealed the potential to be utilized in
actual biological sample detection.

B CONCLUSIONS

In conclusion, to improve the specificity and sensitivity of the
target detection, a novel cascade amplification based on D-STR
and C-RCA was used to construct an ECL biosensor for HIV
DNA fragments detection. First, unlike the single recognition
of the target, the double-hairpin DNA recognition of the single
target possessed a mutual correction function, so it had the
inherent virtues to fabricate a single-step ECL biosensor with
outstanding specificity for target HIV DNA fragments
detection. Second, the concatenated DNA structure could be

https://doi.org/10.1021/acs.analchem.1c01012
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opened only when two output DNAs were successfully
acquired for the follow-up RCA reaction to detect the target,
which further enhanced the specificity of this method.
Significantly, the proposed strategy showed great potential as
the new generation of specificity detection for biological
applications.
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