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Abstract

DNA nanotechnology deals with the design of non-naturally occurring DNA nanostructures that
can be used in biotechnology, medicine, and diagnostics. In this study, we introduced a nucleic
acid five-way junction (5WJ) structure for direct electrochemical analysis of full-length biological
RNAs. To the best of our knowledge, this is the first report on the interrogation of such long
nucleic acid sequences by hybridization probes attached to a solid support. A hairpin-shaped
electrode-bound oligonucleotide hybridizes with three adaptor strands, one of which is labeled
with methylene blue (MB). The four strands are combined into a 5WJ structure only in the
presence of specific DNA or RNA analytes. Upon interrogation of a full-size 16S rRNA in the
total RNA sample, the electrode-bound MB-labeled 5WJ association produces a higher signal-to-
noise ratio than electrochemical nucleic acid biosensors of alternative design. This advantage was
attributed to the favorable geometry on the 5\WJ nanostructure formed on the electrode’s surface.
The 5WJ biosensor is a cost-efficient alternative to the traditional electrochemical biosensors

for the analysis of nucleic acids due to the universal nature of both the electrode-bound and
MB-labeled DNA components.
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Introduction

The DNA nanotechnology deals with the manufacturing of pre-designed nanostructures
made of DNA.1-3 For example, DNA nanostructures have been proposed for the delivery

of anti-cancer drugs,*-® which promises to advance anti-cancer therapy. DNA origami
approach was proposed for genotyping single nucleotide polymorphisms in DNA using
atomic force microscopy.’ More recently, sensitive and selective detection of a target

RNA sequence was achieved using a reconfigurable DNA origami template and circular
dichroism signaling.8 Another relevant development utilized a DNA tetrahedron structure for
electrochemical detection of specific nucleic acid analytes.9-11

We have been taking advantages of nanostructures for nucleic acid analysis to improve
selectivity and sensitivity of hybridization sensors for human disease diagnostics.12
Additionally, the synthesis cost associated with DNA sequences have been decreasing year
by year, making nucleic acid based technologies more cost-effective.13 Electrochemical
analysis of nucleic acids brings the benefit of portability and compatibility with modern
electronic devices and, therefore, is considered to be promising for molecular diagnostics.14-
22 Dye to the challenges associated with these technologies, such as maximizing the
interaction between targets and probes, as well as achieving homogeneous distribution on
the sensing surface,23 various designs have been proposed.13: 23 Traditional electrochemical
probes are stem-loop folded oligonucleotides attached to a gold electrode and conjugated
with Red/Ox markers (e.g. methylene blue - MB).18: 24 Binding a complementary

nucleic acid target changes the conformation of the probe to the elongated probe-target
duplex, which separates the MB label from the electrode’s surface, thus reducing the
electrochemical signal (Scheme 1A).

We modified this ON—OFF signaling system to create the X biosensor with OFF—ON
signaling mode by using the immobilize DNA crossover (X) structure introduced by

DNA nanotechnology.25: 28 |n the X biosensor, the presence of a cognate target triggers
association of two adaptor strands (m-strand-X and f-strand), one of which is tagged with
the MB label, and a universal DNA hairpin (UDH) strand, into a four-way junction (4WJ)
structure, as shown in Scheme 1B. Upon 4WJ structure formation, the Red/Ox marker came
in proximity with the electrode’s surface to turn on the electrochemical signal. In addition
to the ON signal, the electrochemical X biosensor demonstrated the advantages of: (i) high
selectivity at ambient temperatures, which cannot be achieved by hairpin probes,25-28 (ji)
ability to detect point mutations in highly structured nucleic acids;2° (iii) possibility to
analyze different nucleic acid sequences using the same electrode-attached oligonucleotide
probe.39 A disadvantage of the X biosensor is that the sequence of its most expensive
oligonucleotide component — the MB-labeled strand — is target-dependent. We hypothesized
that implementation of a fifth strand, which bears the MB-label and is complementary to
one of the two adaptor strands, would enable using the same labeled oligonucleotide for
any arbitrary target, leading to the creation of the five strands X biosensor (5S-X), (Scheme
1C). Making the MB-maodified strand independent of the target’s sequence and, therefore,
universal. This is important considering the high cost of such oligonucleotides. It keeps up
with the strategy of universal biosensors, in which a single labeled probe can be utilized for
the detection of potentially any nucleic acid sequence.3!
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Five-way DNA junction (5WJ) is a non-naturally occurring structure, first investigated by
Wang in 199132 and Kadrmas in 1995.33 In this study, we adopted the 5WJ structure for
electrochemical detection of nucleic acids. In the 5WJ biosensor, the labeled MB-probe-5WJ
is complementary to fragments of UDH and m-strand-5WJ, but not to the target (Scheme
1D). Initially, we were driven by the idea of using a universal MB-labeled probe. We
accidentally discovered that the 5WJ electrochemical biosensor had unexpected advantages
when used for the detection of a full-length biological RNA.

Material and Methods

All materials and chemicals used here are listed in the supplemental material.

Biosensors preparation

First, all the gold disk electrodes (GDEs) were cleaned by immersion in a piranha solution
(1:3 ratio of 30% H202: 98% H,SO4 — CAUTION: piranha solution reacts violently with
most organic materials and must be handled with extreme care) for 10 min. Then, the
electrodes were rinsed with deionized water, manually polished with a microcloth and

an alumina slurry (1.0 pm, 0.3 um and 0.05 pm), and sonicated in deionized water and
ethanol to remove residual alumina particles trapped on the electrode surface. Finally, the
GDEs were activated in 0.5 M H,SO4 and via cyclic voltammetry (CV) from +1.6 to
0.1V at a scan rate of 100 mV/s. The electrochemically active area of each GDE was
determined through CV measurements.3* The charge linked to the reduction peak of the
oxygen monolayer from the surface of the gold electrode, along with the reference charge
recommended for polycrystalline gold of 390 uC/cm?,3° was employed for area calculation.
On average, the electrodes exhibited an electroactive area with a value of 0.033 + 0.004 cm2.

After the cleaning step, a universal DNA hairpin (UDH) was immobilized on the GDE.

For this, initially, the disulfide bond of 1.0 pM UDH was reduced with 1.0 mM tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) by shaking the solution for 1 h at room
temperature. Then, the solution was diluted with immobilization buffer (IB) to obtain a UDH
final concentration of 0.1 pM, and drop-casted (15 pL) on the GDE with an incubation

of 30 min. The electrodes were rinsed with IB, dried with nitrogen, and 15 pL of 2 mM
6-mercapto-1-hexanol (MCH) was drop-casted and incubated on the GDE for 30 min to
prevent nonspecific adsorption. These monothiol bonds, when bonded to gold surfaces,

have been shown to be stable for up to 15 days under buffer conditions.38 The electrodes
were rinsed with IB solution and dried with nitrogen.26: 30. 37 Next, 50 L of hybridization
solution was prepared relied on the biosensor design analyzed. (i) X biosensor: 0.50 pM
f-strand and 0.25 pM m-strand-X were mixed with the target in hybridization buffer (HB);
(i) 5S-X biosensor: 0.50 uM f-strand, 0.10 pM m-strand-5S-X and 0.25 UM MB probe-5S-
X were mixed with the target in HB; (iii) 5WJ biosensor: the target 0.50 uM f-strand,

0.10 uM m-strand-5WJ and 0.25 uM MB probe-5WJ were mixed with the target in HB.
Then, 15 uL of hybridization solution was drop-casted and incubated on the modified GDE
for variable times as specified in each section. When a synthetic target DNA was used,

the hybridization solutions were drop-casted on the modified GDE at room temperature.
However, for transcript RNA targets and E. coli total RNA target, the hybridization solutions
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were heated at 90 °C for 2 min before adding to the biosensor in order to unwind the target
sequence. The biosensor response was expressed as the current density peak (jp) calculated
as the current signal for a sample minus the current for the baseline.

Electrochemical Measurements

The electrochemical measurements were performed with a CHI1230C Electrochemical
Workstation (CH Instruments, Austin, USA). The electrochemical cell consisted of

a modified GDE, Ag/AgCl (1 M KCI) and platinum wire, which were used as

working, reference and working electrodes, respectively. Square Wave Voltammetry (SWV)
measurements were recorded in HB solution at a potential range from 0.0 to -0.5

V, frequency of 100 Hz, amplitude of 70 mV, and step potential of 3 mV at room
temperature. Nitrogen was bubbled into the electrochemical cell to remove oxygen before
the measurements were conducted. At least three working electrodes were used in each
experiment to acquire statistically significant data.

Results and Discussion

We compared the performance of the 5WJ biosensor with that of the X and 5S-X biosensors
targeting 16S rRNA, which is routinely used for both identifications of bacterial species38
and diagnostics of human diseases.3® The 5WJ-forming strands, f-strand and m-strand-5WJ,
contained flexible triethylene glycol linkers, which were introduced to stabilize the 5WJ
structure as it was earlier stabilized by unpaired nucleotide linkers.33 Initial optimizations
of the hybridization conditions was performed using short DNA targets corresponding to
the interrogated £. coli 16S rRNA fragments from either a non-pathogenic K12 strain (K12-
Target) or a verotoxinogenic strain 0157:H7 (0157-Target)? (Table S1). Concentrations

of the adaptor strands for the X biosensor were optimized as described earlier.30 The

assay conditions for the 5S-X and 5WJ biosensors are summarized in Tables S2 and S3,
respectively.

The expected structure of the 5WJ complex in the presence of the K12-Target is shown

in Scheme S1. Analysis of the structure by gel electrophoresis revealed formation of a
low-mobility complex at approximately 100 bp, which can be assigned to the 5WJ structure,
only when all components of the 5WJ were present (Figure S1).

The selectivity of the three biosensors targeting the fragment of K12 £. coli 16S

rRNA was assessed by comparing the biosensors’ response to the presence of the

fully complementary non-pathogenic K12-target and two-base mismatched O157-target
representing the pathogenic £. coli strain. All three biosensors demonstrated the capability
to effectively discriminate between the respective targets (Figure 1A). However, the target-
induced response of the 5WJ biosensor was reduced around 3-fold in comparison with the
other two biosensors (5.8 + 0.6 pA/cm? compared to 21 + 2 pA/cm? or 17 + 2 pAlem? for
the X or 5S-X biosensor, respectively). We hypothesized that this lower response might be
related to the complexity of the 5WJ structure, which requires more time for its formation on
the electrode’s surface. Indeed, the electrochemical response of the X and 5S-X biosensors
started to plateau within 120 min (Figure 1B). On the other hand, the 5WJ biosensor
responded linearly over this time, thus confirming slower kinetics for the formation of the
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MB-labeled complex on the electrode’s surface. Importantly, all three biosensors produce a
signal above the background even after 15-min hybridization.

The dependence of the biosensors’ response on the concentration of synthetic K12-target
was analyzed in the range of 0-25 nM after 90-min hybridization step (Figure 1C). In all
the designs saturation appears around 50nM of target. The X biosensor exhibited a linear
response with a limit of detection (LOD) of 0.40nM and a sensitivity of 0.53 pA/cm?2 nM.
For the 5S-X biosensor the LOD was 0.30 nM and sensitivity of 0.22 pA/cm?2 nM. The 5WJ
biosensor had a LOD of 0.50 nM and a sensitivity of 0.12 pA/cm?2 nM. Similarly, to the
X-biosensor,2% the UDH-modified gold electrode could be regenerated after formation of the
5WJ structure by simply rinsing it with water. Thus, the biosensor was re-used up to four
times after the original hybridization of the probe strands with over 92% recovery (Figure
S2) upon rinsing the biosensor with deionized water for 1 min and performing another
hybridization step.

After testing with DNA targets, the biosensors were evaluated using in vitro transcripts
corresponding to full-length 16S rRNA (1541 nt) and 23S rRNA (2904 nt) from the
nonpathogenic K12 £. colistrain. Figure 2A illustrates that all three biosensors generated

a signal exceeding the background when exposed to their corresponding 16S rRNA targets.
Notably, the signal produced by the 5WJ biosensor was 7 times higher than that of the other
two biosensors. This discrepancy points to the superior efficacy of the 5WJ biosensor in
detecting extended nucleic acid targets. This enhanced performance with longer sequences
can be attributed to the positioning of the target within the 5WJ structure (Scheme 1),
which situates it farther from the electrode’s surface compared to the X or 5S-X biosensors.
Therefore, the nucleotides of the target that extend beyond the double-stranded portions of
the target-adaptor strand complexes do not disrupt the hybridization process of neighboring
probes. This arrangement prevents any obstruction of the electrode, which could otherwise
lead to a reduction in electron transfer.

Inspired by the discovered advantage of the 5WJ biosensor to interrogate long structured
RNA, we tested whether the efficiency of the target recognition is retained if the target

is in the mixture with other, non-specific, RNA. For this purpose, we used total RNA
isolated from K12 E. coli cells. 16S rRNA constitutes ~30% of the total RNA preparation
by mass,#! with the rest comprised of other types of bacterial RNA including long 23S
rRNA. The presence of competing RNA molecules affected the biosensor performance
but could be mitigated by extending the hybridization time for the biosensor components
to interact with the specific target and build the 5WJ associate on the surface of the
electrode (compare responses of 5\WJ E-biosensor shown in Figures 2B and S3). Indeed,
upon a 3-h hybridization step, the total bacterial RNA sample containing about 50 nM 16S
rRNA triggered a ~5-fold increase above the background (Figure S3). Remarkably, the 5WJ
biosensor was the only one of the three E-biosensors studied that was able to detect 16S
rRNA in the total bacterial RNA preparation (Figure 2B).

Additional attempts to establish a calibration curve using total RNA (depicted in Figure S4)
demonstrated a comparable slope to the 5WJ biosensor calibrated with the K12 target (0.12
nAcm-2nm-1). The curve reached saturation at approximately 20nM of total RNA, with
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a corresponding LOD of 4.55nM. The observed saturation at low concentrations could be
attributed to the long length of the RNA fragment.

Electrochemical biosensors are well-known for their struggling with interrogation of long
native nucleic acid sequences. For example, conventional hairpin probe biosensors (Scheme
1A) were unable to detect 16S rRNA even after thermal denaturation: RNA fragmentation
was required to achieve signal above the background.#2: 43 In our earlier experiments, the
signal in response to DNA targets of 141 nt was lower than that triggered by shorter targets
(Figure S5). Likewise, the X and 5S-X biosensors demonstrated ~9- and 2.5-fold reduction
in the signal intensity, respectively, when interrogated 16S rRNA transcript compared to

the corresponding 60-nt synthetic DNA target (compare data in Figure 1A with that in
Figure 2A). We hypothesize that the single-stranded overhanging segment of the target
extends towards the electrode’s surface and potentially disrupts the biosensor’s functionality.
This disruption might occur through either binding to the electrode and creating a barrier
that obstructs the Red/Ox label interaction, or by interfering with the adjacent probe-target
binding, ultimately resulting in a reduction of the electrochemical signal. Surprisingly, the
5WJ biosensor produced an astonishingly high signal in the presence of 16S rRNA transcript
(S/B ~25) unlike the hairpin probe,*2: 43 or X anssd 5S-X biosensors (S/B ~5 and 8,
respectively) (Figure 2A).

DNA nanostructures have been reported to facilitate nucleic acid analysis. For example,
localizing a probe as a part of a well-defined uniform DNA tetrahedron-structure on
electrode surfaces enabled control of both the probe’s density and orientation, thus
increasing the probe-target interaction efficiency.9-11 In the case of the 5WJ biosensor, it

is possible that upon the target’s binding, the construct acquires a conformation, in which the
MB label points toward the electrode. This conformation thus may be optimal for producing
a high signal. At the same time, the fragments of the target that are not associated with the
biosensor’s components remain away from the electrode surface, as shown in Scheme 1D
and S1, without disturbing the electron transfer. Further experiments are needed to confirm
this hypothesis, as well as to facilitate the kinetics of the 5WJ formation.

All three biosensors studied in this work can be designed to tightly bind the analyzed
nucleic acid sequence by one arm and, at the same time, selectively interrogate the target
by another. For example, the f-strand of the 5WJ biosensor contained a 21-nt sequence
complementary to a fragment of 16S rRNA (Scheme S1). It, therefore, enabled tight, but
not very selective binding to the target (under experimental conditions). However, the full
signal-producing 5WJ complex is formed only when m-stand, with an 8-nt target-binding
arm, binds 16S rRNA with high selectivity. Indeed, the probe reliably distinguished the
fully matched from a two-base pair mismatched target (Figure 1A). Similar design with the
X biosensors enabled differentiation of single-base mutations with just a background-level
signal triggered by a mismatched target,2° a performance that cannot be achieved even by
the most recent developments in the thermodynamics-based approaches.**

Several recent studies have demonstrated impressive LOD, ranging from 2.8 to 10 fM,
and even reaching up to 10 CFU/mL. These achievements were realized by utilizing DNA
linear probes with biotin-labeled reporters,*> microfluidic chip devices,* or nanocomposites
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based on molybdenum disulfide,” with detection times spanning between 80 minutes to 4
hours. While these outcomes are noteworthy, there is room for improvement by employing
stem-loop probes. Comparative studies with linear probes have shown that stem-loop probes
exhibit superior performance.*8 In particular, the use of multicomponent probe systems such
as X, 5S-X, or 5WJ designs, integrating standardized probes like UDH, has proven effective.
These structures allow a single probe to be employed for the detection of multiple systems.
Moreover, they offer the advantage of probe reusability with minimal signal loss.

Conclusions

In conclusion, we adopted a nucleic acid 5WJ structure for electrochemical analysis of
nucleic acids. The unique property of the 5WJ-forming biosensor is to detect a long and
structured RNA target with high signal-to-background ratio (as demonstrated with £. coli
16S rRNA transcript). 5WJ biosensor provided a measurable response to the presence of the
target in the total bacterial RNA preparation with and LOD of 0.44nM. The 5WJ biosensor
demonstrated high selectivity at room temperature. Moreover, both the electrode-attached
strand (UDH) and Red/Ox marker-labelled strand (MB-probe) were universal: they can be
optimized once and then used for the analysis of potentially any nucleic acids. We believe
this multipurpose biosensor is a development that will facilitate the application of DNA
nanotechnology in medical diagnostics.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Electrochemical response of the 5WJ biosensor in comparison with the X and 5S-X

biosensor. (A) Response of the biosensors in the absence of the target (“Blank”, blue
bars) and in the presence of either the fully matched K12-Target (red bars) or two

based mismatched O157-Target (green bars) after 90-min hybridization on GDEs. (B)
Hybridization time effect (15, 30, 45, 60, 90 and 120 min) in the presence of 50 nM
K12-target. (C) Biosensor calibration curves for K12-Target after 90-min hybridization.
The data points for the X biosensor, 5S-X biosensor and 5WJ biosensor are depicted with
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black squares, red circles and blue triangles, respectively. Inset: SWV response of the 5WJ
biosensor calibration curve between 0 and 25 nM.
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Figure2.
Response of the three biosensors in the absence of the targets (“Blank”, blue bars); or in

the presence of A) either 16S rRNA (red bars) or 23S rRNA transcripts (grey bars) at

50nM, after 90 minutes of hybridization time. B) K12 £. colitotal RNA (red bars) after 3
hours of hybridization time. Total RNA concentration was 85.5 ng/uL, which corresponds to
approximately 50 nM of 16S RNA. All hybridization solutions (containing RNA + adaptor
strands + MB probe) were heated at 90 °C for 2 min before adding to the biosensor.
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Scheme 1.
Probe-target complexes formed in different designs of electrochemical nucleic acid

biosensors: (A) a stem-loop probe labelled with MB in complex with a nucleic acid target;
(B) X biosensor; (C) 5S-X biosensor; and (D) 5WJ biosensor. All the oligonucleotide
sequences used in this work are shown in Table S1.
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