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Abstract

A novel electrochemical biosensor was construabedpecific and ultrasensitive
detection of PIK3CA™®*"Rgene mutation based on Nsbl restriction enzymeiattesi
strand displacement amplification (Nsbl-SDA) andrfavay DNA junction for the
first time. In this biosensor, the Nsbl restricti@mzyme combined with strand
displacement amplification (SDA) was able to spealfy distinguish PIK3CA4'R
gene mutation and increase the number of DNA cojmamprove electrochemical
response. In the presence of target mutation geNé, fragments produced by the
cleavage event of Nsbl restriction enzyme coulgher the SDA reaction to generate
massive linker chains. When the linker chains weaptured on the electrode, the
four-way DNA junction was then attached at the ehdinker chain. By integrating
electroactive molecules of methylene blue (MB) ifbor-way DNA junction, this
sandwich-like electrochemical biosensor was abletermine the specific distinction
of target mutation gene with a low detection limit0.001%. Finally, this strategy
could be used to analyze mutation gene spikednatoan serum samples, indicating

the potential application in genetic analysis almical disease diagnosis.

Keywords: PIK3CA gene mutation; Nsbl-SDA; Four-way DNA juranti Methylene

blue; Electrochemical biosensor.
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1. Introduction

PIK3CA (phosphoinositide-3-kinase, catalytic alpd@ypeptide) gene mutation
is one of the most frequently mutated genes in lmucaacers, and has been identified
in breast cancer, colorectal cancer, cervical camcelometrial cancer, ovarian cancer
and so on (Board et al., 2010; Janku et al., 20&fhku et al., 2012). Furthermore,
PIK3CA mutations are related with poor survivakcemcer patients. Among PIK3CA
mutations, PIK3CA!?®'R gene mutation is associated with early diagnosis,
individualized therapy and prognosis of cancerdlifisy et al., 2009; Isakoff et al.,
2005).Thus, it is of great importance to detect PIK3&%"Rgene mutation with high
specificity and sensitivity in cancer screening.

Generally, conventional methods for detecting PIK3§&ne mutations include
DNA sequencing and PCR-based methods (Bachman 8084; Karakas et al., 2006;
Kwon et al., 2011). However, available DNA sequagcin clinic can only detect
0.1%~1%mutated DNA in the background of wild-type DNA, whichallenges its
widespread uptake in clinical laboratories. To ioya the sensitivity of mutation
assay, for example, Song’s group proposed peptidieic acid (PNA)-mediated PCR
to specifically discriminate PIK3CA gene mutatioittwa sensitivity of 0.2% (Zeng et
al., 2017). Subsequently, Ding’s group adoptedsathermal amplification strategy to
analyze the same mutation with equal-level sensiti&hen et al., 2018} owever,
these methods were still practically difficult teetdct small amounts of mutated
alleles in a homogeneous sample. In this situatiorecessitates a higher specific and
sensitive strategy for mutation analysis in clihai@agnosis.

Recently, a variety of classic strategies, suchsadace ligation reaction,
mismatch binding protein-mediated strategies, miégcbeacon-based methods and
so on, were proposed for high fidelity recognitiohmutation sites (Chang et al.,
2015). Indeed, these strategies can specificallgctienutation regions to avoid
complicated DNA sequencing and have widely extentthedmutation assay in the
genetic diagnosis due to their excellent mutatigscrimination capabilities. But,
these methods suffer some intrinsic shortcoming$ sis poor specificity and low
sensitivity. As an alternative biomolecule to reciag gene mutation, Nsbl restriction

3
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enzyme as a site-specific restriction enzyme canogmize specific sites
(5-TGAGCA) and cleave double-stranded DNA. As far as wevkrthe application
of Nsbl restriction enzyme in electrochemical bregag for PIK3CA gene mutation
detection has not been reported. Additionally,retrdisplacement amplification (SDA)
reaction is well-known as an effective method irgeéa recycling amplification, by
which can efficiently obtain the DNA copies and difigpbiological signals (Zhao et
al., 2015; Li et al., 2015; Zhang et al., 2013).

On the other hand, various biosensing-based appesasuch as fluorometric,
colorimetric and electrochemical methods, have ha#ired towards the detection of
gene mutation (Guo et al., 2009; Tang et al., 2@;et al., 2011; Valentini et al.,
2013; Raoof et al., 2011; Esteban-Fernandez ef@l5). Among these methods,
electrochemical strategies have received increasitemntion in the field of genetic
diagnosis owing to its advantages of high sengjilow cost and rapid response (Liu
et al., 2012; Hocek et al., 2011; Zhu et al., 20IEmerging nanodevices have been
introduced into electrochemical platform to furthemprove sensitivity including
metal nanoparticles, metal-organic frameworks (MOFsnd unique DNA
nanostructures (Zhu et al., 2016; Sepunaru e2@L6; Chang et al., 2019; Chen et al.,
2012; Chu et al., 2019). So far, many unique DNAas#ructures have been applied
to the design of biosensors due to their abilityanoplify electrochemical signal. For
example, Chen and his colleagues developed arsettsitive electrochemical DNA
biosensor using long-range self-assembled DNA rtenncigres as carriers for signal
amplification (Chen et al., 2012). Additionally, @b group detected human
telomerase RNA by a hairpin assembly-based bios¢admost the sensitivity as low
as 17.0 fM (Chu et al., 2019). As a class of n@&A nanostructures, four-way DNA
junction by simple fabrication process was chosencandidate for developing
electrochemical biosensors, by which much moretmlactive molecules can be
captured to produce a significant increase in mdebemical signal and boost
biosensor’s sensitivity (Labib et al., 2013).

Biosensing techniques have been developed to gamation for insistent
demands of good reproducibility, short time constiomp and high sensitivity

4
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(Ranjan et al., 2017). Inspired by the above, liggrating Nsbl-SDA reaction with
hairpin-based four-way DNA junction, we developededectrochemical biosensor to

ultrasensitive detect PIK3CA%'R

gene mutation for the first time. By this strategy,
the NsblI-SDA could not only specifically discrimteaPIK3CA''%*R gene mutation
but also dramatically increase the number of DNAies, while the novelour-way
DNA junction could capture a large amount of electroactive nmetigyblue (MB) to
enhance electrochemical response. More importatttly, kind of electrochemical
biosensor could detect low abundance gene mutationdiological samples,

suggesting potential application in both basicaed® and clinical diagnosis.

2. Experiment section
2.1. Materials and reagents

Nsbl restriction enzyme, Klenow Fragment (KF)«{& exd), Nb.BbvCl, 10x
Klenow buffer (500 mM Tris-HCI, 50 mM Mggland 10 mM DTT, pH 7.9) and 20
CutSmart™ buffer (20 mM Tris-acetate, 500 mM potassium degtd0 mM
magnesium acetate and 10§/mL BSA, pH 7.9) were obtained from New England
Biolabs (Beijing, China). GoldView , DNA marker and dNTP were purchased from
SBS Genetech Co., Ltd (Beijing, China), TaKaRa @walChina) and Thermo Fisher
Scientific Inc. (Waltham Mass, USA), respectivelyis (2-car-boxyethyl)-phosphine
hydrochloride (TCEP), mercapto hexanol (MCH) andthyiene blue (MB) were
provided by Sangon Biotech Inc. (Shanghai, Chid).oligonucleotides (HPLC
grade) used in this experiment were synthesize®&dnygon Biotech Inc. (Shanghai,
China). The DNA sequences were illustrated in T&de Ultrapure wate>(18 MQ,

Milli-Q, Millipore) was used in all experiments.

2.2. Apparatus
Accurate oligonucleotide concentrations were ewvahllidoy a NanoDrop 1000

spectrophotometer (Thermo Scientific Inc., Wilmmgt DE, USA). The
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electrophoretic gels were imaged by a ChemiDoc Xg8em (Bio-Rad, Hercules,
CA, UAS). DPV measurements were performed on a 6616 Electrochemical
Workstation (Shanghai Chenhua Instrument Co., I@thina) with a three-electrode
electrochemical system (SCE as reference electygdénum electrode as counter
electrode and gold electrode (3 mm in diameter)wasking electrode). The
morphology of four-way DNA junctions prepared onetimica substrate were
evaluated with a SPM-9700HT atomic force microscOpEM) (Shimadzu, Kyoto,
Japan) using NSG10 single crystal silicon cantigv@NT-MDT, Russia) with a

resonant frequency of 300 kHz, force constant oN3a.

2.3. Production and amplification of linker sequesd®y NsbI-SDA

First of all, various concentrations of mutationget (MT) DNAs, 10 nM
wild-type (WT) DNAs, 20 nM complementary sequenGs) to MT and Iul 10 x
NEB buffer 2 were mixed together in a final voluofelO uL to form double-stranded
DNAs (dsDNAs). Then, 2 U Nsbl restriction enzymeswadded into the reaction
system and incubated for 1 h at 37°C. The MT DNAgencompletely cleaved by
Nsbl restriction enzyme. The reaction solution wasd for the next SDA reaction.
Afterwards, the SDA was reacted at 37°C for 90 mira 10puL reaction solution,
including 1uL cleavage products mixture, 1 nM Template, 2 U K) Nb.BbvCl, 1
uL 10 x CutSmart™ buffer, L 10 x NEB buffer 2 and LL of 250 uM dNTP (KF
was used to extend DNA strands, while Nb.BbvCl waed to identify and cut
specific sites on template sequence). Finally, rekction solution was hydrated at
85 °C for 10 minutes to terminate SDA reaction.afip the solution was stored at

4 °C for electrochemical detection.

2.4. Construction of the proposed electrochemicaddnsor
The four-way DNA junction consisted of four DNA&tds, including Hairpin 1
(H1), Hairpin 2 (H2), Hairpin 3 (H3), and Quarteeddience (QS). The secondary
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structure of three hairpins was predicted by Oligazer 3.1 on line as shown in
Figure S1, from which it speculated that these Dstrands could form hairpin
structures very well. To form hairpin structuresl,Hi2 and H3 were pretreated at
95°C for 5 min and then gradually cooled down tomotemperature. All gold
electrodes used in our experiments were polishéld aumina powder (0.05 mm in
diameter) and then sonicated in ultrapure water~b® min to remove impurity.
Subsequently, the polished electrodes were soak@danha solution for 10 min to
further remove the residue on the electrode surfében, the pretreated electrodes
were modified with a 0.uM capture probe (CP) solution at 4 °C for ~8 h.eAft
washing with 1x PBS solution (pH 7.4), the CP-modified electrodesenncubated
in 1 mM MCH solution at room temperature for 0.%ohblock active sites. Then, 10
uL product by Nsbl-SDA was added to electrode s@rfand incubated at 37 °C for
0.5 h. After that, to form the four-way DNA junatis on the electrode surface, the
electrodes were placed in mixture solution (comgr0.3uM H1, 0.3uM H2, 0.3
uM H3 and 0.3uM QS) at 37 °C for 0.5 h, then rinsed byx1PBS solution.
Subsequently, the electrodes were incubated imBASMB solution (10ul) at room
temperature for 30 min in the dark. Eventually, étectrodes were washed withx1

PBS solution to remove unbound MB for further use.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedarspectroscopy (EIS)
measurements were conducted in 0.5 M KN€blution containing 0.5 mM
[Fe(CNX]*™. CV curves were recorded at scan rate of 10 m\asd EIS spectra
were collected with the frequency range from 0.12v8 0.01 Hz. Meanwhile, the
differential pulse voltammetry (DPV) measurementyavperformed in the working
solution (0.1 M PBS, pH 7.4) with a pulse period0dd s, a pulse width of 0.2 s, a
pulse amplitude of 50 mV, and potential scan frddrb-V to 0.0 V.
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2.6. Gel electrophoresis

The feasibility of NsbIl-SDA reaction and formatioh four-way DNA junction
were confirmed by 3% agarose gel electrophoresia.typical analysis, each sample
contained 8uL of reaction solution. The electrophoresis wadgrared in 1x TBE
running buffer (pH 8.3, 2 mM EDTA, 89 mM Tris, 89Mnboric acid) at 110 V
constant voltages for 40 min. Then, electrophorésiages were acquired by a

ChemiDoc XRS system.

3. Results and discussion
3.1. Principle of the electrochemical biosensor

As shown in Scheme 1, a sensitive electrochemioakebsor was constructed by
combining NsbI-SDA and four-way DNA junction. Fisstin part A, the CS sequence
(black) perfectly hybridized to the mutation tard®T) sequence (blue) to form
MT/CS dsDNA, which has a specific site’-BGCGCA). Then the site would be
specifically recognized and cleaved by Nsbl restnic enzyme to produce DNA
fragments (F1 and F2 were fragments of the DNArfragts, they came from the MT
sequence after enzymolysis). Then, Bne of the two DNA fragments of MT
sequence, hybridized to thé éhd of template to initiate SDA reaction with thelp
of Klenow Fragment and Nb.BbvCl. In the presenceldf P, it could restart many
cycles, yielding massive linker chains. Howevee @5 sequence hybridized with the
wild type (WT) sequence (green) to form mismatcét/CS dsDNA, in which the
site (B-TGCACA, unmutated) would not be recognized andawdel by Nsbl
restriction enzyme. Thus, this NsbI-SDA reactionuldo not only specifically
discriminate PIK3CA®*"R gene mutation but also dramatically increase tivabrer
of DNA copies. Subsequently, the linker chain cooédcaptured by CP anchored on
the electrode. The mixture of H1, H2, H3 and QS wdaxpped onto the surface of
electrode to form four-way DNA junction at end wiker chain. Finally, large number
of MB molecules, as electroactive indicators, cdoddfixed by the unique four-way

DNA junction to generate electrochemical responsee dto its intrinsic
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double-stranded stem and the G-rich ring (Chem. €2@08; Rafiee-Pour et al., 2016).
Through the Nsbl-SDA method and amplification okadtochemical signal, it

realized ultrasensitive detection towards PIK3EARgene mutation.
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Scheme 1.Schematic illustration of electrochemical biosenfw PIK3C mutation

detection based on NsbIl-SDA (part A) and four-wayAjunction (part B).

3.2. Characterization of the NsbI-SDA and electeraital biosensor

To characterize the feasibility of the designed IN&DA reaction, gel
electrophoresis was firstly used to analyze itsdpots in this experiment. As shown
in Fig. 1A, lane 1, 2 and 3, in which each hadrglei band, represented WT DNAs,
MT DNAs and CS, respectively. Meanwhile, the misthatl dsDNA of WT and CS
also gave only one bright band even in the preseh&&sbl restriction enzyme (lane
4), illustrating that this dsDNA was inactive tolNisestriction enzyme. However, we
could clearly observe multiple downstream bandame 5 in comparison to lane 4. In
this situation, it was speculated that the matcdsBNAs of MT and CS were
effectively cleaved by Nsbl restriction enzyme. Adohally, some non-specific bands
could be observed in lane 6 when small amountsisimatched dsDNAs, KF, Nsbl
restriction enzyme, Nb.BbvCl, dNTP and templateen@ixed together and incubated

at 37 °C for 1 h, from which it demonstrated thatvished background amplification
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occurred and the mismatched dsDNAs did not take ipathe SDA amplification
reaction. When compared with lane 5, a downstreand lzould be clearly observed
in lane 7, signifying massive linker chains weragmated during SDA process. These
results demonstrated that the NsbI-SDA reactionldcaffectively discriminate
PIK3CA™4"Rgene mutation and enhance its biological signesidies, to investigate
the feasibility of four-way DNA junction’s formatip we characterized the hairpin H1,
H2, H3, QS, and four-way DNA junctions by gel etephoresis analysis. As shown
in Fig. 2B, lane 1, 2, 3 and 4 presented the H1, H2and QS, respectively. When
they were mixed together and incubated at 37 °Q foy the upstream band in lane 5
indicated successful assembly of the four-way DNA#ction. And then, the
morphology of four-way DNA junctions prepared om timica substrate evaluated by
AFM. Based on analysis, the structure of four-wayAjunction was similar to that
of DNA tetrahedron (Li et al., 2017).

Cyclic voltammetric (CV) and electrochemical impeda spectroscopy (EIS)
were employed to characterize the modified eleetsod\s illustrated in Fig. 2A, it
gave the CV curves of various electrodes in 0.5 FR&CN)]>". It was obvious that
a pair of redox peak could be observed at ~ 0.=h&/~ 0.24 V vs SCE on the bare
Au electrode (black curve). While, the successfolification of the CP probes on
the bare Au electrode leaded to a decrease ofieleatrent (red curve). When MCH,
NsbIl-SDA reaction product and four-way DNA junctorwere added to the
CP-modified electrode by turn, the electric curreomtinued to decrease (curve c, d
and e). It might be explained that biomolecular ification could block the
electron-transfer between the electrolyte and eddet (Li et al., 2009; Liu et al.,
2010). Meanwhile, to verify the influence of bioraolles anchored on the electrodes,
EIS was carried out in 0.5 mM [Fe(Gi$"* as shown in Fig. 2B. The
electron-transfer resistance was exhibited by thmeter of semicircle. It was found
that the biomolecules on electrode restricted tharge transfer when they were

anchored on the electrode surface.

10
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Fig. 1. Feasibility of the designed NsbI-SDA Characteribgdjel electrophoresis: (A) lane M,
20-bp DNA marker; lane 1, WT; lane 2, MT; lane 3S;Clane 4, WT/CS/Nsbl

restriction enzyme; lane 5, MT/CS/Nsbl restrictemmzyme; lane 6, WT/CS/Nsbl
restriction enzyme/SDA; lane 7, MT/CS/Nsbl restaotenzyme/SDA; (B) lane M, 50-bp
DNA marker; lane 1, H1; lane 2, H2; lane 3, H3;dah QS; lane 5, H1/H2/H3/QS; (C) AFM

image for four-way DNA junctions.
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Fig. 2. The CV and EIS measurements of the modified eldegpa) bare gold electrode. b)
capture probe modified-gold electrode; c) captusb@/MCH-modified electrode: d) capture
probe/MCH/NsbI-SDA reaction products-modified

etede; e) capture

probe/MCH/NsbI-SDA reaction products/four-way junotDNA-modified electrode.

3.3. Electrochemical response towards detectiorIEBCA1%*"Rgene mutation
The ultimate biomolecules-modified electrode wasodated by MB molecules,
which were anchored on the four-way DNA junctiotts attain the electrochemical

response. To confirm the specificity of the constied biosensor, we evaluated it by

11
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differential pulse voltammetry (DPV) method in 100 WT and MT-based solutions.
First of all, we characterized the biosensor inlitank solution (The blank solution
indicated that there was no mutation target (MT)A3Nr wild-type (WT) DNAS in
this Nsbl-SDA reaction system). Low electrochemiesponse was observed, which
was ascribed to the electrochemical oxidationsesident MB molecules during the
process of electrode preparation (Xiao et al., 2086shown by black curve in Fig. 3.
Meanwhile, an electrochemical response on the dawe was present in 100 pM
WT-based solution (blue curve). When DPV measurémas performed in the 100
pM MT-based solution, a significant electrochemioadponse came from massive
MB molecules captured by four-way DNA junctions.eBk results suggested that
large amount of MB molecules could be fixed and hadintense electrochemical
response only if mutation target (MT) was preseate(Scheme 1). Obviously, the
A1047R

constructed biosensor has outstanding ability ezidipally distinguish PIK3C

gene mutation.

8.0
C
6.0
=
§ 4.0
5
@]
2.0+ b
g‘A&-ﬁﬁ
0.0 T

05 04 -03 -02 -01 00
Potential / V

Fig. 3. The DPV responses of biosensor in: (a) blank swiyt{b) 100 pM WT (wild
PIK3CA™*R_pased solution; (c) 100 pM MT (mutation PIK3EXM-based solution after

Nsbl-cleavage mediated strand-displacement amgtiific.

3.4. Optimization of experimental conditions

To obtain the best performance of the electrochaintimsensor, we optimized
three important experimental parameters: Nsbl elgatime, SDA reaction time, and
assemble time of four-way DNA junctiomhe cleavage reaction time of Nsbl

12



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

restriction enzyme was firstly evaluated. As ilhastd in Fig. 4A, the current
responses in the DPV measurements linearly incdeasth cleavage time until 60
min. After 60 min, the current responses begaratorated and eventually reached to
a plateau. Subsequently, we tested the influencth@fSDA reaction time in the
overall system. As shown in Fig. 4B, it was fouhdttthe current responses increased
with the incubation time until the current respansaturated in 90 min. Then, the
assemble time of four-way DNA junction was optindzé&Jndoubtedly, the current
responses gradually increased from 15 min to 6Q emd did not change after more
than 60 min, indicating that the four-way DNA juioct could completely formed in
60 min. On the basis of above analysis, the resuiggested that when the time of
Nsbl cleavage, SDA reaction, and assemble of fay-WNA junction were longer
than 90 min, the electrochemical biosensor wouldilek excellent performance

towards detection of PIK3CA*"Rgene mutation

(A ®) ——,] T©
/i_—i ) )

————1

(53] (o2}
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34 3 / 3+
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Cleavage time / min Reaction time / min Assemble time / min

Fig. 4. Optimizations of experimental conditions: (A) Nsidéavage time, (B) SDA reaction

time and (C) assemble time of four-way DNA junction

3.5. Biosensor’s performance towards detectionlEBEA™%"Rgene mutations

The electrochemical biosensor’s overall performawes demonstrated in the
presence of different ratios of MT to WT rangingrfr 10° to 0.5 (i.e. 0.001% ~ 50%).
As illustrated in Fig. 5, the current responsehie DPV measurements increased with
MT percentage from 0 to 50.0% (Fig. 5A). The plbtorrent intensity vs percentage
of MT showed a good linear relationship from 0.00t9%0.0% with the regression
equation ofi = 0.98x Ig ¢ + 6.74 (R = 0.9976) (Fig. 5B). From Fig. 5B, it was
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obvious that the detection limit of this biosens@s 0.001%. Moreover, benefiting
from the wonderful signal amplification capabiliby NsbI-SDA and four-way DNA
junction, the detection limit of our biosensor veaperior to other reported biosensing
methods (see Table S3).

9 7

(A @

1=0.98 Ig C+6.74
R’=0.9976

]
1

Current / pA
Current/ pA

w
)

3
10° 10° 10* 10° 10° 10" 10°
[ Ratio of MT to WT

0 : : : : . . 1+— . : : ; .
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0 0.1 0.0 0.1 02 03 04 05
Potential / V Ratio of MT to WT

Fig. 5. (A) Current responses in the DPV measurements twélratio of MT to WT ranging
from 0 to 0.5 (i.e. 50%, 10%, 1%, 0.5%, 0.1%, 0.0%201%, 0.001, 0%,-ai); (B) linear
relationship between current intensity and theorafiMT to WT. Error bars represented the

standard deviation of three parallel experiments.

3.6. Standard recovery test of the biosensor ikespblood sample

To assess the applicability of the electrochentwagensor towards detection of
PIK3CA"%'R gene mutation in physiological environment, theokery test was
carried out. In standard addition experimentsr#tie of MT to WT in 20-fold diluted
serum was 0.01%, 1.00% and 45.00%, respectivelyilléstrated in Table S2, the
recovery rate of three was in the range of 96.893.02%, while the RSD was in the
range of 4.34 ~ 5.87%. These results indicated tihiat proposed biosensor had
potential applications for detection of PIK3CA'R gene mutation in clinical

diagnosis.

3. Conclusions
To assay PIK3CA™'R gene mutation with high specificity and sensiivive
proposed an effective electrochemical biosensoedas the Nsbl-SDA reaction and
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four-way DNA junction for the first time. In thisavk, we have designed NsbIl-SDA
reaction, which could identify PIK3CA°"Rgene mutation and amplify biological
signal in homologous systems. Then, a novel fow-WdNA junction that can
self-assembly directly on the electrode surface eaastructed. This type of structure
can bind a large number of MB molecules to imprelectrochemical response to
improve the biosensor’s sensitivity. Compared wéported assays to gene mutation,
this strategy achieved the ultrasensitive deteatfoRIK3CA™**’Rgene mutation and
has been applied to complex matrices. Neverthetbss,strategy for detection of
PIK3CA gene mutation is time-consuming, which atekcits application in clinical
diagnosis. In view of this, more efforts are neettedhorten the detection time and

make it more suitable for clinical diagnosis of gen diseases and basic researches.
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Highlights
€ \We combined Nsbl restriction enzyme with SDA to design a new homogeneous

CA H1047R

reaction strategy, by which recognized the mutation site of PIK3 gene

and improved biological signals.

€ A novd four-way DNA junction by a simple and direct self-assembly process was
fabricated to capture a large amount of electroactive methylene blue (MB) to

enhance electrochemical response.

€ A novel eectrochemical sensor, based on Nsbl restriction enzyme-mediated
strand displacement amplification (Nsbl-SDA) and hairpin-based four-way DNA

junction, can determine PIK3CAM*™R mutation as low as 0.001%.
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