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A hairpin probe-mediated DNA circuit for the
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A simple, highly sensitive biosensor for S. aureus detection is becoming increasingly important in human
health and safety. In this work, a hairpin probe-mediated DNA circuit for the detection of the mecA gene
of S. aureus was reported cascading Exo lIll-assisted cycling signal amplification and the DNAzyme-
mediated cleavage reaction. In the presence of the target mecA gene, the recognition and hybridization
between HP1 and mecA can trigger Exo Ill and DNAzyme-mediated signal amplification and further
release numerous ATMND, resulting in an enhanced fluorescence response, which serves as a response
signal for the fluorescence detection of mecA gene. This biosensor enables the sensitive and specific
detection of the mecA gene, showing a linear response ranging from 1 fM to 1 nM with a detection limit
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of 0.5 fM. Moreover, this fluorescence assay has been applied for the analysis of clinical samples with sat-
isfactory recovery. Importantly, this universal platform can be further extended for the analysis of other
targets by alternating the corresponding recognition unit, which holds much promise in point-of-care
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Introduction

Hospital-acquired infections have been leading causes of
death worldwide."™ Of the many Staphylococcus aureus (8.
aureus) antibiotic variants, methicillin-resistant S. aureus
(MRSA) presents a major public health problem.’ Due to the
resistance of all penicillins and other p-lactam antibiotics,
MRSA is the main causative agent for severe community-
acquired nosocomial and hospital infections.® The mechanism
of antibiotics resistance in MRSA is based on incorporation
with mec DNA, including mecA4, a gene encoding penicillin-
binding protein 2a (PBP 2a). The group of infections arising
due to MRSA has been associated with a substantial increase
in morbidity and mortality rates.”® Early detection of MRSA is
critical to control the infection and improve patient out-
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comes.’ Therefore, the development of a simple, highly sensi-
tive biosensor for S. aureus detection is urgently needed.

Conventional clinical methods for the detection of S. aureus
include antibiotic susceptibility testing (AST),"”'" polymerase
chain reaction (PCR),"*** matrix-assisted laser desorption ioniza-
tion-time-of-flight mass spectrometry (MALDI-TOFMS),">™"”
enzyme-linked immune-absorbent assay (ELISA),"® and surface
plasmon resonance (SPR) methods."” Even though these
methods have advanced sensitivity and specificity for micro-
biology detection, they require laborious sample treatment, long
operation time and complex instruments, hindering their appli-
cation for point-of-care (POC) testing. Thus, there is a pressing
demand for convenient, rapid, and low-cost diagnostic tech-
niques for S. aureus analysis. Recently, various detecting tech-
niques have been successfully applied for S. aureus diagnosis,
including  colorimetry,®®?® electrochemistry,>**°  and
fluorescence.* > However, the sensitivity of these technologies is
unsatisfactory, which limits the clinical application.

In order to overcome these limitations, exonuclease III (Exo
III)-assisted signal amplification has been applied to amplify
response signals.**** Unlike other tool enzymes, Exo III is a
sequence-independent enzyme that does not need the specific
recognition site, which could specifically cleave the double
stranded DNA (dsDNA) when substrates have a blunt or
recessed 3-terminus.**?® The cleavage activity toward single
stranded DNA (ssDNA) or dsDNA with a protruding 3’-end is
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limited.*”*® Therefore, Exo III provides a versatile platform for
the amplified detection of nucleic acids.

In this work, a hairpin probe-mediated DNA circuit for the
detection of the mecA gene of S. aureus was developed cascad-
ing Exo II and DNAzyme-mediated signal amplification.
When the target mecA was introduced, the recycle I process was
triggered in the signal amplification reaction, releasing the
enzyme strand DNA 1. With the co-factor Mg?”, the free DNA 1
that acted as the active DNAzyme could induce the recycle I1I
process, leading to the cleavage reaction toward the substrate
ATMND-HP2 complex, releasing the caged ATMND and sensi-
tively detecting the characteristic mecA gene. Because of the
remarkable amplification efficiency of Exo Il and the Mg>'-
dependent DNAzyme, the assay was ultrasensitive, resulting in
the detection of trace levels of the mecA gene as low as 0.5 fM.

Experimental
Materials and reagents

Exo III was bought from Takara (Dalian, China). 2-Amino-
5,6,7-trimethyl-1,8-naphthyridine (ATMND) was purchased
from Enamine (Ukraine). All other reagents and materials were
of analytical grade and obtained from Sigma-Aldrich
(St. Louis, Mo). Milli-Q purified water (18.2 MQ cm) was used
to prepare the buffer solution.

All HPLC-purified sequences were purchased from Sangon
Biotech Co., Ltd (Shanghai, China) and listed as follows:

mecA gene: 5-ATTGGGATCA-TAGCGTCATT-3'

HP1: 5-GGGGACTCCGAGCCGGACGAAGTTGGTTTTTTTG-
AGT CCCCTGATCCCAAT-3'

HP2: 5-CGCCGCCAACTrAGGTCCCCTTCGCCGTTTTTTT-3'

M1: 5-ATTGGGAACATAGCGTCATT-3'

M2: 5-ATTGGCAACATAGCGTCATT-3'

M3: 5'- ATTCGCAACATAGCGTCATT -3’

NC: 5'"TGCCGCTCATCCGCCACATA-3'

Assay procedure

All of the oligonucleotides were dissolved in 20 mM Tris-HCI
buffer solution (pH 7.5, 150 mM NaCl, 50 mM KCl, and
20 mM MgCl,). Before mecA gene detection, the hairpin probe
1 (HP1) was heated to 95 °C for 5 min and allowed to cool to
room temperature. The hairpin probe 2 (HP2) probe and
ATMND dye with a stoichiometric ratio of 2:1 were first
mixed, heated to 90 °C for 5 min, and then cooled down to
room temperature to form a stable ATMND-HP2 complex. For
the detection of the mecA gene, 200 nM HP1 was incubated
with different concentrations of the mecA gene at 25 °C for
30 min in the presence of 20 U Exo IIL. Subsequently, the 500
nM ATMND-HP2 complex was introduced into the above solu-
tion and incubated at room temperature for 45 min. The fluo-
rescence spectra were recorded from 378 to 520 nm (E, =
356 nm, E;, = 400 nm). The fluorescence measurements
were measured using a SpectraMax i3x (Molecular Devices, the
U.S.).
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To investigate the selectivity of this biosensor for the
specific detection, 10 nM mecA gene and 10 nM other
mutations, 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) were evalu-
ated under the same assay conditions.

Analysis of real samples

All human serum samples were filtered with a 0.22 pm micro-
filtration membrane to remove the insoluble particles.
Different concentrations of the mecA gene spiked in the real
samples were quantified using our circuit. The concentrations
of the mecA gene spiked in the real samples using the pro-
posed method were compared with those acquired by quanti-
tative real-time PCR (qPCR), which was performed using the
following procedures: 95 °C for 3 min, followed by 40 cycles of
95 °C for 3 s, 60 °C for 30 s. Quantitative analysis was per-
formed by combining DNA with SYBR Green 1.

Results and discussion
Strategy for mecA gene monitoring

The principle of a hairpin probe-mediated DNA circuit for the
detection of the mecA gene of S. aureus is illustrated in
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Scheme 1 Schematic illustration of a hairpin probe-mediated DNA
circuit for the detection of the mecA gene of Staphylococcus aureus
based on exonuclease Il and DNAzyme-mediated signal amplification.
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Scheme 1. Typically, all hairpin probes are duplex DNA with a
3’-overhang end. HP1 includes the enzyme strand. The fluo-
rescent small molecule ATMND can selectively bind to a cyto-
sine (C) at a C-C mismatch in double-stranded DNA with high
affinity via the strong n-n stacking interaction, resulting in the
quenching of its fluorescence.’>*® HP2 with two functional
sections has been elaborately designed for the test, which con-
tains a C-C mismatch in the stem for ATMND binding and the
ATMND-HP2 complex forming, and the substrate strand at the
ring for DNAzyme-mediated signal amplification.*'** Exo III
is applied for recycling the mecA gene, as well as to successively
release DNA 1 for signal amplification. The reason for select-
ing Exo III as the amplifying unit is because it is a sequence
independent enzyme which could provide a versatile platform
for the amplified detection of the mecA gene at room tempera-
ture.** When the mecA is introduced, it hybridizes with
domains 1* of HP1 to form the partial duplex (mecA-HP1
complex) through the Watson-Crick base-pairing interaction.
In this case, Exo III is able to bind to duplex regions and cata-
lyze the stepwise hydrolysis of mononucleotides from the 3'-
ends of HP1. After the duplex is fully consumed, the mecA and
DNAL1 are released. The free mecA can automatically hybridize
with other undigested HP1 and then trigger a new cycle
(recycle I). On the basis of the autonomous cycles, large
amounts of DNA1 can be produced to achieve Exo III-assisted
signal amplification.

Furthermore, the products of Exo IlI-assisted signal amplifi-
cation (DNA1) can bind synergistically with domains 3* and 5*
of the ATMND-HP2 complex to form the stabilized supramole-
cular structure (DNA 1-ATMND-HP2). In the presence of the
co-factor Mg>", DNA 1 that served as the activated DNAzyme
can cleave continually the substrate ATMND-HP2 complex,
leading to the dehybridization of the HP2 stem region (owing
to the significant decrease in its melting temperature) and
then releasing ATMND into solution, resulting in an enhanced
fluorescent signal for mecA detection.’” In the absence of
mecA, all hairpins with a protruding 3'-end are resistant to the
cleavage by Exo III. As a result, ATMND is caged in the stem of
HP2 and only the background can be detected.

Feasibility study

To verify the feasibility of the hairpin probe-mediated DNA
circuit, the fluorescence emission spectra were obtained under
different assay conditions. As shown in Fig. 1, due to the high
fluorescence quantum yield, the free ATMND showed a strong
fluorescence signal (black line). The addition of HP2 to
ATMND solution led to a significant decrease in fluorescence
intensity (magenta line), indicating the quenching of ATMND
and the formation of the ATMND-HP2 complex.*' The obvious
fluorescence response cannot be obtained in the presence of
HP1 and Exo II (blue line), implying that Exo IIl-assisted
cycling signal amplification and DNAzyme-mediated cleavage
reaction were inhibited. When the mecA gene was added to the
above solution, a significant enhancement of the fluorescence
signal was achieved (red line), indicating that the binding
between mecA and HP1 initiated Exo III-assisted cycling signal
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Fig. 1 Fluorescence emission spectra of the sensing system under
different control conditions: (1) 500 nM ATMND, (2) 10 nM mecA + 200
nM HP1 + 500 nM ATMND + 500 nM HP2 + 20 U Exo Ill, (3) 200 nM HP1
+ 500 nM ATMND + 500 nM HP2 + 20 U Exo lll, (4) 500 nM ATMND +
500 nM HP2.

amplification, yielding numerous DNA 1. The products of DNA
1 further triggered the DNAzyme-mediated cleavage reaction,
releasing ATMND with fluorescence recovery. These results
clearly demonstrated that our DNA circuit can be utilized for
the amplified detection of the target mecA gene.

Optimization of the experimental conditions

Several key parameters (e.g., the reaction temperature, the reac-
tion time of Exo III-assisted signal amplification, Exo III
dosage, and the cleavage time of DNAzyme) that could affect
the analytical performance of the DNA circuit were investi-
gated. In this work, the reaction temperature plays a crucial
role in the sensing process. It not only affects the stability of
hairpin probes, but also the cleavage activity of Exo III. The
effect of reaction temperature on the response of the biosensor
was optimized by detecting 10 nM mecA gene at different temp-
eratures (4 °C, 25 °C, 37 °C, and 45 °C). The blank sample
(without mecA gene) at each temperature was tested under the
same conditions. As shown in Fig. S1,7 the fluorescence signal
increased accordingly with the increase of the temperature
from 4 to 37 °C. However, the response signal decreased when
further increasing the temperature to 45 °C (cyan histogram in
Fig. S1t). This is probably because the catalytic ability of Exo
III is restrained over the optimal temperature (37 °C) and even
becomes inactivated at 45 °C. Also, the higher temperature
may affect the conformation of hairpin probes, resulting in the
rising background (gray histogram in Fig. S1t). In order to
obtain the best signal-to-background ratio (S/N) (red line in
Fig. S17), 25 °C was considered to be the optimum reaction
temperature. As shown in Fig. S2,T the fluorescence signal of
the sensor containing 10 nM mecA gene rapidly reached its
plateau when the reaction time was 30 min, which suggests
that Exo IIl-assisted signal amplification was completely
achieved. Thus, 30 min was selected as the optimum reaction
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time. In addition, the effect of the enzyme dosage was also
investigated on the basis of the fluorescence response toward
the detection of 10 nM target gene. As depicted in Fig. S3,7 the
response signal increased with the enhancement of Exo III
dosage and reached a platform after 20 U. Therefore, 20 U was
chosen for further experiments. Furthermore, the cleavage
time of the DNAzyme was optimized. As shown in Fig. S4,T the
fluorescence signal gradually increased with increasing clea-
vage time and resulted in a stable value after 45 min, indicat-
ing that the cleavage reaction of the DNAzyme was completely
finished and the caged dye ATMND in H2 was almost released
to produce the fluorescence signal. Thus, 45 min was set as
the optimal reaction time.

Analytical performance of the biosensor

The proposed biosensor was applied for the quantitative detec-
tion of the target gene mecA under the optimized assay con-
ditions (Fig. S1-S3, ESIt). As displayed in Fig. 2A, the fluo-
rescence intensities increased continuously with increasing
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Fig. 2 (a) Fluorescence emission spectra of the sensing system in the
presence of mecA concentrations. (b) Correlation of the fluorescence
intensity at 400 nm with the mecA concentrations. The error bars are
standard derivation obtained from three independent experiments.
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concentration of mecA from 0 to 10 nM. From Fig. 2B, the fluo-
rescence response showed a good linear relationship with the
logarithm of mecA concentrations from 1 fM to 1 nM, and the
regression equation was Fjoo = 1.17 X 10° + 3.56 x 107 Ig C (R* =
0.99) with a detection limit of 0.5 fM (S/N = 3). For clinical
diagnosis, regardless of the level of mecA, a positive result can
be taken as the clinical decision. The sensitivity of the DNA
circuit for mecA detection was compared with other biosensors
(Table S1, ESIt). The results showed that the sensitivity of the
circuit was comparable or even superior to some previously
reported methods for mecA detection.

To evaluate the selectivity of the DNA circuit, 10 nM mecA
mutations, 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), were
employed as interfering agents for the test. As depicted in
Fig. 3, the fluorescence intensity of our proposed biosensor for
10 nM mecA gene is about 3.54 x 10° RFU. For the target with
M1, M2 and M3, the fluorescence intensity decreased to 2.01 x
10® RFU, 1.46 x 10® RFU, and 0.89 x 10® RFU, respectively. The
fluorescence intensity for NC and the blank sample is about
0.86 x 10° RFU. These data indicated that the fluorescence
intensity was almost the same as the blank test when more
than three mutated bases existed in the target. For real sample
analysis, there are at least three different base variations in the
gene between S. aureus and other pathogens.” Thus, our
designed biosensor exhibited good selectivity and can effec-
tively distinguish S. aureus and other pathogens.

Real sample analysis

The application of the DNA circuit was evaluated by perform-
ing a recovery test in actual clinical samples. Different concen-
trations of mecA were spiked into serum samples and detected
using the as-proposed biosensor. As shown in Table S2 (ESIT),
the satisfactory recovery and the relative standard derivation
(RSD) were in the range 94%-105.4% and 4.3%-5.9%, respect-
ively, indicating that the possible interference from the serum
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Fig. 3 Specificity investigation of the sensing platform for mecA against
other mutations. mecA, 10 nM; other mutations, 10 nM. The error bars
are standard derivation obtained from three independent experiments.
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sample to the circuit was negligible. Moreover, the concen-
tration of mecA in the spiked serum samples was further certi-
fied by the qPCR method. The data revealed that no significant
difference existed between the values measured using the pro-
posed fluorescence biosensor and qPCR, confirming the accu-
racy of the developed sensor for detecting the target mecA.
These results demonstrated that our fabricated biosensor is
reliable for mecA detection in clinical samples.

Conclusions

In conclusion, a hairpin probe-mediated DNA circuit for the
detection of the mecA gene of S. aureus was developed cascad-
ing Exo Ill-assisted cycling signal amplification and the
DNAzyme-mediated cleavage reaction. Briefly, HP1 was
employed to recognize the target mecA gene. The binding
between HP1 and mecA initiated Exo III and DNAzyme-
mediated signal amplification, releasing numerous ATMND
molecules, which results in an enhanced fluorescence
response for mecA detection. This biosensor enables the sensi-
tive and specific detection of the mecA gene, presenting a
linear range from 1 fM to 1 nM with a detection limit of 0.5
fM. Furthermore, this fluorescence assay has been applied for
the analysis of clinical samples with satisfactory recovery and
RSD. Importantly, this universal platform can be further
extended for the analysis of other targets by alternating the
corresponding recognition unit, which holds great potential as
point-of-care testing tools for bacterial analysis.
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