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Detection of mRNA in living cells by double-stranded
locked nucleic acid probes

Reza Riahi,a Zachary Dean,b Ting-Hsiang Wu,c Michael A. Teitell,d Pei-Yu Chiou,c

Donna D. Zhangef and Pak Kin Wong*af

Double-stranded probes are homogeneous biosensors for rapid detection of specific nucleotide sequences.

These double-stranded probes have been applied in various molecular sensing applications, such as real-

time polymerase chain reaction and detection of bacterial 16S rRNA. In this study, we present the

design and optimization of double-stranded probes for single-cell gene expression analysis in living

cells. With alternating DNA/LNA monomers for optimizing the stability and specificity, we show that the

probe is stable in living cells for over 72 hours post-transfection and is capable of detecting changes in

gene expression induced by external stimuli. The probes can be delivered to a large number of cells

simultaneously by cationic liposomal transfection or to individual cells selectively by photothermal

delivery. We also demonstrate that the probe quantifies intracellular mRNA in living cells through the

use of an equilibrium analysis. With its effectiveness and performance, the double-stranded probe

represents a broadly applicable approach for large-scale single-cell gene expression analysis toward

numerous biomedical applications, such as systems biology, cancer, and drug screening.
Introduction

The investigation of complex biological processes, such as
tissue morphogenesis, collective cell migration, and gene
regulatory networks, can be beneted tremendously by novel
biosensing techniques with high spatiotemporal resolution.1 In
particular, molecular probes with qualities including high
stability, sensitivity, and specicity are highly sought-aer for
long-term monitoring of gene expression in individual cells.
Investigating the dynamic regulation of gene expression, for
instance, requires single-cell analysis techniques to monitor the
dynamics of cellular responses. While single-cell polymerase
chain reaction (PCR) and high-throughput microuidic analysis
are available to measure gene expression down to the single-cell
level,2,3 the requirement of cell lysis prior to measurement
introduces challenges in analyzing the dynamics and spatial
distribution of genes for a large number of cells. Thus,
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innovative biosensing techniques are required to address these
challenges in investigating complex biological systems.

Molecular beacons, as an example, have been developed for
gene expression analyses in living cells and have been broadly
utilized in various biological applications.4–10 A molecular
beacon is a short hairpin oligonucleotide that binds to a specic
target oligonucleotide sequence and produces a uorescence
signal. For intracellular detection, the stability of molecular
beacons is a major consideration particularly when they are
employed in long-term gene expression monitoring. DNA
sequences encompassing molecular beacon probes are vulner-
able to nuclease digestion and nonspecic binding by DNA
binding proteins. These processes can in turn generate false-
positive signals. To overcome the stability issue, nuclease-
resistant nucleic acid monomers such as 20-O-methyl RNA,11,12

peptide nucleic acids (PNA),13,14 and locked nucleic acids
(LNA)15,16 have been incorporated into the molecular beacon
design. For instance, LNA and 20-O-methyl bases have been
shown to improve the stability of molecular beacons inside
living cells, while retaining similar or better solubility and
molecular recognition features to natural DNA. In the case of
LNA, alternating DNA/LNA bases have been demonstrated to
balance the binding affinity and the stability of the probes,
resulting in enhanced performance for intracellular
measurement.17

Another homogeneous scheme for sensing specic nucleic
acid sequences is the double-stranded probe, which consists of
two complementary oligonucleotide sequences labeled with a
uorophore and a quencher at the 50 and 30 ends.18–21 When the
Analyst, 2013, 138, 4777–4785 | 4777
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probes enter a cell lacking the probe's specic target mRNA, the
donor and quencher sequences remain in close proximity,
diminishing the uorescence signal. In the presence of the
target mRNA, the quencher sequence is displaced from the
donor sequence due to the thermodynamically driven binding
event between the donor and the target sequences (Fig. 1a
and b). This separation between quencher and donor sequences
enables the uorophore to uoresce. When compared with
molecular beacons, the double-stranded probe has several
advantages including the possibility of adjusting the quencher-
to-uorophore ratio for noise minimization as well as the ex-
ibility of modifying the length of the quencher sequence to
improve the specicity and kinetics of the assay.18 The double-
stranded probe has been successfully demonstrated for single
base mismatch discrimination,22 transcription factor detec-
tion,23,24 quantication of bacterial 16S rRNA,20 and real-time
PCR.25 Nevertheless, several key aspects of the double-stranded
probe for intracellular gene expression measurement have not
been explored and optimized systematically. In particular, the
feasibility of adopting nuclease-resistant building blocks in
the double-stranded probe should be evaluated to improve the
long-term stability and specicity of the probe in living cells.
Furthermore, methods for high-throughput delivery to multiple
cells simultaneously and selective delivery to individual cells
rapidly should be developed for elucidating complex biological
processes. The ability and specicity of using double-stranded
probes for measuring inducible genes should also be evaluated.
More importantly, the applicability of the double-stranded
probe for the quantication of intracellular mRNA needs to be
explored toward systems investigation of biological processes.

In this study, we adopt LNA monomers in the design of
double-stranded probes (dsLNA) for monitoring intracellular
gene expression at the single-cell level. In particular, we design
dsLNA probes targeting b-actin, heme oxygenase-1 (HO-1), heat
shock protein 70 (HSP70), and a random sequence control
Fig. 1 Single-cell gene expression analysis in living cells by dsLNA. (a) The
homogenous binding scheme of dsLNA for detecting a nucleic acid target. (b)
Detection of intracellular mRNA by dsLNA probes. (c) Fluorescence (top) and
bright-field (bottom) images of MDA-MB-231 cells transfected with dsLNA probes
targeting b-actin mRNA. Scale bars, 50 mm.
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by incorporating alternating DNA/LNA bases with a goal of
optimizing their stabilities and specicity. The stability of the
dsLNA probes is compared with other nucleotide modications.
We also optimize the procedures for transfecting dsLNA with
cationic liposomal transfection reagents for detecting the gene
expression in a large number of cells concurrently, which can be
used to study how cells respond to their environment, interact
with each other, and undergo other complex biological
processes. We also explore a photothermal nanoblade tech-
nique for delivery to individual cells selectively. To evaluate the
ability of dsLNA probes to detect inducible genes, we carry out
tert-butylhydroquinone (tBHQ) treatment and temperature
elevation studies to induce HO-1 and HSP70 gene expression,
respectively. The behaviors of the probe inside living cells are
studied systematically by transfecting donor–quencher (DQ)
duplex and donor–target (DT) duplex into the cells. By consid-
ering an equilibrium analysis, we evaluate the feasibility of
quantifying the mRNA concentration in living cells using
dsLNA probes.
Materials and methods
Probe design and preparation

A dsLNA probe consists of two oligonucleotide sequences for
rapid detection of specic nucleic acid sequences. A donor
sequence complementary to a target mRNA is designed and is
synthesized with alternating DNA/LNA monomers. The donor
sequence is labeled with a uorophore (6-FAM) located at the 50

end. For homogeneous detection of the target gene, a shorter,
alternating DNA/LNA sequence complementary to the donor
sequence is designed and labeled with a quencher (Iowa black)
at its 30 end. To compare its stability, two other double-stranded
probes were designed consisting of DNA only or 20-O-methyl
RNA. All nucleic acid probes and their corresponding target
sequences in this study were synthesized by Integrated DNA
Technologies Inc. Three different probes targeting b-actin,
HO-1 and HSP70 mRNAs were designed based on sequences
from the NCBI GenBank database (Table 1). A random probe
sequence not signicantly complementary to any known intra-
cellular mRNA was designed as a negative control. The speci-
city of all probe sequences was evaluated by the NCBI Basic
Local Alignment Search Tool (BLAST) database. Before intro-
ducing the probe to the cells, the dsLNA probes were prepared
by mixing donor and quencher sequences in a buffer of 10 mM
Tris–EDTA and 0.2 M NaCl. Aer 5 minutes of incubation in a
water bath at 95 �C, the probes were allowed to slowly cool down
to room temperature over the course of 3 hours before they were
ready to transfect into cells and detect the gene of interest. A low
background noise was achieved at a ratio of 1 donor to 2.5
quencher sequences and this ratio was used in this study.
Cell culture and transfection of the probe

Human mammary gland adenocarcenoma, MDA-MB-231, was
obtained from ATCC (Manassas, VA). Cells were maintained in
Dulbecco's modied Eagle's medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Sigma, St. Louis,
This journal is ª The Royal Society of Chemistry 2013



Table 1 Sequence of probes with alternating DNA/LNA monomer modification in this study. Bold italic letters indicate LNA monomers

Target gene Probe type Sequence/label
Length
(base)

DGDQ

(kcal mol�1)
DGDT

(kcal mol�1)

b-actin Donor (D) 50-/FAM-6/A GG AA GG AA GG CT GG AA
GA G/-30

20 �10.9 �25.8

Quencher (Q) 50-/C TT CC TT CC T/lowa black RQ/-30 10
Target (T) 50-/C TC TT CC AG CC TT CC TT CC T/-30 20

HO-1 Donor (D) 50-/FAM-6/A AG AC TG GG CT CT CC TT
GT T/30

20 �11.8 �26.6

Quencher (Q) 50-/G CC CA GT CT T/lowa black RQ/-30 10
Target (T) 50-/A AC AA GG AG AG CC CA GT CT T/30 20

HSP70 Donor (D) 50-/FAM-6/T TG TC GT TG GT GA TG GT
GA T/-30

20 �10.2 �24.9

Quencher (Q) 50-/C CA AC GA CA A/lowa black RQ/-30 10
Target (T) 50-/A TC AC CA TC AC CA AC GA CA A/-30 20

Random Donor (D) 50-/FAM-6/A CG CG AC AA GC GC AC CG
AT A/30

20 �11.1 �26.2

Quencher (Q) 50-/C TT GT CG CG T/lowa black RQ/-30 10
Target (T) 50-/T AT CG GT GC GC TT GT CG CG T/30 20
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MO), 2 mM HEPES buffer, and antibiotics (0.1% Gentamycin,
Sigma). Cells were stored at 37 �C in a humidied incubator
containing 5% CO2. Cells were plated overnight in 24-well plates
at an initial concentration of 105 cells per ml before trans-
fection. Once reaching 90–95% conuency, cells were trans-
fected with 1.0 mg probe at different transfection reagent ratios.
Transfection reagents, including Lipofectamine, FuGENE HD,
and Lipofectamine 2000 in opti-MEM (Invitrogen, Grand Island,
NY), were tested to assess the probe transfection efficiency. In
other experiments, cells were transfected with Lipofectamine
2000 to measure intracellular gene expression (Fig. 1c).

Delivery with the photothermal nanoblade was performed as
described.26,27 Briey, a Nd:YAG laser (Minilite I; Continuum)
operating at 532 nm wavelength and 6 ns pulsewidth was
applied to induce an ultrafast cavitation bubble near a titanium-
coated micropipette. The cavitation bubble locally ruptured the
cell membrane to allow delivery of the dsLNA probe to the cells
with high efficiency and viability. With a liquid delivery system
synchronized with the pulsed laser, a volume of �1 pL of the
dsLNA probe solution was delivered to the cells.
Inducible gene detection

To examine the ability of dsLNA probes to detect gene expres-
sion changes in cells, experiments were performed utilizing
either chemical or physical stimuli to upregulate the target gene
of interest. In the chemical stimulation experiment, cells
transfected with dsLNA probes were treated with 50 mM tBHQ, a
known HO-1 activator, for 16 hours prior to measurements.28 To
induce changes of HSP70 mRNA, a heat-responsive gene,29 the
temperature was increased from 37 �C to 42 �C for 1.5 hours.
The cells were then incubated at 37 �C for 5 hours before the
intensity measurement.
Intracellular probe concentration calibration

Two different experiments were performed using random donor
probes hybridized with the synthetic targets, i.e., random
This journal is ª The Royal Society of Chemistry 2013
donor–target (DT) duplex, to estimate the probe concentration
transfected into a cell. We rst plated cells on a cover slip
overnight. Cells were transfected with a random DT duplex and
intensity measurements were performed aer 12 hours. Since
the random probe sequence has no complementary target gene
inside the cell, intracellular signals were primarily due to the DT
duplex transfected. In the second experiment, we placed
different concentrations of a pre-hybridized random DT duplex
between two cover slips. It is known that the height of breast
cancer cells is typically �5 mm.30 We introduced the random DT
duplex to create a 5 mm thick sample of solution between two
cover slips. We measured the intensity levels of the random DT
duplex at different concentrations to obtain a linear calibration
curve to quantify the probe concentration inside a cell. The
donor–quencher (DQ) probe concentration is normalized for
the differences in intensity and transfection efficiency of DQ
and DT probes. By measuring the cell spreading area, we esti-
mated the average cell volume to be �4600 mm3. The average
concentration of dsLNA probes in the cells can then be esti-
mated and applied for obtaining the standard curve to quantify
intracellular mRNA in living cells.
Equilibrium analysis

An equilibrium analysis has been previously demonstrated to
describe the probe–target binding dynamics without any tting
parameters.22 The dsLNA probe can be represented by two
coupled reversible binding reactions (eqn (1) and (2)).

D + Q # DQ (1)

D + T # DT (2)

where D is the donor probe, Q is the quencher probe, and T is
the target. DQ and DT are the uorophore–quencher probe and
the uorophore–target duplex. These binding reactions lead to
equilibrium constants eqn (3) and (4), where KDQ and KDT are
the equilibrium constants of donor–quencher and donor–target
Analyst, 2013, 138, 4777–4785 | 4779
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hybridizations respectively. The equilibrium constants depend
on the Gibbs free energy change, DG, associated with the
hybridization of the complementary probe sequences. The
equilibrium constant can be estimated by K ¼ e�DG/RT where R
and T are the gas constant and the temperature respectively.
Also, the mass conservation law results in eqn (5) and (7), where
D0, Q0, and T0 represent the initial concentrations of donor,
quencher and target sequences.

KDQ ¼ ½DQ�
½D�½Q� (3)

KDT ¼ ½DT�
½D�½T� (4)

[D]0 ¼ [D] + [DQ] + [DT] (5)

[Q]0 ¼ [Q] (6)

[T]0 ¼ [DT] + [T] (7)

In our experiment, the concentration of the donor is smaller
than the concentration of the quencher, i.e., [D] � [Q]; there-
fore, we assume that [Q] ¼ [Q]0. By solving eqn (3)–(7), the
equilibrium concentrations of the free donor [D], the
donor–quencher [DQ], and the donor–target [FT] are given by
eqn (8)–(10).

½D� ¼ �M þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ 4ND0

p

2N
(8)

[DQ] ¼ [D][Q]KDQ (9)

½DT� ¼ ½D�KDTT0

1þ ½D�KDT

(10)

where M ¼ 1 + [Q]KDQ + KDTT0 � D0KDT, and N ¼ KDT + [Q]
KDQKDT. At a low background level, the uorescence signal can
be determined by eqn (10) according to the target concentra-
tions. The free energy change (and the equilibrium constant) is
directly estimated by Mfold based on the probe sequence and
experimental conditions.31 In this study, all three dsLNA probe
designs have the same length donor and quencher sequences
(Table 1). In the calculation, we ignored the slight differences in
free energy among the probes and apply one standard curve
for the quantitative estimation of the concentration of intra-
cellular mRNA.

Imaging and data analysis

Probe intensities were monitored with an inverted uorescence
microscope (TE2000-U, Nikon) and uorescence images were
acquired using a CCD camera (SensiCamQE, Cook corp.) at
different time points. All images were taken with a 1.0 s expo-
sure time under the same conditions in order to compare the
relative uorescence intensity. In the photothermal nanoblade
experiment, bright eld and uorescence images were captured
using a Zeiss Axiovert 40CFL inverted uorescence microscope
with a Canon digital camera. Data collection and imaging
analysis were performed using the NIH ImageJ soware.
4780 | Analyst, 2013, 138, 4777–4785
Approximately 100 cells were measured for each set of experi-
ments and the data are expressed as mean � SEM.
Results
Nucleic acid modication of double-stranded probes

In order to optimize the probe for intracellular RNA detection in
living cells, we rst studied the signal-to-noise ratio of double-
stranded probes with alternating DNA/LNA, 20-O-methyl RNA,
and DNA bases targeting b-actin, HO-1, and random sequences.
b-actin mRNA, which is a housekeeping gene, has a large
number of copies in the cell, and therefore it is anticipated to
show a high intensity. In contrast, the random probe, with no
complementary intracellular mRNA target in the cell, represents
the background noise inherent to the assay. The intensities of
the probes in the cytoplasm are presented in Fig. 2. Fig. 3 shows
images of cells transfected with dsLNA probes for intracellular
mRNA detection in the cytoplasm. The dsLNA probe with
alternating DNA/LNA monomers displayed signal-to-noise
ratios over 8 : 1 and 4 : 1 for detecting b-actin and HO-1 mRNA
relative to the control (Fig. 2a). By comparison, the probe with
20-O- methyl RNA modication showed a lower signal-to-noise
ratio (less than 2), while the DNA probe had the lowest signal-to-
noise ratio of �1.4 (Fig. 2b and c). The low signal-to-noise ratios
of 20-O- methyl RNA and DNA probes are possibly due to the
non-specic binding of probes and nuclease degradation.17,32

The data show that the probe with alternating DNA/LNA
monomer has the highest signal-to-noise ratio. The result is
consistent with previous data showing the exceptionally high
endurance of LNA modied probes16 and demonstrates the
applicability of LNA in double-stranded probes for intracellular
detection.
Intracellular delivery of dsLNA probes

To allow simultaneous detection of a large number of cells,
different transfection reagents were evaluated to maximize the
transfection efficiency. Fig. 4a illustrates the transfection effi-
ciencies achieved using different transfection reagents for
delivering the dsLNA probes. Transfection efficiency was
measured as the percentage of cells transfected. Lipofectamine
gave 35% transfection efficiency while FuGENE HD resulted in
10% transfection efficiency under our experimental conditions.
Lipofectamine 2000 achieved over 95% transfection efficiency,
by far the best of the transfection reagents tested for trans-
fecting dsLNA. In addition to choosing the appropriate trans-
fection reagent for the study, the optimal reagent-to-probe ratio
was also established to maximize the transfection efficiency.33

We xed the probe to 1.0 mg and applied various amounts of
Lipofectamine 2000. An optimal value of 2.5 ml Lipofectamine
2000 was observed to achieve over 95% transfection efficiency
(Fig. 4b). Increasing or decreasing this value resulted in a
reduction of the transfection efficiency.

Investigation of complex biological systems, such as cell
tracking and probing intracellular transportation, can be
beneted by selective delivery of molecular probes. For
instance, molecular beacons are oen delivered to living cells
This journal is ª The Royal Society of Chemistry 2013



Fig. 3 Bright-field (top) and fluorescence (bottom) images of cells transfected with dsLNA probes targeting b-actin mRNA, HO-1 mRNA, and random sequence. Scale
bars, 20 mm.

Fig. 2 Normalized fluorescence intensities of double-stranded probes in the cytoplasm with different modifications: (a) alternating DNA/LNA, (b) 20-O-methyl RNA,
and (c) DNA. The probes are designed to specifically detect b-actin and HO-1 mRNAs. A random sequence is designed as the control.

Fig. 4 Delivery of dsLNA probes to cells. Transfection efficiency with (a) different transfection reagents and (b) different amounts of Lipofectamine 2000 per 1.0 mg
dsLNA probe. (c) Photothermal delivery of dsLNA probes targeting b-actin mRNA and random sequence to HeLa cells. Scale bars, 100 mm. (d) Normalized fluorescence
intensities of dsLNA probes in the cytoplasm delivered by a photothermal nanoblade.

This journal is ª The Royal Society of Chemistry 2013 Analyst, 2013, 138, 4777–4785 | 4781
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by microinjection. Cells can function normally in the experi-
ments and the results are comparable to reverse transcription
PCR.34,35 However, the microinjection technique could be
invasive, slow, and labor intensive. To address the requirement
of single-cell delivery, we explored delivery of dsLNA probes by a
photothermal nanoblade, which has shown to have high effi-
ciency and cell viability.26,27 The dsLNA probe can be delivered
to the cells with high efficiency. Fig. 4c shows photothermal
delivery of dsLNA probes to three individual cells selectively.
The result is in agreement with previous photothermal nano-
blade study ndings that the efficiency for delivering small
molecules can be close to 100%.26,27 Furthermore, the b-actin
probe displayed a high intensity in the cytoplasm compared to
the random probe, suggesting specic detection of intracellular
mRNA (Fig. 4d). These results show the robustness of dsLNA
using different delivery approaches and demonstrate the
applicability of a photothermal nanoblade for delivering
dsLNA.
Inducible gene detection

Experiments were performed to evaluate the dsLNA probe's
ability to detect inducible genes in living cells specically.
Previous reports have shown that treating MDA-MB-231 cells
with tBHQ can upregulate heme oxygenase-1 (HO-1) mRNA
through the Nrf2 signaling pathway.28 Fig. 5a shows the inten-
sity level of probes inside the cell aer 50 mM tBHQ treatment.
Data revealed that the b-actin and random probe intensity levels
in the cytoplasm remained constant, while the value for the
HO-1 probe increased signicantly with the addition of tBHQ.
An experiment was also designed to detect HSP70 mRNA
induced by elevated temperature (Fig. 5b). The HSP70 probe
intensity increased when the cells were heated at 42 �C for 1.5
hours followed by culturing at 37 �C for 5 hours post-heating.
The intensities for other probes tested remained stable
throughout the duration of the experiment. These data
Fig. 5 Detection of inducible genes with dsLNA probes. (a) Fluorescence intensitie
intensity of dsLNA probes in cells cultured at 37 or 42 �C. Scale bars, 20 mm.

4782 | Analyst, 2013, 138, 4777–4785
demonstrate the specicity of the dsLNA probe and verify its
ability to detect the expression of inducible genes in living cells.
Intracellular stability and dynamics of the dsLNA probe

To evaluate the stability and the dynamics of the dsLNA probes
in cells, experiments were performed using the donor–quencher
(DQ) probe as well as the donor–target (DT) duplex, in which the
donor probe was pre-hybridized with the complementary
synthetic target prior to cell transfection. Fig. 6 shows the
normalized uorescence intensity of the b-actin and random
probes over 4 days. The random DQ probe expressed a low
uorescence intensity throughout the duration of the experi-
ment in the cytoplasm (Fig. 6a). In contrast, the b-actin DQ
probe showed a high signal in the cytoplasm that endured over
a long period of time. Specically, the b-actin DQ probe inten-
sity reached a stable value at 12 hours aer transfection and
maintained a constant value for 60 hours before the intensity
gradually decreased. The drop off in the intensity level aer
72 hours is possibly due to probe degradation and the dilution
effect of cell proliferation. In the nucleus, however, both the
b-actin and randomDQ probes behaved differently (Fig. 6b). For
the b-actin probe, the intensity level was maximized at 54 hours
while the random probe signal peaked at 12 hours aer trans-
fection, suggesting different intracellular dynamics of the
specic and non-specic probes. The observed uorescence of
the random DQ probe in the nucleus was signicantly elevated
compared to the uorescence in the cytoplasm. This observa-
tion suggests that there could be degradation and other
molecular interactions of the probe in the nucleus. The data
also revealed that the b-actin probe signal reached levels more
than twice that of the random probe in the nucleus, suggesting
that there could be target gene binding in the nucleus. This is
consistent with the observation that the b-actin probe has a
high intensity throughout the nucleus whereas the random
probe is rapidly sequestered and localized in the nucleoli
s of dsLNA probes in cells treated with or without 50 mM tBHQ. (b) Fluorescence

This journal is ª The Royal Society of Chemistry 2013



Fig. 6 Kinetics of dsLNA probes in living cells. (a and b) Fluorescence intensities of donor–quencher (DQ) probes in the cytoplasm (a) and nucleus (b). (c and d)
Fluorescence intensities of the donor probe pre-hybridized with the synthetic target (DT) in the cytoplasm (c) and nucleus (d).

Paper Analyst
(Fig. 3).36 Fig. 6c and d show the DT duplex in the cytoplasm and
nucleus. As expected, the pre-hybridized b-actin and randomDT
duplexes uoresce at comparable levels, regardless of their
presence in the nucleus or cytoplasm. While the relative uo-
rescence of the DT duplex in the nucleus is 3 times higher than
the value in the cytoplasm, the uorescence intensity of the
duplexes increases at similar speeds in both b-actin and
random probes. Furthermore, the maximum intensity of both
DT duplexes occurred at 12 hours post-transfection in the
cytoplasm whereas this peak was observed in the nucleus at 24
hours aer transfection. The results further support a kinetic
transition of double-stranded probes from the cytoplasm to the
nucleus.
Fig. 7 Standard curve of the dsLNA probe for quantitative measurements of
intracellular mRNA. The standard curve is estimated based on the equilibrium
analysis with 0.49 nM probe transfected into the cytoplasm. The normalized
intensities of b-actin, HO-1 and Hsp70 probes measured in the experiment are
indicated.
Quantication of intracellular mRNA

The intracellular probe concentration is required to estimate
the target mRNA concentration using the equilibrium analysis.
To determine the intracellular probe concentration, a serial
dilution experiment was performed on cover slips for calibrat-
ing the probe intensity. A linear intensity calibration curve was
then determined to correlate the uorescence intensity and the
probe concentration. Based on the calibration curve normal-
ized for DQ, we estimated the average DQ probe concentration
in the cytoplasm to be 0.49 nM. Applying this value to the
equilibrium analysis, we obtained a standard curve for quan-
titative measurements of mRNAs in living cells (Fig. 7). The
dsLNA probe has a dynamic range of 2–3 orders of magnitude,
which is sensitive between 1 pM and 1 nM (equivalent �3 to
�3000 copies of mRNA per cell). Using this standard curve, the
average concentration and the copy number of mRNA inside
the cells were estimated based on the uorescence intensity. In
particular, 1080 copies of b-actin mRNA (�0.38 nM) were esti-
mated to be inside a cell. This value is in good agreement with a
previous report that there are �1400 copies of b-actin mRNA
This journal is ª The Royal Society of Chemistry 2013
inside a cell, despite the differences in the experimental
conditions.37 For cells treated with and without tBHQ, the
normalized intensities of the HO-1 probes were 0.63 and 0.10
respectively, which represented a 7-fold difference in the
concentration of HO-1 mRNA from 0.32 nM to 0.045 nM. This
value is also in reasonable agreement with quantitative real-
time PCR data, which showed an 11-fold concentration
increase in HO-1 aer tBHQ treatment, with the same cell type
and experimental conditions.28 Furthermore, approximately 27
copies (�0.0095 nM) of HSP70 mRNA molecules are inside a
cell based on the standard curve. This value is consistent with
gel electrophoresis measurement that �20 copies of HSP70
mRNA are expressed in each HeLa cell.38 These results collec-
tively demonstrate the potential of the dsLNA probes for
quantitative measurements in living cells.
Analyst, 2013, 138, 4777–4785 | 4783
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Discussion

Developing efficient biosensing approaches for measuring gene
expression in individual living cells will have profound impacts
on various biomedical applications. This study focuses on the
optimization of the double-stranded probe to address several key
issues, including specicity, stability, and probe delivery, toward
intracellular gene expression detection in living cells. Our data
suggest that the dsLNA probes were not only able to detect
specic genes inside a cell over time, but also sense intracellular
changes in inducible genes due to applied physical or chemical
stimuli. In concert with molecular beacon studies,16,17,39 our
results suggest the effectiveness of alternating DNA/LNA mono-
mers in double-stranded probes for providing a high resistance
to nuclease digestion as well as protection against non-specic
binding. By incorporating LNA monomers, the signal-to-noise
ratio of the probe is signicantly improved compared to DNA and
20-O- methyl RNA. In general, the signal-to-noise ratio of the
dsLNA probe for intracellular detection is similar to those of
molecular beacons. Under the same conditions, the dsLNA probe
can oen display better sensitivity and kinetics due to the ability
to adjust the quencher-to-uorophore ratio as well as the
quencher length. Furthermore, the stability of LNA allows intra-
cellular detection with the dsLNA probe for over three days. The
long term stability is a critical aspect for studying many complex
biological processes, which oen last for days. In addition to the
stability, probe delivery is another important factor to be
considered. Using the optimized conditions for liposomal
transfection, over 95% of cells can be transfected simultaneously
allowing large-scale single-cell analysis. Furthermore, we
demonstrate rapid delivery of dsLNA probes to individual cells by
a photothermal nanoblade. Compared to microinjection, the
photothermal nanoblade allows rapid delivery with high effi-
ciency and cell viability. These capabilities will enable the dsLNA
probe to be applied in a diverse set of applications.

Our results have also revealed two fundamental aspects of
the dsLNA probe. We observed a size dependence of the kinetics
of nuclear transportation of the dsLNA probe. The random
probe translocated into the nucleus signicantly faster than the
b-actin probe. This observation can be explained by the lack
of an intracellular complementary target sequence with the
random probe, allowing the probe to freely pass into the
nucleus through nuclear pore complexes.40 In comparison,
the large b-actin mRNA hybridized with the b-actin probe and
remained in the cytoplasm for an extended period of time
before entering into the nucleus. The size dependence of
nuclear transportation was further supported by the experiment
where a pre-hybridized DT duplex was transfected into the cells.
The DT probes entered the nucleus at the same rate as the b-
actin and random probes. The size dependence provides a
possible explanation for the stability of the dsLNA probes over
molecular beacons, which are generally smaller than the dsLNA
probes. In fact, it has been reported that molecular beacons in
MDA-MB-231 have a nite life span of �30 min and conven-
tional molecular beacons are typically stable in cells for less
than 24 hours.41 Secondly, our results demonstrate quantitative
detection of intracellular mRNA in living cells. We have shown
4784 | Analyst, 2013, 138, 4777–4785
comparable results with quantitative real-time PCR under the
same experimental conditions. Our results are also in reason-
able agreement with other cell types and techniques, such as gel
electrophoresis and real-time PCR. Quantitative detection in
living cells has not been demonstrated in either molecular
beacons or double-stranded probes. The ability for quantitative
measurement in living cells will enable a new paradigm in
quantitative systems biology and dynamic investigation of
complex biological systems.
Conclusion

In summary, this study establishes the double-stranded probes
for intercellular gene expression analysis. Our results demon-
strate that dsLNA probes can continuously monitor and quan-
tify mRNA in living cells for days. We have also demonstrated
quantication of the number of mRNAs in viable cells. Overall,
the double-stranded probe represents a powerful approach
toward the long-term monitoring of intracellular RNA mole-
cules and carries the potential for use in a wide spectrum of
biomedical applications in the future.
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