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� Challenges facing highly sensitive
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addressed.

� Thermodynamic and molecular
structure design metrics for repor-
terþprobe biosensors are proposed.
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Many studies have established microRNAs (miRNAs) as post-transcriptional regulators in a variety of
intracellular molecular processes. Abnormal changes in miRNA have been associated with several dis-
eases. However, these changes are sometimes subtle and occur at nanomolar levels or lower. Several
biosensing hurdles for in situ cellular/tissue analysis of miRNA limit detection of small amounts of
miRNA. Of these limitations the most challenging are selectivity and sensor degradation creating high
background signals and false signals. Recently we developed a reporterþprobe biosensor for let-7a that
showed potential to mitigate false signal from sensor degradation. Here we designed reporterþprobe
biosensors for miR-26a-2-3p and miR-27a-5p to better understand the effect of thermodynamics and
molecular structures of the biosensor constituents on the analytical performance. Signal changes from
interactions between Cy3 and Cy5 on the reporters were used to understand structural aspects of the
reporter designs. Theoretical thermodynamic values, single stranded conformations, hetero- and
homodimerization structures, and equilibrium concentrations of the reporters and probes were used to
interpret the experimental observations. Studies of the sensitivity and selectivity revealed 5e9 nM
detection limits in the presence and absence of interfering off-analyte miRNAs. These studies will aid in
determining how to rationally design reporterþprobe biosensors to overcome hurdles associated with
highly sensitive miRNA biosensing.

© 2016 Elsevier B.V. All rights reserved.
.M. Burrows).
1. Introduction

MicroRNAs (miRNAs) are an emerging class of biomarkers that
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Scheme 1. Response of reporterþprobe biosensor to miRNA analyte. The miRNA
(down arrow with dashed line) reacts with reporterþprobe complex to form the
probeþmiRNA complex and free reporter. Reporter (Down arrow with solid and
dashed regions) is only partially complementary to probe (Up arrow with solid line) in
the region indicated in black. The dotted red region of the reporter is not comple-
mentary to probe, and the blue region represents the reporters stems. When in the
hairpin conformation, the reporter forms a stem-loop that is either ideal with 50 and 30

ends directly adjacent to each other, or a non-ideal hairpin that separates the dyes at
different distances (Colored circles, orange for Cy3 and red for Cy5). Empty colored
circles indicate quenched emission, and filled circles indicate unquenched emission.
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may aid in understanding, diagnosing, and tracking disease pro-
gression. One role of miRNAs in biology is to regulate protein
expression by interacting with messenger RNA (mRNA) to disrupt
translation. In many diseases, the expression of miRNA is altered
leading to changes in protein expression, sometimes resulting in an
altered phenotype. In situ miRNA analysis is needed to fully un-
derstand how miRNA regulate gene expression as miRNA often
target different messenger RNA in a cell- and tissue-specific
manner [1]. To achieve this goal miRNA biosensors are needed that
can detect low levels and small changes in miRNA concentration,
particularly in the femtomolar to nanomolar range [2e6].

In general, in situ miRNA detection is qualitative or semi-
quantitative [1,5,7,8]. Recent reports [9,10] indicate that in situ
detection of miRNA profiles in cells and tissues as a means for di-
agnostics and the study of disease progression have been hampered
due to insufficient sensitivity, selectivity, and robustness of miRNA
biosensors [6]. Standard fluorescence in situ hybridization (FISH)
techniques have several limitations for low abundance miRNA
detection: (1) loss of miRNA from copious rinsing steps, (2) often
require secondary sensing with horseradish peroxidase or other
enzymatic treatment, (3) long time-to-result, and (4) can only be
used on fixed cells and tissues [5,11]. Current biosensors capable of
in situ nucleic acid analysis, such as molecular beacons or ratio-
metric bimolecular beacons are limited by intracellular nucleases
that often degrade the biosensors, leading to an increase in false
signals [12,13].

To overcome the issues relating to false signals, our group
recently developed a competitive binding biosensor [14,15]. In the
presence of a specific miRNA the biosensor releases a self-
complementary reporter capable of F€orster Resonance Energy
Transfer (FRET). We designed these biosensors for in situ analyses
[10] with a faster time-to-result than quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR) [16,17], microarrays
[18], and FISH [19]. Our sensor, referred to as a ‘reporterþprobe
biosensor’, has a partially complementary double-stranded design
containing a probe sequence and a reporter sequence with dyes on
the 3’ (3-prime) and 5’ (5-prime) ends. The probe strand is
completely complementary to the analyte of interest, and the re-
porter strand is only partially complementary to the probe to
permit competitive binding of the miRNA analyte to the probe. The
competitive reaction, referred to by some as a toehold-mediated
strand displacement/exchange [20], releases the self-
complementary reporter from the probe, allowing the reporter to
fold onto itself (Scheme 1). Reporters are designed to form an ideal
hairpin structure that brings the 30 and 50 ends (containing the
reporting dyes) into the FRET distance. However, some reporter
designs can form a non-ideal internal hairpin that raises the
baseline signal due to increased dye-to-dye distance. Designing
these reporter sequences to work in an ideal manner takes into
account thermodynamics [21e23], kinetics [24,25], and confor-
mation of the reporter strand.

In our previous work, we developed a reporterþprobe biosensor
that was selective for let-7a [14,15]. Let-7a is one of the thousands
of miRNAs that have been discovered and among those that have
been found to regulate disease progression [1,26e31]. Here we
investigated multiple reporters to be used in reporterþprobe bio-
sensors for two different mouse-derived miRNAs associated with
cancer progression: miR-26a-2-3p andmiR-27a-5p [32e36]. In this
work we will build upon our previous research [14,15] to further
examine how the predicted thermodynamic and structural pa-
rameters of the reporters, probes, and analytes influence the
analytical performance of reporterþprobe biosensors. Similar to
work by others [24,37,38], the relationship between the Cy3 and
Cy5 dye emission was used to understand the conformational
states of the reporters in solution with and without probe, and was
related to the predicted conformations. Specifically, we will discuss
the importance of changes in thermodynamic values, molecular
structures, and base pairing before and after reporterþprobe for-
mation and subsequent probeþanalyte formation. To the best of
our knowledge, we were the first group to describe a competitive
nucleic acid biosensor that uses a self-complementary reporting
molecule to reduce false signals [14,15]. This design has since
grown in popularity for use in other technologies like Nanoflares
for messenger RNA (commercially known as SmartFlares®) [39] and
molecular sentinels [40]. The results of the work presented here
will enable the community to rationally design reporterþprobe
biosensors to achieve a robust, selective, and sensitive biosensor
with minimal false signals.
2. Experimental

2.1. Reporter design procedure

The process for designing the biosensor sequences is outlined in
Scheme 2. DNA analogs of each miRNA strand were used as a
substitute because RNA is more susceptible to degradation than
DNA. A MATLAB program developed in-house was used to design
the nucleic acid sequences for the reporterþprobe biosensors based
on a particular miRNA analytes, in this case they were miR-26a-2-
3p and miR-27a-5p. The computer program starts by designing a
probe strand that is fully complementary to a given miRNA analyte.
Several reporter strands were then made to be partially comple-
mentary to the probe. For consistency each of the reporters in this
study contained the same stem sequence, 50-CGATG——CATCG-30.
The computer program allows control over the length of both the
complementary and non-complementary regions on the reporter.
The non-complementary regions of the reporters were made of
random nucleic acid sequences. The reporters were then filtered to
remove those reporters whose non-complementary region bind to



Scheme 2. Outline of the procedure to design a reporter and probe for a given miRNA analyte. Bold regions indicate complementary binding. The bold, uppercase, and underlined
region of the reporter indicates the self-complementary stem. The bold and lowercase regions represent the complementary regions between the reporter and probe. The non-bold
uppercase region of the reporter represents the non-complementary section of the reporter. * DNA was used instead of RNA because DNA is less susceptible to degradation and
easier to work with.
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the probe. Several additional filtering steps were used to remove
potential reporters that may bind to the miRNA analyte and off-
analytes. All of the MATLAB filtering steps were based mainly on
Watson-Crick binding and brought the number of potential re-
porters down from thousands to tens of reporters.

The remaining reporter candidates were then more rigorously
evaluated for suitable thermodynamics using freeware from the
RNA Institute at SUNY Albany [41e43]. See Section 2.2 below for a
more detailed description of how the thermodynamic values, mo-
lecular structures, and equilibrium concentrations of the best re-
porter candidates were predicted. The differences in Gibbs energy
(DG), enthalpy (DH), entropy (DS), and melting temperature (Tm)
were examined as metrics to predict if a sensor will work, as the
differences drive the formation of the reporterþprobe complex and
subsequently the probeþanalyte complex. Reporterþprobe bio-
sensors that exhibited a large negative DDG when going from
reporterþprobe complex to probeþanalyte complex were sought
after (See Section 3.1 below for a discussion on the magnitude of
the DDG values).

To increase the stability of the reporters and combat enzymatic
degradation, three locked nucleic acids (LNAs) [44,45] were stra-
tegically placed into each of the reporters. Table S1 in the
supplementary information lists the sequences chosen and where
the LNAs were placed. Multiple reporter designs were investigated
to determine if the theoretical thermodynamic values would serve
as a predictive tool for functional reporters.

Two different reporter sequences with similar thermodynamic
metrics were chosen for each miRNA to investigate any alterations
in biosensor functionality. Reporters miR-26a-2-R1/R2 were made
for use in reporterþprobe biosensors for miR-26a-2-3p. Reporters
miR-27a-R1/R2 were made for use in reporterþprobe biosensors
for miR-27a-5p. Each biosensor was subject to miR-29b-1-5p as a
common off-analyte [46]. For the remainder of this study, miR-26a-
2-3p, miR-27a-5p, and miR-29b-1-5p will be referred to as miR-
26a, miR-27a, and miR-29b, respectively.

The reporters contain two Cyanine (Cy) dyes, a 30 Cy3 and a 50

Cy5. Based on our previous work [14,15], the Cy5 dye was used as
the major reporting signal. When Cy3 and Cy5 are in close prox-
imity (primarily in the hairpin conformation), the Cy3 acts as a
quencher of Cy5. Previously, we found that the Cy3-Cy5 pair does
not effectively stimulate F€orster Resonance Energy Transfer (FRET)
enhancementwith our current reporter design, but still worked in a
quenching mechanism. While quenching molecules like Iowa Black
Red-Quencher (IAbRQ) further reduce Cy5 emission [14], the limits
of detection were not any better than using Cy3 as a quencher. The
signal-off approach used here differs from molecular beacons that
use signal-on, but we found that for nucleic acid biosensors the
figures of merit (FOM) for signal-on and signal-off approaches were
similar [14]. We have successfully made signal-on reporterþprobe
designs that will be the subject of future work.

All the oligonucleotides were obtained from Integrated DNA
Technologies (IDT) pre-diluted in their IDTE buffer at pH 7.5 and
used as received. The samples were then diluted as needed to the
required concentrations in a buffer solution composed of
Phosphate-buffered saline containing 10 mM Tris buffer, 2.5 mM
MgCl2, and 0.005% Tween 20 (final pH ~ 8). Concentrations of so-
lutions were confirmed by a Nanodrop spectrophotometer (ND-
1000).
2.2. Thermodynamic, molecular structure, and molarity fraction
predictions

All predictions were performed using UNAfold freeware (a
combination of mfold and DINAMelt) from SUNY Albany [41e43].
Calculations for the reporter hairpin thermodynamic values and
conformations were performed using the Quikfold application
under the UNAfold family. The parameters used were: DNA, 25 �C,
10 mM [Naþ], 2.5 mM [Mg2þ], Linear sequence type, 5% suboptimal
structures, maximum of 50 foldings, no limit on distance between
paired bases. Calculations for reporterþprobe, probeþanalyte, and
other dimer hybridizations were performed using the Two State
melting (hybridization) tool. The parameters used were: DNA,
25 �C, 10 mM [Naþ], 2.5 mM [Mg2þ], and 100 nM strand
concentration.

The molarity fraction, secondary structure, and base pair prob-
ability of hairpins, homodimers, and heterodimers were calculated
from DINAMelt. The ‘homodimer’ function was used to evaluate
homodimers and the ‘hybridization of two different strands’ func-
tion was used to evaluate heterodimers. Different combinations of
reporter, probe, and analyte were evaluated for their heterodimer
or homodimer formation. To determine molarity fraction and pre-
dict secondary structure, the advanced form of the application was
chosen and the energy minimization mode was selected. A tem-
perature range of 18e40 �Cwas selected to span the experimentally
relevant temperature window. The polymer mode was left unse-
lected. The parameters chosen were: DNA, reporter [A0] and probe
[B0] concentrations set to 0.1 mM (100 nM), [Naþ] concentration set
to 10 mM, [Mg2þ] concentration set to 2.5 mM. All other settings
were set to default. Secondary structures were predicted at 25 �C.
Base pair probability was obtained from partition function figures
using the partition function mode instead of energy minimization,
but all the parameters remained the same.
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2.3. Fluorimetry apparatus

A custom-built fluorimeter, previously described [15], was used
to characterize the biosensors. Briefly, a titanium-sapphire ultrafast
tunable laser (Mai Tai, Spectra Physics) was used to achieve two-
photon excitation. The dyes were excited at 742 nm with 75 mW
average power. The only difference from the instrument outlined in
our earlier publication was the spectrometer. Here, a Princeton
Instruments Acton SP2300 Spectrometer with a 300 grooves mm�1

grating blazed at 500 nm was used. Unless otherwise stated, the
grating was centered at 650 nm (spectral range covered
607.569e692.347 nm, 0.165 nm pixel�1) to look primarily at the
Cy5 emission. Emission from Cy5 above 692 nm was not collected
because the 705 nm long-pass dichroic mirror does not reflect
wavelengths above ~690 nm to the detector. The Cy5 emission
range did not contain much of the Cy3 emission peak.

The detector was a Princeton Instruments electron-multiplied
CCD camera (ProEM: 512Bþ eXcelon) that used LightField soft-
ware with the following parameters for acquisition: 500 ms
acquisition time, 3 frames, 20 frame averages, 100 kHz analog to
digital conversion (ADC) speed, high analog gain, low noise ADC
quality, and full frame readout, unless otherwise stated. A locking
cuvette holder was installed for the ‘reporter response and cali-
bration curve’ experiments outlined in experimental Section 2.4.
All other experiments were conducted prior to installation of the
locking cuvette holder. Samples that did not use the locking cuvette
holder were susceptible to cuvette placement error due to the
cuvette sitting in a different spot in the holder, leading to as much
as 10e15% error [15] between replicates. The locking cuvette holder
reduced inter-sample error to 1e2%.

2.4. Reporter response and calibration curves

The ability of the reporters to respond to probes and the
reporterþprobe biosensor's ability to respond to analyte were
examined first. To show that the reporterþprobe biosensors were
selective for their intended analyte, two off-analytes were pre-
sented to the biosensors in the absence of analyte. No signal change
upon addition of off-analytes indicated selectivity for a given
biosensor. Solutions were made to contain 100 nM reporter, hy-
bridized reporterþprobe biosensor, or reporterþprobe biosensor
with equimolar analyte or off-analytes. A total of nine frames were
obtained from 3 samples each containing 3 frames (3 frames � 3
samples ¼ 9 frames total). The 9 frames were averaged and the
standard deviation was reported as the error.

For calibration experiments, the reporterþprobe solutions were
prepared by hybridization of equimolar concentrations of each re-
porter and probe in a microcentrifuge tube. The miR-26a-R1 or
miR-26a-R2 was hybridized with probe-miR-26a for at least 1 h.
Hybridization of miR-27a-R1 and miR-27a-R2 with probe-miR-27a
took at least 2 h. A longer reaction time was needed for miR-27a
reporters with probe due to slow kinetics (Figs. S1 and S2). Ali-
quots of the hybridized solution were then added to another
microcentrifuge tube containing analyte in enough buffer to bring
the concentrations of the reporterþprobe to 100 nM and 0e100 nM
miRNA analyte in 20 nM increments. The reporterþprobe bio-
sensors were allowed to hybridize with the analytes for at least 1 h.
All hybridizations were carried out at room temperature (~22 �C).
Three calibration curves were performed for each reporterþprobe
biosensor (with the exception of miR-27a-R2þprobe because that
biosensor did not work, see Results and Discussion below).

To test for matrix effects from the off-analytes, a mixture of
reporterþprobe with increasing concentration of miRNA analyte
and a constant concentration of two off-analytes was investigated.
For all experiments each solution contained 100 nM
reporterþprobe, 100 nM off-analytes, and 0e100 nM analyte in
20 nM increments. The reporterþprobe biosensors for miR-26a
were allowed to react with analyte and off-analytes for at least
1 h before analysis. MiR-27a-R1þprobe was allowed to react with
analyte and off-analytes for at least 2 h before analysis. The solu-
tions were then analyzed using the fluorimeter described above
(Section 2.3).

Cy5 intensity values were obtained by summing averaged
emission spectra from 620.07 nm to 690.86 nm. To determine the
detection limits, the linear fit for each calibration curve was per-
formed to 100 nM of analyte added. The intensity values of all the
data points in the calibration curves were normalized to the in-
tensity of the 100 nM reporterþprobe solutionwithout analyte. The
linear fits were then forced through the y-intercept at one (the
0 nM miRNA and 100 nM reporterþprobe normalized intensity),
which served as the “zero” point, correlating to no analyte added.
The limit of detection (LOD) was determined as 3 � SD00zero”/m and
limit of quantitation (LOQ) was 10 � SD00zero”/m, where SD00zero” was
the standard deviation of the “zero” point normalized intensity and
m was the slope of the calibration curve.

3. Results and discussion

3.1. Comparison of molecular structures and thermodynamics to
signal change for reporterþprobe biosensors

The sequences of miR-26a-R1 and miR-26a-R2 (Table S1) were
different in that R1 had a longer complementary region than R2 by
four bases. The first 18 bases in the reporters' sequences (from 50 to
30) were the same. After the 19th base the sequence ‘actþt’ in R1
became ‘GTGþG’ in R2 decreasing the complementarity. The
remainder of the non-complementary sequences in R1 and R2were
also quite different: (TC)G(G)A to (TC)C(G)T, respectively (sequence
similarity indicated by parentheses).

The reporters for miR-27a (Table S1) were different in the
complementary region by three bases, with the miR-27a-R1 having
three more base-pairs to the probe than R2. The first nucleic acid
after the 50 stem in R1 was complementary to the probe as an
Adenine, but the first nucleic after the stem in R2 was non-
complementary as a Thymine. The two reporters for miR-27a had
the order of Guanine and Thymine flipped at the sequence positions
16 and 17 (with R2 being flipped with respect to R1). The remainder
of non-complementary sequences of R1 and R2 were also quite
different: GGACþGTTCGG vs. TCGTþCCGATT, respectively.

The four reporter designs outlined in this study were chosen
because they met three criteria that we had hypothesized would
result in a functional reporterþprobe biosensor. First, the most
probable and stable conformation of the reporter was an ideal
hairpin that would bring the two dyes close enough to permit
quenching (Scheme 1 and Fig. 1 and Fig. S3). Second, the melting
temperature for the first reporter hairpin conformation had to be at
least 10 �C above operating temperature (in this study 25 �C), and
the Gibbs energy had to be about �2 kcal mol�1 or more negative
(Table 1 and Table S2). Third, the DGhybridization between the re-
porter and probe, as well as the DDG between reporterþprobe
(RþP) and probeþanalyte (PþA), had to be sufficiently large and
negative to drive the reaction forward (Figs. S4 and S5 show a
threshold around �10 and �5 kcal mol�1 for (RþP) hybridization
and conversion of (RþP) to (PþA), respectively) [14,15]. These
criteria also require the reporters and reporterþprobe complexes
minimize off-analyte interactions as described in Section 2.1 and
validated in Table S3. Based on these criteria, the fewest reporter
hairpins obtained for miR-26a was one. Finding just one reporter
hairpin that met all the design criteria for miR-27a was more
difficult and the fewest number of hairpins was three.



Fig. 1. Predicted miR-27a-reporter hairpin conformations in order from left to right according to decreasing stability: (a) corresponds to miR-27a-R1 with three hairpin confor-
mations: ideal hairpin, a non-ideal hairpin, and another ideal hairpin. (b) Corresponds to miR-27a-R2 with four hairpin conformations: ideal hairpin, non-ideal hairpin, ideal
hairpin, and non-ideal hairpin. Structures were obtained from Quikfold using parameters described in experimental Section 2.2. Figure does not indicate 3-dimensional structure.
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Table 1 and Table S2 outline the thermodynamic values,
including DG, DH, DS, Tm (�C), as well as the number of total base
pairs, GC base pairs, and changes in base-pairs. The number of GC
base pairs was included as a separate value due to their greater
stability than AT pairs.

Fig. S3 and Table 1 and Table S2 reveal that miR-26a-R1 had only
one stable ideal hairpin (H) but miR-26a-R2 had two stable H's. The
most stable structure of both the miR-26a reporters was an ideal
hairpin, in line with our initial design criteria. Recall from Scheme 1
that an ideal hairpin conformation for a reporter has the 50 and 30

ends of the stems close enough to cause the dyes to interact with
each other and adequately quench the signal.

Fig. 1 and Table 1 and Table S2 shows that the most stable
theorized conformations for the miR-27a reporters were ideal
hairpins. Fig. 1 also shows the miR-27a reporters contained non-
ideal hairpins as theorized stable structures. As depicted in
Scheme 1, a non-ideal hairpin conformation (NH) has the two dyes
further apart and causes less quenching than that of the ideal
hairpin (H). Fig. 1 and Table 1 and Table S2 show that miR-27a-R1
had three conformations: H, NH, and H (in order of decreasing
stability). However, miR-27a-R2 had four conformations: H, NH, H,
and NH (in order of decreasing stability). The two most stable
conformations of miR-27a-R2 were an ideal hairpin followed by a
non-ideal hairpin, with Gibbs energies of �2.15
and �1.98 kcal mol�1, respectively. The small difference in favor-
ability between these two conformations, seen in Fig. 1b and
Table S2, suggest the reporter molecules assume both ideal and
non-ideal conformations in solution, or even switch back and forth
between them as the molecule tests different binding motifs. This
argument is strengthened by the fact that the Gibbs energy for the
most stable NH of miR-27a-R2 was more stable than the most
stable ideal hairpins of miR-26a-R2 and miR-27a-R1 (�1.85
and �1.95 kcal mol�1, respectfully e Table S2).

Table 1 and Fig. S4 shows the thermodynamic values, total base
pairs, and changes in base pairs associated with reporterþprobe
complex formation for each of the four reporters. From a thermo-
dynamic standpoint, miR-27a-R2þprobe complex was the least
stable. The low thermodynamic stability of miR-27a-R2þprobe was
likely due to it containing the fewest number of predicted base
pairs and changes in base pairs amongst all the reporters. From
Table 1, miR-27a-R2 had nine base pairs and depending on the ideal
hairpin structure, but only gained four or lost one base pair upon
complex formation (based on ideal hairpin base pairs).

Table S4 shows the thermodynamic values and base pairs
associated with forming probeþanalyte complexes. Table 1 and
Fig. S5 show that among the reporters, miR-26a-R1 had the



Table 1
Comparison of thermodynamic values and molecular structure information for reporter hairpins, reporterþprobe complexes, and conversion of reporterþprobe complexes to
probeþanalyte complexes.

miR-26a-R1 miR-26a-R2 miR-27a-R1 miR-27a-R2

DG(R)* kcal mol�1 �2.33 �1.85 �1.95 �2.15
DH(R)* kcal mol�1 �55.4 �37.8 �37.9 �40.6
DS(R)* cal mol�1 K�1 �178 �120.58 �120.58 �128.96
Tm(R)* �C 38.1 40.3 40.3 41.7

Number of predicted reporter structures 1 2 3 4
H:NH 1:0 2:0 2:1 2:2

Total base pairs in R* 7 5 (7**) 5(6**) 5(10**)
Total base pairs in RP 17 13 12 9
DBases R-(1st hairpin)* to RP þ10 þ8(þ5**) þ7(þ6**) þ4 (�1**)

R-Homodimer Tm �4.6 �9 14.8 15.7
R-hairpin to R-homodimer probability Hairpin > Homodimer Hairpin ~ Homodimer Hairpin ~ < Homodimer Hairpin < Homodimer
Total number of base pairs in R-homodimer 5 5 10 24
DBases homodimer to RP þ12 þ8 þ2 �15

DG(RP) kcal mol�1 �19.8 �16.1 �16.9 �12.9
DH(RP) kcal mol�1 �126.8 �107.5 �98.1 �83.1
DS(RP) cal mol�1 K�1 �359 �306.4 �272.5 �235.5
Tm(RP) �C 48.9 41.9 46.1 34.3

DDG(RP to PA) kcal mol�1 �5.5 �9.2 �14.2 �18.2
DDH(RP to PA) kcal mol�1 �41.5 �60.8 �80.7 �95.7
DDS(RP to PA) cal mol�1 K�1 �120.5 �173.1 �223.1 �260.1
DTm (RP to PA) �C 5.2 12.2 17.9 29.7
DBase pairs (RP to PA) 5 9 8 11

*¼most stable ideal hairpin,** ¼ second stable ideal hairpin. H ¼ ideal hairpin and NH ¼ non-ideal hairpin.
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smallest changes in base pairs and melting temperature upon
conversion from reporterþprobe to probeþanalyte, but the most
positive-but still negative-DDG, DDH, and DDS. In contrast, miR-
27a-R2 had the largest changes in base pairs and melting temper-
ature as well as the most negative DDG, DDH, and DDS. Recall large
magnitudes in DDG, DDH, DDS, DTm, and changes in base pairs were
desired to push the reaction forward, provided the reporterþprobe
formed.

Considering the thermodynamic and base pairing analysis
described above, we expected all the reporters to form repor-
terþprobe complexes and function as biosensors. In fact, from a
thermodynamic standpoint we expected miR-27a-R2 to work the
Fig. 2. Reporter response to probe and reporterþprobe response to analytes and off-
analytes (n ¼ 9). Each reporterþprobe biosensor was sensitive to equimolar analyte,
and not sensitive towards off-analytes.
best. However, Fig. 2 shows this was not the case.
To understand how the difference in sequence, molecular

structure, and thermodynamic values for each reporter affected
their performance as part of a biosensor, we evaluated the reporter
signal change before and after adding probe and then analyte
(Fig. 2). The experimental baseline signal from each reporter was an
average from the hairpin sampling different conformations
accompanied by opening and closing of the hairpin as the hairpins
are not static. While the dynamic nature of the hairpin causes
varying amounts of fluorescent signal, the detection volume con-
tained many reporters in various conformations that change states
on time scales faster than the acquisition time. Thus, the signal
from a given reporter was stable (~1e3% RSD) over the acquisition
times used in this work.

Comparison of the hairpin signal among the different reporters
in Fig. 2 reveals that a reporter with more than one predicted
hairpin did statistically increase the baseline signal (95% confidence
interval, n ¼ 9). Ideal hairpins for the reporters demonstrated
quenched fluorescence ~3 � 107 counts per 500 ms, but the extent
of quenching depended on the proximity and orientation of the
dyes. If a NH forms as much or more than an H (Scheme 1 and
Fig. 2), then less quenching will occur resulting in more fluores-
cence observed from the dyes on the reporter (~5 � 107 counts per
500 ms for miR-27a-R2). Both miR-26a-R2 and miR-27a-R1 had
more than one H and signals near 3 � 107 counts per 500 ms, but
miR-27a-R1 had one NH e as the second stable structure e

compared to no NH's for miR-26a-R2. From these results, the
presence of a NH alone e as a second stable structure e did not
raise the reporter baseline signal above that of a reporter with two
H's.

Signal change from the reporter before and after probe addition
was used to determine the expected signal change from the
reporterþprobe biosensor in the presence of miRNA. Addition of
probe to reporter also served as a control to confirm the probe
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opened the hairpin. Upon probe binding the intensities of miR-26a-
R1 and miR-26a-R2 increased by 176 ± 4% and 142 ± 4%, respec-
tively. Addition of probe to miR-27a-R1 and miR-27a-R2 caused the
signal to increase by 98 ± 5% and 14 ± 4%, respectively. A similar
trend in percent signal change was observed uponmiRNA addition:
120 ± 4% (miR-26a-R1), 99 ± 3% (miR-26a-R2), 65 ± 4% (miR-27a-
R1), and 11 ± 3% (miR-27a-R2). Of these changes in signal, miR-27a-
R2 was the smallest, but statistically significant (p < 0.05, n ¼ 9).
Preliminary data of the discrepancies between the percent changes
in signal from reporter hairpin to reporterþprobe and repor-
terþprobe to reporter hairpin after miRNA addition suggest the
biosensors were about 70% quantitative. A follow-up manuscript is
under preparation that investigates this discrepancy in more detail.

One major difference observed among the reporters was that
miR-27a-R2 had a baseline signal that was over ~1.7 times greater
than the other reporter hairpin signals in Fig. 2. Considering the
large baseline signal from miR-27a-R2, along with the evidence
that the reporter hairpin had a similar intensity to the other
reporterþprobe complexes (~5� 107 counts per 500ms), suggested
that on average the dyes were far apart for miR-27a-R2 alone.
However, Fig. S6 shows all reporters had low Cy3 relative to Cy5,
suggesting a structure with the dyes close to one another. Thus, the
miR-27a-R2 must have dyes close enough for quenching, but not
close enough to fully quench the Cy3 and Cy5 emission. From the
experimental data in Fig. 2, Fig. S6, and the predicted Gibbs en-
ergies of the H and NH, we hypothesize that the high baseline signal
from miR-27a-R2 came from an equilibrium between the most
stable H and NH conformations of the reporter.

To further support the structure of miR-27a-R2, both the miR-
27a-R2 hairpin and reporterþprobe complex exhibited about a
5 nm red shift in the Cy5 emission with respect to the other re-
porters (Fig. S7). A red shift in the Cy5 emission arises from the
molecular environment that the Cy5 exists in and has previously
been traced to interactions between DNA and cyanine dyes [47].
The observed red shift confirms the miR-27a-R2 had a different
structure than the other reporters. See Fig. S6 to S9 for more evi-
dence and discussion regarding the structure of miR-27a-R2
compared to other reporters as a hairpin and complexed to probe.

Another possible state miR-27a-R2 may have existed in was a
homodimer. We looked into the occurrence of possible homo-
dimers that could be affecting the signal of the reporter (Fig. 3 and
Table 1 and Table S5). Amongst all of the reporters in Table S5, miR-
27a-R2 formed the second most stable homodimer in terms of
Gibbs energy (�5.6 kcal mol�1, miR-27a-R1 was the most stable)
and the most stable in terms of enthalpy (DH¼�122.2 kcal mol�1),
melting temperature (15.7 �C), and number of base pairs (24 total
and 14 GC).

While the miR-27a-R2 homodimer was favored by Gibbs energy
and enthalpy, it was not favored by entropy
(DS¼�391 cal mol�1 K�1) and the melting temperature was below
room temperature (15.7 �C). Since the reporter did have locked
nucleic acids that likely increased the melting temperature near to
room temperature, combined with the 24 base pairs in the
homodimer, suggests a homodimer may have formed. However,
the high Cy5 signal (~5 � 107 counts per 500 ms) observed did not
support the predicted reporter homodimer structure (Fig. 3c) as a
major product because the Cy3 and Cy5 would be next to each
other much like an ideal hairpin, quenching the signal. Instead, the
homodimer may be dynamically forming and unforming such that
the Cy3 and Cy5 are not close enough to fully quench the signal. All
the results for miR-27a-R2 presented support the claim that it ex-
ists in many states including a dynamic homodimer along with the
two ideal and two non-ideal hairpin conformations.

While reporters may form homodimers, the biosensor can still
function provided the probe can react with a reporter to form a
reporterþprobe complex and change the signal. Comparing the
conversion of reporter homodimers to reporterþprobe complexes
in Fig. S10 reveals some key differences between miR-27a-R2 and
the other reporters. Mainly the conversion of miR-27a-R2 homo-
dimer to reporterþprobe was the most positive in terms of DDG
(about �7 kcal mol�1) and the change in melting temperature was
the smallest (~19 �C). In addition, the process was endothermic and
resulted in the loss of 15 base pair interactions (Fig. S10).

To better understand the structural states of miR-27a-R2 and
how it could affect the biosensor functionality, we compared the
energy minima predicted structures and probability maps of miR-
27a-R2 to the reporter that worked the best (miR-26a-R1). Figs. 3
and 4 show the theorized interaction structures (aec) and proba-
bilities (def) between reporter hairpin, reporterþprobe, and re-
porter homodimer for miR-27a-R2 andmiR-26a-R1, respectively. In
(def) of Figs. 3 and 4, increasing size and color change from cold
(blue) to hot (red) followed increasing probability (The color code
key for the probability maps can be found in Fig. S11).

Comparison of Fig. 3d to 3f reveals that the homodimer had
large green boxes compared to the smaller light green boxes of the
hairpin, suggesting that the homodimer was more probable for
miR-27a-R2. Now compare the most stable NH of miR-27a-R2 from
Fig. 1b at positions 23, 24, and 25 to those positions in the proba-
bility map of Fig. 3d. Note the hairpin in Fig. 3d had positions 23, 24,
and 25 bound to positions 32, 31, and 30, respectively with large
green boxes suggesting a highly probable state (the green boxes
indicate over 50% probability). We will use a bullet (�) to represent
binding between two base pair positions. The 23�32, 24�31, and
25�30 binding positions were present in both the most and least
stable NH. The most stable NH also had positions 18�3, 19�2, and
20�1 binding but with small teal boxes that were about 20%
probable. The other NH also had positions 9�15 and 10�14 bound
with 10e20% probability. Finally, the most stable ideal hairpin had
small light green boxes indicating 30e50% probability in the stem.
The variety of probable hairpin structures was the main basis to
suspect the non-ideal hairpins were in equilibrium with ideal
hairpins. In fact the most stable NH was likely as probable if not
more probable than the most stable H. This analysis of H and NH
probabilities combined with the observed signals in Fig. 2 and low
melting temperature of the homodimer (Table S5) suggest the
homodimer will most likely not form in large amounts despite the
high predicted probability. Any small amount of homodimer that
may form will likely restrict formation of reporterþprobe because
such a process was endothermic and decreased the number of base
pairs formed (Table S5 and Fig. S10). Considering the small change
in signal upon probe binding for miR-27a-R2 in Fig. 2 in relation to
Fig. 3b and 3e show that evenwith highly (over 90%) probable base
pairs in the reporterþprobe complex, probability alone was not
enough to predict reporterþprobe complex formation.

The stability of a miR-27a-R1 homodimer was predicted to be
DG ¼ �6.5 kcal mol�1, DH ¼ �84.8 kcal mol�1,
DS ¼ �262.5 cal mol�1 K�1, Tm ¼ 14.8 �C, 10 base pairs, and 6 GC
base pairs (Table S5). In terms of probability, the homodimer was
predicted to be as or slightly more probable than the hairpin
(Fig. S12). Moreover, examination of the equilibrium between
homodimer and reporterþprobe heterodimer for miR-27a-R1 re-
veals the DDH and DDS were �13.39 kcal mol�1 and
-10 cal mol�1 K�1 (Fig. S10). While presence of homodimers may
have contributed to issues with the kinetics of miR-27a reporters,
therewere some key differences between the homodimers for miR-
27a-R1 and R2. The magnitudes of DH and DS for miR-27a-R1 were
smaller than miR-27a-R2 by about 35 kcal mol�1 and
130 cal mol�1 K�1, respectively (Table S5). The big difference was in
the base pair interactions with 10 (6 GC) for miR-27a-R1 compared
to 24 (14 GC) for miR-27a-R2. While a miR-27a-R1 homodimer may



Fig. 3. Energy minima structures and partition function probability maps for miR-27a-R2. The predicted energy minima structures for (a) miR-27a-R2 folded, (b) miR-27a-
R2þProbe complex, and (c) miR-27a-R2 homodimer, respectively, at 25 �C. Figure does not indicate 3-dimensional structure. (d)e(f) are partition function probability maps
that correspond to energy minima structures (a)e(c), respectively. (Size and color of dots in partition function probability map indicate probability). The largest boxes are the most
probable base pairs. For the color, the probability increases from violet (least probable) to red (most probable). See Fig. S11 for probability maps color code. Structures and
probability maps were obtained using parameters described in experimental Section 2.2. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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form, the fact there were fewer base pairs in the homodimer, a gain
in base pairs on reporterþprobe formation, and the reporterþprobe
formation was exothermic, unlike R2, suggests a reporterþprobe
complex will still formwith miR-27a-R1. The melting temperatures
of the miR-27a reporters were similar near 15 �C, but probably
closer to room temperature with the locked nucleic acids. The
~3 � 107 counts per 500 ms for miR-27a-R1 did not support the
predicted homodimer structure. Thus melting temperature alone
cannot help determine if a homodimer will or will not form.

In Fig. 4, the miR-26a-R1 reporter hairpin had large green boxes
compared to smaller light green boxes of the homodimer, sug-
gesting hairpin formation was more probable. Hairpin formation
for miR-26a-R1 was supported by its observed relatively low signal
(~3 � 107 counts per 500 ms) and high melting temperature
(38.1 �C). (Similar probability maps for miR-26a-R2 can be found in
Fig. S13).

Fig. 5 shows the predictedmolarity fraction of each species from
the UNAfold ‘Hybridization of two different strands’ function.
Fig. 5a and 5b shows both miR-26a-R1 and R2 had a majority
(above 95%) of the reporter and probe molecules complexed at
25 �C. Fig. 5c shows ~85% of the species were miR-27a-R1þprobe
complexes. These large percent formations were reflected in the
observed signal changes of Fig. 2. The fact that miR-27a-R1 had
~10% of the reporters in the hairpin structure explains why the
signal change of Fig. 2 was not greater than ~98% upon probe
addition. The molarity fraction in Fig. 5d shows that only ~5% of the
solution was predicted to contain miR-27a-R2þprobe complex, at
25 �C. A majority of the species were free reporters and probes. The
fact that miR-27a-R2þprobe was predicted to form in a small
amount was in-line with the observed small ~14% signal change in
Fig. 2.

Considering Fig. 2 in relation to Fig. 5, the molarity fraction
calculation from ‘Hybridization of two different strands’ was an
excellent tool to predict extent of reporterþprobe formation.
Figs. S6, S8, and S9 further explore the relationships between Figs. 2
and 5 by examining reporterþprobe complex formation upon
addition of 1�, 2�, and 100� probe to each of the reporters.

There were a few major problems with the molarity fraction
tool. One problemwas that it assumes a nucleic acid molecule that
can form hairpins cannot form a homodimer complex, no matter
how stable or probable. This assumption weakens the capabilities
of the molarity fraction tool for the purpose of reporter design



Fig. 4. Energy minima structures and partition function probability maps for miR-26a-R1. The predicted energy minima structures are for (a) miR-26a-R1 folded, (b) miR-26a-
R1þProbe complex, and (c) miR-26a-R1 homodimer, respectively, at 25 �C. Figure does not indicate 3-dimensional structure. (d)e(f) are partition function probability maps
that correspond to energy minima structures (a)e(c), respectively. (Size and color of dots in partition function probability map indicate probability). The largest boxes are the most
probable base pairs. For the color, the probability increases from violet (least probable) to red (most probable). See Fig. S11 for probability maps color code. Structures and
probability maps were obtained using parameters described in experimental Section 2.2. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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because it does not provide insight into the extent of homodimer
formation. Another limitation was only one reporter and probe at a
time could be analyzed. Thus molarity fraction analysis was only
useful near the end of the design process, when there were only a
handful of reporters to investigate further.

Comparison of predicted and experimental data reveals that
thermodynamics, molecular structure, and predicted equilibrium
concentrations need to be analyzed as a whole rather than inde-
pendently. For example, while the reporter hairpin and repor-
terþprobe complex for miR-27a-R2 showed the worst-case
scenario, it was the best for reporterþprobe to probeþanalyte
conversion in terms of thermodynamics. From the analysis here, we
found molecular structure, thermodynamic metrics, reporterþp-
robe equilibrium concentrations, changes in base pairs, and
homodimer probabilities were key to selecting an optimal reporter.

In summary, to design a reporter for reporterþprobe biosensors,
first generate reporter candidates based on the probe such that off-
analyte interactions are minimized. Second, perform thermody-
namic analysis to further reduce off-analyte interactions and ulti-
mately reduce the number of reporters. Third, evaluate changes in
base pairs upon reporterþprobe formation. Fourth, assess the
predicted reporter hairpin and homodimer structures. Fifth, eval-
uate equilibriummolarity fractions of different reporters with their
probe. Finally, compare thermodynamics and changes in base pairs
upon probeþanalyte formation.

Below is a summary of some design principles from Table 1 for
100 nM reporter (R),100 nMprobe (P), and 100 nM analyte (A) at an
operating temperature of 25 �C:

1. The most probable and thermodynamically stable conformation
of the reporter must be an ideal hairpin.

2. Reporter Hairpin
a. Molecular Structure Metrics
i. Number of predicted structures: as few as possible.
1. Just one H
2. H > NH

ii. Total number of hairpin base pairs depends more on dif-
ference in base pairs from R to RP
1. Total base pairs: 5 to 7
2. Change in base pairs (R to RP) � 6



Fig. 5. Molarity fraction of each of the reporters with their respective probes. The molarity of each structure formed was divided by the total molarity of each individual substance.
(a) miR-26a-R1, (b) miR-26a-R2, (c) miR-27a-R1, and (d) miR-27a-R2. The reporterþprobe complex was predicted to form in great abundance at room temperature (>90%) in (a) and
(b) but not (c) and (d). Molarity fractions were obtained from ‘Hybridization of two different strands’ using parameters described in experimental Section 2.2.
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b. Thermodynamic Metrics: most stable hairpin thermody-
namic metrics (with at least one locked nucleic acid in the
stem)
i. DGhairpin: �1.85 kcal mol�1 or more negative.
ii. DHhairpin: �37.8 kcal mol�1 or more negative.
iii. DShairpin: �120.58 cal mol�1 K�1 or more positive.
iv. Tm, hairpin � 40.3 �C (18 �C above operating temperature, a

melting temperature of 38 �C is acceptable provided
DGhairpin � �2.33 kcal mol�1 and
DHhairpin � �55.4 kcal mol�1)

3. ReporterþProbe (with at least two locked nucleic acids in the
loop)
a. Molecular Structure Metrics
i. Total number of base pairs depends on number of base
pairs in stem of reporter. (See principle 2.a.ii.1)
1. For a reporter with a 5 base pair stem, the RP complex

should have at least 11 base pairs.
b. Thermodynamic Metrics

i. DGRP: �16.1 kcal mol�1 or more negative.
ii. DHRP: �98.1 kcal mol�1 or more negative.
iii. DSRP: �272.5 cal mol�1 K�1 or more positive.
iv. Tm,RP � 41.9 �C (20 �C above operating temperature)

c. Percent reporterþprobe formation
i. over 95%

4. conversion of (RþP) to (PþA)
a. Molecular Structure Metrics
i. Total number of RP base pairs depends more on difference
in base pairs from RP to PA
1. Change in Base Pairs (RP to PA): gain of at least 5 base

pairs
b. Thermodynamic Metrics

i. DDG: �5 kcal mol�1 or more negative.
ii. DDH: �41.5 kcal mol�1 or more negative.
iii. DDS: �120.5 cal mol�1 K�1 or more positive.
iv. DTm > 5.2 �C

5. Homodimer considerations for reporters and probes:
a. While one type of homodimer (reporterþreporter or pro-

beþprobe) is tolerable, one or more runs the risk of slowing
the kinetics of reporterþprobe formation. If possible, homo-
dimers of reporters and probes should be avoided. The
probability and thermodynamics of the homodimer forma-
tion should not be favorable.

b. Molecular Structure Metrics

i. The probability of a reporter hairpin or probe single strand
must be greater than or about the same as the homodimer

ii. Change bases from homodimer to RP � 2
c. Thermodynamic Metrics:

i. DGhomodimer: �7.5 kcal mol�1 or more positive.
ii. DHhomodimer: �93.65 kcal mol�1 or more positive.
iii. DShomodimer: �262.5 cal mol�1 K�1 or more negative.
iv. Tm, homodimer < 15 �C
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The summary of design principles are best for use with fixed
cells and tissue. However, these metrics can be extended to other
temperatures. For analysis in cells or in vivo at 37 �C, the number of
base pairs in the reporter hairpin and reporterþprobe will likely
need to be increased to achieve similar thermodynamic values as
outlined above and in Table 1. If the same DG value can be obtained
at 37 �C, then the equilibrium constants for the various species will
increase by about 16%. At elevated temperatures, the reporters
should give functional reporterþprobe biosensors provided the
magnitude of changes in base pairs and thermodynamic values are
in the same range as those summarized above and in Table 1.

3.2. Analytical figures of merit for reporterþprobe biosensors

The reporterþprobe biosensors for miR-26a and miR-27a had
LODs that ranged from 5 to 9 nM (Table S6). Table S6 shows the
sensitivity (slopes) and limits of detection and quantitation (LOD
and LOQ) derived from the calibration curves for the biosensors in
this study. The linear dynamic ranges of the biosensorswerefit from
0 to 100 nM analyte added. LOD can be improved by decreasing the
reporterþprobe concentrations. We have previously demonstrated
that decreasing the concentration of the reporterþprobe complex to
500 pMgave an LOD of 49.38± 1.77 pM [14]. A calibration curvewas
performed using miR-27a-R2þprobe out to 100 nM miR-27a, but
the slope was non-linear and small due to the ~11% decrease in
signal between reporterþprobe and reporter, upon addition of an-
alyte. The percent relative standard deviation (RSD) for the LOD and
LOQ ranged from10 to 67%. This error was a reflection of the sample
preparation error rather than the sensor itself.

Comparison of the sensitivity from analysis of the calibration
curve slopes and derived LOD/LOQ in Table S6 with and without the
addition of off-analytes to each reporter showed no significant
difference at the 95% confidence interval. The fact that the slopes
and detection limits were similar with and without off-analytes
indicated the biosensors were selective for their analyte. Compar-
ison of the slopes between the reporters for miR-26a and miR-27a
reveal a factor of about 1.26� difference. This change in slope was
attributed to the larger maximum signal change for the miR-26a
reporters with respect to miR-27a-R1 (over 90% compared
to ~65%, respectively).

4. Conclusions

This work outlines design procedures and the design principles
to make reporters for reporterþprobe biosensors. Specifically
reporterþprobes for miR-26a and miR-27a were made and showed
a dynamic range from 5 to 100 nM. Analysis of the calibration data
showed that reporters with a maximum signal difference from 65%
to 120% gave comparable detection limits and dynamic ranges. The
fact that these biosensors demonstrated excellent selectivity in the
presence of off-analytes will be of great value for future use in
cellular and tissue matrices. Despite the semi-quantitative (~70%)
nature of the sensors, the responses to concentration were repro-
ducible (1e2%).

Predicting reporters that will bind probe and get displaced from
probe when miRNA analyte is present is not trivial. Furthermore,
reporters that will have maximum signal change between the open
reporterþprobe state and the closed reporter stem-loop hairpin
conformation are difficult to identify. Many thermodynamic, mo-
lecular structure, and equilibrium concentration considerations
need to be taken into account when picking the reporter sequence
that will result in a functional biosensor. While only 3 out of the 4
reporters were functional, the poor functionality of miR-27a-R2
allowed discovery of key design principles for these displacement
based reporters with self-complementarity.
From this study, we have found additional guidelines (in addi-
tion to the original three) to followwhen designing reporterþprobe
biosensors. A good reporter will have an ideal stem-loop hairpin
conformation that brings the dyes close together as the most stable
structure and limits the number of non-ideal hairpins. Minimizing
the stability and probability of potential homodimers of the re-
porter and probe is an important design criterion to ensure for-
mation of the reporterþprobe complex. A solution of reporter and
probe should consist of over 95% reporterþprobe. When consid-
ering the change in thermodynamics amongst reporter hairpins
and subsequent formation of the reporterþprobe complexes, DG,
DH, DS, Tm and base pairs (related to DH and DS) must be evaluated
simultaneously. These guidelines are important when designing
sensors that use a displacement mechanism since being confident
that a sequence will work as intended before purchasing will save
time and decrease cost.

Looking towards the future, wewill study the kinetics of analyte
binding to reporterþprobe biosensors. Other chemical modifica-
tions will be incorporated into the reporter to reduce chances of
stems and non-complementary regions binding to endogenous
RNA, DNA, and to ensure no interaction with off-analytes. Another
consideration for the stem sequences is that they should be
customized to each reporter to avoid the stem complexing to the
probe or analyte. We will use these technologies to design repor-
terþprobe biosensors that can be delivered into cells and tissue for
in situ miRNA analysis.
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