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The owl sensor: a ‘fragile’ DNA nanostructure for
the analysis of single nucleotide variations†
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Analysis of single nucleotide variations (SNVs) in DNA and RNA sequences is instrumental in healthcare for

the detection of genetic and infectious diseases and drug-resistant pathogens. Here we took advantage

of the developments in DNA nanotechnology to design a hybridization sensor, named the ‘owl sensor’,

which produces a fluorescence signal only when it complexes with fully complementary DNA or RNA

analytes. The novelty of the owl sensor operation is that the selectivity of analyte recognition is, at least in

part, determined by the structural rigidity and stability of the entire DNA nanostructure rather than exclu-

sively by the stability of the analyte–probe duplex, as is the case for conventional hybridization probes.

Using two DNA and two RNA analytes we demonstrated that owl sensors differentiate SNVs in a wide

temperature range of 5 °C–32 °C, a performance unachievable by conventional hybridization probes

including the molecular beacon probe. The owl sensor reliably detects cognate analytes even in the pres-

ence of 100 times excess of single base mismatched sequences. The approach, therefore, promises to

add to the toolbox for the diagnosis of SNVs at ambient temperatures.

The diagnosis and appropriate treatment of human genetic
disorders and infectious diseases rely on the analysis of single
nucleotide (nt) variations (SNVs), which include substitutions,
insertions, and deletions.1 Hybridization probes traditionally
used for SNV analysis bind a fragment of DNA or RNA contain-
ing an SNV site and form a complex, which has greater stabi-
lity if fully complementary, i.e. all Watson–Crick base pairs are
formed between the probe and the analyte, than if a single
mispairing is present.2 Upon subjection of the complex to
increasing temperatures the fully matched hybrid decomposes
(melts) at higher temperatures than the mismatched complex.3

This technique enables differentiation of SNVs at high tem-
peratures (>40 °C), but only over narrow temperature ranges.
The variations of hybridization probes developed so far

include peptide nucleic acids (PNAs),4 locked nucleic acids
(LNAs),5 molecular beacon (MB) probes,6 and binary probes.7

All probes rely on this same idea for SNV analysis: the differ-
ence in the Gibbs energies between matched and mismatched
complexes, which has constant and limited value.8 For
example, if the probe binds a 10-nt segment (which is close to
the shortest possible in practice), a single base mispairing will
destabilize the complex by only ∼10% on average. While
increasing the length of the recognized fragment provides
greater affinity and sensitivity, a mispairing then contributes
to a proportionally lower destabilization effect, leading to even
poorer differentiation. Balancing probe affinity and selectivity
is a fundamental limitation of the conventional hybridization
probes.8 Therefore, despite many years of effort, SNV analysis
via hybridization probes remains challenging, especially at
temperatures below 40 °C.7–9 On the other hand, enzymes
recognize SNVs at ambient temperatures, presumably due to
their more sophisticated recognition strategy.10 We hypo-
thesized that enzyme-free DNA probes that, along with the
base pairing, use additional principles of target recognition
would enable high selectivity of SNV recognition even at
ambient temperatures. One implementation of this idea is
multicomponent X sensors (see below),11 which differentiate
mismatches at ambient temperature.

In this work, we were inspired by the engineering concept
that recognizes that a small and localized failure in an ‘imper-
fectly’ designed system is likely to result in a structure’s col-
lapse. For example, a stable bridge, but not the one with a
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structural defect, can absorb stress on its support system.12

Keeping in mind that a rigid object fails more easily than a
ductile/flexible one,13 we took advantage of DNA nanotechno-
logy14 and designed a DNA sensor that forms a rigid and struc-
turally imperfect complex when it binds to a complementary
analyte. A single base mismatch serves the role of ‘stress’ and
causes the collapse of the entire fluorescent structure, allowing
the sensor to effectively differentiate between fully comp-
lementary and mismatched analytes.

The owl sensor consists of two DNA adaptor strands Rx and
Py and a universal molecular beacon (UMB) probe. The UMB
probe does not directly bind the analyte and therefore can be
used for analysis of any sequence given that the adaptor
strands are adjusted accondingly.15 The central portions of the
adaptor strands are complementary to the analyte and are thus
called analyte-binding domains, while the 4- to 5-nt long 3′
and 5′ terminal sequences are complementary to the UMB.
The adaptor strands are named Rx and Py (Fig. 1a), where x
and y stand for the number of nts in the analyte-binding
domains. In the presence of a specific analyte, Rx and Py bind
to both UMB and the analyte thus forming a 4-stranded fluo-

rescent structure, which, when drawn, resembles owl eyes,
suggesting the name of the structure and the sensor. The
structure contains a DNA 4-way junction (crossover) motif com-
monly used in DNA and RNA nanotechnology.16

As a model analyte, we used a fragment of a gene which
codes for enoyl-acyl carrier protein reductase (inhA), a target
for the antibiotic isoniazid, which is a common treatment for
Mycobacterium tuberculosis (Mtb) infection.17 SNVs in this gene
are known to impart Mtb resistance to isoniazid.17 The analyte
named InhC was fully matched to the sensor, while InhT con-
tained a G-T mispairing, which is known to be the least de-
stabilizing and, therefore, the most challenging mismatch to
detect in DNA.18 We also designed an analyte with a one-
nucleotide deletion, Inh_del, and an analyte with a one-
nucleotide insertion, Inh_ins (Table S1†), mutations not seen
in Mtb, but allowing for the versatility of the sensor to be
demonstrated. The analytes folded in a relatively unstable sec-
ondary structure under the assay conditions (Fig. S1†). The
sequence of the UMB1 probe (see Fig. 1 legend) was optimized
by us earlier.15 In this study, we demonstrate that the owl
sensor enables differentiation of fully matched analytes from
SNV-containing analytes in a broad temperature range that
includes ambient temperatures. Furthermore, we aimed to
show that this property, at least in part, can be attributed to
the rigidity of the owl structure.

The owl structure is more rigid than dsDNA formed in the
case of conventional probes because (i) DNA crossover tiles
(even with free ends) are known to be more rigid than
dsDNA;16 and (ii) the ends of the P and R strands are fixed,
both by hybridization to UMB1 and by stacking interactions of
both 3′ and 5′ terminal base pairs in each strand. To the best
of our knowledge, this last feature is absent in the designs of
all other hybridization probes, where the location of the ends
of the probe is independent of the DNA helical path.
Therefore, the length of the analyte-binding fragment of Rx

and Py should correspond to a full helical turn of B DNA (∼10
nts) to provide the greatest stability to the owl structure.

Indeed, when different lengths of Rx with P10 were tested,
we found that R10/P10 produced the highest melting tempera-
ture, an indication of complex stability (compare Fig. 1 with
S2†). However, as expected, the stable R10/P10 complex was
able to tolerate an SNV and thus produced nearly the same
signal in the presence of the mismatched InhT as with the
fully matched InhC (Fig. S2C†). This proves our hypothesis
that ‘perfectly’ designed DNA nanostructures (the owl complex
formed by R10 and P10) are able to tolerate stress in the form of
base mispairing. For the owl sensor to collapse in the presence
of a mismatch, ‘imperfect’ designs were explored, in which the
lengths of analyte-binding fragments were changed from a
perfect 10 to imperfect 12, 11, 9 or 8 nts (Fig. 1, S2, and S3†).
We found that R10/P9 allows for complex formation from 5 to
about 34 °C with the correct analyte, while SNV-containing
analytes resulted in little or no signal above the background in
this temperature interval (Fig. 1B). This result supports our
assumption that the R10/P9 owl sensor cannot withstand
additional stress introduced by the SNVs due to the strain in

Fig. 1 Design and performance of the owl sensor. (A) The adaptor
strands Rx and Py reversibly hybridize to the analyte and the universal
molecular beacon (UMB) probe, forming a fluorescent owl structure (see
Fig. S1† for more details). (B) Melting curves for R10/P9 owl sensor (R10:
5’-TAT TGA GTG GCC CAT CGA TC, P9: 5’- TAA CTG TTG TGT CTA TGT;
and UMB1, 5’-/FAM/-CGC GTT AAC ATA CAA TAG ATC GCG-/BHQ1/) in
the presence of fully matched InhC (5’-GCG GCA TGG GTA TGG GCC
ACT GAC ACA ACA CAA GGA C) or SNV-containing analytes: substitution
(Sub), deletion (Del) or insertion (Ins) (see Table S1† for full sequences).
Grey dotted-dashed line: no analyte control; black dashed line: UMB1
only. The samples contained 50 mM Tris-HCl, pH 7.4, 50 mM
MgCl2, and 0.1% Tween-20 with 50 nM UMB1, 50 nM ROX, 150 nM R10,
200 nM P9, and 100 nM analytes. The ROX dye was used as an internal
control for normalization of fluorescence from different samples
(see the ESI† for details). The experimental data are averages of
3 experiments.
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structure induced by the ‘imperfect helicity’ (Fig. 1a). R10/P8
produced no signal above the background in the presence of
either analyte (Fig. S3†) due to the insufficient stability of the
owl structure.

We then compared the SNV differentiation ability of the
R10/P9 sensor with linear and MB probes and X sensor, which
were designed to differentiate the SNVs according to the pre-
viously developed stretagies5,6,11 (Fig. 2A). Fig. 2B demon-
strates the ratios of fluorescent signals in the presence of fully
matched InhC to that of the single base mismatched InhT. We
assumed that the SNV was differentiated if the signal of the
matched analyte (Fm) divided by that of the mismatched
analyte (Fmm) was greater than 1.5, a parameter named
ΔT1.5.11d Based on this criterion, the R10/P9 owl sensor differ-
entiated the SNV between 5 and 32.4 °C (ΔT1.5 = 27.4 °C), an
interval significantly greater than that for the linear probe
(ΔT1.5 = 14.8 °C), MB probe (ΔT1.5 = 15.6 °C), and X sensor
(ΔT1.5 = 17.9 °C). Similar results were obtained for the del-
etion- and insertion-containing analytes (Fig. S5†), as well as
for the R10/P9 Owl Sensor specific to the InhT analyte
(Fig. S6†). Importantly, the linear and MB probes differentiated
analytes at temperatures above physiological values (>45 °C

Fig. 2B), which is common for conventional probes.5,6

Therefore, the owl sensor has two practical advantages over the
traditional hybridization probes: it enables (i) broadening the
temperature differentiation range, and (ii) shifting its differen-
tiation interval to lower (ambient) temperatures. The limit of
detection (LOD) of the owl sensor was found to be 4.9 nM,
which was not significantly affected by the presence of 100
times excess of the single base mismatched analyte (Fig. S7†).
This LOD is comparable with that of MB probes.6b

The remarkably improved SNV differentiation ability of R10/P9
in comparison with the R10/P10 sensor could be explained by
both the reduced stability of the analyte–P9 in comparison
with the analyte–P10 complex, as is the case for the conven-
tional probes. Alternatively, the instability of the owl structure
as a whole due to the ‘imperfect’ design could be the main
contributor to its differentiation ability. If the latter is true,
addition of structural flexibility to the owl structure should jeo-
pardize this extraordinary SNV differentiation ability.

To test this hypothesis, we added flexible triethylene glycol
(TEG) linkers between the analyte- and MB-binding arms at
the strand crossover points (Fig. 3A). PEG linkers connecting
two DNA fragments are known to increase the flexibility of
DNA constructs.19 The owl strands containing linkers had the
following labels: outside junction (o-TEG), inside junction
(i-TEG), or to both junctions (TEG_D) (Fig. 3A). TEG-contain-
ing owl sensors were subjected to the melt curve procedure to

Fig. 3 Introduction of flexible triethylene glycol (TEG) linkers reduced
the SNV-differentiation ability of owl sensors. (A) Location of TEG
linkers in the owl structure (green). (B) Fluorescence response of the
R10-oTEG/P9 sensor in the presence of matched InhC, or SNV-containing
Inh_T, Inh_ins and Inh_del. Grey dotted-dashed line: no analyte
control; black dashed line: UMB1 only. The experimental conditions
were as described in Fig. 1B legend. The experimental data are averages
of 3 experiments.

Fig. 2 SNV differentiation by various hybridization probes. (A) owl
sensor R10/P9, linear probe, MB probe, and the X sensor in complex with
analytes inhC/inhC_Q. The red ‘C’ indicates the location of the SNV site.
(B) Differentiation ability (Fm/Fmm) of the linear probe (blue line), the MB
probe (purple line), X sensor (magenta line) and the owl sensor (green
line) as a function of temperature. Fm/Fmm is defined as a ratio of fluo-
rescence intensities produced by each probe in the presence of fully
matched analyte (Fm) InhC to that of mismatched InhT analyte (Fmm)
after subtraction of the background. The InhT analyte contained a C > T
substitution with respect to the InhC analyte. Unless otherwise
specified, the P strand of the owl sensor was specific to the InhC
version of the analyte. The threshold of the Fm/Fmm ∼ 1.5 is indicated by
the red dotted line. The original fluorescence data used for the plot are
shown in Fig. 1B and S4.† The experimental data are averages of
3 experiments.

Paper Nanoscale

10118 | Nanoscale, 2018, 10, 10116–10122 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f C
en

tra
l F

lo
rid

a 
on

 7
/1

7/
20

18
 7

:5
6:

30
 P

M
. 

View Article Online

http://dx.doi.org/10.1039/c8nr01107a


determine the effect of their flexibility on Tm and ΔT1.5.
Overall, the SNV differentiation ability of the TEG-containing
sensors was significantly reduced: ΔT1.5 dropped from 27.4 °C
from the R10/P9 sensor to as low as 0 for some PEGylated con-
structs (Table 1). A single TEG linker in the R10 strand resulted
in poor differentiation of insertion (Ins) and deletion (Del)
SNVs (Fig. 3B) in comparison with the linker-free R10/P9
(Fig. 1B). This result suggests that the rigidity of the entire owl
structure (not only the length of the P9–analyte complex) is
important for SNV differentiation. It is interesting to note that,
when TEG-containing strands were used, a significant signal
with the Inh_ins analyte was observed, indicating that a flex-
ible system tends to accommodate an extra nucleotide in the
analyte strand (Fig. S8–10†).

Earlier we demonstrated the ability of the X sensor to differ-
entiate the SNV containing analytes in the temperature range
of 5–40 °C due to the multistage recognition of the target with
the limiting stage requiring the same activation energy for
matched and mismatched analytes, which leads to the effect
termed ‘kinetic inversion’.11d It has been well established that
a linear or MB probe equilibrates with a mismatched analyte
faster than with fully matched analytes.11d,20 Thus achieving
equilibrium conditions was considered essential to achieve the
best SNV differentiation. The ‘kinetic inversion’ effect enables
the opposite: faster equilibration of a complex with fully
matched nucleic acids, which results in excellent SNV differen-
tiation earlier in the hybridization reaction. For hybridization
of the X sensor, we observed the ‘kinetic inversion’ effect
in this study. Indeed, the fluorescence of the X sensor in the
presence of Inh_C achieved a plateau given ∼200 s for
equilibration, while a longer time of ∼600 s was required for
equilibration with mismatched Inh_T (Fig. 4, orange lines).
It should be noted, that with Inh analytes the ‘kinetic
inversion’ effect was less pronounced than with analytes used
previously,11d presumably due to the difference in the stability
of analyte secondary structures (a detailed investigation of this

difference is in progress). However, we did not observe the
‘kinetic inversion’ effect for the owl sensor: the reaction
mixture with mismatched Inh_T reached a plateau faster (in
about 600 s) than fully matched Inh_C (no signal stabilization
even after 1800 s; Fig. 4, green lines). We conclude, therefore,
that the owl sensor utilizes a different SNV differentiation
strategy than the X sensor, a phenomenon that may become
practically important. Indeed, the X sensor, designed accord-
ing to the previously established rules, failed to differentiate
Inh_C from Inh_T at temperatures below 15 °C (Fig. 2B and
S11†). Therefore, if a differentiation of SNVs in analytes with
unstable secondary structures needs to be achieved at tempera-
tures below 15 °C, the owl sensor design should be utilized.

Further we explored the ability of the owl sensor to analyze
RNA sequences. RNA–DNA hybrids typically adopt an A DNA-
like conformation with 11.1 bp per helical turn (not 10.4 bp
per turn as it is for B DNA). We investigated the performance
of a series of owl sensors with the RNA analogs of InhC and
InhT analytes (Fig. S12 and S13†). It was found that R11/P9 per-
formed best (differentiation from 5 to 25.1 °C), while R10/P9
failed to produce a significant signal. This proves that
optimum helicity in the R strand is needed for sensing. The
owl sensor, therefore, is applicable for highly selective analysis
of RNA sequences with a slight change in the adapter strand
used for analysis of DNA sequences.

To prove the general applicability of the owl sensor design,
we used another pair of arbitrarily chosen analytes: miRNA99a
and miRNA100, which differ by a single nt (TableS1, Fig. S14
and 15†). Altered expression of these miRNAs has been found
in various cancers, including breast cancer.21 Owl sensors
specific to both RNA and DNA (miDNA99a and miDNA100) ver-
sions of the target were designed and tested. As is the case
with Inh-related analytes, R10mi was the best for DNA analytes
while R11mi performed best for RNA analytes (Fig. S16 and
17†). We also observed high selectivity of SNV recognition

Table 1 Quantitative assessment of the stability (Tm) and differentiation
ability (ΔT1.5) of the R10/P9 owl sensor with and without TEG linkers

DNA strand
combinationsa

Tm, °C Matched
ΔT1.5, °C

R P InhT Inh-Del Inh-Ins

10 9 31.6 27.6 27.9 27.6
10 9_A 31.5 27.8 27.9 27.8
10 9_o-TEG 31.3 28.0 28.3 27.6
10 9_i-TEG 23.9 20.0 20.8 0.0
10 9_TEG_D 23.7 0.0 0.0 0.0
10_o-TEG 9 26.2 23.1 23.4 11.9
10_TEG_D 9 15.6 8.2 10.5 0.0
10_i-TEG 9 19.0 12.4 13.6 0.0
10_o-TEG 9_o-TEG 25.5 18.2 19.9 0.0
10_i-TEG 9_i-TEG 27.8 24.0 24.0 0.0
10_TEG_D 9_TEG_D 23.8 19.4 19.4 18.2

a Tm is the melting temperature determined from the data presented in
Fig. 1B, 2B, S6, S8, S9, and S10; ΔT1.5 (see the explanation in the Fig. 2
legend).

Fig. 4 Florescence of probe–analyte complexes at different rates of
the cooling–heating cycle. The fluorescence signal for the equilibration
time periods of 20, 60, 600 or 1800 s/1 °C observed for the X sensor-
analyte (orange lines) and R10/P9 Owl Sensor (green lines) at 10 °C. In
the presence of a fully matched Inh_C (dashed lines) or single base mis-
matched Inh_T (dotted lines). The experimental data are averages of
3 experiments.
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under ambient temperatures (Fig. S17†). The corresponding
miRNA100 was differentiated with high selectivity from
miRNA99a using an R11_mi/P9_mi_100 sensor (Fig. 5), but not
sensors with R10_mi or R12_mi strands (Fig. S18 and 19†). These
results suggest the general applicability of the owl sensor
design for analysis of potentially any DNA or RNA sequence.
We also investigated the sensor’s performance in the presence
of excess unrelated biological RNA. It was found that the
presence of 2.5 mg L−1 or 25 mg L−1 yeast RNA does not signifi-
cantly affect the performance of the owl sensor (Fig. S20†). This
data further highlights the high selectivity of the developed
approach as well as robustness of the owl sensor’s performance
in the presence of bulk amounts of biological molecules.

Traditional design of the SNV-specific hybridization probes
is time-consuming. Even if perfectly designed and under
optimal hybridization conditions, such sensors have limited
SNV selectivity, especially at practically important ambient
temperatures. Here we applied of a new concept of analyte
recognition, in which a hybridization sensor uses an analyte as
a scaffold to build a rigid and fragile nanostructure that is too
unstable if an SNV is present. The design procedure is as
follows: (i) always use UMB1 (5′-/FAM/-CGC GTT AAC ATA CAA
TAG ATC GCG-/BHQ1/) as a fluorescent reporter; (ii) always use
UMB1-binding arms for strands P and R as shown in Fig. 2
and 5 for DNA and RNA analytes, respectively; (iii) the SNP site

should be located in the middle position of the P strand-
binding region; (iv) the analyte binding arm of strand R
should hybridize adjacent to the hybridization site of strand P
and should be 10 and 11 nucleotides for the analyses of DNA
and RNA analytes, respectively. Therefore, unlike conventional
hybridization-based sensors, this design promises to eliminate
the need for adjusting the probe lengths or the hybridization
conditions to achieve near-perfect selectivity. The new sensor
selectively binds only to fully complementary DNA and RNA
and discriminates against single base substitutions, deletions,
and insertions in a broad temperature range even in the pres-
ence of random RNA or excess amount of single base-mis-
matched analyte. For two different analyte sequences, it was
shown that 10 and 9 nts for the R and P strands, respectively,
were ideal for DNA-targeting sensors, while 11 and 9 nts for
the R and P strands, respectively, worked best for RNA target-
ing. Follow up studies are in progress for further verification of
the general applicability of the owl sensor for DNA and RNA
analysis. Importantly, the UMB1 does not hybridize directly to
the analyte in the owl complex and, therefore, can be used uni-
versally for any analyte, provided that strands P and R are tai-
lored for targeted sequences. The owl sensor, therefore, prom-
ises to simplify the design and optimization of hybridization
assays and will contribute to low cost, ambient temperature
analysis of DNA and RNA.
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Abbreviations

UMB Universal molecular beacon
nt Nucleotide
SNV Single nucleotide variation
MB Molecular beacon
PNAs Peptide nucleic acids
LNAs Locked nucleic acids
Mtb Mycobacterium tuberculosis
LOD Limit of detection
Fm Fluorescence of matched analyte
Fmm Fluorescence of mismatched analyte
Tm Melting temperature
TEG Triethylene glycol

Fig. 5 R11/P9 owl sensor differentiates single base mismatch in RNA
analytes. (A) R11_mi/P9_mi_100 sensor in a complex with fully matched
miRNA100. The red letter indicates the SNV position. (B) Melting curves
for R11_mi/P9_mi_100 complexes with matched miRNA100 (blue) and
single base mismatched miRNA99a (orange) analytes. The samples con-
tained 50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, and 0.1% Tween-20 with
50 nM UMB1, 50 nM ROX, 150 nM R11_mi, 200 nM P9_mi_100, and 100 nM
analytes. The ROX dye was used as an internal control for the normaliza-
tion of fluorescence from different samples (see the ESI† for details).
The experimental data are averages of 3 experiments.
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