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ABSTRACT: To attain the full therapeutic promise of short interfering RNA (siRNA), it is believed that
improvements such as increased biostability are critical. Regrettably, thus far, insufficient in situ data are
on hand regarding the intracellular stability of siRNAs. We report on the use of an advanced fluorescence-
based method to probe the nucleolytic decay of double labeled siRNAs, which are subject to fluorescence
resonance energy transfer (FRET). In vitro measurements with RNAse A and cellular extracts demonstrate
that the ratio of acceptor (5′-Cy5) to donor (3′-rhodamine green) fluorescence can be used to study the
degradation of the labeled siRNA substrates upon donor excitation. Intracellular FRET analysis showed
substantial degradation of single-stranded siRNA, whereas duplex siRNA stayed intact during the measured
time period. These data underline the high intrinsic nuclease resistance of unmodified duplex siRNA and
prove that cellular persistence is much more critical for the single-stranded structure. For the first time,
the stability of siRNA is investigated in real-time inside living cells. The fluorescence-based method
presented here is a straightforward technique to gain direct information on siRNA integrity inside living
cells and provides a bright outlook to learn more about the intracellular fate of siRNA therapeutics.

Knockdown of gene expression by RNA interference
(RNAi1) has evolved as a powerful tool for reverse genetic
analysis and holds great therapeutic potential (1, 2). RNAi
represents an evolutionarily conserved gene-silencing mech-
anism by which∼21 nucleotide double-stranded RNAs,
termed short interfering RNAs (siRNAs) (3), guide the
sequence-specific cleavage and subsequent degradation of
the targeted mRNA and, thus, the knockdown of the
corresponding gene (4). Intracellularly, duplex siRNA is
recognized by key components of the RNAi pathway, which
eventually leads to the incorporation of the antisense (guide)
strand in a ribonucleoprotein complex termed RISC (RNA-
induced silencing complex). This activated RISC (RISC*)
subsequently degrades the target mRNA, employing the
guide strand as the docking site to the homologous mRNA
sequence (1-5). The discovery that siRNAs can also target
mammalian genes without invoking the interferon response
enlightened the path to the development of siRNA thera-
peutics (5).

To effectively use siRNAs as drug molecules, many
barriers still need to be overcome (6). For the successful in

vivo application of siRNAs, their biostability and cellular
delivery should be improved (1, 2, 6-8). Many efforts have
already been undertaken to chemically modify the siRNA
molecules in order to reduce their susceptibility to RNAses
(7, 9-13). Some of the investigated modifications indeed
provide a higher resistance against serum-derived nucleases
(7, 12, 13). Moreover, evidence exists indicating that
chemical modifications of siRNAs can lead to a prolonged
gene-silencing effect in cell culture, suggesting that the
transient and short-lived RNAi induced gene knockdown
usually observed in mammalian cells may be partially due
to intracellular siRNA degradation (9, 11, 12). However, in
an attempt to confirm this hypothesis, Layzer et al. came to
the conclusion that the use of nuclease-resistant siRNA does
not by definition result in a more potent and/or prolonged
RNAi effect in vitro and in vivo (13). Besides chemical
modification, the packaging of siRNAs into suitable delivery
carriers may also protect them from degradation, even in
vivo (8).

The interest of numerous research groups with regard to
the improvement of siRNA stability emphasizes the need
for useful and straightforward methods to probe siRNA
integrity. Thus far, most data on siRNA biostability are
obtained from gel electrophoresis experiments following the
incubation of the siRNA in serum or cellular extracts. To
our knowledge, there are no reports of experiments that
follow the degradation of siRNA in living cells in real-time,
mainly because of the lack of suitable noninvasive methods.
It is clear, however, that the development of siRNA as a
drug needs an understanding of its intracellular fate. The
major focus of this article is, therefore, to investigate the
intracellular turnover of siRNAs. For this purpose, we
assessed the enzymatic degradation of double fluorescently
labeled single-stranded (ss) and double-stranded (ds) siRNA
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inside living cells by fluorescence resonance energy transfer
(FRET; Figure 1A). The fluorescence intensities of both dyes
(rhodamine green and Cy5, attached to the 3′ and 5′ ends,
respectively, of the sense strand) were monitored using a
dual-color fluorescence fluctuation spectroscopy setup (FFS)
as depicted in Figure 1B. Essentially, FFS measures fluo-
rescence intensity fluctuations in the excitation volume of a
(confocal) microscope (Figure 1B-D). The fluorescence
fluctuations are due to the movement of the fluorophores in
and out the confocal volume (Figure 1C-D). In dual-color
FFS, a sample containing two spectrally different fluoro-
phores (e.g., rhodamine green and Cy5) is analyzed, and their
emission light is registered separately by two detectors
monitoring thesameexcitation volume (Figure 1B) (14).

Our results demonstrate that duplex siRNA is more
resistant to intracellular nucleases than single-stranded
siRNA, which is degraded within minutes. Additionally, this
study shows the potential of the delineated fluorescence-
based technique for future research on cell biological
behavior of siRNA.

MATERIALS AND METHODS

siRNA Oligonucleotides. Twenty-one-nt single-stranded
(ss) siRNAs were synthesized and purified by Eurogentec
(sense strand: 5′-GUGCGCUGCUGGUGCCAACdTdT-3′;
antisense strand: 5′-GUUGGCACCAGCAGCGCACdTdT-
3′). Double fluorescent labeling occurred at the 3′ and 5′
ends of the sense strand with rhodamine green (RhoGr) and
Cy5, respectively. The concentration of the siRNA stock
solutions (in DEPC-treated water) was calculated from
absorption measurements at 260 nm (1 OD260 ) 40 µg/mL)
with a Nanodrop ND-1000 spectrophotometer. The absorp-
tion of the rhodamine label at 260 nm was taken into account.
The presence of the fluorescent labels was verified by
absorption measurements at 500 nm for RhoGr (εRhoGr,500 nm

) 54 000 l‚mol-1‚cm-1) and 647 nm for Cy5 (εCy5,647 nm)
250 000 l‚mol-1‚cm-1) and revealed a 70% double labeling
of the sense siRNA strand.

Fluorescent siRNA duplexes were prepared through hy-
bridization of nonlabeled antisense and fluorescently labeled

sense RNA strands (either single or double labeled). Equimo-
lar amounts of both RNAs were mixed in an annealing buffer
(final buffer concentration 50 mM Tris at pH 7.5-8.0, 100
mM NaCl), and annealing was performed in a thermal cycler
(2 min incubation at 94°C, followed by slow cooling to 25
°C over a time period of 45 min). Duplex formation was
confirmed by 20% nondenaturing polyacrylamide gel elec-
trophoresis.

Cell Culture and Microinjection Experiments.VERO cells
(African green monkey kidney cells) were maintained in
Dulbecco’s modified eagle’s medium (DMEM) without
phenol red (Gibco), supplemented with 2 mM glutamine,
10% heat deactivated fetal bovine serum (FBS), and 1%
penicillin-streptomycin at 37°C in a humidified atmosphere
(5% CO2). The cells were profylactically treated against
mycoplasma with Plasmocin (Invivogen). For intracellular
fluorescence measurements, the cells were seeded (2.5×
104 cells/cm2) on culture dishes with a central 150µm thick
glass-bottomed surface (MatTek Corporation). The cells were
incubated 24 or 48 h prior to microinjection.

Microinjection experiments were conducted with a Fem-
tojet microinjector and an Injectman NI 2 micromanipulator
(Eppendorf). All injections were performed in the cytoplasm.
Directly following microinjection, intracellular fluorescence
measurements were carried out as described below.

Preparation of Cytosolic and Nuclear Cell Extracts.
Cytosolic and nuclear cell fractions were derived from VERO
cells according to a slightly modified BD bioscience trans-
factor extraction protocol. Cells were harvested at high
confluency by trypsinization and centrifuged at 450g for 5
min (4 °C). Subsequently, the cell pellets were rinsed twice
by resuspension in cold phosphate buffered saline (PBS),
collected again, and redispersed in a hypotonic lysis buffer
(10 mM HEPES at pH 7.9, 1.5 mM MgCl2, and 10 mM
KCl, supplemented with Complete Mini EDTA-free Protease
Inhibitor Cocktail (Roche)). Following incubation on ice (15
min) and subsequent centrifugation (5 min at 420g, 4 °C),
the cells were again dispersed in lysis buffer equal to twice
the cell pellet volume. The resulting cell suspension was
slowly drawn into a narrow-gauge syringe and rapidly ejected

FIGURE 1: (A) Schematic representation of fluorescence resonance energy transfer (FRET) and its applicability to probe the degradation of
double labeled siRNA (see Materials and Methods). (B) Setup of the dual-color fluorescence fluctuation spectroscopy (dual-color FFS)
instrument. The excitation light, emerging from a Kr-Ar ion laser, is reflected by a triple chroic mirror and focused onto the objective of
a confocal microscope. The fluorescence light, emitted by the fluorophores when diffusing through the excitation volume, passes the same
objective and triple chroic mirror to be split by a dichroic mirror into red and green components. (C) Animated view of fluorescent molecules
diffusing through the excitation volume (typically some femtoliters), which causes fluorescence intensity fluctuations as depicted in (D).
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to disrupt the outer membrane (disruption step was repeated
10 times). Nuclei were pelleted by centrifugation of the lysed
cells at 11 000g for 20 min. The supernatant (cytosolic
extract) was collected and stored in small aliquots at-80
°C.

For preparation of the nuclear extract, the remaining
nuclear pellet was resuspended in a nuclear extraction buffer
(20 mM HEPES at pH 7.9, 1.5 mM MgCl2, 0.42 M NaCl,
0.2 mM EDTA, 25% (v/v) glycerol), supplemented again
with Complete EDTA-free Protease Inhibitor Cocktail in
appropriate concentrations. Following the disruption of the
nuclei (using a new syringe), the nuclear suspension was
shaken gently for 30 min on ice and then centrifuged at
18 000g for 5 min. The supernatant (nuclear extract) was
stored in small aliquots at-80 °C.

Dual-Color Fluorescence Fluctuation Spectroscopy Setup.
Fluorescence measurements were performed on a dual-color
FFS setup installed on a MRC1024 Bio-Rad confocal laser-
scanning microscope (depicted in Figure 1B). An inverted
microscope (Eclipse TE300D, Nikon) equipped with a water-
immersion objective lens (Plan Apo 60×, NA 1.2, collar-
rim correction, Nikon) was employed. The 488 and 647 nm
laser lines of a krypton-argon laser (Bio-Rad) were used to
excite the RhoGr and Cy5 dyes, respectively, and their
emission signal was registered by ultrasensitive Avalanche
photodiode detectors. The fluorescence intensity fluctuations
were recorded on a digital ALV 5000/E correlator. The FFS
setup was calibrated as described by Schwille et al. (15) and
summarized by Remaut et al. (16) to optimize the overlap
of the excitation and detection volumes and to determine
the size of the latter.

A detailed outline of the theoretical concept and applica-
tions of FFS can be found elsewhere (17, 18). In this study,
the dual-color FFS setup is mainly employed to measure the
fluorescence intensities of labeled siRNA present at nano-
molar concentrations. Additional correlation analysis of the
fluorescence fluctuations to obtain information on the mobil-
ity of the siRNA molecules was not performed. Therefore,
the mathematical basics and diffusion models to be applied
to the FFS data will not be covered in this article.

siRNA Stability Analysis.Fluorescence resonance energy
transfer (FRET) is an important research tool to study inter
and intramolecular processes and is defined as the nonra-
diative excitation energy transfer from a donor fluorophore
to an appropriate acceptor fluorophore when both dyes are
fixed in close proximity (typically∼10-100 Å) (19). The
energy transfer efficiency is inversely proportional to the
sixth power of the interdye distance (19). Hence, virtually
any process that induces distance variations between a donor
and an acceptor on the nanometer scale can be monitored
with this technique (20). In this article, FRET is used as a
tool to study the degradation of double-labeled siRNAs (see
Results). Intact nucleic acid molecules, baring both a donor
and acceptor, show a significant acceptor emission upon
donor excitation due to energy transfer, as schematically
illustrated in Figure 1A. When the double-labeled substrates
are cleaved into single-labeled products, FRET can no longer
occur, resulting in negligible acceptor fluorescence. Basically,
the ratio of the 5′-Cy5 fluorescence (acceptor fluorophore)
to the 3′-RhoGr fluorescence (donor fluorophore) upon donor
excitation (termedFA/FD) correlates with siRNA integrity
(see Results). For the determination of theFA/FD ratio on

degrading siRNAs, the fluorescence intensities of RhoGr and
Cy5 were recorded for 3 s by thegreen and red detectors,
respectively (Figure 1B), with laser excitation set at 488 nm.
All samples were analyzed in glass-bottomed 96-well plates
(Greiner Bio-One, certified DNAse/RNAse free), and the
focal volume was placed 50µm above the bottom of the
wells.

Degradation experiments with RNAse A (RPA grade,
manufactured from bovine pancreas, Ambion) were per-
formed at ambient temperature by first diluting the siRNA
stock solutions with RNAse A buffer (100 mM Tris-acetate
at pH 6.5, 1 mM EDTA, 1 mM cyclic 2′,3′-cytidine
monophosphate) to a final concentration of 13 nM. Subse-
quently, 1µL of RNAse A solution was added, andFA/FD

was measured as a function of time.
To monitor the degradation of siRNAs in cytosolic and

nuclear extracts of VERO cells, a siRNA solution (400 nM)
in degradation buffer (20 mM Tris-HCl, 50 mM Na-acetate,
2 mM Mg-acetate, adjusted with sodium hydroxide to pH
7.4) was mixed with 50% (v/v) of cellular extract and
incubated at 37°C in nonstick RNAse free microfuge tubes
(Ambion). Aliquots were taken at different time points and
diluted with sodium citrate buffer to stop degradation (for
dsRNAdegradation: 10 mM sodium citrate at pH 4, 0.025%
sodium dodecylsulfate (SDS); forssRNAdegradation: 10
mM sodium citrate at pH 6, 20 mM DTT, 0.1% SDS).
Samples (end concentration 13 nM) were analyzed im-
mediately or incubated on ice prior toFA/FD measurements.

To monitor the stability of siRNA in VERO cells, first,
confocal images were taken of the cells, and the FFS
observation volume was positioned inside the nucleus.
Solutions of intact ssRNA (10µM), intact dsRNA (6µM),
(RNAse A) degraded ssRNA (10µM), and (RNAse A)
degraded dsRNA (6µM) were prepared in RNAse-free water
and loaded into a microinjection needle (Eppendorf II).
Subsequently, cells were microinjected into the cytoplasm.
Approximately 30 to 60 s after the injection, the cells were
exposed to 488 nm laser light, and theFA/FD ratio was
determined in the nucleus. The low laser excitation power
and the short measurement time ensured minimal photo-
bleaching and cellular damage. For the time-dependent
stability analysis, theFA/FD ratio was registered inside the
nucleus at different time-points after injection. At the end
of each data series, we verified that the nucleus was still in
focus.

Polyacrylamide Gel Electrophoresis Combined with Dual-
Color FFS.siRNA duplex (8µM) (27.5 µL) was added to
0.48µg of RNAse A in 12.5µL of RNAse A buffer without
cyclic 2′,3′-cytidine monophosphate and incubated at room
temperature. At specified times, 5µL (for gel electrophoresis,
∼ 0.4µg of siRNA) and 0.5µL aliquots (for dual-color FFS)
were removed. Electrophoresis aliquots were mixed with 10
µL of formamide (with 0.05% bromophenol blue), snap
frozen at-80 °C and stored afterward at-20 °C. A 20%
polyacrylamide gel, supplemented with 7 M ureum in TBE
buffer (0.089 M Tris base, 0.089 M boric acid (pH 8.35), 2
mM Na2EDTA), was applied to analyze siRNA degradation
(40 min run at 100V). Following electrophoresis, the gel was
stained (40 min) in a 1:104 dilution of SYBR Green II RNA
stain (Molecular Probes) in DEPC-treated water, and samples
were visualized on a UV Trans-illuminator. The 0.5µL
aliquots were added to 7µL of RNAse A buffer and also
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snap frozen at-80 °C. The FA/FD ratio (upon 488 nm
excitation) of every aliquot was calculated.

RESULTS

FRET as a Tool to Distinguish between Intact and
Degraded Single-Stranded and Duplex siRNA.Figure 2
shows representative fluorescence fluctuation profiles ob-
tained for intact ssRNA (Figure 2A) and intact dsRNA
(Figure 2B) in DEPC-treated water upon 488 nm excitation.
Although only rhodamine green (RhoGr) can be efficiently
excited with these settings, the Cy5 fluorescence (red signal)
markedly exceeds the RhoGr fluorescence (green signal).
This clearly indicates that energy from the RhoGr excited
state (donor) is transferred to and excites the Cy5 acceptor
dye (FRET). The ratio of acceptor fluorescence to donor
fluorescence upon 488 nm excitation (FA/FD ratio) is used
here as a measure for energy transfer (see Materials and
Methods). Table 1 summarizes theFA/FD values measured
for ssRNA and dsRNA. Both intact ssRNA and dsRNA
display aFA/FD ratio .1 in DEPC-treated water, which is
mainly due to FRET. Upon annealing with nonlabeled
complementary siRNA, theFA/FD ratio of ssRNA clearly
lowers, indicating that the energy transfer is partially
inhibited in the duplex form. This is probably explained by
a higher rigidity of the duplex structure, which makes the
relative position of both dyes less optimal for FRET. Also,
the FA/FD value seems to depend on the medium in which
siRNA is diluted (Table 1). When siRNA is placed in RNAse
A buffer or sodium citrate buffer, a lowerFA/FD ratio was
measured in comparison withFA/FD in DEPC-treated water
(Table 1), indicating that in the buffer media energy transfer
is significantly diminished.

Fluorescence fluctuations (upon 488 nm excitation) of
degraded siRNA samples are shown in Figure 2C and D. In
contrast with the fluorescence fluctuation profiles of intact

siRNA samples, now, the RhoGr emission becomes domi-
nant. This red-to-green shift is due to the degradation of the
siRNAs, which separates donor and acceptor dyes, thus
precluding energy transfer (Figure 1A). siRNA degradation
is also clearly reflected in theFA/FD values (Table 1).
Incubation of siRNA in the presence of RNAse A and
cellular extracts (derived from VERO cells) no longer allows
FRET and significantly lowers theFA/FD ratio (FA/FD ,
1).

To further unravel theFA/FD turnover during degradation,
the red and green fluorescence were monitored in time after
the addition of RNAse A. In this experiment, an excess of
RNAse A was added to allow for the monitoring of a
significant decrease inFA/FD on a short time-scale (400 s)
with continuous laser excitation. As can be seen in Figure
3A, the degradation of ssRNA corresponds to an increase in

FIGURE 2: Fluorescence fluctuation profiles of intact/degraded ssRNA (A and C) and dsRNA (B and D) obtained in DEPC-treated water
upon 488 nm excitation. A graphical representation of the predominant siRNA species in the measured samples is added. Intact siRNA
shows a higher Cy5 fluorescence signal compared to that of RhoGr because of fluorescence resonance energy transfer (FRET). When the
oligos are degraded, FRET can no longer occur, eventually leading to the inversion of the emission profile.

Table 1: Overview of the MeasuredFA/FD Ratios of
Single-Stranded (ss) and Double-Stranded (ds) siRNAa

intact
in DEPC-treated

water in buffer A in buffer B

ssRNA 29.3( 2.0 15.5( 2.1 19.6( 1.9
dsRNA 9.5( 0.8 1.5( 0.1 1.9( 0.1

degraded RNAse A nuclear extract
cytoplasmic

extract

ssRNA 0.11( 0.01 0.13( 0.01 0.12( 0.01
dsRNA 0.11( 0.00 0.09( 0.01 0.14( 0.01
a Intact siRNA oligos show a high ratio primarily due to FRET.

Degradation of siRNA in the presence of cellular extracts or RNAse A
corresponds toFA/FD , 1. Ratios were calculated on the basis of
average red and green fluorescence intensities, measured over a 30 s
time frame (excitation wavelength equaled 488 nm). Different samples
were analyzed, andFA/FD ratios are presented as mean values(
standard deviation of at least three independent experiments. Buffer
A: RNAse A buffer; buffer B: sodium citrate buffer, supplemented
with SDS.
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green fluorescence and a concomitant decrease in red
fluorescence because of the disappearance of FRET. During
degradation of dsRNA, green fluorescence also gradually
increases, whereas red fluorescence remains almost un-
changed (Figure 3B). We observed that the degradation of
single RhoGr labeled siRNAs also increases the green
fluorescence, which we attributed to RhoGr dequenching
(data not shown). That this phenomenon also occurs in
double labeled siRNAs cannot be excluded. In other words,
one can say that the change inFA/FD upon degradation of
ssRNA and dsRNA is governed by both a loss of FRET and
intramolecular RhoGr fluorescence dequenching. It is im-
portant to emphasize that a direct comparison of ssRNA and
dsRNA degradation kinetics cannot be made fromFA/FD

measurements because of the fact that different processes
influence the decrease inFA/FD ratio of ssRNA and dsRNA.
More importantly however, Figure 3 parts C and D clearly
illustrate that theFA/FD ratio can be used to follow the
conversion between intact and degraded siRNA.

Monitoring the Degradation of ssRNA and dsRNA in
RNAse A Solutions.First, we tried to characterize the
correlation between theFA/FD ratio and the percentage of
degraded siRNA in a sample. Hereto, different amounts of
intact and degraded siRNA (resulting from long-term incuba-
tion at 37°C with nuclear or cytosolic extract) were mixed
and theFA/FD ratio was determined. As can be seen in Figure
4, a higher amount of degraded siRNA corresponds with a
lower FA/FD ratio, although a linear relation was not found.
When the sample contains only degraded siRNA, theFA/FD

value drops to ca. 0.6% and 5% of its initial value for
respectively ssRNA (Figure 4A) and dsRNA (Figure 4B).

Figure 5 shows the degradation profiles of ssRNA and
dsRNA after addition of different amounts of RNAse A.
Breakdown of the RNA initially strongly lowers theFA/FD

ratio followed by a more gradual decrease. As expected,
adding higher amounts of enzyme results in a faster decrease

in theFA/FD ratio, which reflects a higher degradation rate.
RNAse A is an endonuclease with a single-strand substrate
specificity that cleaves 3′ from C and U residues. Only low
amounts of RNAse A are needed to degrade a nanomolar
ssRNA sample (Figure 5A). However, at higher enzyme
concentrations also dsRNA is subject to degradation (Figure

FIGURE 3: (A and B) Real-time emission behavior of double fluorescently labeled siRNAs (488 nm excitation). The analysis was performed
through continuous excitation over a 400 s time-interval of a 13 nM siRNA solution (in RNAse A buffer) incubated at ambient temperature
together with an excess of RNAse A (2.5 ng and 1.5µg of RNAse A for ssRNA and dsRNA, respectively). Arrows indicate the time-point
of RNAse A addition. Degradation of ssRNA results in an increase in RhoGr emission (gray data) and a concomitant decrease in Cy5
fluorescence (black data) because of the disappearance of FRET. Regarding the siRNA duplex, theFA/FD ratio is primarily influenced by
the increase in donor fluorescence. (C and D) Time-dependent profiles of the resultingFA/FD ratio. To normalize the results, theFA/FD
ratio of intact siRNA was set to 1.

FIGURE 4: Correlation between theFA/FD ratio and the percentage
of degraded siRNA in a mixture of intact and degraded siRNA (in
sodium citrate buffer, supplemented with SDS). TheFA/FD ratio
decreases with increasing concentrations of degraded siRNA
because only intact RNA can contribute to the FRET signal. The
FA/FD ratio of intact RNA was normalized to a value of 1.
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5B). Indeed, it is known that the specificity of RNAse A is
dependent on the concentration used.

To visualize dsRNA degradation we performed denaturing
PAGE gel electrophoresis (Figure 6, graph insert). As
expected, a clear degradation pattern could be seen. After
24 h of incubation almost no detectable nucleic acid
fragments were remaining on the gel. FFS based stability
analysis on the degrading samples was performed in parallel
(Figure 6) and elucidated that merely mixing the dsRNA with

RNAse (corresponding with the 2′ time point) already
reduced theFA/FD ratio by 37%. Following 2 h ofincubation
theFA/FD ratio does not decrease any further. This indicates
that the degradation primarily takes place during the first 2
h of incubation. As almost no full length fragments remained
visible on the gel at the 2 h time point, the information
obtained from respectively the gel electrophoresis measure-
ments and theFA/FD measurements are in well agreement,
indicating that theFA/FD ratio effectively reflects the amount
of intact and/or degraded double labeled siRNA in a sample.

Monitoring the Degradation of ssRNA and dsRNA in
Cellular Extracts.In the next step, we wondered whether
the FRET-FFS technique also allows the study of the stability
of siRNA in more complex media. Hereto, cytoplasmic and
nuclear fractions were isolated from VERO cells and
incubated with single- and double-stranded RNA. Figure 7
shows the corresponding degradation profiles. The first
interesting observation is that single-stranded RNA is almost
completely degraded after 60 min of incubation (Figure 7A),
whereas complete degradation of duplex siRNA, even after
several hours of incubation, was not obtained (Figure 7B).
A significantly slower degradation rate was seen when

FIGURE 5: (A and B) Time-dependent degradation profiles (normal-
izedFA/FD as a function of degradation time) of ssRNA and dsRNA
with different amounts of RNAse A (depicted in both parts) in
RNAse buffer. The siRNA concentration was equal in all samples
(13 nM). FFS measurements were performed at ambient temperature
with laser excitation set at 488 nm. Control measurements were in
RNAse buffer alone.

FIGURE 6: Gel electrophoresis on degrading dsRNA samples.
RNAse A (0.48µg) was added to a 5.5µM dsRNA solution in
RNAse A buffer without cyclic 2′-3′-cytidine monophosphate. At
different incubation times (ambient temperature), FFS aliquots were
taken and snap frozen at-80°C. Prior to measurement, the samples
were diluted to a concentration suitable for FFS analysis. The
normalizedFA/FD ratio as a function of degradation time is shown.
Electrophoresis aliquots (∼0.4 µg of dsRNA) were taken at the
same time points and also stored immediately at-80 °C. Graph
insert shows the corresponding dsRNA degradation profile visual-
ized with SYBR Green II RNA stain on a denaturing 20%
polyacrylamide gel.

FIGURE 7: FFS measurements performed on degrading siRNA
oligos in cellular extracts. Crude extracts were mixed with twice
the volume of a 400 nM RNA solution in degradation buffer and
incubated at 37°C. At different time points, an aliquot was mixed
with SDS-sodium citrate buffer to a final concentration of 13 nM.
Excitation wavelength equaled 488 nm, and fluorescence intensities
were recorded during 3 s.FA/FD ratios were again normalized to a
value of 1. No difference in degradation rate could be observed
for ssRNA in pure cytoplasmic (b) and nuclear extracts (O).
Concerning dsRNA however, theFA/FD ratio shows a faster decay
in the nuclear extract compared to that in the cytosolic extract. Blank
measurements (×) were performed in degradation buffer alone
(dsRNA) or degradation buffer supplemented with 0.1% SDS
(ssRNA). The influence of siRNA-protein binding on the measured
FA/FD signal was minimized through dilution of the samples in
the denaturing buffer prior to measurement.
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experiments were repeated with 1/10 diluted extract (data
not shown). Surprisingly, ssRNA seems to degrade equally
fast in cytoplasmic extract as in nuclear extract (Figure 7A),
indicating that both extracts possess a comparable ssRNAse
activity. However, regarding the siRNA duplex, theFA/FD

ratio shows a considerably faster decay in nuclear extract
compared to that in cytosolic extract. This observation
suggests that, under given assay conditions, much higher
dsRNAse activity was present in the nuclear fraction of the
VERO cells.

Monitoring the Intracellular Degradation of ssRNA and
dsRNA.Having established that theFA/FD ratio is a reliable
parameter to follow siRNA integrity in cellular extracts, we
next aimed to analyze the intracellular stability of siRNA in
living cells using microinjection to deliver the siRNA to the
cytosol. Figure 8A shows confocal images (488 nm excita-
tion) of VERO cells taken at different time points after
cytoplasmic injection of a high concentration of intact
dsRNA. Duplex siRNA seems to rapidly accumulate in the
nucleus after injection and clearly does not show a homo-
geneous intranuclear distribution. A comparable behavior has
already been observed for antisense oligonucleotides (21).
Also, single-stranded siRNA showed a fast nuclear ac-
cumulation (data not shown). Hence, further exploration of
the intracellular integrity of both siRNAs was performed in
the nucleus of the injected VERO cells. Figure 8B depicts
theFA/FD ratio measured in the nuclei directly after micro-
injecting intact or previously degraded (ss and ds, respec-
tively) siRNA in the cytosol of the cells. Because the FFS
setup makes use of much more sensitive detectors than a
conventional fluorescence microscope, a lower amount of
siRNA was injected here. For injected intact siRNA, aFA/
FD ratio >1 was calculated, whereasFA/FD remained far

below 1 when degraded siRNA was introduced in the cytosol.
This clearly demonstrates that the dual-color FFS setup can
distinguish between intact and degraded siRNA inside living
cells.

Next, we aimed to characterize the intracellular degrada-
tion rate of duplex siRNA in VERO cells. For this purpose,
we microinjected intact double-stranded siRNA in the cytosol
of VERO cells and positioned the FFS observation volume
in the nucleus of the cell. During the first half hour following
injection of dsRNA, an increase in both the red and green
nuclear fluorescence was observed (Figure 9A), in agreement
with the nuclear accumulation of duplex siRNA as seen in
Figure 8A. Subsequently, a slow decay in the fluorescence
intensities was observed, which can be attributed to a
redistribution of intact nuclear dsRNA to the cytosolic
compartment. A similar behavior was reported for antisense
oligonucleotides, which seem to shuttle between the nucleus
and cytoplasm (22). Interestingly, theFA/FD ratio remains
constant over the measured time interval (Figure 9C),
demonstrating that the duplex siRNA stays intact. This is in
contrast to the degradation of dsRNA in cellular extracts, as
concluded from Figure 7B. These observations prove that
siRNA stability in cellular extracts cannot just be translated
to the actual cellular environment and highlight that in situ
measurements are needed.

Intracellular measurements with ssRNA revealed a vast
lowering of the FA/FD ratio (Figure 9D), indicating the
disappearance of FRET and RhoGr quenching and, thus,
ssRNA degradation. The intracellular data emphasize the
high stability of duplex siRNA and the high instability of
single-stranded siRNA, in line with other reports in the
literature (10, 11). Interestingly, in Figure 9B, again a
concomitant increase in red and green fluorescence was
registered in the nucleus during the first 5 min, attributed to
the nuclear import of the ssRNA. Clearly, the single-stranded
siRNA shows a faster accumulation than duplex siRNA.
However, the relative increase in red fluorescence is less
pronounced than the increase in green fluorescence, explain-
ing the FA/FD decline within this time frame. It can be
postulated that upon injecting ssRNA in the cytoplasm, a
fraction of the RNA will be readily degraded. Hence, during
the first few minutes after microinjection, a mix of degraded
and intact ssRNA is prone to nuclear import. It goes without
saying that the intact single-stranded siRNA molecules that
reach the nucleus will also degrade within a reasonable time
span. As outlined previously, ssRNA degradation results in
an increase in green fluorescence and a parallel lowering of
the red fluorescence. Because the red emission already drops
at 5 min after injection (Figure 9B), we conclude that some
intact siRNAs still reach the nucleus but that the siRNA
molecules at this moment are subject to intranuclear degra-
dation. One can wonder why the green fluorescence in the
nucleus remains more or less constant between 5 and 50 min
following injection. Probably, the loss of intranuclear
fluorescence due to nucleocytoplasmic redistribution of
(intact and already degraded) siRNA is countered by the
increase in green fluorescence as a result of degradation.
Approximately 60 min after injection, theFA/FD no longer
drops (Figure 9D), indicating that no further degradation
occurs. The slight decrease in red and green fluorescence is
now completely attributed to diffusion of siRNA fragments
from the nucleus into the cytoplasm.

FIGURE 8: (A) Transmission image and confocal images (488 nm
excitation) of VERO cells taken at different time points after
cytoplasmic injection of dsRNA. (B)FA/FD ratio measured in cells
after microinjecting intact or (previously) degraded ssRNA and
dsRNA. The FFS observation volume was positioned in the nucleus
of the injected cell with laser excitation set at 488 nm. TheFA/FD
ratio is presented as the mean value( standard deviation obtained
from at least three independent experiments under identical calibra-
tion.
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DISCUSSION

Many disease-causing genes can be silenced efficiently
in cell culture with rationally designed short interfering RNAs
under optimized transfection conditions. However, the ap-
plication of siRNA therapeutics is not yet conceivable
because siRNA delivery, biodistribution, target cell selectiv-
ity, and so forth remain major hurdles to be overtaken.
Obviously, the therapeutic success of siRNA will also greatly
depend on the biostability of siRNA. Indeed, the siRNA
molecules should be sufficiently stable in the extra and
intracellular matrixes to be able to exert a biological effect
(1, 2, 6).

Previous reports in the literature have studied the degrada-
tion of synthetic RNA/DNA chimera (23) and antisense
oligonucleotides by FRET (ref 14 (14) and refs therein). Also
inside living cells, FRET has been used to evaluate ribozyme
cleavage of a labeled oligoribonucleotide substrate (24) and
detect intact and degraded oligonucleotides (14, 25). In the
present study, we first wanted to evaluate whether the dual-
color FFS setup (as depicted in Figure 1B) is suited to probe
the nucleolytic decay of double fluorescently labeled siRNAs
that are subject to FRET. Figures 3-7 clearly show that the
FA/FD ratio obtained from the fluorescence fluctuation data
(measured through the FFS setup) can be applied to study
the transition from intact to degraded siRNA. As single-
stranded siRNA shows much higher FRET efficiency than
duplex siRNA (Table 1), this also allows us to distinguish
between dsRNA degradation and duplex strand denaturation.
Although dsRNA degradation results in a decrease in the
FA/FD ratio, destabilization of the intact siRNA duplex will
eventually lead to an increase in theFA/FD ratio. Indeed,
the release of the more flexible siRNA sense strand from
the duplex structure will induce a higher FRET signal.

Correlation analysis on the fluorescence fluctuation profiles
will allow the calculation of the diffusion coefficient of the
fluorescently tagged molecules passing through the observa

tion volume of the confocal microscope (15, 17, 18).
However, this strategy is not recommended for monitoring
the degradation of siRNA as a function of time (16). Strictly,
FFS can only distinguish between fluorescent molecules with
sufficiently different mobility, that is, when their diffusion
coefficients (D) differ by at least a factor of 1.6 (26).
Considering thatD ≈ 1/(MW)1/3, this implies that FFS could
only differentiate between intact andfully degraded siRNA.
In contrast, FRET is sensitive to a single cleavage, irrespec-
tive of the molecular weight (MW) of the degradation
products formed (16). It is also worth highlighting that in
this article end-labeled siRNAs are used. It could be argued
that the labels sterically interfere with (primarily) exoribo-
nuclease binding to the siRNA substrate, thereby limiting
the enzymatic activity, which would then lead to an
underestimation of the degradation rate.

Using a confocal FFS setup to register the fluorescence
intensities is particularly advantageous for quantifying the
intracellular fate of siRNAs. Indeed, the confocal excitation
volume can be easily placed inside a defined cellular
compartment. As the fluorescence photons emanating from
this focal spot are registered by ultrasensitive photodiode
detectors, this enables us to measure nanomolar concentra-
tions of fluorescent molecules, which are often too low for
FRET when studied through confocal imaging. For future
siRNA research, this could be especially attractive because
only low concentrations of highly active siRNA are needed
to show a biological effect. It is also known that fluorescence
from endogenous cellular components (autofluorescence)
may interfere with FFS measurements in mammalian cells,
especially when excitation wavelengths in the blue spectral
range (<500 nm) are used (27). In particular, the autofluo-
rescence signal may render the interpretation of intracellular
data challenging (28), especially when the fluorescently
labeled molecules of interest are present at low concentration.
In this article, the intracellular fluorescence exceeded the
autofluorescence at least 5-fold at every data point, ensuring

FIGURE 9: Intranuclear fluorescence intensity profile of (A) dsRNA and (B) ssRNA. The emission signal in both the green (9, gray) and
red (b, black) detector is shown as a function of degradation time. (C and D) Corresponding time-dependent degradation profiles of dsRNA
and ssRNA obtained in the nucleus of VERO cells. Laser excitation was set at 488 nm and microinjection was conducted in the cytoplasm
of the focus cell. NormalizedFA/FD ratios of dsRNA are presented as mean values( standard deviation of three independent experiments
under different calibration. ssRNA data are from one representative of three independent experiments.
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that the obtainedFA/FD ratios really reflect the fate of the
injected siRNAs.

Confocal images showed nuclear accumulation of dsRNA
when microinjected in the cytoplasm (Figure 8A). Several
reports, however, present evidence for the cytoplasmic nature
of RNAi as activated RISC complexes that localize and
function in the cytosol where translation of target mRNA
takes place (29). Transfection of Hela cells with TAT47-57-
siRNA conjugates, siRNA/lipofectamine nanoparticles, or
siRNA/polyamidoamine nanoparticles revealed that the siR-
NAs preferentially locate in the perinuclear region, thought
to contain focal points of RNAi machinery (30). This specific
subcellular localization showed strong correlation with RNAi
activity (30). A recent article, however, declared that RNAi
activity is also present in the nucleus of HeLa cells because
functional RISC complexes were found in both nuclear and
cytoplasmic extracts (31). Thus, upon transfection, short
interfering RNA that is released from its carrier presumably
enters the nucleus and forms RISC* complexes on site to
cleave homologous nuclear RNA transcripts. It has also been
shown in the literature that siRNAs can induce transcriptional
gene silencing in mammalian cells through DNA methyla-
tion, a process that occurs in the nucleus (32). The confocal
images presented in Figure 8 also show a distinct intranuclear
accumulation pattern around the nucleolus that in itself
remains largely unlabeled. This could potentially indicate
the presence of nuclear binding sites or siRNA complexes.
The observed intranuclear distribution contradicts the findings
of Ohrt et al. (33), who found that microinjected siRNAs
are excluded from the nucleoplasm by a RanGTP/Exportine
5 pathway but not from the nucleolus. Apparently, many
uncertainties on the intracellular fate of siRNA do remain
and emphasize the need for advanced methods to investigate
them. However, one should keep in mind that the intracellular
distribution of siRNAs will probably depend on how they
are delivered to the cytosol.

Intracellular FFS measurements showed substantial deg-
radation of the single-stranded RNA. In contrast, theFA/FD

ratio measured for dsRNA remained unchanged for almost
2 h, emphasizing the high intrinsic stability of dsRNA (Figure
9C). Probably, the low dsRNAse activity in both the
cytoplasmic and nuclear compartment compared to the higher
load of single-strand specific nucleases accounts for the
discrepancy in the stability of ssRNA and dsRNA. A recent
article on the stability of native siRNAs in serum revealed
that duplex siRNA is mainly degraded by enzymes of the
(ss)RNAse A family (34). Some of these enzymes can be
termed single-strandpreferringbecause they are also capable
of degrading double-stranded RNA, although to a much
lesser extent. The biochemical mechanism of this process
has already been described in the literature (35). Inside a
living cell, there are numerous types of ribonucleases (exo
and endoribonucleases) with different structures and catalytic
function (36). Because of the high complexity and diversity
of this class of molecules, it is difficult to predict the
predominant ribonuclease pathway involved in the intracel-
lular degradation of siRNA.

Because only one siRNA sequence was studied in this
article, it is not possible to draw any conclusions with regard
to the sequence-dependent degradation of siRNA. However,
on the basis of the fact that different articles suggest that
single-stranded siRNA degrades faster than a siRNA duplex

(3, 10, 11, 43), we are quite confident that in general for
native siRNAs the duplex structure will show a higher
stability in a biological environment compared to the stability
of the single-stranded counterpart.

The observations in Figure 9 also raise an interesting
question of how RISC incorporation of the double-labeled
siRNA duplex would influence the observedFA/FD profile.
The assembly of the (unlabeled) guide strand into RISC,
followed by the unwinding of the duplex structure and release
of the (double labeled) passenger strand would imply
degradation of the latter (37, 38). As a consequence, single
labeled RNA fragments would diffuse into the nucleus and
cause a decrease in theFA/FD ratio, which is not observed
here. Because blocking of the 5′-end of the antisense strand
can abolish RNAi activity and a free terminal 5′-phosphate
is believed to be essential for RNAi activity (33, 39-42), it
is very unlikely that the 3′-5′ double labeled siRNA strand
will act as the guide strand. From this, we eventually
conclude that RISC activation does not occur under these
experimental conditions. It is possible that relatively high
intracellular siRNA concentrations lead to the saturation of
the cellular compartments and the RNAi machinery, thereby
masking the interaction of siRNA with RISC. Although some
explanations exist for this observation, the how and why
remains largely unclear.

It could be hypothesized that the lower stability of ssRNA
is partially responsible for the less effective gene silencing
activity of antisense siRNA compared to that of duplex
siRNA (3, 43). It has been suggested that single-stranded
antisense siRNA can also directly enter the mammalian RNAi
pathway with subsequent depletion of endogenous gene
expression (9, 42, 43), but still, the duplex siRNA potency
generally exceeds the single-stranded RNAi activity. Also,
in most cases, duplex siRNA shows a more persistent gene
silencing than antisense DNA oligonucleotides (1, 2, 12),
which is, according to Bertrand et al. (44), primarily
attributed to their difference in susceptibility for nuclease
attack.

The stability data we present here have been gathered
inside living cells after microinjection of the siRNA mol-
ecules in the cytosol. Because no transfection procedure was
applied, the intracellular environment to which the micro-
injected siRNAs are exposed resembles that of siRNAs
released from a pharmaceutical nanocarrier (e.g., liposomes
and polymeric nanoparticles) into the cytoplasm. Because
the applied delivery system, together with incorporation of
the antisense siRNA strand into RISC, could provide extra
protection of the siRNA against nuclease attack, the time
frame especially between release from its carrier and
interaction with RISC will be crucial for siRNA integrity
inside the intracellular matrix (43). Our results suggest that
intracellular degradation is much more critical for ssRNA
than for duplex siRNA. The observation that modified siRNA
duplexes with enhanced nuclease resistance do not always
show longer lasting RNAi effect (13) supports our hypothesis
that intracellular stability is not the key issue for effective
application of siRNA duplexes. It can be postulated that upon
delivery to the cytosol, nonmodified duplex siRNA is able
to induce a response before significant degradation occurs
(13). Hence, further research into functional in vivo delivery
systems that can safely guide active siRNA to the cytosol
of the target cell should be stimulated.
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