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Double-stranded (ds) biosensors are homogeneous oligonucleotide probes for detection of nucleic acid

sequences in biochemical assays and live cell imaging. Locked nucleic acid (LNA) modification can be

incorporated in the biosensors to enhance the binding affinity, specificity, and resistance to nuclease

degradation. However, LNA monomers in the quencher sequence can also prevent the target-fluoro-

phore probe binding, which reduces the signal of the dsLNA biosensor. This study investigates the

influence of LNA modification on dsLNA biosensors by altering the position and amount of LNA mono-

mers present in the quencher sequence. We characterize the fluorophore–quencher interaction, target

detection, and specificity of the biosensor in free solution and evaluate the performance of the dsLNA

biosensor in 2D monolayers and 3D spheroids. The data indicate that a large amount of LNA monomers

in the quencher sequence can enhance the specificity of the biosensor, but prevents effective target

binding. Together, our results provide guidelines for improving the performance of dsLNA biosensors in

nucleic acid detection and gene expression analysis in live cells.

Introduction

Gene expression analyses are essential for biomedical and labora-
tory automation applications. However, conventional nucleic acid
analysis methods typically involve cumbersome procedures,
require a large number of cells, and provide qualitative or semi-
quantitative results.1 Furthermore, single cell methods are
required for studying cell heterogeneity and multicellular organiz-
ation of complex biological processes, such as tissue morphogen-
esis and tumor invasion.2–4 Imaging techniques, such as fluo-
rescence in situ hybridization (FISH), open a door into studying
RNA expression in fixed cells down to the single transcript level.5,6

Nonetheless, FISH is laborious, applicable only to fixed cells, and
difficult to implement in 3D cultures. Single cell gene expression
analysis methods that are sensitive, specific, and easy-to-use in
both 2D and 3D culture models remain highly sought after.

Efforts have been dedicated to developing intracellular
molecular probes for gene expression measurements in live

cells.7 For example, molecular beacons, DNA transformers,
gold nanorods, and graphene oxide allow rapid detection of
RNA in live cells.8–11 These homogeneous biosensors often
involve a fluorophore-labelled oligonucleotide probe that is
complementary to the target RNA. Without a target, the fluoro-
phore probe is quenched by an organic or nanoengineered (e.g.,
gold nanorod and graphene) quencher. In the presence of a
target, the conformational change or displacement reaction sep-
arates the quencher from the fluorophore and allows the probe
to fluoresce. Among homogeneous biosensor designs, the
double-stranded probe has been broadly applied for various bio-
medical applications.12–17 In the double-stranded probe
scheme, the fluorophore probe is hybridized with a shorter,
complementary oligonucleotide sequence (quencher sequence)
labelled with a quencher (Fig. 1A). The double-stranded probes
provide several advantages over other designs in terms of
dynamic range, signal-to-noise ratio, and hybridization
kinetics.18,19 In particular, the double-stranded probe design
avoids probe self-hybridization20 and nanoparticle aggrega-
tion,21 and, importantly, allows additional freedom in tuning
the binding affinity and competitive binding reaction by adjust-
ing the length and concentration of the quencher sequence.18,19

Oligonucleotide modifications, such as locked nucleic acid
(LNA), are often introduced in FISH and intracellular probes to
improve the binding affinity, specificity, and resistance to
nuclease degradation.22–24 The enhanced specificity and stabi-
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lity are particularly important for live single cell biosensing.
For example, alternating LNA–DNA monomers have shown to
improve the intracellular stability of molecular beacons and
double-stranded locked nucleic acid (dsLNA) probes.15,25

Nonetheless, the influence of LNA modification in the quencher
sequence has not been systematically evaluated. If the affinity
between the fluorophore and quencher sequence is too high, the
strong binding may prevent the displacement reaction of the
target, which reduces the overall signal of the biosensor. In this
study, we explored various quencher configurations to obtain an
improved understanding of the dsLNA design for gene expression
measurements. We designed six different quencher sequences
with varying amounts and positions of LNA monomers (Fig. 1B
and ESI Table 1†). We systematically characterized their affinities,
sensing performance, and specificities in free solution (such as
in real-time polymerase chain reaction and mix-and-measure
assays).26 We also evaluated their performance in live and fixed
cells in 2D monolayers and in a 3D tumor spheroid invasion
assay. The results are summarized to provide guidelines on the
design of dsLNA probes for biochemical analyses.

Materials and methods
Cell culture and reagents

The human cervical cancer cell line, HeLa, was purchased
from Abcam (Cambridge, MA). All cells were cultured in

Dulbecco’s Modified Eagle Medium containing 10% FBS and
0.1% Gentamicin (Fisher Scientific, Hampton, NH). Monolayer
cell culture experiments were performed in polystyrene 24-well
plates (cat. # 07-200-740, Fisher Scientific, Hampton, NH).
Cells were maintained at 37 °C in 5% CO2, and the culture
medium was refreshed every 2 days. All experiments were done
between passages 5–20.

Probes and synthetic targets were synthesized by Integrated
DNA Technologies (San Diego, CA). All sequences were verified
through the NCBI Basic Local Alignment Search Tool for
nucleotides (BLASTn). Each quencher has a unique scheme of
LNA and DNA monomers, ranging from a maximum of 40%
LNA content to a minimum of 0% LNA content. The sequences
are available in ESI Table 1.† Lipofectamine RNAiMAX (cat.
#13778100, Fisher Scientific, Hampton, NH) and Block-iT™
(cat. #13750062, Fisher Scientific, Hampton, NH) were used
for transfection experiments in live cells. Prior to transfection,
all sequences were dissolved in 10 mM Tris–EDTA and 0.2 M
NaCl before being mixed at a 3 : 1 quencher-to-probe (Q : P)
ratio. The biosensors were then heated to 95 °C for 5 minutes
in a dry block heater before cooling to room temperature for
10 minutes. The biosensors and the transfection reagent were
diluted in Opti-MEM Medium (cat. # 31985070, Fisher
Scientific, Hampton, NH) according to the manufacturer’s pro-
tocol. The solution was then added to a 24 well plate seeded
with cells at 90–95% confluency, according to the manufac-
turer’s protocol.

Fig. 1 A double-stranded locked nucleic acid (dsLNA) biosensor for live cell gene measurement. (A) Illustration of the working principle of the
dsLNA biosensor. The biosensor consists of an oligonucleotide probe with alternating LNA monomers and a fluorophore (fluorophore probe), which
hybridizes with another probe conjugated with a quencher at the 3’ end (quencher sequence). The dsLNA biosensor is transfected into live cells.
With the presence of a target RNA, the quencher sequence is displaced by the target, allowing the fluorophore probe to fluoresce. (B) Illustration of
quencher designs with varying amounts and positions of LNA monomers in this study. Solid green boxes represent LNA monomers while open
boxes represent DNA monomers. Sequences are in the 3’ to 5’ direction.
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Fluorescence plate reader assays

Free solution experiments were carried out in Flat-Bottom
Corning 384-Well Microplates (cat. # 07-200-852,
Thermofisher, Waltham, MA) using a Molecular Devices
FlexStation 3 fluorescence plate reader. Prior to measurement,
the biosensors were dissolved in 10 mM Tris–EDTA and 0.25 M
NaCl and heated to 95 °C for 5 minutes. Then, the solution
was allowed to cool down to room temperature for at least
10 minutes. In all our experiments, wells with 250 nM probe
sequence were measured and used as the positive control (PC).
Wells with buffer solution only were also measured and used
as negative control (NC). Normalized fluorescence intensity of
each sample was calculated with the following formula:

Normalized intensity ¼ ðSample signal� NCÞ
ðPC� NCÞ

We found this approach provides reliable results across
multiple days and among different users. When the intensity
value was close to the detection limit of the instrument, the
normalized intensity resulted in small negative numbers (e.g.,
−0.0003) in some cases. These values were rounded as zero.

For the quenching efficiency experiments, the wells con-
tained 250 nM probe sequence, 0.25 M NaCl, and a variable
concentration of quencher sequence in 40 µL of TE Buffer. The
concentration of quencher ranged between 125 nM and
1.25 µM, corresponding with Q : P ratios of 0.5 : 1, 1 : 1, 2 : 1,
2.5 : 1, 3 : 1, and 5 : 1.

For the sensor calibration (i.e., target detection) experi-
ments, the synthetic targets were added to the biosensors after
they had cooled to room temperature, then allowed to incubate
at room temperature for at least 10 minutes. The wells con-
tained 250 nM probe oligo, 750 nM quencher oligo, 0.25 M
NaCl, and a variable concentration of synthetic target in 40 µL
of TE Buffer. The concentration of synthetic target ranged
between 25 nM and 125 µM, corresponding with target con-
centrations of 0.1×, 1×, 10×, 50×, 100×, and 500× the biosensor
concentration. The synthetic target detection experiment was
also performed with a random sequence and a β-actin mis-
match target to test the specificity of the biosensors.

The signal-to-noise ratio (SNR) was then calculated using
the results of the quenching efficiency and target response
experiments. The background noise was considered to be the
fluorescence intensity of the biosensor with a 3 : 1 Q : P ratio
(referred to in the formula as 3 : 1 Background signal), in
addition to the fluorescence intensity of the Tris–EDTA. The
signal was the fluorescence intensity of the biosensor with the
target after the background noise was subtracted. The formula
for SNR is as follows:

SNR ¼ ðsample intensity � NCÞ
ð3 : 1 background signalþ NCÞ

RNA in situ hybridization

The dsLNA probes targeting β-actin and a random sequence
were applied in fixed cells following the manufacturer’s
(Biosearch Technologies, Inc., Petaluma, CA) RNA in situ

hybridization protocol. Briefly, HeLa cells were fixed using
3.7% (v/v) formaldehyde for 10 minutes, followed by permeabi-
lization with 70% (v/v) ethanol for 24 hours. After rinsing with
wash buffer A, the dsLNA probes were diluted in the hybridiz-
ation buffer and incubated in HeLa cells for 4 hours before
imaging.

3D spheroid culture

The 3D spheroid experiments were performed with Cultrex©

3D Spheroid Cell Invasion Assay Kits (cat. # 3500-096-K,
Trevigen, MD) according to manufacturer’s protocol. Briefly,
HeLa cells were incubated with 5 µg mL−1 CellTracker Green
CMFDA Dye (cat. # C2925, Fisher Scientific, Hampton, NH) at
37 °C for 25 minutes in a 35 mm dish for fluorescence stain-
ing. The biosensors were then transfected as previously
described. Then, approximately 5000 cells per well were incu-
bated in Spheroid Formation Extracellular Matrix in a round
bottom 96 well plate and allowed to aggregate for 3 days in
order to form spheroids. Then, the Invasion Matrix, a blend of
collagen I and basement membrane extract, and cell culture
media was added. The spheroids were imaged immediately fol-
lowing the addition of the media for the 0 h time point, and
imaged again 24 hours afterwards.

Imaging and data analysis

All images were acquired using a laser scanning confocal
microscope (Leica TCS SP8; Leica Microsystems, Wetzlar,
Germany). For 2D monolayer experiments, the bright-field
image was used as a mask to measure the mean fluorescence
intensity in individual cells using the freeware ImageJ. 3D
invasion assay data were also analysed in ImageJ. In the 3D
spheroid images, biosensor mean intensity over area was
measured in the invading branches exclusively. The invading
branches were selected manually at the z-plane of the image
where the branches are in focus. For branches that are com-
posed of multiple cells in different focal planes, the mean
intensity was measured in each cell, when in focus. The inten-
sity of the entire branch was then calculated as the average of
the intensities of the cells composing the branch.

Statistical analysis

Data obtained from ImageJ were analysed using the statistical
software GraphPad Prism 9. Free solution experiments were
performed at least 3 times in different days with 3 replicates
each day. Similarly, all other assays were performed at least 3
times in separate days. In monolayer experiments, at least 100
cells per case were analysed. For 3D spheroid assays, at least 15
spheroid branches were analysed in each case. All datasets
were considered to follow a non-normal distribution.
Therefore, non-parametric tests were utilized to compare
across groups where possible. The tests used were: a Two-Way
ANOVA test with a post-hoc Tukey test including multiple com-
parisons, a Brown–Forsythe and Welch ANOVA test and the
Dunnet’s T3 multiple comparisons test, and a two-tailed
Mann–Whitney test. The following values were assigned to test
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for significance: ns p-value >0.05, * p-value <0.05, ** p-value
<0.01, *** p-value <0.001, and **** p-value <0.0001.

Results
Evaluating the quenching ability of the quencher sequences

Six quencher designs with varying amount and position of
LNA monomers (4-LNA, 3-LNA, 2S-LNA, 2A-LNA, 1-LNA, and
DNA) were designed and synthesized (Fig. 1B and ESI
Table 1†). Since the binding affinity is critical for determining
the specificity and the signal-to-noise ratio (SNR) of the bio-
sensor, we first studied the binding affinity between the LNA
probe and the quencher sequence (Fig. 2A and C). We evalu-
ated the ability of the six different quencher sequences (Q) in
reducing the signal of the free fluorophore probe (P). Data are
shown as the normalized intensity vs. the Q : P ratio. With a
high Q : P ratio, there was no significant difference across the
LNA quenchers. At a lower Q : P ratio (e.g., 1 : 1), the DNA
quencher for the β-actin probe resulted in a significantly
higher background noise (Fig. 2B). This observation shows the
importance of incorporating LNA monomers for enhancing
the quencher-probe binding. Furthermore, the biosensor
signal was completely quenched if the Q : P ratio was over 2.
Similar trends were also observed for the random probe
(Fig. 2C and D).

Determining the influence of the quencher design on target
detection

We next evaluated the effect of the quencher design on the
sensing performance as the target has to displace the
quencher for the fluorophore probe to fluoresce. The fluoro-
phore probe and the quencher sequence concentrations were
fixed at 250 nM and 750 nM respectively (i.e., Q : P ratio of
3 : 1). The target (T) concentration was adjusted systematically
from 0.1 to 1000 target-to-probe (T : P) ratio. The data were nor-
malized to the intensity of the free fluorophore probe with no
quencher in solution (Fig. 3A and C). The signal generally
increased with the target concentration and the T : P ratio, sup-
porting the dsLNA biosensor for detecting nucleic acid
sequences. All quencher sequences (except 4-LNA) displayed
an intensity similar to the free fluorophore probe at a T : P
ratio of 10 : 1 (Fig. 3B and D). The 4-LNA quencher (i.e., 4-LNA)
had a significantly lower intensity and reached less than ∼60%
of the maximum intensity, even at high target concentrations.
This observation suggests that a quencher sequence with a
large amount of LNA monomers can limit the maximum
signal of the dsLNA biosensor.

Our results show that the quencher sequence can influence
both the background noise and the signal level. We, therefore,
estimated the SNR of the dsLNA biosensor to evaluate the
overall effect (Fig. 4 and ESI Table 2†). We calculated the SNR
of each quencher by the formula denoted in the methods
section and plotted it against increasing target concentrations
(Fig. 4A and C). The design with the highest amount of LNA
monomers displayed the lowest SNR across all target concen-

trations, which is explained by the reduced signal level. The
difference in SNR was particularly apparent at a 10 : 1 T : P
ratio (Fig. 4B and D). The DNA quencher (e.g., no LNA modifi-
cation) also showed a reduced SNR, primarily due to the
higher background signal of the probe. At high/medium target
concentrations, there is no significant difference in SNR
between the 4-LNA and the DNA quenchers. In contrast,
quencher sequences with 1 to 3 LNA monomers resulted in
the highest SNR. Among the 3-LNA, 2S-LNA, 2A-LNA, and
1-LNA, there was no significant difference in SNR (Fig. 4B and
D). These results suggest that the dsLNA sensor performance
can be enhanced by an optimal number of LNA monomers.

Evaluating the specificity of the biosensors

In addition to the disassociation of the quencher sequence,
additional noise in the dsLNA biosensor scheme can arise due
to binding of the fluorophore probe to non-specific targets. A
crucial aspect of the dsLNA biosensors’ performance is the
ability of the quencher sequence to competitively prevent non-
specific binding. Therefore, we evaluated how the various
quencher sequences affect the specificity of the dsLNA bio-
sensor targeting β-actin against a non-specific random
sequence (Fig. 5A). Similar to the target calibration, the data
were normalized to the intensity of the free probe in solution.
All quencher sequence designs demonstrated good selectivity
against the non-specific random sequence, showing only
minimal fluorescence intensity. Indeed, the intensity values
were similar to the background intensity with a 3 : 1 Q : P ratio
(Fig. 5B). Similar results were also observed for the random
probe against the β-actin sequence (Fig. 5C and D).
Furthermore, the 4-LNA quencher probe for β-actin biosensor
was able to distinguish a single base mismatch target,
suggesting its high specificity against similar targets (ESI
Fig. S1†).

Testing the dsLNA biosensors in live and fixed cells

Next, we evaluated the performance and effect of the various
quencher designs in live and fixed cells. In particular, the
human cervical cancer cell line, HeLa, was used. In order to
test the response of each quencher in live cells, we transfected
HeLa cells with the 6 different quencher-probe configurations
and measured the fluorescence intensity levels in the cells.
The dsLNA probes targeting β-actin mRNA were transfected
into the cells at a 3 : 1 Q : P ratio and left unperturbed for
24 hours to ensure uniform probe internalization. Fig. 6A and
C shows representative images for the various biosensor con-
figurations. The right panel shows a box plot of the mean
intensity of cells within the monolayer for the various cases
(Fig. 6B and D). For the β-actin probe, in agreement with the
data in free solution, the signal intensity generally reduced
with the number of LNA monomers, and the 4-LNA quencher
sequence displayed the lowest signal. This is presumably due
to the strong probe-quencher binding affinity of the 4-LNA
quencher. In contrast, the highest signal level was obtained
from the dsLNA biosensor with the DNA quencher. This is in
good agreement with the biosensor calibration, where the DNA
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quencher reached close to 100% the free probe signal. In con-
trast, the random probe did not have a strong dependence on
the quencher design and did not show a clear trend (Fig. 6D).
The weak relation suggests other factors (e.g., autofluorescence
and probe degradation) may also contribute to the background
signal in live cells.

The experiment was also performed in fixed cells (Fig. 7).
The DNA quencher showed a high signal with the β-actin
probe and high noise with the random probe. In contrast, the
4-LNA quencher showed a low signal as well as the lowest
noise levels. The signal level of the β-actin and random probe
generally decreased with increasing amounts of LNA monomer

Fig. 2 Optimizing the quencher-to-probe (Q : P) ratio for various quencher designs. (A and C) Experimental characterization of the Q : P ratio for
probes targeting β-actin mRNA and a random sequence. The probe concentration was 250 nM. The data are shown as a function of the Q : P ratio.
The intensity is normalized by the intensity of the free probe. (B and D) Normalized intensity of the biosensor with a 1 : 1 Q : P ratio. Error bars rep-
resent the standard deviation. A two-way ANOVA test was used to evaluate differences among quenchers and Q : P ratios. A Brown–Forsythe and
Welch ANOVA test and the Dunnet’s T3 multiple comparisons test were used to evaluate differences among quenchers. Experiments were per-
formed in triplicate on separate days. ns p-value >0.05, * p-value <0.05, and ** p-value <0.01.
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in the quencher sequence. The results were in good agreement
with the free solution experiment.

Furthermore, we analysed the specificity of the dsLNA bio-
sensor with a DNA quencher targeting β-actin mRNA and a
random sequence in live cells (ESI Fig. S2†). The results
showed that the β-actin probe had significantly higher fluo-

rescence intensity compared to the random probe. Overall, our
data supports the use of the dsLNA biosensor for single cell
sensing in both live and fixed cells.

An important benefit of the dsLNA biosensor is the poten-
tial to be utilized in 3D culture models where other gene
expression analysis techniques (e.g., FISH) are more challen-

Fig. 3 Characterizing the target response for various quencher designs. (A and C) Experimental characterization of the sensing performance for
probes targeting β-actin mRNA and a random sequence. The probe concentration was 250 nM, and the Q : P ratio was 3 : 1. The data are shown as a
function of target-to-probe (T : P) ratio. The intensity is normalized by the intensity of the free probe. (B and D) Normalized intensity of the biosensor
at a 10 : 1 T : P ratio. Error bars represent the standard deviation. A two-way ANOVA test was used to evaluate differences among quenchers and T : P
ratios. A Brown–Forsythe and Welch ANOVA test and the Dunnet’s T3 multiple comparisons test were used to evaluate differences among quenchers
for a specific ratio. Experiments were performed in triplicate on separate days. ns p-value >0.05, *** p-value <0.001, and **** p-value <0.0001.
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ging. We, therefore, demonstrated the use of dsLNA biosensors in
invading 3D HeLa spheroids (Fig. 8). In particular, the biosensors
with the 4-LNA quencher sequence and the DNA quencher
sequence were tested. The dsLNA probes were transfected during
2D monolayer culture before spheroid formation to allow
uniform probe distribution. We opted for a 3D invasion assay to

test the performance of the dsLNA biosensor in invading sprouts.
In the 3D tumor spheroid invasion assay, the spheroids were
embedded in a blend of collagen I and basement membrane
extract. The cancer cells formed invading sprouts that collectively
invaded into the extracellular matrix. The biosensor signal was
evaluated 24 hours after (Fig. 8A). In particular, we analysed the

Fig. 4 Characterizing the signal-to-noise ratio (SNR) of various quencher designs. (A and C) Estimating the SNR for probes targeting β-actin mRNA
and a random sequence. The probe concentration was 250 nM, and the Q : P ratio was 3 : 1. The data are shown as a function of target-to-probe
(T : P) ratio. The SNR was determined by normalizing the intensity without target. (B and D) SNR of the biosensor with a 10 : 1 T : P ratio. Error bars
represent the standard deviation. A two-way ANOVA test was used to evaluate differences among quenchers and T : P ratios. A Brown–Forsythe and
Welch ANOVA test and the Dunnet’s T3 multiple comparisons test were used to evaluate differences among quenchers for a specific ratio. ns
p-value >0.05, p-value <0.01, and **** p-value <0.0001.
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invading branches protruding from the primary spheroids in
order to compare between the DNA and 4-LNA biosensors
(Fig. 8B). The intensity of the β-actin probe was significantly
higher for the biosensor with the DNA quencher compared to the
4-LNA quencher (Fig. 8C). This observation further supports the
notion that a large amount of LNA monomers can reduce the
sensor signal due to a high binding affinity between the fluoro-
phore probe and the quencher sequence.

Discussion

Novel biosensing techniques with high spatiotemporal resolu-
tion can greatly benefit the study of complex biological
processes.2,3 In this study, we investigated and optimized the
performance of the dsLNA nanobiosensor for nucleic acid ana-
lysis and gene expression measurements in mammalian
cells.26 Importantly, the dsLNA biosensor is easy to implement

Fig. 5 Characterizing the specificity of the biosensors. (A and C) Normalized intensity against a non-specific target for the various quencher
configurations. The probe concentration was 250 nM, and the Q : P ratio was 3 : 1. The data are shown as a function of target-to-probe (T : P) ratio.
The intensity is normalized by the intensity of the free probe. (B and D) Normalized intensity for the different biosensor configurations with a 10 : 1
T : P ratio. Error bars represent the standard deviation. A two-way ANOVA test was used to evaluate differences among quenchers and T : P ratios. A
Brown–Forsythe and Welch ANOVA test and the Dunnet’s T3 multiple comparisons test were used to evaluate differences among quenchers for a
specific ratio. Experiments were performed in triplicate on separate days.
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and has a transfection efficiency for live cells (ESI Fig. S3†).
Compared to biosensors based on conformational changes
(e.g., molecular beacons and DNA transformers),8,9 the sensing
performance of the dsLNA biosensor can be enhanced by
adjusting the Q : P ratio. In comparison with other displace-

ment sensors based on nanoengineered materials (e.g., gold
nanorods and graphene-based biosensors),10,11 the ability to
adjust the quencher sequence allows for easy optimization of
the specificity and SNR. Additionally, it has been demon-
strated that the double-stranded biosensing scheme can be

Fig. 6 Characterizing the biosensor performance of various quencher designs in live cells. (A and C) Representative fluorescence images of cancer
cells (HeLa) transfected with probes targeting β-actin mRNA and a random sequence. Scale bars, 20 μm. (B and D) Box plots measuring mean inten-
sity for each case normalized to the 4 LNA quencher signal and comparing it against the 4-LNA quencher design. The nonparametric Kruskal–Wallis
test along with the Dunn’s multiple comparisons test were used to compare across groups. ns p-value >0.05, ** p-value <0.01, and **** p-value
<0.0001 (n = 34, 23, 15, 13, 12, 16 for DNA, 1-LNA, 2A-LNA, 2S-LNA, 3-LNA, 4-LNA respectively for the β-actin probe, n = 20 for all random
quenchers).
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easily implemented and applied in various biomedical appli-
cations, such as detecting single base mismatch19 and quanti-
fying mRNA and microRNA in live cells.12–17

The inclusion of LNA monomers in molecular probes has
shown to improve the stability, signal-to-noise ratio, binding
affinity, and resistance to degradation.23,24 However, studies
investigating the optimal placement and proportion of LNA
monomers to optimize various biosensing applications are
scarce. As demonstrated in this study, incorporating a large
amount of LNA monomers does not necessary produce the
best biosensing performance. If the binding affinity of the
quencher sequence and fluorophore probe is too strong, it can

also prevent target detection even at high concentrations of
target, which is contributed by the strong LNA-LNA hybridiz-
ation (e.g., 4-LNA reached only ∼50% of the maximum inten-
sity).24 In free solution, an optimal SNR was obtained with a
small amount of LNA monomers (e.g., 1–3) in the quencher
sequence. The SNR was not significantly different in this range
of LNA monomers. Furthermore, modifying the order of LNA
monomers, as in the 2-LNA – A and 2-LNA – S quenchers, did
not result in any significant differences in any of the assays
performed. More experimentation regarding the placement of
LNA monomers at equal proportions will be necessary to deter-
mine the importance of position in different biosensing scen-

Fig. 7 Characterizing the biosensor performance of various quencher designs in fixed cells. (A and C) Representative fluorescence images of
cancer cells (HeLa) hybridized with probes targeting β-actin mRNA and a random sequence. Scale bars, 20 μm. The cells were fixed and incubated
with the biosensors without washing. (B and D) Box plots measuring mean intensity for each case normalized to the 4 LNA quencher signal and
comparing it against the 4-LNA quencher design. The nonparametric Kruskal–Wallis test along with the Dunn’s multiple comparisons test were used
to compare across groups. ns p-value >0.05, ** p-value <0.01, and **** p-value <0.0001 (n = 5 fields with >800 cells per field).
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arios. In this study, the number of LNA monomers resulted in
the strongest factor in determining the characteristics of a
quencher design for various applications.

Notably, there is a trade-off between the sensor signal and
the noise level. The dsLNA detects only a portion of the target
sequence based on equilibrium binding.18,19 This is an impor-
tant consideration for live cell imaging as additional,
uncontrollable sources can contribute to the overall back-
ground noise. If binding to a larger portion of the target
sequence is desired (e.g., due to autofluorescence in the
environment or low abundance targets), a quencher sequence
with low-to-no LNA monomers (e.g., DNA quencher) can be
applied. If non-specific binding of similar targets is an issue,
the amount of LNA monomers (and potentially the length of
the quencher sequence) can be increased to improve the
quencher-probe binding affinity. In general, we recommend
that researchers use low-to-no LNA monomers (e.g., DNA
quencher) in live and fixed cell imaging. In free solution
assays we recommend using 1-LNA–3-LNA monomers for an
optimal signal to noise ratio and reliable performance.
However, if high specificity is required, a large number of LNA
monomers (e.g., 4-LNA quencher) should be applied.

Conclusions

This study optimizes the dsLNA biosensors for nucleic acid
analysis. The results reveal trade-offs between sensitivity and
specificity when incorporating LNA monomers in the
quencher design. Therefore, we recommend that researchers
should take into account these considerations to improve the

performance of dsLNA biosensors in biochemical assays and
live cell imaging accordingly.
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