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ABSTRACT: The development of fluorescent light-up RNA
aptamers (FLAPs) has paved the way for the creation of sensors
to track RNA in live cells. A major challenge with FLAP sensors is
their brightness and limited signal-to-background ratio both in vivo
and in vitro. To address this, we develop sensors using the Pepper
aptamer, which exhibits superior brightness and photostability
when compared to other FLAPs. The sensors are designed to fold
into a low fluorescence conformation and to switch to a high
fluorescence conformation through toehold or loop-mediated
interactions with their RNA target. Our sensors detect RNA
targets as short as 20 nucleotides in length with a wide dynamic
range over 300-fold in vitro, and we describe strategies for
optimizing the sensor’s performance for any given RNA target. To
demonstrate the versatility of our design approach, we generated Pepper sensors for a range of specific, biologically relevant RNA
sequences. Our design and optimization strategies are portable to other FLAPs and o!er a promising foundation for future
development of RNA sensors with high specificity and sensitivity for detecting RNA biomarkers with multiple applications.
KEYWORDS: fluorescent light-up aptamers, RNA sensors, toehold switches, loop switches

1. INTRODUCTION
Fluorogenic RNA aptamers have emerged as powerful tools for
real-time monitoring of RNA expression, localization, and
dynamics in living cells. These RNA molecules, also known as
fluorescent light-up aptamers (FLAPs), are selected to bind to
fluorophores and undergo conformational changes that lead to
fluorescence enhancement.1 A multitude of FLAPs and
cognate fluorophores have been demonstrated to work in
vitro and within living cells: examples include aptamers known
as Malachite Green,2,3 GFP-mimics Spinach, Broccoli, and
Corn,4−7 Mango I−IV,8,9 and Pepper.10
Recent advances in nucleic acid nanotechnology have made

it possible to demonstrate FLAPs working as sensors that
fluoresce specifically upon hybridization to the intended RNA
target.11,12 These target-responsive FLAP-based RNA sensors
are genetically encoded but do not require any modifications
to the RNAs of interest.13 FLAP sensors simply need to be
transcribed and hybridized to their RNA target, thereby
activating their fluorogenic function (sensor ON). To be
e!ective to detect and track RNA molecules in live-cell
imaging, FLAP sensors should exhibit a low background
fluorescence in the absence of the target (sensor OFF). A
simple strategy to achieve this is to split RNA FLAPs in two
nonfluorescent domains, whose assembly is seeded by the
target nucleic acid.11,12,14−16 Researchers have successfully
demonstrated the recognition of endogenous mRNA in

mammalian cells and RNA imaging in Escherichia coli using
this approach.11,12,16 Another approach is that of designing the
FLAP so that it fluoresces only upon binding to its RNA target
and undergoing a conformational change while otherwise
remaining in the OFF state. This approach has the advantage
of requiring transcription of a unimolecular sensor component
with high specificity for its target; further, the FLAP secondary
structure is programmable via sequence design,17 and its
conformational changes can be optimized to maximize the
ON/OFF ratio.18−26 Although existing FLAP-based RNA
sensors (Table S1) enable the noninvasive visualization of
endogenous mRNAs in living cells, imaging targets at low copy
number remains a challenge because it requires both the
brightness of the ON FLAP sensor and low OFF signal.
A promising candidate to build RNA sensors for low

abundance targets is “Pepper” (Figure 1A1), a 43-nucleotide
FLAP that was shown to exhibit higher brightness and
photostability when compared to other established fluorogenic
aptamers including Broccoli and Corn, and even some
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fluorescent proteins such as mCherry.10 Furthermore, in
combination with various HBC analogs, Peppers can produce
a diverse selection of bright and stable fluorescent complexes,
o!ering a wide spectrum of emission maxima that extends from
cyan to red.10 An “inert Pepper” (iPepper) sensor was
previously shown to detect endogenous RNA in vivo in
di!erent cell types.27 In this system, the target RNA binds to
and stabilizes the terminal ends of a misfolded Pepper aptamer,
resulting in fluorescence activation. The system’s optimization
relied on a tandem array of iPepper (8×) and achieved an
ON/OFF ratio of approximately 10-fold in vitro. To further
improve the sensor ON/OFF ratio, alternative sensor design
strategies are needed.
In this study, we introduce and demonstrate design

approaches and generalizable optimization strategies for
Pepper-based RNA sensors that can achieve up to 300-fold

fluorescence enhancement in vitro. We demonstrate two types
of Pepper sensor designs adapted from previous work
demonstrating switchable RNA sensors26,28−31 that take
inspiration from RNA riboswitches developed for translation
control in bacteria.32,33 In both designs, the 5′ end of the
Pepper stabilizing stem is sequestered in the stem-loop
structure of the sensor, which destabilizes Pepper and forces
it to adopt a nonfluorescent configuration (Figure 1B,C).29
The first design, named the toehold-mediated sensor, employs
a 5′ toehold domain to initiate the interaction with the target
RNA strand and induce refolding of the aptamer into its
fluorogenic conformation (Figure 1B). The second design,
named the loop-mediated sensor, initiates the interaction with
the target strand via the loop domain of its hairpin structure
(Figure 1C). Using in vitro transcription and plate reader
assays, we demonstrate that both sensors can be used to detect

Figure 1. Overview of our Pepper RNA sensor design strategy and its variations. (A1) The secondary structure of the original Pepper aptamer.
(A2) The secondary structure of the modified Pepper aptamer. (B) Schematic of the toehold-mediated Pepper sensor. (C) Schematic of the loop-
mediated Pepper sensor.

Figure 2. Toehold-mediated Pepper sensors. (A) Detailed schematic of the toehold-mediated Pepper sensor targeting 35-nucleotide target RNA.
(B) Best-performing toehold-mediated Pepper sensors targeting arbitrary RNA targets. Data represent mean fluorescence intensity from plate
reader measurements with sensor alone (OFF) and sensor plus 35-nucleotide target RNA (ON). ON/OFF ratios are shown in pink (right y axis).
Error bars represent standard deviations from three technical replicates. (C) Schematic of the toehold-mediated Pepper sensor targeting 25-
nucleotide target RNA. (D) Best-performing toehold-mediated Pepper sensors targeting shorter RNA targets. Data represent mean fluorescence
intensity from plate reader measurements with sensor alone (OFF) and sensor plus 25-nucleotide target RNA (ON). Error bars represent standard
deviations from three technical replicates. Significance: (***) for p < 0.001, (**) for p < 0.01.
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target RNA as short as 20 nt with no sequence constraints and
a high dynamic range. Additionally, we o!er strategies to
enhance the performance of the sensor for a wide range of
target RNA sequences. These strategies aim to reduce the
sensor’s leakage in the absence of the target RNA (sensor
OFF) and to increase the fluorescence intensity of the sensor
when the target RNA is present (sensor ON). Iterative
application of these design strategies can result in a several
hundred-fold increase in the ON/OFF ratio of a sensor. Using
these design principles, we generate Pepper sensors for a range
of specific, biologically relevant RNA sequences, including an
MS2-repeat sequence, Tubulin α 1b (TUBA1B) transcript
sequence, metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) sequence, the A-repeat sequence of mouse
and human X-inactive specific transcript (Xist/XIST) RNA,
and the microRNA miR-302a, miR-294 and miR-124. Finally,
we apply our optimization strategies to the Pepper sensor for
detecting miR-294, achieving an ON/OFF ratio of approx-
imately 300-fold.
Because our design, characterization, and optimization

workflow is portable to any other type of FLAP, we expect
our results will be immediately useful to build a variety of RNA
sensors for the detection of biomarkers in vitro. The detection
limits of our Pepper sensors have the potential to reach
concentrations below those reported for the original target
RNA within living cells. Furthermore, the e"cacy of our RNA
sensors was una!ected when tested in the presence of total
RNA from HEK293 cells. The high sensitivity and remarkable

robustness of the Pepper sensors underscore the feasibility of
our design strategies for in vivo RNA sensing.

2. RESULTS AND DISCUSSION
2.1. Design of Toehold-Mediated Pepper Sensors.

The Pepper aptamer includes a fluorogen binding domain for
its conjugate dye (HBC 530), which generates the fluorescent
response, and a stem domain that stabilizes the aptamer
structure (Figure 1A1). First, we wanted to test whether
changes in the stem sequence a!ect the aptamer fluorescence,
so we evaluated three Pepper aptamer variations with mutated
stem sequences (Figure S1A), following the workflow in refs
27,29. In addition to the original Pepper aptamer, here referred
to as standard Pepper (Figure 1A1), we considered circular
permutations of Pepper, here referred to as rotated Pepper
(Figure 1A2). We expected that the rotated Pepper, previously
considered in ref 27, would have a higher tolerance to the stem
sequence change because it has been shown that alterations at
the terminal stem loop of the Pepper aptamer do not a!ect its
fluorescence.10 Our results showed that both standard and
rotated Pepper had consistent fluorescence when their stem
sequences were scrambled (Figure S1B). To begin with the
sensor design, we first destabilized the Pepper aptamer and
kept it in a nonfluorescent conformation by sequestering the 5′
end of the aptamer stem into a large hairpin structure. We then
evaluated approaches to design the sensor and its target-
binding region to achieve the release of the aptamer stem and
refolding of the aptamer into its fluorescent conformation.

Figure 3. Forward-engineered toehold-mediated Pepper sensors. (A) Schematic of the design modifications made for the forward-engineered
sensors. (B) Relative ON/OFF fluorescence ratio obtained for modified toehold-mediated Pepper sensors after 2 h of incubation. Error bars
represent standard deviations from three technical replicates. (C) Schematic of the design modifications made for the sensors with single bulge. (D)
Relative ON/OFF fluorescence ratio obtained for further modified toehold-mediated Pepper sensors after 2 h of incubation. Error bars represent
standard deviations from three technical replicates. Significance: (****) for p < 0.0001, (***) for p < 0.001, (**) for p < 0.01, (*) for p < 0.1.
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Figure 4. Development of loop-mediated Pepper sensors. (A) Detailed schematic of the loop-mediated Pepper sensor targeting 24-nucleotide
target RNA. (B) Best-performing loop-mediated Pepper sensors targeting arbitrary RNA targets. Data represent mean fluorescence intensity from
plate reader measurements with a sensor alone (OFF) and sensor plus 35-nucleotide target RNA (ON). Here, “bg” is the fluorescence signal from
the HBC530 bu!er in the absence of RNA. Error bars represent standard deviations from three technical replicates. (C) Schematic of the second-
generation loop-mediated Pepper sensor targeting 24-nucleotide target RNA with various loop sizes. (D) Best-performing loop-mediated Pepper
sensors targeting shorter RNA targets. Data represent mean fluorescence intensity from plate reader measurements with sensor alone (OFF) and
sensor plus 24-nucleotide target RNA (ON). Error bars represent standard deviations from three technical replicates. (E). Schematic of the third-
generation loop-mediated Pepper sensor that targets 24-nucleotide RNA. The size of the loop (d domain) is 12, 10, or 8 nt; the length of the clamp
(m domain) is 4 or 2 nt. (F) Third-generation loop-mediated Pepper sensors and the mean ON/OFF comparison between two clamp designs.
Data represent mean fluorescence intensity from plate reader measurements with sensor alone (OFF) and sensor plus 24-nucleotide target RNA
(ON). Error bars represent standard deviations from three technical replicates. Significance: (****) for p < 0.0001, (**) for p < 0.01, (ns) for not
significant.
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The first design strategy (Figure 2A), named the toehold-
mediated Pepper sensor, contains a 5′ toehold sequence as part
of the target-binding region (orange), the core hairpin
structure, and the Pepper aptamer sequence at the 3′ end
(blue and green), following a strategy proposed in refs 28−30.
The Pepper stem is initially sequestered with the b* domain of
the core hairpin, thereby preventing binding of the fluorogen
HBC 530 to the sensor RNA and resulting in a nonfluorescent
(OFF) state in the absence of the target RNA. Upon the
presence of target RNA, the toehold region of the sensor RNA
initiates hybridization with the target, which mediates the
strand-displacement reaction necessary for the conformational
change of the sensor. This causes the unwinding of the core
hairpin, thereby releasing the b* domain, which then
hybridizes with the 3′ end of the b domain, leading to correct
folding of the Pepper aptamer and resulting in high
fluorescence (ON).
To start, we designed sensors to target arbitrary RNA

sequences. This approach allowed us to assess the sensors
under ideal conditions, where there were no sequence
constraints at the toehold, loop (d domain), and b domain.
The only fixed sequence was the Pepper core, highlighted in
green. In other words, the target sequence was incorporated
during the sequence optimization step. We generated toehold-
mediated sensor candidates for detecting 35-nt RNA targets
using the NUPACK nucleic acid sequence design package17
and selected the top four sensor variants, with the least
ensemble defects from the NUPACK prediction, for
experimental testing using an in vitro plate reader assay (see
Section 4). We found sensors adopting the rotated Pepper
aptamer to be better performing, based on their low OFF
signal and high ON signal when activated by their cognate
target RNA (Figure 2B), when compared to the ones adopting
the standard Pepper aptamer (Figure S1C). Therefore, we
employed the rotated Pepper aptamer in subsequent sensor
designs.
Next, we developed sensors that could detect shorter RNA

targets: small noncoding RNAs, like small interfering RNA
(siRNA) and microRNA (miRNA), are 19 to 25 nt in length
and play important roles in gene regulation.34 To make it
possible to detect RNA targets of comparable length, we
designed toehold-mediated sensors with a shorter sensing
domain by changing (1) the length of the toehold region from
15 to 10 nt; (2) the length of the stem of the core hairpin from
20 to 15 nt; and (3) the size of the loop of the core hairpin
from 8 to 6 nt (Figure 2C). We then generated and selected
four toehold-mediated sensor variants with shorter sensing
domain and evaluated them through our in vitro plate reader
assay (Figures 2D and S1D). Among the four variants tested,
sensors #3 and #4 exhibited better performance with negligible
fluorescence leakage in their OFF state when compared with
the background signal (Figures 2D and S1D). Our results
suggest that the impact of sequence variation on sensor
performance is greater in the sensor designed to detect 25-nt
targets than in the sensor designed for 35-nt targets, possibly
because of their shorter sensor domain.
2.2. Forward Engineering of the Toehold-Mediated

Pepper Sensor. Next, we asked whether we could system-
atically engineer sensors to improve their ON/OFF ratio, and
we focused on the variant with the worst performance (Figure
2D, toehold-mediated sensor no. 1 for detecting 25-nt RNA).
We began by trying to minimize the signal leakage and made
changes that include (1) removing the bottom bulge, (2)

removing both bulges, and (3) removing the bottom bulge and
extending the stem length (Figure 3A). The sensor with a
single bulge showed the most notable improvements in its
ON/OFF ratio (Figure 3B), and we kept this modification for
our following designs.
We then re-examined the secondary structure predicted by

NUPACK of all sensors we evaluated, and we noticed the
structure-dependent factors that a!ect the performance of the
sensors. The sensor leakage was decreased when the sequence
at the two ends was predicted to interact with the rest of the
sequence. We introduced these findings into the sensor design,
as shown in Figure 3C, and we refer to these new modifications
as clamps. A three-nucleotide sequence complementary to the
Pepper core was added upstream of the sensing domain
(orange) of the sensor for the 5′ clamp design, whereas a
three-nucleotide sequence complementary to the Pepper core
was added downstream of the b domain (blue) at the 3′ end of
the sensor for the 3′ clamp design. When compared with the
original sensor #1, the sensor with a single bulge and two
clamps showed a significant increase of relative ON/OFF of
948% (Figure 3D). Our results suggest that the improvement
in sensor performance achieved through the modification of
the sensor stem and the addition of clamps to the sensor
design was primarily due to the reduction in signal leakage
(Figure S1E), rather than an enhancement in the brightness of
the ON signal.

2.3. Design of Loop-Mediated Pepper Sensors.
Although toehold-mediated Pepper sensors have a wide
dynamic range and an ON/OFF ratio exceeding 100-fold
(sensors #2 in Figure 2B and #3 in Figure 2D), their design has
certain limitations regarding the stem sequence of Pepper (b/
b* domain). In addition, these sensors require a long, single-
stranded linear overhang, which is not well suited for RNA
circularization techniques that are commonly used to enhance
RNA stability and expression in mammalian cells.35 To
overcome these limitations, we developed an alternative design
of the Pepper sensor that takes inspiration from loop-initiated
RNA activators (LIRA)33 and builds on earlier RNA sensors
based on Broccoli aptamers.29 By placing the target-binding
region within the loop of the hairpin structure, the stem
sequence of Pepper (b/b* domain) in the sensor becomes
completely independent of the sequence of the cognate RNA
target. Moreover, LIRAs have lower translational leakage
compared to toehold-initiated riboregulators.33 Therefore, if
they could provide comparable ON signals to the toehold-
mediated sensors, we anticipated that the loop-mediated
sensors would exhibit a higher dynamic range.
Similar to the toehold-mediated sensor, the loop-mediated

Pepper sensor includes a hairpin structure at the 5′ end to
prevent folding of the downstream Pepper aptamer (Figure
4A). However, we began with a 27-nt-long hairpin stem and a
21-nt-long loop, adapting this “first-generation” sensor from
the LIRA design. In this case, a 24-nt target RNA binds to
exposed bases in the loop of the sensor RNA (orange domain),
unwinding the hairpin stem and releasing the b* domain. The
b* domain is expected to hybridize with the downstream b
domain, facilitating the formation of the Pepper aptamer and
the activation of the fluorescence. To evaluate this design idea,
we generated loop-mediated sensor candidates using a
NUPACK script and tested the three sensor-target variants
with the lowest ensemble defects. At this stage, the target
sequence was varied as part of the sequence optimization
program.
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Figure 5. Optimization of Pepper sensors for detection of clinically relevant RNA targets. (A) Illustration of the workflow for developing a Pepper
sensor for the detection of a sequence-specific RNA target. (B) ON/OFF ratios of the best-performing sensors for each synthetic RNA target. TS =
toehold-mediated sensor; LS = loop-mediated sensor. (C) Specificity test for the three miR sensors measuring the fluorescence in the presence of
each miR target. (D) The performance of the second-generation toehold-mediated sensors was designed for detecting miR-294. (E) Schematic of
the modification of the third-generation toehold-mediated sensors for detecting miR-294. (F) ON/OFF ratios of the third-generation toehold-
mediated sensors. (G) ON/OFF ratios of the loop-mediated sensors with various m domain lengths with 8- or 6-nt d domain. (H) The ON/OFF
ratios of the loop-mediated sensors have d domains of 6, 7, 8, or 9 nt (4-nt m domain). (I) ON/OFF ratios of the loop-mediated sensors have a
bulge size of 1 or 2 nt (4-nt m domain and 6-nt d domain). (J) Dose−response curves of the Pepper sensor detecting miRNA. The sensor
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As shown in Figure 4B, each of the initial variants showed
significant signal leakage in the absence of the target RNA,
which in variants #1 and #2 surpassed the fluorescence in the
ON state. To overcome this poor performance, we revised the
sensor design parameters following steps similar to those taken
for the toehold-mediated sensor, obtaining a “second-
generation” set of sensors. For these sensors, while keeping
the target sensing region length unchanged at 24 nt, we
reduced the length of the hairpin (21 nt, two helical turns),
making it comparable to the stem of the toehold-mediated
Pepper sensor (Figure 4C). To generate a generalized design
strategy for any given targets, we considered three loop sizes,
12, 10, and 8 nt, and for each size we generated and screened
four sensor candidates with arbitrary target sequence (the
target domain was not conserved, rather it was included in the
NUPACK sequence optimization). Figure 4D shows that these
adjustments immediately resulted in an increase in the ON/
OFF ratio with a significant decrease in the OFF signal nearly
100-fold (Figure S1F). Our results suggested that our first-
generation design of the 27-nt stem was not strong enough to
hold a 21-nt loop in place and the fluorescent configuration is
more favored.
We next hypothesized that the sensor performance could be

further improved by limiting the spontaneous interaction of
the b* domain with the downstream b domain, like in the
toehold-mediated design. For this purpose, we built a series of
third-generation sensors that include a clamp (m/m* domain)
at the bottom of the hairpin (Figure 4E). We evaluated 2- or 4-
nt-long m/m* domains that are complementary to the Pepper
core sequence. For each case, we tested two candidate sensors
against arbitrary target sequences (i.e., the target sequence was
optimized with the sensor domains). We observed greatly
improved sensor performance compared to first- and second-
generation loop-mediated sensors, with ultralow signal leakage
detected (Figures 4F and S1F). On average (across arbitrary
targets) the sensors with 4-nt clamps had higher ON/OFF
ratios compared to the ones with 2-nt clamps.
2.4. Pepper Sensors for Detecting Sequence-Specific

RNA Targets. Having confirmed that our design approach for
Pepper sensors allows us to improve their ON/OFF ratio for
arbitrary targets, we shifted our attention to building sensors
for detecting specific biologically relevant RNA targets. We
developed sensors to detect an MS2-repeat sequence and the
mRNA of TUBA1b; long noncoding RNAs (lncRNAs)
MALAT1 and mouse and human Xist/Xist RNA; and three
microRNAs miR302-a, miR-294, and miR124. MS2-repeat
sequences (consisting of 24 MS2 aptamer repeats) are widely
used as a tag for live-cell mRNA imaging in conjunction with
fluorescent protein labeled MS2 coat protein.36,37 The
TUBA1b mRNA was selected because of its ubiquitous
importance across organisms: α/β-tubulin heterodimers are
the basis of the dynamic cytoskeletal polymersmicrotubules
that are involved in various cellular functions.38 MALAT1 is

one of the best characterized lncRNAs, for its association with
several types of human cancers.39 Xist is another well-studied
lncRNA that induces the transcriptional silencing of genes on
one X chromosome in female cells.40 We chose to detect the
A-repeat sequence of the Xist RNA which recruits RNA-
binding proteins necessary for the induction of X-linked gene
silencing.41 The Xist A-repeat region holds 7.5 and 8.5 copies
of a conserved 26-nt sequence separated by U-rich linkers for
human and mouse, respectively.42 We targeted these conserved
domains, and the specific sequence used for detection can be
found in the Supporting Information (Pepper DNA template
sequence). For each of these cases, we developed di!erent
Pepper RNA sensors (toehold- and loop-mediated) following
the workflow outlined in previous sections (Figure 5A).
For long target RNAs, such as MS2-repeat, TUBA1B, and

MALAT, we selected, respectively, four, two, and three target
20- or 24-nt subsequences from the full-length product. For
shorter target RNAs, such as A-repeats of Xist RNA and the
microRNAs, the targeting region is limited, so the target
sequence is uniquely specified and identical to the full-length
product. We validated and screened these sensors in the
presence of 1x synthetic (in vitro transcribed) RNA targets, and
Figure 5B shows the performance of the best sensors from a
pool of three or four original toehold- and third-generation
loop-mediated sensors for each RNA target sequence (the
performance of the sensors is shown in Figures S2−S5, and
sensor sequences can be found in the Supporting Information
(SI) table). Six out of the eight sensors provide ON/OFF
ratios over 50-fold upon detecting their specific target, and
without any sensor optimization, the loop-mediated sensor for
MALAT1 had an ON/OFF ratio of ∼176-fold. Moreover, the
Pepper sensors for the microRNA showed very high specificity,
as they can only be fully switched ON by their cognate RNA
target when challenged with noncognate microRNA targets
(Figure 5C).
We next tried to improve the best toehold-mediated Pepper

sensor for miR-294, which showed the lowest ON/OFF ratio
(30-fold) when compared to other sensors we tested (Figure
5B). We hypothesized that this is due to a combination of a
high leakage signal in the absence of target and low on signal in
the presence of target. We found high leakage to a!ect the
ON/OFF ratio of all of the toehold-mediated sensors we
tested against synthetic miR-294 targets (Figure S6). To
reduce the leakage of the toehold-mediated sensors, we added
clamps and reduced the number of bulges in the sensing stem
of the sensor. We observed an improvement in performance
with a smaller number of bulges and the addition of the 3′
clamp (Figure 5D). Further, we noticed that the b domain of
the sensor contained three consecutive Gs and four Gs in total
(5′GGGAAG), which explains why a 3′ clamp was e!ective.
We then moved the sensing region down the sensor by 1 nt at
a time (Figure 5E), so the three Gs were moved away from the
bottom of the sensing stem. These newly designed sensors had

Figure 5. continued

performance (ON/OFF) exhibited a linear growth with increasing concentrations of miRNAs (0, 10, 25, 50, 100, 150, 200, and 250 nM miR-294,
miR302a or miR124). Sensor performance data was normalized to the ON/OFF ratio observed in sensors with 250 nM target RNA to the sensor
alone. Insets show the nonlinear regression of the normalized ON/OFF with a higher concentration of the target miRNA. LOD = 3.3σ/S, where σ
is the standard deviation of the regression and S is the slope of the calibration curve. (K) Relative ON/OFF of the sensors for detecting miRNA in
total RNA extracts to the miRNA alone. Sensor RNA of 1 μM and target miRNA of 250 nM were used in the present and in the absence of 10×
total RNA extracts. Measurements were taken 2 h after mixing in the plate reader. Error bars represent standard deviations from three technical
replicates. Significance: (****) for p < 0.0001.
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improved performance and exhibited reduced leakage only
when the three Gs were flanked by other sequences within the
b domain (sensors with 9- and 8-nt toehold) as shown in
Figure 5F.
To enhance the signal intensity of the loop-mediated miR-

294 sensors, we applied the design principles that we
previously validated to the loop-mediated sensors N1 and
N3: (1) shortening the length of the m domain from 4 nt to 3,
2, 1, or 0 nt; (2) increasing the length of the d domain from 6
to 7, 8, or 9 nt; and (3) changing the size of bulges within the
sensing stem from 1 to 2 nt (Figure 5G−I). The sensors with
the m domain removed had an ∼5-fold increase in ON signal
for both N1 and N3, but they also had ∼37- and ∼20-fold
increase in OFF state signal, respectively. Therefore, removing
the m domain alone had an overall negative e!ect on the
system. The sensors with a shortened m domain or an enlarged
bulge had minimal e!ect on the brightness of the ON signal,
whereas the sensors with a longer d domain had various
degrees of signal enhancement. The best two sensors with 9-nt
d domain modification displayed ON/OFF ratios of ∼300-
fold. We also sought to improve the ON/OFF ratio of the Xist
RNA sensors. The conserved sequences within the Xist A-
repeat region created a nonlinear secondary structure
preventing the binding of the target RNA. We applied similar
sequence-based modifications to the sensor design (as we did
for the miR-294 sensors), and the ON/OFF of the second-
generation loop-mediated sensors for the mouse Xist A-repeats
improved by ∼17-fold (Figure S7A−D). Our optimization
strategies successfully improved the performance of both the
Xist RNA sensors and the miR-294 sensors, demonstrating
their potential applicability for various target-specific sensors.
2.5. Detection Range and Robustness of RNA Pepper

Sensors. The capability of the sensors to detect the target
RNA hinges on whether the target RNA concentration falls
within the sensor’s detection range. We determined the limit of
detection (LOD) for our miRNA sensors by performing
experiments that use a range of target miRNA concentrations
from 0 to 250 nM (Figure 5J). The LOD was calculated to be
53.5, 45.2, and 42.0 nM for miR-294, miR-302a, and miR-124
sensors, respectively (LOD = 3.3σ/S, where σ is the standard
deviation of the regression and S is the slope of the calibration
curve). The LOD values were found to be below the
concentration of the abundantly expressed miRNA: miR-294
and miR-302a.43,44 However, the LOD value was above the
typical concentration of miR-124 reported in mESC.45 It is
important to note that for the LOD experiments, both sensor
and target RNA underwent column purification and experi-
enced freeze−thaw cycles and were not thermally annealed:
this means that the folding of a significant fraction of the RNA
molecules may di!er from their cotranscriptional structure,
which was used in the majority of our sensor-target selection
experiments. We hypothesize that the sensitivity of the sensor
could potentially improve when it attains cotranscriptional
folding.
Another important aspect of sensor development is its

robustness, which we define as its capacity to detect RNA
targets in an environment containing a large number of RNA
molecules that could introduce o!-target e!ects. To evaluate
the robustness of our Pepper sensor, we investigated its ability
to di!erentiate specific target RNA within total RNA extracts
from mammalian cells. We examined the performance of the
miRNA sensor in the presence and absence of 10× the total
RNA background, and we observed no discernible di!erences

between the two scenarios (Figure 5K). Our results suggest the
potential feasibility of employing the sensitive and robust
Pepper sensors for in vivo miRNA detection.

3. CONCLUSIONS AND OUTLOOK
Here, we developed two types of Pepper-based fluorogenic
RNA sensors that provide RNA detection capabilities in vitro.
Both toehold- and loop-mediated Pepper sensors exhibit a
wide dynamic range. We demonstrated the in vitro detection of
RNA targets of lengths varying between 20 and 35 nt. We
devised approaches to optimize toehold- and loop-mediated
sensors’ performances for arbitrary target RNA, building upon
previous work that established such RNA sensors for
diagnostic applications using other aptamers.28−30 Our
toehold-mediated sensor design originally included two 2-nt
bulges in the hairpin structure to prevent premature tran-
scription termination46 and increase the thermodynamic
stability of target−sensor interactions. However, our results
suggest that the ON/OFF ratio of these sensors can be
improved by approximately 10-fold through the removal of the
bottom bulge in the hairpin structure and the incorporation of
two clamps (Figure 3D). After two rounds of successive
improvement, especially with the addition of the clamp at the
bottom of the sensor stem, 10 out of 12 of the third-generation
loop-mediated sensors we tested showed over 100-fold
enhancement in fluorescence upon hybridizing with their
cognate target RNA. Due to their low background fluorescence
in the absence of target RNA, six of these sensors exhibit an
ON/OFF ratio exceeding 150-fold. Furthermore, we devel-
oped Pepper sensors for detecting various mRNA, lncRNA,
and microRNA targets with high specificity (Figure 5C). When
considering the top-performing target-specific sensors pre-
sented in Figure 5B and the most e!ective miR-294 sensor
from Figure 5H, the average ON/OFF ratio reached 119.1,
with the highest ratio being 301 and the lowest at 46.
The Pepper sensor exhibits a signal-to-background ratio

exceeding that of a superquenched DNA molecular beacon.47
The highest-performing superquenched molecular beacon,
utilizing FAM−3 DABCYLs, achieved a fluorescence signal
enhancement of 320-fold through background fluorescence
subtraction. Our second-generation loop-mediated Pepper
sensors, utilizing a domain d of 9-nt, can achieve a fluorescence
signal enhancement of approximately 550-fold through back-
ground fluorescence subtraction. Additionally, the Pepper
sensor, being pure RNA-based, o!ers the advantage of reduced
invasiveness due to its potential for endogenous expression,
which distinguishes it from delivery methods such as
microinjection and Microporation typically employed with
molecular beacons.
In comparison to previously developed fluorescent light-up

RNA-based sensors for detecting microRNA,18,19,22,23 both of
our optimized toehold-mediated and loop-mediated sensors
demonstrated significantly greater ON/OFF ratios in vitro.
Because these previously developed sensors have demonstrated
utility in live-cell RNA localization or ratiometric imaging
applications,11,12,16,18,19,21,22,24−27 we anticipate that our
Pepper sensors could be a valuable tool for RNA detection
and tracking in vivo. To support this claim, we assessed the
sensitivity of the Pepper sensors by conducting target RNA
titration experiments using our highest-performing sensors. As
shown in Figures 5J and S8, our results indicated that all seven
of the selected sensors at 1 μM were activated by a target RNA
concentration as low as 50 nM, which is below most of the
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reported in vivo concentrations of target RNA in the
literature.43−45 Achieving this sensor/target RNA ratio is
feasible when expressing the sensor in a medium or high copy
number plasmid in vivo48 Furthermore, we evaluated the
robustness of the Pepper sensors in a complex RNA
environment by spiking the target RNA into total RNA
extracted from HEK 293 cells at various ratios [target]:
[background]. We observed no significant change in sensor
performance, and the sensors maintained their detection
capabilities with up to 50-fold of the amount of total RNA
(Figures S9 and 5K). Additional studies are needed to verify
the specificity of the sensor for the detection of RNA;
depending on the applications, discrimination of targets with
small mutations may be desirable or preferable to detect a
range of targets with a broad set of mutations. Although we did
not develop Pepper sensors that are intentionally permissive of
mismatches, we developed Pepper sensors for the consensus
sequence of the Xist A-repeat. Our hope was that these sensors
could tolerate sequence variants, thereby amplifying the signal,
without the need for additional tandem sensing modules. Our
results for sensors against the mouse Xist A-repeat variants
indicated that the toehold-mediated sensor exhibits greater
robustness to the presence of sequence mismatches when
compared to the loop-mediated sensor (Figure S10). We
conjecture that systematic sequence improvements could
produce RNA sensors with the capacity to discern target
mutations and respond exclusively to a particular mutant.
For expression in cells, our sensors will need to be modified

to increase their stability, for example, by including a three-way
junction motif or a tRNA motif that is known to enhance the
stability of the ON-state aptamers.49 To optimize sensors for in
vivo RNA detection, we expect that our in vitro design/test/
revision cycle will be useful to improve their signal-to-
background ratio even when they include additional motifs.
Although at the moment other sensors have greater sensitivity
than the sensors we demonstrated here,19 our rational design
pipeline made it possible for us to build sensors that have a
very high signal/background ratio in vitro, a parameter that is
important in complex samples that could have a high level of
background sensing. Our study lays groundwork for the
advancement of RNA sensors that exhibit exceptional
specificity and sensitivity toward diverse RNA targets.
Furthermore, these sensors have the potential to be universally
applicable across multiple organisms.

4. METHODS
4.1. Toehold- and Loop-Mediated Pepper Sensor

Design. All our Pepper sensor variants were designed with
NUPACK.17 We report the scripts in the SI. The sensor
strands with the lowest number of normalized ensemble
defects were selected as candidates for in vitro experiments.
4.2. Sample Preparation. DNA templates for in vitro

transcription were purchased from Integrated DNA Tech-
nologies. DNA oligonucleotides were amplified using Phusion
High-Fidelity PCR Master Mix with HF Bu!er (M0531L, New
England BioLabs). AmpliScribe T7-Flash Transcription Kit
(ASF3507, Lucigen) was used according to the manufacturer
protocol with 4 μL of PCR products per 20 μL reaction. RNA
was transcribed at 37 °C for 30 min, and the transcription was
terminated with the addition of DNase I (Lucigen, ASF3507).
Samples from this transcription mix were used directly without
any purification in the plate reader screening experiments.

4.3. Plate Reader Sensor Screening. Sensors were
screened in 96-well assay plates containing 2 μL of sensor RNA
sample, 4 μL of target RNA sample, 2 μM HBC 530, 40 mM
HEPES, 5 mM MgCl2, 100 mM KCl, and water for a final
reaction volume of 100 μL. The fluorescence was monitored
on a plate reader (BioTek H1) every minute for 2 h at 37 °C.
For each sensor variant, the ON signal level was the
fluorescence signal measured for the sensor in the presence
of the target, whereas the OFF signal level was the fluorescence
signal of the sensor alone, in the absence of target. To evaluate
the performance of each sensor variant, we report the ON/
OFF ratio throughout the paper. The ON and OFF signals
were measured at 1 min intervals for 2 h, and the ON/OFF
were calculated from data at 2 h time points, unless otherwise
specified. Although a background control containing all bu!er
components was measured, it was not subtracted for the ON/
OFF calculation. We conducted three replicates of the
experiment.

4.4. RNA Extraction. Cell-extracted RNA was collected
from Hek293 cells. Cells were maintained in media composed
of 10% FBS (Life Technologies, 10099141), 100 mM L-
glutamine (GIBCO, 25030−081), 1× MEM nonessential
amino acids (NEAA) (GIBCO,11140−050), and 0.1 mM 2-
mercaptoethanol (GIBCO, 21985−023) in DMEM (Sigma,
D6429). The cells were harvested, washed with DPBS, and
collected with Direct-zol (Zymo Research). RNA was extracted
using the Direct-Zol RNA miniprep kit (Zymo Research) and
quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific).

4.5. Limit of Detection Test and miRNA Detection in
Total RNA. The sensor RNA and target RNA were transcribed
as previously described. Subsequently, purification was carried
out employing the Monarch RNA Cleanup Kit (T2040L, New
England BioLabs). The concentration of both the sensor and
target RNA was determined via a NanoDrop ND-1000
spectrophotometer (Thermo Scientific). Experimental samples
were prepared in 96-well assay plates, comprising 1 μM sensor
RNA, varying concentrations of target RNA, 2 μM HBC 530,
40 mM HEPES, 5 mM MgCl2, 100 mM KCl, and water to
attain a final reaction volume of 100 μL. In the case of miRNA
detection within total RNA samples, 250 nM target RNA and
2500 nM (10×) total RNA were employed, unless otherwise
specified. The fluorescence was monitored on a plate reader
(BioTek H1) every minute for 2 h at 37 °C. We reported the
data from the 2 h time point.
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