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MVF Sensor Enables Analysis of Nucleic Acids with Stable

Secondary Structures
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Abstract: One major challenge in nucleic acids analysis by
hybridization probes is a compromise between the probe’s
tight binding and sequence-selective recognition of nu-
cleic acid targets folded into stable secondary structures.
We have been developing a four-way junction (4WJ)-
based sensor that consists of a universal stem-loop (USL)
probe immobilized on an electrode surface and two
adaptor strands (M and F). The sensor was shown to be
highly selective towards single base mismatches at room
temperature, able to detect multiple targets using the
same USL probe, and have improved ability to detect
folded nucleic acids. However, some nucleic acid targets,

including natural RNA, are folded into very stable
secondary and tertiary structures, which may represent a
challenge even for the 4W1J sensors. This work describes a
new sensor, named MVF since it uses three probe stands
M, V and F, which further improves the performance of
4W1J sensors with folded targets. The MVF sensor inter-
rogating a 16S TRNA NASBA amplicon with calculated
folding energy of —32.82 kcal/mol has demonstrated 2.5-
fold improvement in a signal-to-background ratio in
comparison with a 4WJ sensor lacking strand V. The
proposed design can be used as a general strategy in the
analysis of folded nucleic acids including natural RNA.
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1 Introduction

Electrochemical sensors based on nucleic acid recognition
have received significant attention due to simplicity in
their preparation and target detection [1-2]. Nucleic acid-
assisted recognition followed by electron transfer to a
gold surface allows for the electrochemical detection of
various targets including specific DNA and RNA sequen-
ces [1,3-5]. First sensor designs that took advantage of
this pathway utilized a stem-loop folded probe immobi-
lized to the electrode’s surface via a thiol group at one of
its termini, while a redox marker was attached to the
opposite probe terminus (Scheme 1A) [6]. The target
hybridized to the loop portion of the probe thereby
triggering opening of the stem-loop and removing the
redox marker away from the electrode’s surface [6-7].
This design exhibits an “ON-OFF” signal, i.e., the
response is suppressed with the increasing target concen-
tration [6-9]. Although this sensor design is widely used,
it presents a number of significant limitations. First, stem-
loop folded probes have limited selectivity, since they do
not differentiate single nucleotide substitutions (SNS) at
room temperatures (~22°C) [9,10]. Second, being folded
themselves, such probes are unable to efficiently inter-
rogate single-stranded DNA or RNA folded in stable
secondary structures [11,12]. Third, a new probe must be
designed and attached to the gold electrode for each new
target. Moreover, the “ON-OFF” signal operational mode
of this design reduces the linear dynamic range of the
target recognition [8].

Some of the challenges demonstrated by a simple
stem-loop probe for electrochemical nucleic acid detec-
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tion were overcome in the case of the three-way junction
(3WIJ) [10-11]. This design allowed the response to
increase with the target concentration (“OFF-ON” sig-
nal), since it utilized an additional redox marker-contain-
ing strand, which was complementary to both the stem-
loop probe and the target. Thus, the target triggered
formation of the 3WIJ structure with the stem-loop and
additional strand, in which the redox marker was brought
close to the electrode’s surface, resulting in a current
density signal proportional to the target concentration
(Scheme 1B) [10-11]. However, the selectivity of the 3WJ
design still did not allow discrimination of SNS, since it
was still stable when an unpaired nucleotide was present
[12]. In addition, the stem-loop strand was still comple-
mentary to the target, and so was needed to be re-
designed, along with the second strand, every time a new
nucleic acid sequence was analyzed.
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Scheme 1. Different designs of electrochemical nucleic acid
sensors hybridized to a specific nucleic acid target: (A) a stem-
loop probe labeled with a redox marker (MeB) is opened up by
the target’s presence; (B) the target triggers formation of a 3WJ
structure by binding to the stem-loop and MeB-containing
strands; and (C) a 4W]J structure is formed between the stem-
loop, two adaptor strands, one of which contains the MeB redox
marker, and the target.

We have been developing a DNA four-way junction
(4WJ) platform that promises to advance electrochemical
nucleic acid analysis [13-16]. The 4WJ is comprised of a
universal stem loop (USL) strand, and two adaptor
strands M and F, one of which is equipped with a redox
marker (e.g. methylene blue, MeB). When strands M and
F specifically bind to the adjacent positions of a nucleic
acid target, they open USL and form a 4WJ structure,
which positions MeB close to the electrode surface
(Scheme 1C) [17]. The USL strand is universal in this
design and does not need to be tailored to the target
under analysis. Strand F is responsible for unwinding and
tight binding to the target due to a relatively long target-
binding arm [15,18-20], while strand M has a shorter
target-binding arm (8-12 nt). Therefore, strand M is
responsible for maintaining high selectivity of the target
recognition by the 4WJ platform, since an SNS-containing
target does not hybridize to strand M, thereby preventing
formation of the 4WJ structure [13-16,21]. Furthermore,
the 4WIJ sensor enables the “OFF-ON” detection mode,
as the target’s presence brings the redox marker close to
the electrode’s surface [17]. Even though the reported
4WJ design allows for target unwinding due to higher
affinity of strand F to the target, it is not very efficient in
interrogating very stable target secondary structures, since
it would require significant elongation in the target-
binding arm of strand F, which would increase the
likelihood of folding of strand F itself into a stem-loop
structure and, thus, complicate its interaction with the
target [13,22-23].

In this work, we developed an advanced 4WJ electro-
chemical sensor (MVF 4WJ) that combines the advan-
tages of high selectivity and tight binding to analysed
nucleic acids and further improves the ability of the
sensor to interrogate highly structured nucleic acids. We
demonstrated the ability of the MVF sensor to unwind
targets corresponding to fragments of the rrs genes of a
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pathogenic E. coli O157:H7 strain and non-pathogenic E.
coli K12 substrain MG1655. The new sensor exhibited an
improved efficiency of interrogation of a fragment of 16S
rRNA amplified using nucleic acid sequence-based ampli-
fication (NASBA) reaction, as compared with a conven-
tional 4WJ electrochemical sensor. [17,20-21] This was
achieved by incorporation of an additional target-unwind-
ing strand (called here strand V, thereby giving the name
to the sensor). Such modification in the conventional 4WJ
design broadens the sensor application for nucleic acid
analysis by allowing efficient binding to RNA targets with
complex secondary structure.

2 Experimental
2.1 Chemicals

Oligonucleotides including the USL probe, strands F and
V, synthetic targets and primers were purchased from
Integrated DNA Technologies (Coralville, USA). Strand
M oligonucleotides modified with a methylene blue
(MeB) redox marker were obtained from Biosearch
Technologies, Inc. (Petaluma, USA). The oligonucleoti-
des were designed to minimize secondary structure using
NUPACK analysis software [24]. The sequences are listed
in Table 1, where the fragments for the targets were
obtained by accession numbers U00096.3 and BA000007.2
for K12 and O157 E. coli, respectively. Tris(2-carboxyeth-
yl) phosphine hydrochloride (TCEP), 6-mercapto-1-hex-
anol (MCH), trizma hydrochloride (Tris—HCI) and mag-
nesium chloride were purchased from Sigma Aldrich (St.
Louis, USA). Sulfuric acid, sodium hydroxide and sodium
chloride were obtained from Fisher Scientific (Pittsburgh,
USA). Saturated phenol at pH 4.3 (Sigma Life Sciences)
and RNase-DNase chloroform:isoamyl alcohol (Acros
Organics) were combined in 25:24:1 ratio for use in
acidic phenol:chloroform extractions. RNase-DNase
chloroform:isoamyl alcohol (Acros Organics) was used
for chloroform back extractions. Alumina slurry (1.0 um,
0.3 um and 0.05 um) was obtained from Buehler (Lake
Bluff, USA). Gel Red was purchased from Biotium
(Fremont, USA). The immobilization buffer (IB) was
prepared with 50 mM Tris—HCIl and 250 mM NaCl, the
pH was adjusted to 7.4 using 1.0 M NaOH. The hybrid-
ization buffer (HB) was prepared with 50 mM Tris—HCI,
100 mM NaCl and 50 mM MgCl, and adjusted to pH 7.4
using 1.0 M NaOH. For NASBA reactions and amplicon
isolation, non-DEPC (diethyl pyrocarbonate) treated
RNase-free water (Boston BioProducts Inc.) was used.
All other solutions were prepared with deionized water
(182 MQcm) using a Siemens PURELAB Ultra system
(Lowell, USA).

2.2 NASBA

NASBA reactions were performed using a NASBA kit
(Life Sciences Advanced Technologies, Inc. St. Peters-
burg, FL), 1 uM primers (Table 1) and 4 pg/uL E. coli 16S
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rRNA obtained by in vitro transcription (see Supporting
Information). The final volume of each reaction mixture
was 20 pL with amplification time of 90 min. The reaction
conditions were used as specified by the vendor. NASBA
reaction mixtures were diluted to 250 pL with RNase-free
water, and RNA was extracted twice using acidic
phenol:chloroform (1:1v/v) according to a standard
protocol. A chloroform:isoamyl back extraction (1:1 vol-
ume recovered RNA :solvent) was used to remove excess
phenol, and the RNA product was ethanol-precipitated.
Purified RNA was analyzed via gel electrophoresis in a
2 % w/v agarose gel containing 1 x Gel Red using 1 x TAE.
Agarose gels were visualized using a BioRad Gel Doc
XR+ system and Image Lab software (Figure S1).
Concentrations of the purified RNA were approximated
in gel using a reference band of a similar length in an
RNA ladder (RiboRuler Low Range RNA ladder, Fisher
Scientific, Pittsburgh, PA). Purification of RNA was
confirmed using 260:280 nm absorbance ratios, and
agarose gel electrophoresis.

GCTGCUUCCUGUUACCGUUCGACUUGCA

CTTCCTGTTACCGTTCGACTTGCA

AATTCTAATACGACTCACTATAGGGAAGAGGTTGCGACGTTATGCGGTATTAGCTA

TGCAAGTCGAACGGTAACAGGA

GCTGCTTCCTGTTACCGTTCGACTTGCA

TGCGGTATTAGCTACCGTTTCCAGTAGTTATCCCTCTCCATCAGGCAGTTTCCCAGACATTACT

2.3 Sensor Preparation

CAATAGATCGCG

GATCTATTG/Sp9/GCTGACGAGTGGCGGACGGGTG

Gold disc electrodes (GDE) were cleaned by immersion
in piranha solution (1:3 ratio of 30 % H,0,-98 % H,SO,)
for 10 min and manually polished on a microcloth with an
alumina slurry (1.0 yum, 0.3 pm and 0.05 pum). The GDEs
were sonicated in water and ethanol for 2 min to remove
residual alumina particles trapped on the electrode sur-
face. Then, the GDE activation was performed by cyclic
voltammetry in 0.5M H,SO, from 1.6 to —0.1V at
100 mV/s and this step was used to determine the electro-
active area of each electrode [25].

For USL immobilization on GDE surface, 1 mM
TCEP was used to reduce the disulfide bond of the USL
by shaking the solution for 1 h. This solution was diluted
to 0.1 uM in IB and drop-casted (15 pL) on to GDEs for
30 min. Then, the GDEs were rinsed with IB and dried
with nitrogen. Subsequently, 2mM MCH (15 pL) was
drop-casted and incubated for 30 min to reduce non-
specific adsorption. The GDEs were rinsed with IB and
dried with nitrogen. Afterward, hybridization was per-
formed by dilution of the targets (K12, O157 and NASBA
amplicon) to 50 nM in HB and addition of appropriate
adaptors strands (M and F) and strand V (V1, V2 and V3)
at desired concentrations. 15 pL of this solution was drop-
casted onto the GDEs and incubated for 90 min. All the
steps were performed at room temperature.

TTTTTTTTTT-MeB

TTTTTTTTTT-MeB

/iSp9/

/iSp9/

UUGCGACGUUAUGCGGUAUUAGCUACCGUUUCCAGUAGUUAUCCCCCUCCAUCAGGCAGUUUCCCAG

GGTAACAGGAAGAAAAAAAAAA

GGTAACAGGAAGI/SpI/AAAAAAAAAA
TGCGGTATTAGCTACCGTTTCCAGTAGTTATCCCCCTCCATCAGGCAGCTTCCCAGACATTACT
CACCCGTCCGCCACTCGTCAGC

CACCCGTCCGCCACTCGTCAGC

ACAUUACUCACCCGUCCGCCACUCGUCAGC

GGTAACAGGAAG

Sequence (5-3")
[ThioIMC6—D/TTTTTTTTTTCGC

2.4 Electrochemical Measurements

Electrochemical measurements were performed in a
CHI660D Electrochemical Workstation (CH Instruments,
Austin, USA) with a conventional electrochemical cell
composed of three electrodes: modified gold disc electro-
des, Ag/AgCl (1 M KCIl) and platinum wire as working,
reference and counter electrodes, respectively. All elec-
trodes were purchased from CH Instruments (Austin,

*ThiolMC6-D: 5" Thiol Modifier C6 S-S; MeB: Methylene Blue; iSp9: Triethylene glycol linker. Fragments of the probes/targets complementary to each other are color coded.

Table 1. Oligonucleotides sequences* used in 4WJ-based sensor and NASBA.

amplicon (K12 RNA)

Strand M O157

Oligonucleotide
USL probe
Strand F

Strand M K12
Strand V1
Strand V2
Strand V3

K12 DNA
Forward primer
Reverse primer
NASBA

0157 DNA
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Scheme 2. Scheme of the 4WJ sensor in the absence of strand V (A) and in the presence of strand V1 (B), V2 (C) or V3 (D).

USA). Square wave voltammetry (SWV) was recorded
from 0 to —0.5V at a frequency of 100 Hz, amplitude of
70 mV and increment potential of 3 mV in HB solution at
room temperature. Nitrogen was bubbled for 10 min into
electrochemical cell to remove oxygen before the meas-
urements. Each experiment was performed in triplicate
(three separate working electrodes) to acquire statistically
significant data.

3 Results and Discussion
3.1 Selection of the MVF Sensor Design

The design of the MVF sensor was based on the 4WJ
sensor design reported by us earlier [17,26-28]. To
improve the sensor’s ability to interrogate highly struc-
tured RNA targets, we incorporated strand V in addition
to strands M and F in the sensor design (Scheme 2). We
explored three different variations of strand V: (i) a
single-stranded oligonucleotide V1 hybridizing to a target
fragment next to strand M (Scheme 2B); (ii) oligonucleo-
tide V2 containing the same target-binding fragment as
V1 elongated with an oligoA sequence that could hybrid-
ize with an oligoT “tails” of either USL or strand M for
further stabilization of the 4WJ structure on the electro-
de’s surface (Scheme 2C); (iii) oligonucleotide V3 con-
taining the same nucleotide sequence as V2, but with the
target-binding and oligoA fragments separated via a
triethylene glycol linker for flexibility of strand V3/target/
USL or strand V3/target/strand M interactions
(Scheme 2D).

As targets, we used a fragment of 16S rDNA/RNA
from E. coli. First, different MVF sensor designs were
tested using a synthetic DNA target corresponding to a
fragment of the rrs gene from E. coli K12 strain (K12
DNA). The best design was then used to interrogate other
two targets: O157 DNA and K12 RNA (the latter was
obtained by the NASBA reaction using E. coli 16S rRNA
transcript). The targets folded into stable secondary
structures, as predicted by M-fold software (Figure S2). A
conventional 4WJ sensor was designed by making strand
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M complementary to a fragment of the DNA target
containing two SNS in O157 DNA in comparison with
K12 DNAs: a C> A substitution in the middle of strand
M-target complex, and a G > A substitution in the end of
the complex (Figure S2, panels A and B). The target’s
fragment interrogated by strand M was folded in a stem-
loop structure. Therefore, strand F of the 4WJ sensor was
designed complementary to a less structured fragment of
the target next to strand M, including a stem portion of
the stem-loop structure, to assist unwinding the stem. In
the MVF 4W] sensor design, an additional strand V was
designed to interact with the target’s fragment on the
other side of strand M. The fragment of the target
complementary to strand V included another stem portion
of the stem-loop structure, as well as a less structured
fragment of the target next to it. Therefore, binding of
strand V to the target would stabilize the complex of the
target with strands M and F. The performance of three
different MVF 4WJ sensors was compared with each
other and with that of the conventional 4WJ] sensor
containing the same strands M and F in the absence of
strand V to demonstrate whether strand V contributes to
unwinding of the target’s secondary structure.

SWYV measurements were carried out to compare the
response of the three MVF sensor designs — MVFI1,
MVEF2, and MVF3 containing strands V1, V2 and V3,
respectively — with that of the 4WJ probe containing only
strands M and F (Figure 1). We used K12 E. coli -specific
sensor comprised of strands F and M—K12 in the presence
and absence (blank) of K12 DNA target. The conven-
tional 4WJ sensor (Scheme2A) produced a current
density peak of about 10.9 pA/cm? in the presence of the
target (Figure 1A), which represents a 4-fold increase in
the signal as compared to the blank response (compare
red and blue curves), demonstrating that the 4WJ
structure was successfully formed. The small signal
observed for the blank could indicate that the methylene
blue-containing strand M binds to the electrode’s surface
even in the absence of the target. Addition of strand V1
decreased the blank signal by ~30 %, possibly because of
the increased local DNA concentration next to the
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Fig. 1. SWV response after immobilization of USL probe, back-
filling and hybridization with 0.5 uM strand F, 0.25 pM strand M-
K12 and 50 nM K12 DNA in the absence of strand V (A) and in
the presence of 0.5 uM strands V1 (B), V2 (C) or V3 (D). Black
lines indicate baseline signal (GDE/USL/MCH); red lines
indicate the blank response (all components, except for the
target); and blue lines indicate signal after hybridization with the
target.

electrode’s surface that prevented the non-specific ab-
sorption of strand M (compare black and red curves in
Figure 1B).

Upon addition of strand V1 (Figure 1B), the target-
triggered signal exhibited ~15-fold increase with respect
to the blank (17.3 pA/cm?* vs 1.08 uA/cm?), which was a
significant improvement in comparison with the V-lacking
4W1J sensor. This indicates that V1 binds to the target and
unwinds its secondary structure, thus stabilizing both the
strand M/target complex and the entire 4WJ complex.
Therefore, addition of strand V1 opens a possibility to
detect lower concentrations of the target.

Elongation of strand V1 with an oligoA tail to
promote its interaction with the oligoT fragments of USL
and/or strand M did not improve the MVF sensor
performance, as was observed for V1. In the case of
strand V2-containing sensor (Figure 1C), the target did
not cause significant increase of the current density peak
(4.3 pA/cm?) in comparison to the blank (3.0 pA/cm?). We
hypothesize that formation of a rigid double-stranded
strand V-target and strand V-USL structures compro-
mised interaction of the target-binding fragments of
strands M and F with the USL probe, thus preventing
formation of a stable 4WJ associate on the surface of the
electrode. When a flexible triethylene glycol linker was
introduced between oligoA and the target-binding frag-
ment of strand V (as in the case of MVF-3 sensor), the
target-induced formation of the 4WJ structure resulted in
an intense current density peak of 17.3 pA/cm?® (Fig-
ure 1D, blue curve), similarly to that observed for MVF-1.
At the same time, the blank signal increased to 10.5 uA/
cm’ (Figure 1D, red curve), thus significantly compromis-
ing the overall signal-to-background ratio. This high
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response for the blank can be explained by the formation
of a stable USL-strand V3 complex, which can further
stabilize the target-independent M/F/V3/USL complex.

Interestingly, both the blank and the signal in the
presence of K12 DNA target were higher for V3 than for
V2 adaptor strands (compare Figure 1C and D). This is
remarkable given that V3 differs from V2 by only the
presence of a triethylene glycol linker (iSp9), which
separates the oligoadenylate fragment (A') from the
analyte binding arm (Table 1). Importantly, both V2 and
V3 can form DNA triplex complexes with T' fragments
of USL probe and M strand. The data indicate that the
flexible iSp9 linker enables greater stability of the
quaternary complex M/F/V3/USL. We speculate that
separation of a DNA fragment (target binding arm) from
the rest of the complex by long and flexible linker reduces
the repulsion of the negatively charged DNA and favors
the complex formation.

Therefore, out of three sensor designs utilizing strand
V for improved target interrogation, MVF1 was the only
design exhibiting improved performance in the case of a
long (124 nt) and highly structured target. Therefore,
MVF1 sensor was chosen for further experiments.

3.2 Optimization of the MVF Sensor

First, concentrations of the adaptor strands M and F for
the K12 sensor were optimized in the absence of strand
V1. The sensor performance was evaluated based on the
signal-to-background ratio (S/B), as shown in Table 2. As
expected, the S/B values increased with the increase of
strand F concentration when the concentration of strand
M was set to 0.10 uM. In the case of higher strand M
concentration (0.25 uM) the best S/B value was obtained
in the presence of 1 uM strand F. For both trial 3 (0.1 uM
strand M and 2.0 pM strand F) and trial 5 (0.25 uM strand
M and 1.0 strand F), the S/B of 8 was achieved. However,

Table 2. Current density peak (expressed as the signal difference from
the baseline) for different concentrations of the adaptor strands (M and
F) using K12 DNA synthetic target.

Trial M F KI2DNA  J S/BI"
(M) (M) - (nM) (nA/em?)

1 0.1 0.5 0 1.4+03 6.7
50 9.60.6

2 1.0 0 0.9+03 7.5
50 71405

3 2.0 0 0.70+0.04 8.0
50 56+0.5

4 025 05 0 21402 57
50 1+1

5 1.0 0 1.5+03 8.0
50 11.7+0.1

6 2.0 0 207+£0.02 4.1
50 8.4+0.2

[a] J,=current density peak calculated as the baseline current
signal minus the current signal for a sample; [b] S/B =signal-to-
background ratio.
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trial 3 suffered from a somewhat low current density in
presence of the target, and trial 5 had slightly elevated
signal for the blank. Thus, choosing one of these
conditions could impair sensor performance. For this
reason, further optimization experiments were performed
using the conditions of trial 2 (0.1 uM strand M and
1.0 uM strand F), which resulted in a comparable S/B of
7.5 caused by low blank and a higher target-induced signal
than for trial 3.

We then varied the concentration of strand V1 and
tested the response of the MVF1 sensors specific for K12
(Figure 2a) and O157 (Figure 2b) using their complemen-
tary targets. It should be noted that for both sensors the
same strand V1 was used, since it was complementary to
both 0157 and K12 E. coli strains (Figure S2, panels A
and B).

The increased current density for the K12 sensor was
observed with the increase of strand V1 concentration
(Figure 2a). Using 2.0 uM strand V1, the signal intensity
was 55 % higher than the signal obtained without strand
V1, which highlights advantageous properties of strand
V1 in unwinding the secondary structure of K12 DNA. A
calibration curve was built for K12 sensors using synthetic
K12 DNA in the presence and absence of strand V (data
not shown). The linear range for both the 4WJ and MVF1
sensors was from 1 to 75 nM, however ~2.5-fold improve-
ment in the limit of detection (LOD) was observed when
strand V was used (the LOD of 1.02 nM and 0.43 nM was
calculated using the 3¢ rule for the conventional 4WJ
sensor and MVF1 sensor, respectively).

The current density peak for the O157-specific MVF1
sensor increased slightly as the strand V1 concentration
was increased (Figure 2b). However, the improvement of
the signal using 2.0 uM strand V1 was only 10% in

18
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gf 12_
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8 T B T T T N T T T
0.0 0.5 19 L5 2.0

[Strand-v1] (2M)

Fig. 2. Response of K12-(a) and O157-specific (b) MVF1 sensors
to their complementary DNA targets in the presence of different
concentrations of strand V1 (0.5, 1.0 and 2.0 pM); concentrations
for strands M and F were 0.1 uM and 1.0 uM, respectively. j, is
current density peak calculated as the current signal for a sample
minus the current for the baseline.
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comparison with the assay in the absence of strand V1.
The difference in the strand V1 effect can be explained by
the difference in the stability of the target secondary
structures. When the stability is relatively low, strand F
alone can efficiently unwind the target, so strand V1 does
not contribute significantly. Nevertheless, for a stronger
secondary structure, strand V1 plays an important role in
assisting in the hybridization of the target to the sensor
platform. As can be seen in Figure S2, the secondary
structure of O157 DNA is less stable than that of K12
DNA (the predicted free energy values are —15.37 kcal/
mol and —18.89 kcal/mol, respectively), which corrobo-
rates with the results presented in Figure 2.

Since a higher current density was observed at 2.0 pM
of strand V1, this was the concentration used for further
experiments.

3.3 Effect of Strand V1 on Interrogation of Long Targets
with Stable Secondary Structures

As we observed that the effect of strand V1 relied on the
free energy of the target secondary structure, the sensor
was analyzed using K12 RNA containing the sensor-
interrogated sequence. The RNA target was obtained by
the NASBA reaction using E. coli 16S rRNA transcript as
a template. The free energy for this amplicon was also
predicted using M-fold, and the predicted value was
—32.82 kcal/mol (Figure S2C), which indicated more sta-
ble secondary structure of K12 RNA than that of K12
DNA. Thus, we expected even more pronounced effect of
strand V1 on the performance of the K12-specific MVF
sensor in the presence of K12 RNA.

The effect of strand V1 was compared for the three
targets (0157 DNA, K12 DNA and K12 RNA) using the
respective sensors, and the results are shown in Figure 3.

100

80 1

60: I
40; I

201

Normalized current density (%)

0157 DNA K12DNA K12 NASBA RNA

Fig. 3. Response of the 4WJ-based sensors designed to inter-
rogate their complementary targets (0157 DNA, K12 DNA, or
K12 RNA). Component concentrations: 0.10 uM strand M,
1.0 uM strand F, 2.0 uM strand V1, and 50 nM of target. The
signal for the MVF1 sensors containing strand V1 (blue bars) was
set to 100 %. The signal in the absence of strand V1 (grey bars)
was normalized with respect to the signal in the presence of V1.
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To make it easier to compare the results for different
sensors, the average response of each sensor in the
presence of V1 was set as 100 %, and the signal in the
absence of V1 was normalized to its respective 100 %
value.

The secondary structure of O157 DNA target is the
least stable (—15.37 kcal/mol) among the targets eval-
uvated, thus the presence of strand V1 increased the
current density intensity by only 10 %. Therefore, the
4WJ platform composed of only the adaptor strands M
and F is efficient enough to interrogate the targets with a
relatively weak secondary structure. In contrast, K12
DNA target induced a 33 % higher signal with the
addition of strand V1, which matches with the intermedi-
ate value for the free energy of the target (—18.89 kcal/
mol) obtained by M-fold. Finally, the most pronounced
effect of strand V1 on the efficiency of the target
interrogation was observed for K12 RNA, as can be
expected taking into account the lowest free energy
predicted for this target. Therefore, in the case of highly
structured targets (such as natural RNA, for example),
addition of strand V1 can significantly enhance the
performance of the 4W1J sensor by assisting in unwinding
the target’s secondary structure and promoting interaction
of other sensor components with the target.

4 Conclusion

The 4WJ sensor shows high efficiency of the detection of
long nucleic acid targets with stable secondary structures.
However, for some targets folded into very stable intra-
molecular structures, the performance of the 4WJ sensors
may be compromised due to less efficient interrogation of
the target with the two strands of the sensor. This work
demonstrated that such limitation can be overcome by the
addition of an extra strand complementary to the target,
called strand V. With the help from strand V and the
synergistic interaction of strands V, F and M with the
target, improved interrogation of the highly structured
target can be achieved, with a clear correlation between
the stability of the target’s intramolecular structure and
the effect of strand V addition. Such approach can benefit
the analysis of RNA targets, which are known to exhibit
stable secondary and/or tertiary structures.
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