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ABSTRACT: Several bottlenecks in the design of current sensor technologies for small
noncoding RNA must be addressed. The small size of the sensors and the large number of other
nucleotides that may have sequence similarity makes selectivity a real concern. Many of the current
sensors have one strand with an exposed region called a toehold. The toehold serves as a place for
the analyte nucleic acid strand to bind and initiate competitive displacement of sensors’ secondary
strands. Since the toehold region is not protected, any endogenous oligonucleotide sequences that
are similar or only different by a few nucleic acids will interact with the toehold and cause false
signals. To address sensor selectivity, we investigated how the toehold location in the sensor impacts the sensitivity and selectivity for
the analyte of interest. We will discuss the differences in sensitivity and selectivity for a miR-146a-5p biosensor in the presence of
different naturally occurring mismatch sequences. We found that altering the toehold location lowered the rate of the false signal
from off-analyte microRNA by upward of 20 percentage points. Detection limits as low as 56 pM were observed when the sensor
concentration was 5 nM. The findings herein are broadly applicable to other small and large RNAs as well as other types of sensing
platforms.
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Biosensors are designed to selectively interact with specific
biomolecules and relay information about the correspond-

ing biological processes. One type of a regulatory biomolecule
that has been gaining popularity is microRNA (miR). miRs are
short (18−25 nucleotides) noncoding RNA.1 Some miRs are
involved with the progression of various types of cancer.2−13

Our goal was to innovate the design of fluorescent biosensors
to detect miR and other small noncoding RNAs.
Conventional nucleic acid biosensors rely on sequence

complementarity between the sensor and the analyte.14 An
overarching problem in the nucleic acid biosensor field is the
limits of thermodynamics on differentiating between strands
with similar sequences to the analyte-of-interest. Graybill and
Bailey state in their 2016 review of miR biosensors that high
sequence selectivity is of utmost importance because the
differences in the sequence between analyte miR and off-
analyte miRs can be as little as a single nucleotide.15 Some
researchers have developed techniques to differentiate single-
nucleotide polymorphism binding based on differences in
fluorescence emission.16−18 Since the binding mechanism was
not selective for any particular analyte, in the limit of low
analyte concentration and high off-analyte concentration,
selectivity for the analyte will become problematic. Zhang et
al. have designed nucleic acid strands called protector +
complement probes that can specifically differentiate between
nucleic acid strands but relies on linear sequences that displace
a quenching mechanism. Unfortunately, quencher-based
signaling methods are known to be susceptible to nuclease
degradation.19,20

We have previously developed a double-stranded “reporter +
probe” biosensor that has a reporter strand partially bound to a
probe strand.21 In the presence of the analyte, the probe strand
will preferentially bind the analyte, displacing the reporter
molecule through toehold-mediated strand-displacement. The
freed reporter then forms a stem-loop conformation. This
change in conformation of the reporter molecule moves two
dyes closer to each other, creating a measurable change in
fluorescence intensity that is proportional to the analyte
concentration. The benefit of bringing the dyes together is to
lower false signals from sensor degradation, unlike fluorescence
recovery via disrupting a quenching mechanism.21,22 The
rationale is that the chances for false signals from uninten-
tionally separating the dyes is much higher than unintention-
ally bringing them together.
In previous iterations of the reporter + probe biosensor, we

have shown how thermodynamics is important when designing
displacement-based miR biosensors, and how different dyes
and different spacer lengths between the dye and distal ends of
the reporter strand alter and improve the signal generated by
the sensors.21−25 Previous works on toehold thermodynamics
have laid the foundation for this field,19 and novel techniques
to regulate strand displacement with blocking strands have
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been made. The reporter + probe biosensor design that we
established has recently been gaining popularity with other
researchers adapting the design for the detection of human
telomerase RNA.26

The previous reporter + probe biosensors that we have
designed21,24,25 were able to resist off-analytes that were
different from the analyte sequences (at least three nucleotide
mismatches). The design requires that the thermodynamic
stability for the binding between the probe and off-analytes be
unfavorable. However, we have yet to study how the
directionality of the biosensor’s toehold can be tuned in
order to decrease binding by off-analytes with similar
sequences. Previous kinetic simulations for RNA strand-
displacement have shown that toeholds located on the 5′
end of the substrate rather than the 3′ can be faster because of
additional cross-stacking interaction.27 However, when con-
sidering sensor selectivity, the location of the toehold is
important to the nature of how the analyte and off-analytes
initiate binding to the sensor. Here, we studied this issue by
designing biosensors that had the unprotected toehold region
in different locations. The hypothesis was that if mismatched
base pairs between the probe’s toehold and the off-analyte
weaken the binding interaction between them, then, the
stability of the displacement initiation region will decrease.19

Thus, the weaker binding will discourage the displacement of
the reporter from the probe. To test the hypothesis, we
designed two biosensors with different molecular configu-
rations. In one biosensor, the toehold contained only bases
that were complementary to the analyte and not the off-
analyte. The other biosensor’s configuration had the probe’s
toehold complementary to both the analyte and off-analyte.
The fluorescence signal was monitored in the presence of
analyte and off-analyte.
In this study, the reporter + probe biosensors were designed

for miR-146a-5p, a miR shown to be either upregulated or
downregulated with respect to various cancers and has the
potential to become a biomarker for these diseases.28−31

Outside of cancer, miR-146a has recently been found to be an
important fibroblast regulator in the development of arthritis.32

Here, we tested different reporter + probe biosensors for their
selectivity toward miR-146a-5p and their sensitivity in a
complex sample matrix (raw cell lysate). The off-analytes that
we tested against here were miR-146a-3p and miR-146b-5p,
two miRs with similar sequences to the analyte. The results
from these studies are not limited to miR-146a-5p and are
broadly applicable to other small and large RNA.

■ EXPERIMENTAL SECTION
Thermodynamic Predictions and Calculations. Equilibrium,

thermodynamic, and structural metrics were assessed to determine the
biosensors’ ability to properly function and achieve selectively for the
analyte. UNAfold, a web server utilizing a “dynamic programming
algorithm”, was used for all thermodynamic calculations.33,34 Further
details on the parameters and boundary values for these functions can
be found in the Supporting Information Section S-1 (“Thermody-
namic Parameters”).
Off-Analyte Discovery. Off-analytes were found with miRBase, a

miR database operated by the University of Manchester.35−37 Details
on the process for finding off-analytes and the results of this search
can be found in Supporting Information Section S-2 (“Off-Analyte
Discovery Process”) and Figures S1−S3.
Biosensor Design. Reporter + probe biosensors were designed to

be sensitive and selective toward miR hsa-miR-146a. In order to
increase the reporter fluorescence resonance energy transfer (FRET)

enhancement, internal poly-ethylene glycol (PEG) spacers (hexa-
ethylene glycol) were placed between the nucleic acids and the dyes
on both the 5′ and 3′ ends.25 The analyte and off-analyte miR
sequences were converted to DNA analogues for testing because
DNA resists nuclease degradation better than RNA.

DNA was purchased from Integrated DNA Technologies (Coral-
ville, IA) and used as received. Concentrations of DNA in the working
solutions were determined with a Nanodrop spectrophotometer (ND-
1000). Details on the DNA sequences, samples, stock solutions,
working solutions, and logic behind the biosensor design is in
Supporting Information Section S-3 (“Biosensor Design Details”) and
Table S1.

For the remainder of this work, reporter 1 and reporter 2 are
referred to as R1 and R2, respectively. Similarly, probe 1 and probe 2
will be referred to as P1 and P2, respectively. The analyte and off-
analyte sequences will be shortened as well with miR-146a-5p, miR-
146a-3p, and miR-146b-5p becoming analyte (A), off-analyte1
(OA1), and off-analyte2 (OA2), respectively.

Fluorimeter Design. A custom-built fluorimeter excited the
samples and collected the fluorescence spectra, and was described
previously.21 Samples were excited with 250 mW of 935 nm laser
light. This wavelength and power were experimentally determined to
give the highest FRET enhancement (from eq S1) for the fluorescein|
ATTO 633 dye pair in R1 (Supporting Information, Figure S4) and
were consistent with previous biosensors having similar dyes.25

Details on the fluorimeter, Lightfield software, and data collection are
located in Supporting Information Section S-4, “Spectroscopic
Information”.

Cell Lysate. MCF-7 cells were kindly donated by Dr. Emily Ho at
Oregon State University. MCF-7 cell lysate was prepared with a
freeze-thaw method adapted from Doyle et al. and previously used by
our group.38,39 Details on the cell culture and the freeze-thaw method
are located in Supporting Information Section S-5 (“Cell Lysate
Details”). The cell lysate was thawed prior to experiments and diluted
in the previously described buffer (“Biosensor Design”) down to 1 ×
106 lysed cells per mL.

Off-Analyte Testing. To form the respective reporter + probe
complexes, reporters (R1 and R2) were prehybridized with equimolar
amounts of their respective probes (P1 and P2) in a microcentrifuge
tube at 37 °C for 4 h. Next, aliquots of one of these newly formed
reporter + probe complexes or a reporter control were added to
microcentrifuge tubes containing enough analyte or off-analyte to be
either 1× (5 nM) or 10× (50 nM). Each tube was then diluted with
buffer (described in “Biosensor Design” section) to a final reporter +
probe concentration of 5 nM (with either 5 or 50 nM analyte/off-
analyte). These samples were placed back at 37 °C for at least 1 h
before fluorescence data were collected. From these solutions, the
measured intensities from R + P and R-hairpin were used to
determine FRET quenching (eq 1) and FRET enhancement (eq 2)
values for each of the reporter + probe biosensors.

The following equation calculated the percent change in the signal
for quenching (% ΔSQ)

S
S S

S
% 100Q

R P R

R P
Δ = ×

−+

+ (1)

The following equation calculated the percent change in the signal
for enhancement (% ΔSE)

S
S S

S
% 100E

R R P

R P
Δ = ×

− +

+ (2)

The S value was the summed signal over a prescribed emission
range. More information for emission ranges for summation can be
found in the Supporting Information Section S-2 (“Spectroscopic
Information”).

Calibration Curves. Reporter + probe complexes were prehybri-
dized as described in “Off-Analyte Testing”. Aliquots of reporter +
probe were added to microcentrifuge tubes containing increasing
amounts of analyte. Each tube was then diluted with buffer containing
MCF-7 cell lysate (see “Cell Lysate” section above) to a final reporter
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+ probe concentration of 5 nM, and the analyte concentration ranged
from 0 to 15 nM. These samples were placed back at 37 °C for at least
1 h before collecting fluorescence data. A linear calibration curve was
fit to the linear region from 0 to 5 nM analyte. A control solution of 5
nM reporter was made to compare to the 5−15 nM analyte solutions.
Each reporter type and each calibration curve (with control solutions)
were conducted at least three separate times (N = 3). Excitation and
collection parameters are identical with those in “Fluorimeter Design”
and “Off-Analyte Testing” sections as well as the Supporting
Information Section S-2 (“Spectroscopic Information”).

■ RESULTS AND DISCUSSION
Biosensor’s Toehold Location. Two reporter + probe

biosensors (R1 + P1 and R2 + P2) were designed to be
sensitive and selective for the analyte miR-146a-5p. We
evaluated how the sensors’ toehold location on the probe
would impact off-analyte response and maintain nanomolar or
lower sensitivity. The off-analytes were miR-146a-3p and miR-
146b-5p. For the remainder of the text, we will refer to miR-
146a-5p as “analyte” or “A”, miR-146a-3p as “off-analyte1
(OA1)”, and miR-146b-5p as “off-analyte2 (OA2)”.
For comparative sensor design, care was taken to ensure that

R1 and R2 as well as R1 + P1 and R2 + P2 were as similar as
possible, both in the number of bound nucleotides for the
reporter + probe complex and in thermodynamic stability.
Biosensors R1 + P1 and R2 + P2 differ only where the toehold
was exposed for the analyte to initiate binding. For R1 + P1,
the toehold was such that the 3′ end of the probe (P1) was
exposed. In this configuration, the 5′ ends of analytes and off-
analytes bind to the toehold. For R2 + P2, the opposite occurs,
with the toehold such that the 5′ end of the probe was
exposed. In this case, the 3′ ends of analytes and off-analytes
bind to the toehold (Scheme 1 and Figure 1).

Off-analyte1 (miR-146a-3p, OA1) was dissimilar to the
analyte, and little binding between probes and off-analyte1 was
predicted. The two reporter + probe designs were primarily
created to test differences in selectivity against off-analyte2
(miR-146b-5p, OA2) because of the two polymorphisms in the
3′ end of the strand. As seen in Table S1 (of Supporting
Information Section S-3 “Biosensor Design Details”) compar-
ing analyte to off-analyte2, the polymorphisms occur in
nucleotides 18 (G to A) and 21 (T to C). We hypothesized
that having the toehold exposed to off-analyte2’s polymorphic
region would introduce destabilizing forces to inhibit binding
between off-analyte2 and the probe’s toehold. In this way, the
reporter was less likely to be displaced. If this was the case,
then, the signal change in the presence of off-analytes was
expected to be minimal.
The thermodynamic stabilities relevant to the reporter +

probe biosensors are in Table S2. Differences in the

thermodynamic stabilities of the reporter hairpins and reporter
+ probe complexes for the two designs were kept under 1 kcal/
mol (see Supporting Information, Figure S5 for the predicted
binding structures of both reporter-hairpins). We designed
both probes to have a similar binding response with the analyte
or the off-analytes. The difference between the two probes’
sequences was the additional four nucleotides added to either
the 5′ (in the case of P1) or 3′ (in the case of P2) ends of the
probes. The extra nucleotides bind with one of reporter’s
stems, and this four-nucleotide region was designed to have no
interaction with the analyte or off-analytes analyzed.
As seen in Table S2, there was no thermodynamic difference

calculated between P1 + off-analyte2 and P2 + off-analyte2
(both have a calculated Gibb’s energy of −15.6 kcal/mol).
Similarly, there was no difference between P1 + off-analyte1
and P2 + off-analyte1 (both have a calculated Gibb’s energy of
−3.4 kcal/mol). There was a slight difference in the binding
energy between P1 and P2 for the analyte (by ∼0.6 kcal/mol
in Gibbs energy). The slight difference was most likely due to
the nearest neighbor effect.40 Although there was a small
difference, P1 + analyte and P2 + analyte were still comparable.
More extensive thermodynamic calculations can be found in
Supporting Information Figures S6 through S10 and Tables S3
through S5.
From equimolar R-hairpin and R + P experiments outlined

in the Experimental Section “Off-Analyte Testing”, we
determined how much the fluorescein signal was quenched

Scheme 1. Comparing the Binding Initiation of OA2 (miR-
146b-5p) to Probes for Both R1 + P1 and R2 + P2 Reporter
+ Probe Biosensors; Two-Nucleotide Polymorphism in
OA2 Was Located Near the 3′ End of the Molecule

Figure 1. Predicted binding structures for reporter + probe biosensors
R1 + P1 and R2 + P2. Blue oval indicates the location of the probe
region that will bind to the polymorphic region of off-analyte miR-
146b-5p. Structures were calculated from “two state melting
(hybridization)” application in UNAfold, with parameters presented
in Supporting Information Section S-1 (“Thermodynamic Parame-
ters”).
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when in the hairpin conformation. Similarly, we determined
how much the ATTO 633 signal was enhanced by FRET from
fluorescein. The fluorescent spectra showing quenching and
enhancement for R1/R1 + P1 are found in Figure 2.

R1/R1 + P1 had better quenching ability than R2/R2 + P2,
by ∼7 percentage points (Table 1). Conversely, R2/R2 + P2

had better enhancement ability than R1/R1 + P1 by ∼81
percentage points (Table 1). Equations 1 and 2, calculated
quenching and enhancement, respectively. These equations are
outlined in the “Off-Analyte Testing” section above.
Biosensor Selectivity. For selectivity experiments, equi-

molar amounts of analyte or off-analytes were added to the
reporter + probe complexes. Additionally, a 10× concentration
of off-analyte2 (miR-146b-5p) was added to assess the
selectivity with an excess of off-analyte, a common challenge
in RNA analysis. In Figure 3, the analyte caused the most
signal change for each R + P complex (R1 + P1 and R2 + P2,
signal change: decrease in the signal from R + P to R-hairpin
for fluorescein and increase in the signal from R + P to R-
hairpin for ATTO 633). As discussed in detail below, false
signals from off-analytes ranged from 1 to 40%. Together, these
results indicated that the sensors were more sensitive to analyte
than to the two off-analytes.
For off-analyte1 (miR-146a-3p), the fluorescein signal from

R1 + P1 had no statistical difference between R1 + P1 and R1
+ P1 + off-analyte1 (p > 0.05, N = 3). Similarly, for ATTO
633, there was no statistical difference (p > 0.05, N = 3)
between the signal for R1 + P1 and R1 + P1 + off-analyte1.
These results mean off-analyte1 did not cause R1 + P1 to have
a false signal.
For off-analyte2, the 1× and 10× additions to R1 + P1

caused a statistical decrease in the fluorescein signal by ∼4.8
and ∼21%, respectively (p < 0.05, N = 3). Looking at the
ATTO 633 signal for 1× and 10× additions of off-analyte2 (R1
+ P1 + off-analyte2), the signal statistically increased by ∼7.0
and ∼27%, respectively, when compared to R1 + P1 (p < 0.05,
N = 3).
For R2 + P2, there was no statistical difference in the signal

for R2 + P2 and R2 + P2 + off-anayte1 (p > 0.05, N = 3).
Similarly, for ATTO 633, there was no statistical difference in

the signal for R2 + P2 and R2 + P2 + off-analyte1 (p > 0.05, N
= 3). Like R1 + P1, R2 + P2 did not have any false signals from
off-analyte1.
For the 1× and 10× additions of off-analyte2 to R2 + P2

(R2 + P2 + off-analyte2), the respective decreases in the
fluorescein signal were ∼1.0 and ∼2.8%, but these were not
statistically significant from R2 + P2 (p > 0.05, N = 3). For the
1× and 10× additions of off-analyte2 (R2 + P2 + off-analyte2),
increases of ∼4.8 and ∼5.5% in the ATTO 633 signal were
seen when compared to R2 + P2; both were statistically
different (p < 0.05, N = 3).
In response to both the 1× and 10× additions of off-

analyte2, fluorescein experienced less signal change on R2 + P2
than on R1 + P1. Moreover, fluorescein’s signal from R2 + P2
did not have a statistical response to off-analyte2 at 1× and
10× additions as that was seen for R1 + P1. For ATTO 633,
the R2 + P2 signal increase from 1× and 10× off-analyte2 (4.7
and 5.5%, respectively) was less than that of R1 + P1 (7.0 and
27%, respectively). These results demonstrate that R2 + P2 did
a better job mitigating binding to off-analyte2 than R1 + P1.
When analyzing the D/A ratio, there was no significant

difference between R1 + P1 and R1 + P1 + off-analyte1. For
the 1× and 10× additions of off-analyte2, the D/A ratios
showed a statistically significant decrease by ∼11 and ∼39%,
respectively, compared to R1 + P1 (p < 0.05, N = 3).
For R2 + P2, there was no statistical difference in the D/A

ratio for R2 + P2 and R2 + P2 + off-analyte1 (p > 0.05, N = 3).
For the 1× and 10× additions of off-analyte2 (R2 + P2 + off-
analyte2), the D/A ratio showed a statistically significant
decrease of ∼5.5 and ∼7.9%, respectively, compared to R2 +
P2 (p < 0.05, N = 3). Although both R1 + P1 and R2 + P2 had
D/A ratio responses to off-analyte2, R2 + P2 had less change
in the D/A ratio than R1 + P1 (for both the 1× and 10×
additions of off-analyte2). These results further demonstrate
how changing the location of sensors’ toehold region
discourages binding with off-analytes.

Figure 2. Signal change between equimolar R1 + P1 and R1-hairpin
for both donor and acceptor dyes.

Table 1. Percent Quenching ΔSQ and Percent Enhancement
ΔSE (N = 3)

ΔSQ ± STDEV ΔSE ± STDEV

R1/R1 + P1 92.42 ± 0.13 130.96 ± 3.07
R2/R2 + P2 85.33 ± 0.41 212.14 ± 5.78

Figure 3. Selectivity tests for R1 + P1 and R2 + P2 with analyte and
off-analytes. Either 1× or 10× OA2 was added to determine the
concentration effect on the signal change.
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Additional experiments were performed with 10× off-
analyte1 for R1 + P1 and R2 + P2 (Supporting Information,
Figure S11). Neither the fluorescein signal nor the D/A ratio
showed any statistical difference between the R + P + 10× off-
analyte1 signal and the R + P signal for either of the R + P
biosensors. However, when looking at ATTO 633 alone, a
statistically significant decrease in the signal by ∼2.4% (p <
0.05, N = 3) was observed between R1 + P1 and R1 + P1 +
10× off-analyte1. However, this statistically-significant differ-
ence was not seen in either the fluorescein signal nor the D/A
ratio.
Both reporters alone (without probe) were tested against

10× analyte/off-analytes to determine any nonspecific binding
effects of the reporters (Supporting Information, Figure S12).
For both fluorescein and ATTO 633, neither 10× analyte, 10×
off-analyte1, nor 10× off-analyte2 had any effect on the signal
of either R1 or R2 (p > 0.05, N = 3). When considering the D/
A ratio, there was no statistical difference between either of the
reporters and the 10× analytes/off-analytes apart from R2 +
10× off-analyte1. For R2 + 10× off-analyte1, the D/A ratio
increased by ∼5.2% compared to R2 (statistically different with
p < 0.05, N = 3). When looking at the thermodynamic
calculations for R2 + off-analyte1, it had a Gibbs energy of
−9.1 kcal/mol and a melting temperature of 21.8 °C. Both of
these values were much higher than those for R1 + off-
analyte1, with a Gibbs energy of −5.9 kcal/mol and a melting
temperature of 4.8 °C. Even so, the change in the signal was
around 5% with a 10× concentration of off-analyte1, and the
changes in signal could not be seen in either the fluorescein or
ATTO 633 intensities alone.
Biosensor Sensitivity and Analytical Metrics. Calibra-

tion curves were run with both biosensors held at 5 nM in
MCF-7 cell lysate. The cell lysate was unfiltered and was used
for the experiment at a concentration of 1 × 106 cells per mL.
The concentration of the analyte was stepped in 1 nM
increments from 0 to 6 nM, and then, an additional solution of
15 nM was added to assess the endpoint of the signal change
(Figure 4). A line was fit between 0 and 5 nM analyte to create
calibration curves.
Table S6 contains the sensitivity (as analytical slope) and

limits of detection (LODs) that were determined from
analyzing the calibration curves. The LODs were all found to
be in the pM range, with the ATTO 633 signal giving better
LODs than the fluorescein signal. The fluorescein signal for R1
+ P1 gave an LOD of 209 pM, but the ATTO 633 signal gave

142 pM LOD. The R2 + P2 LODs were lower than those for
R1 + P1, with 123 pM for the fluorescein signal and 56 pM for
the ATTO 633 signal. These LODs are biologically significant
because they are in the middle of the range for raw cell or
intracellular miR concentration (fM to nM). From the slopes
of the calibration curves, R2 + P2 demonstrated greater
sensitivity for the analyte than R1 + P1.

■ CONCLUSIONS

Two reporter + probe biosensors were designed with different
toehold locations for hsa-miR-146a-5p. We reported on the
susceptibility of each toehold’s location to off-analyte binding.
Changing the toehold’s location on the sensor minimized off-
analyte binding because we observed lower amounts of off-
analyte binding with R2 + P2 compared to R1 + P1, as
determined by signal changes.
The new design strategy started with looking for off-analytes

in miRbase to determine the sensor’s toehold location that
limits off-analyte response. This added consideration will
increase the selectivity for future biosensor designs. Off-analyte
consideration is important because off-analyte binding leads to
false signal generation. False signals lead to false conclusions
about a given miR concentration in a sample.
The next step in the design process is to deal with

polymorphic regions in the center of the analyte strand. One
way to deal with selectivity due to polymorphic regions
throughout the analyte strand is to strategically place locked
nucleic acids (LNAs) on the probe. The rationale is that LNAs
will further separate the thermodynamic stability of probe +
analyte and probe + off-analytes and improve sensor selectivity.
The current methods for calculating the thermodynamic

parameters for each sensor do not consider the displacement
reaction kinetics. Current coarse-grained nucleic-acid predic-
tion models are useful for alleviating this limitation of
thermodynamic-only models.41−54 Future sensors will need
to employ both thermodynamic and kinetic models to achieve
maximum sensitivity and selectivity at low concentrations. This
will be crucial for minimizing the amount of time needed for
the sensors to detect their given analyte.
In order to make the sensor design presented here a general

method, more sensor designs for different miRs must be tested.
From the design perspective, different toehold locations along
with different toehold lengths must be tested. Since there are
over 1 000 reported miRs with unique sequences, validating
the sensor design as a general method will require sensor
designers, biostatisticians, and bioinformaticians to come
together for establishing a representative sample of miR
sequences.
The LODs of both sensors were in the mid-pM range, with

the second sensor being slightly better by a factor of ∼1.7 to
2.5. A dynamic range of pM to nM is especially useful because
intracellular miR concentrations range from femtomolar to
nanomolar. These pM LODs were determined for sensors in
MCF-7 cell lysate and showed that the sensor can achieve low
detection limits inside a complex sample matrix. Future designs
will focus on further decreasing the LODs to get pM or sub-
pM. For example, FRET enhancement could be increased by
adding more donor dye molecules to the sensor in order to
increase the amount of incident energy that can be transferred
to the acceptor dye.55 Additionally, fluorescent species with
higher quantum efficiencies, such as quantum dots,56 can
replace the current dye system. As the field progresses, newerFigure 4. Calibration curves in cell lysate.

ACS Sensors pubs.acs.org/acssensors Article

https://dx.doi.org/10.1021/acssensors.9b01968
ACS Sens. 2020, 5, 377−384

381

http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b01968/suppl_file/se9b01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b01968/suppl_file/se9b01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b01968/suppl_file/se9b01968_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01968?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01968?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01968?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01968?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b01968?ref=pdf


molecules such as polymer dots (pdots) or carbon nanodots
(c-dots) may be a viable alternative.57,58

Future work will focus on transfecting these sensors into
cells for intracellular imaging, along with conjugating the
biosensor to avidin to aid with tuning intracellular localization.
Previous researchers have shown success with electroporation
techniques, cell-penetrating peptides, or streptolysin O.59 To
determine transfection efficiency, the biosensors will need
internal standard dyes that will not contribute any cross-talk
with the reporting dyes or be sensitive to changes in the miR
content.60,61 To combat potential nuclease/protease degrada-
tion of our sensors, peptide nucleic acids or morpholinos that
have alternative sensor “backbones” may be incorporated into
the sensor design.62−64

Selectivity of these sensors can be pushed further by adding
DNA modifications such as LNAs, described earlier, into the
sensors to increase the thermodynamic specificity for a given
analyte.65,66 Noncanonical bases67 and/or PEG spacers can be
incorporated in order to create regions of the sensor with
increased specificity. Noncanonical bases will only bind to their
corresponding noncanonical pair, making them advantageous
in the stem region of the reporter. PEG spacers could increase
the length of reporter or probe strands without adding bases
that could be susceptible sites for off-target binding. In a recent
publication, we showed that PEGs can mask the sensor from
endonucleases and off-analyte binding to the reporter.22

The multiplexing ability for these sensors could be achieved
with different dye-pairs on multiple different reporter + probe
complexes detecting different miRs. To decrease cross-talk
between multiplexing dyes in solution, molecules with smaller
emission profiles such as quantum dots will be required to
maximize the amount of dye-pairs that can be used
simultaneously.56 If quantum dots cannot be used, some
success has been seen for multiple different dye-labeled probes
and mathematical deconvolution to deal with the cross-talk.68

Other methods to decrease cross-talk between dyes include
dye-specific offsets with continuously variable filters in order to
detect more dyes in solution.69

DNA-nanoassemblies that respond to more than one analyte
at a time allow for complex multiplexing.70 These nano-
assemblies are designed to work as logic gates, so that the
signal change is only achieved when a particular combination
of miRs is present. Overall, considering the toehold location in
a sensor will provide researchers a method to improve
selectivity for miRs of interest, and maintain sensitivity.
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(44) Šulc, P.; Romano, F.; Ouldridge, T. E.; Rovigatti, L.; Doye, J.
P.; Louis, A. A. Sequence-Dependent Thermodynamics of a Coarse-
Grained DNA Model. J. Chem. Phys. 2012, 137, 135101.
(45) Doye, J. P. K.; Ouldridge, T. E.; Louis, A. A.; Romano, F.; Šulc,
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