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ABSTRACT. To transfect cells, cationic polymers as well as cationic liposomes are widely investigated as
carriers for both oligonucleotides and plasmid DNA. A major step in the successful intracellular delivery
of the DNA is the release from its carrier. In this study, dual color fluorescence fluctuation spectroscopy
(dual color FFS) was explored in order to characterize the intracellular dissociation of cationic polymer/
oligonucleotide complexes. As a model, rhodamine green-labeled oligonucleotides (RhGr-ONs) were
complexed with Cy5-labeled polymers of either high molar mass (@@f-pDMAEMA, 1700 kDa) or

low molar mass [Cy5-polyflysine), Cy5-pLL, 30 kDa]. The FFS results were compared with confocal
laser scanning microscopy (CLSM) observations. CLSM proved thatgCg®pDMAEMA/RhGr-ON
complexes endocytosed by Vero cells dissociate in the cytoplasm: the polymer was only detected in the
cytoplasm whereas the (released) RhGr-ONs accumulated in the nucleus. Transfecting Vero cells with
Cy5-pLL/RhGr-ON complexes resulted, however, in colocalization of polymer and oligonucleotides in
the nucleus. In the latter case, CLSM was not able to prove whether intact Cy5-pLL/RhGr-ON complexes
were present in the nucleus or whether both components were located together in the nucleus without
being associated. Dual color FFS, which monitors the movement of (dual labeled) fluorescent molecules,
was able to answer this question. As a Cy5-pLL/RhGr-ON complex is multimolecular, i.e., it consists of
many RhGr-ONs associated with many Cy5-pLL chains, it is both highly green and red fluorescent.
Consequently, when Cy5-pLL/RhGr-ON complexes move through the excitation volume, the (green and
red) detectors of the FFS instrument detect simultaneously a strong green and red fluorescence peak.
Upon transfecting the Vero cells with Cy5-pLL/RhGr-ON complexes, FFS was indeed able to detect
simultaneously green and red fluorescence peaks in the cytoplasm but never in the nucleus. From these
results we conclude that the Cy5-pLL and RhGr-ONs present in the nucleus after transfection were not
associated.

Since more than a decade, antisense oligonucleotidesunder investigation to solve problems of hydrophilicity, size,
(ONs)} were investigated for the selective inhibition of negatively charged backbone, and nuclease sensitéyif).(
various genesl). More recently, double-stranded RNA was Cationic lipids as well as cationic polymers spontaneously
found to initiate sequence-specific gene silencing in mam- form soluble interpolyelectrolyte complexes with negatively
malian cells g—4). Over 20 antisense candidates are charged nucleic acids, called lipoplexes and polyplexes,
currently in various stages of clinical development, whereas respectively §). The physicochemical features that govern
second and third generation (backbone modified) ONs the biological activity of lipoplexes and polyplexes are,
promise a lower toxicity and an increased stability against however, not well understood, partly due to the complexity
enzymatic degradatiorb). Several laboratories have been of the association and dissociation behavior of such com-
encouraged to look for appropriate pharmaceutical carrier plexes. Indeed, a critical step in the delivery of ONs is the
systems for ONs, as their cellular delivery is limited. dissociation of the ONs from the complexes at the right place,
Different types of cationic lipids and cationic polymers are je., in the cytoplasm of the target ceB)( If the affinity
between the ONs and the cationic carriers is too low, the
TIWT-Flanders, Ghent University (UG-BOF), and FWO-Flanders complex will dissociate prematurely (e.g., when it is still in
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poly(L-lysine); RhGr, rhodamine green. the nucleus prior to dissociatiod().

10.1021/bi0476883 CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/30/2005




9906 Biochemistry, Vol. 44, No. 29, 2005 Lucas et al.

Dual color microscopy has been used frequently to study labeled ONs. The ON stock solutions were further diluted
the intracellular behavior of oligonucleotide/cationic carrier with Hepes buffer (20 mM Hepes at pH 7.4).
complexes, since it allows the simultaneous observation of Polymers and Polystyrene Nanoparticl&oly(L-lysine)
the DNA and the cationic carrier in the cell¥—13). A lack was purchased from Sigma (St. Louis, MO). The viscosi-
of colocalization proves that the DNA is released from its metric average molar mass equaled 30 kDa and was
carrier. Colocalization of the fluorescent markers may determined by the supplier. Cy5-labeled poH(sine) (Cy5-
indicate that the DNA and its carrier are associated. In the pLL) was prepared using succinimidy! ester-activated Cy5
latter case, however, it remains possible that the fluorescentdye (Cy5-SE) (FluoroLinkCy5 monofunctional dye; Amer-
labeled molecules are colocalized without being associated.sham Pharmacia, Piscataway, NJ), following the manufac-
Compared to the spatial analysis of fluorescent labeled turer's procedure. The resulting labeled polymer was purified
molecules, the temporal analysis of the movement of theseon a G25 Sephadex column (20 100 mm), which was
molecules could be better to conclude whether the fluorescentpreviously equilibrated with Hepes buffer (20 mM, pH 7.4).
labeled species are migrating together, i.e., are still associatedThe fractions containing fluorescent pLL were collected.
Fluorescence fluctuation spectroscopy (FFS), which can beFinding the amine concentration using the method of Snyder
applied on a cellular scald4), has potential for that purpose. and SobocinskiZ1l) and measurement of the absorbance of
While dual color microscopy answers the question whether the label allowed the determination of the average number
the carrier and the oligonucleotides are located together, dualof labels attached to the pLL. It was calculated that, on
color FFS may answer the question whether they really move average, one pLL chain bore one Cy5 label.
together. Pegylated poly[2-(dimethylamino)ethylmethacrylaie-

Basically, FFS monitors fluorescence intensity fluctuations aminoethyl methacrylate (PEG-pDMAEM&e-AEMA, mo-
in the excitation volume of a confocal microscope. The lar mass 1700 kDa, 8 mol % AEMA, abbreviatedgasift-
fluorescence fluctuations are due to the diffusion of fluo- PDMAEMA) was a generous gift of the University of
rescent molecules in and out of the excitation volume. In Utrecht. Part of AEMA (maximum 25%) was conjugated
dual color FFS, both interacting components are labeled with With pEG (molar mass 5 kDa), using a versatile method to
spectrally different fluorophores (e.g., red and green), and Synthesize pDMAEMA conjugates as described elsewhere
their emission light is detected separately by two detectors (22). Succinimidyl ester-activated Cy5 dye was used to label
monitoring thesameexcitation volume. When dissociated, ~part of the nonpegylated AEMA groups. The nonconjugated
the red and green labeled components (which diffuse label was removed by means of dialysis (MWCO 12 kDa;
independently of each other in and out of the excitation Medicell International Ltd.). It could be calculated that each
volume) are asynchronously detected by the red or greenPolymer chain bore 12 fluorescent labels. Stock solutions
detector. However, when associated, the complex, which Of Cy5-labeledgraft-pDMAEMA were prepared in Hepes
diffuses in and out of the excitation volume, is detected in buffer (20 mM Hepes, pH 7.4).
both detectorsimultaneouslyecause it bears both red and ~ Dextran sulfate (DS) was purchased from Sigma (St.
green fluorophoresls). Louis, MO). The molar mass and sulfate content, as provided

In our former work, we have proved that buffer the by the supplier, equaled_respectively 500 _kDa and 2.3 sulfate
association and dissociation of oligonucleotides to/from 9rOUPS per glucosyl residue. Stock solutions were prepared

. ; Hepes buffer.
cationic polymers can be monitored by FA%$<20). When n
associating, the amount of detected free ONs decreases, and, | €ir@Speck nanobeads (Molecular Probes, Eugene, OR)
highly fluorescent “multimolecular” polymer/ON complexes of 90. and 500 nm (diameter) were used. The ngnobeads
appear (existing out of many ONs bound to many polymer contain both red and green fluorophores. Stock solutions were
strands) which are clearly detected by FFS. When dissociat-PréPared in Hepes buffer. Prior to use, the bead dispersions

ing, the amount of free ONs increases, and the multimo- Wee sonified for 10 min.
lecular complexes disappear. To our knowledge, no reports Preparation of Polymer/ON Complex&sie polymer/ON

in the literature deal with FFS on polymer/ON complexes COmPplexes were prepared by adding (in one step) a volume
in cells. In this study, we wish to explore (1) if dual color of the cationic polymer solution to an equal volume of the

FFS is able to detect intact and dissociated polymer/oN ON solution, followed by vortexing during 10 s. To obtain
complexes in the cytoplasm and in the nucleus of living cells € final ON concentration of 1Gg/mL (1.2 uM), the

and (2) to what extent does dual color FFS provide additional diSPersions were further diluted. The polyplexes were
information to confocal microscopy. allowed to equilibrate for 30 min at room temperature prior

to use.
MATERIALS AND METHODS The= charge ratio, i.e., the ratio of the number of positive
charges on the polymer chains to the number of negative
OligonucleotidesThe 25-mer phosphodiester oligonucleo- charges on the ONs, was calculated assuming they af
tides (B-TCT-GGG-TCA-TCT-TTT-CAC-GGT-TGG-C-3 25-mer ONs contained 3.43 nmol of negative charges, that
(molar mass 8 kDa) and the RhGr-labeled analogue werel ug of pLL contained 7.81 nmol of positive charges (as
synthesized by Eurogentec (Seraing, Belgium). Each oligo- calculated from the molar mass of the lysine monomer, the
nucleotide contained one RhGr label at its énd. The pKa of lysine, and the pH of the solutions), and thaid.of
concentration of the ON stock solutions (in phosphate- graft:pDMAEMA contains 1.99 nmol of positive charges
buffered saline) was determined by absorption measurementgas calculated from the molar mass and th€, pf the
at 260 nm (1 ORse = 33 ug of ONs/mL). The contribution = DMAEMA monomer and the degree of substitution).
of the label to the absorption at 260 nm was taken into  Cell Culture.Vero cells (African green monkey kidney
account in the determination of the concentration of the cells, ATCC no. CCL-81) were cultured in Dulbecco’s
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modified Eagle’s medium (DMEM) without phenol red was immediately transferred into a glass-bottomed 96-well
(Gibco, Merelbeke, Belgium) containing 2 mM glutamine, plate (Grainer Bio-one, Frickenhausen, Germany) to begin
10% fetal bovine serum (FBS), and 1% peniciltistrepto- the FFS measurements. Diffusion coefficients were calculated
mycin. Cells were grown to 70% confluency on glass- using the average diffusion time of at least 20 measurements.
bottomed Petri dishes (part no. PG-1.5-14-F, glass bottomEach Cy5-pLL/RhGr-ON dispersion was independently
no. 1.5; MatTek Corp.) at 37C in a humidified atmosphere  prepared three times, and each preparation was measured at
containing 5% CQ least 10 times. The fluorescence fluctuation profiles shown
Fluorescence Fluctuation Spectroscopythis study FFS in the figures were representative for the measurements done
experiments were performed on a (dual color) FFS setup on the respective Cy5-pLL/RhGr-ON dispersions.
installed on a MRC1024 Bio-Rad confocal laser-scanning  (B) FFS Measurements in CelBFS measurements were
microscope as described elsewhel6)(The 488 and 647  done on Vero cells grown to 70% confluency on glass-
nm lines of the same KrAr laser were used to respectively bottomed Petri dishes (part no. PG-1.5-14-F, glass bottom
excite RhGr and Cy5. To verify whether the excitation and no. 1.5; MatTek Corp.).

the detection volume optimally overlapped, the system was | the transfection experiments, 160 of polymer/RhGr-

optimized as described by Schwille et &3, ~ ON complexes (0.5%M RhGr-ONs,+ charge ratio of 10)
FFS basically monitors fluorescence intensity fluctuations i, serum-free DMEM was added to the Vero cells and
in the excitation volume of a microscop&X 24). The  jncupated fo 1 h at 37°C. The cells were subsequently

fluorescence fluctuations are due to the diffusion of fluo- \yashed with PBS, submerged with imaging medium (DMEM

fluorescence fluctuations thus obtained are further processedc \ntil examination.

by correlation analysis in order to calculate the average
diffusion coefficient. Equation 1 describes the autocorrelation

func.tion in case only one type of quorgs_cent species _is used. The Vero cells were injected (in the cytoplasm or in
moving through the excitation volume. Fitting the experi- the nucleus) with respectively free RhGr-ONs (41dl) or

mental autocorrelation curve to eq 1 allows calculating the Cy5-pLL/RhGr-ONs (10:M RhGr-ONSs,+ charge ratio of
amount of fluorescent molecules in the excitation volume 20) prepared in Hepes buffer ’

(N) and their average diffusion timer). From the latter, FFS measurements were done in randomly selected places
the average diffusion coefficient can be calculated using the . y P

experimental diffusion time of rhodamine dye with the n the cytoplasm or nucleus. To ensure measurements in
known diffusion coefficient of 2.8« 106 cné/s. viable cells, only nonrounded cells without the appearance

of cytoplasmic blebs were selected. Confocal sections in the

In the microinjection experiments, a Femtojet microinjector
and an Injectman NI 2 micromanipulator (Eppendorf) were

1 1 1 12 z-direction were taken every O in order to position the
G(t) = N1+ t/z w.\2 1) excitation volume in the cell. After the CLSM/FFS measure-
D, 1 . . . .- . .
1+ (w_) (t/7p) ments, cell viability was evaluated using propidium iodide.
2

w1 andw; represent the radius and half of the height of the RESULTS AND DISCUSSION

excitation volume. The average diffusion timgis related FFS on Cy5-pLL/RhGr-ON Complexes in Buff@he
to the diffusion coefficient[D): association of RhGr-ONs to Cy5-pLL clearly influences the
) fluorescence fluctuation profiles as measured by both detec-
@1 _ D @ tors. Highly fluorescence peaks appear in the red and green
4ty detector, which we term respectively “Cy5 peaks” and “RhGr

peaks”. It is especially clear that Cy5 peaks and RhGr peaks

In dual color FFS, the interacting components are labeled are registered by the two detectors at the same time. This
with spectrally different fluorophores (e.g., red and green), means that, at certain times, a very bright complex containing
and their emission light is detected separately by two many RhGr-ONs and many Cy5-pLL chains moves through
detectors monitoring theameexcitation volume 15). When the excitation volume16). The average fluorescence be-
dissociated, the components in the excitation volume aretween the highly intense peaks (which we term “baseline
detected asynchronously by either the red or green detectorfluorescence”) is significantly lower compared to free RhGr-
as they carry a redr a green fluorophore. However, when ONs and free Cy5-pLL. This baseline fluorescence reflects
associated, the resulting complexes are detected by boththe average number of free (i.e., noncomplexed) fluorescent
detectorssimultaneouslybecause they bear both red and molecules in the excitation volume. The decrease in baseline
green fluorophores. Autocorrelation analysis of the fluores- fluorescence is expected as the labeled ONs and carrier
cence fluctuations recorded by the green detector describesnolecules organize into multimolecular complexes, thereby
the diffusion behavior of all molecules emitting green light, lowering the average number of free ONs and free polymer
regardless of whether they are free or associated with red-strands in the excitation volume. Upon adding dextran sulfate
labeled components. Autocorrelation analysis of the red (an anionic polymer from which we know by gel electro-
detector signal describes the diffusion behavior of all red- phoresis that it is able to release the ONs from the
labeled molecules. complexes), the baseline fluorescence of RhGr-ONs is

(A) FFS Measurements in Buffe€y5-pLL/RhGr-ON restored to its original value, and RhGr peaks do not occur
dispersions (prepared as described above) were further dilutecanymore. From the fluorescence fluctuations a diffusion
with Hepes buffer until a final ON concentration of Qi@/ coefficient of (0.77+ 0.06) x 10°® cm?/s was calculated,
mL (24 nM) is reached. After dilution, 50L of the sample which corresponds to the diffusion coefficient of free RhGr-
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Ficure 1: Fluorescence fluctuation profiles, as simultaneously registered by the red and green detector, of a dispersion of dual color
labeled nanobeads (90 nm) in buffer (A), in the nucleus of a Vero cell after microinjecting the nucleus (B), and in the cytoplasm of a Vero
cell after microinjecting the cytoplasm (C).
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ONs [(0.764 0.07) x 1076 crm?/s] (16). This confirms that buffer (data not shown), confirming that they were physically
the RhGr-ONs were released from their carrier. However, entrapped in the cytoplasm.
the baseline fluorescence of Cy5-pLL is only partly restored, FFS on RhGr-ONs in Cellicroinjection of free RhGr-
and the Cy5 peaks remained. We suggest that only part ofONs in the cytoplasm resulted in nuclear accumulation of
the Cy5-pLL chains are released while part of them bind to the RhGr-ONs within minutes (CLSM images not shown).
dextran sulfate, resulting into highly red-fluorescent Cy5- This rapid nuclear accumulation of ONs has also been
pLL/dextran sulfate complexes. reported in the literature 26—28). FFS measurements
FFS on Dual Color Labeled Nanobeads in Buffer and in confirmed these observations as the RhGr baseline fluores-
Cells.As a control experiment, dual color FFS measurements cence was significantly higher in the nucleus than in the
were first performed in the cytoplasm and nucleus of “blanc” cytoplasm of the same cell: it varied between 60 to 200
cells (i.e., cells which were not loaded with fluorescent kHz in the cytoplasm and between 150 and 600 kHz in the
molecules or fluorescent nanobeads). Generally, the fluo- nucleus (dependent on the amount of RhGr-ONs injected,
rescence registered by the two detectors was very low whileas according to the manufacturer no reproducible volume
from time to time (very) small peaks appeared (the intensity can be microinjected). In the fluorescence fluctuation profiles
of these peaks being maximally 3 kHz above the backgroundmeasured in the nucleus, RhGr peaks were absent (Figure
noise). 2A, upper profile), indicating that intensive clustering of the
To validate the applicability of FFS for studying the RhGr-ONs with nuclear components (which could result in
association state of complicated nanosized polymer/ON highly green fluorescent structures) probably does not occur.
complexes in complex media such as the cytoplasm or theAutocorrelation analysis of the fluorescence fluctuations
nucleus of cells, we first performed FFS measurements onrevealed a significant slowing down of the RhGr-ONs (Figure
dual-colored nanobeads (respectively 90 and 500 nm in2B), which is in agreement with the recently demonstrated
diameter) injected in living cells. These dual-colored nano- interaction between antisense ONs and their target mMRNA
beads are a positive control for intact dual-colored ON/ in the nucleusZ9). In the cytoplasm, however, RhGr peaks
polymer complexes. FFS measurements on a dispersion ofcould be observed (Figure 2A, lower profile), indicating that
these nanobeads in buffer revealed simultaneously occurringRhGr-ONs are clustered with cytosolic components. Indeed,
high fluorescence peaks of green and red fluorescencewe recently observed that, after adding diluted cell lysate to
(Figure 1A). This clearly proves that the red and green labeled ONs, part of the ONs cluster together, which is
detectors are indeed able to simultaneously detect a highlyobserved as the appearance of high fluorescence peaks in
fluorescent, dual color labeled particle that migrates through the green fluorescence fluctuation profile (data not shown).
the excitation volume. The latter observation points out the need for a dual color
We further performed FFS measurements on the nano-FFS approach to study the dissociation of polymer/ON
beads microinjected in Vero cells. Microinjecting 90 nm complexes in cells. Single color labeled aggregates could
nanobeads in the nucleus (Figure 1B) or in the cytoplasm be due to nondissociated polymer/ON complexes (with the
(Figure 1C) resulted in the simultaneous appearance of Cy5polymeror the ONs being labeled) but also to dissociated
and RhGr peaks in the detection volume (positioned at a polymer/ON complexes whereby the polynrthe ONs
different location than the site of injection). This proves that subsequently cluster with cellular components. On the other
at least part of these beads are mobile in both the cytoplasmhand, when dual color labeled aggregates are observed, they
and nucleus. Microinjected 500 nm nanobeads seemed quasiare certainly due to (nondissociated) polymer/ON complexes.
immobile in the cytoplasm as CLSM time-series experiments FFS on Cy5-Polymer/RhGr-ON Complexes in Cells.
for 30 min did not reveal any diffusion of the beads (data Microinjection of the cationic copolymer Cy&raft-pD-
not shown). Also, in FFS measurements, the microinjected MAEMA in the cytoplasm resulted in a homogeneous
500 nm beads did not result into simultaneous RhGr peaksdistribution of the labeled polymer throughout the cytoplasm
and Cy5 peaks, which we did see for these nanobeads in(data not shown). Clearly, the polymer did not reach the
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Ficure 2: (A) Fluorescence fluctuations in the cytoplasm (lower profile) and in the nucleus (upper profile) of a Vero cell injected in the
cytoplasm with RhGr-ONs. (B) Autocorrelation curve of RhGr-ONs in buffe) &nd in the nucleus of a Vero cel-x —).

FiGURe 3: Transmission image (A) and confocal fluorescence images (B and C) of a Vero cell transfe8tadvith Cy5graft-pDMAEMA/
RhGr-ONs. A circle is drawn around the nucleus.

FiGure 4: Transmission image (A) and confocal fluorescence images (B and C) of a Vero cell transfe@du figth Cy5-pLL/RhGr-
ONs. An ellipse is drawn around the nucleus.

nucleus. It is well-known that only small structures can ceutical carrier of lower molar mass, however, CLSM results
migrate passively through the nuclear por@&3 (Therefore, may become insufficient to detect whether the complexes
it could well be expected that Cygraft-pDMAEMA of a are associated or dissociated. Indeed, after incubating Vero
molar mass of 1700 kDa would not be able to cross the cells with Cy5-pLL/RhGr-ONs fo3 h (the molar mass of
nuclear membrane. After transfecting Vero cells with Cy5- pLL being 30 kDa), colocalized green and red spots were
graftpDMAEMA/RhGr-ON complexes for 3 h, CLSM present in both the cytoplasm and the nuclei (Figure 4).
revealed that the polymer remained located in the cytoplasmHowever, this occurrence of colocalized green and red
whereas part of the oligonucleotides accumulated in the fluorescence in the cytoplasm and nuclei does not necessarily
nucleus (and therefore must have been released from thamply that all RhGr-ONs are still associated to their Cy5-
polymer; Figure 3). Another part of the oligonucleotides pLL carrier. They may just be localized together without
remained present in the cytoplasm, predominantly colocalizedbeing associated. Via CLSM it is thus not possible to
with the polymer. This proves that Cygraft-pDMAEMA/ elucidate whether intact complexes were transported from
RhGr-ON complexes, which are successfully taken up by the cytosol into the nucleus or whether dissociation occurred
the cells, are subsequently released from the endosomes anith the cytosol followed by nuclear accumulation of the free
dissociate in the cytoplasm. This is in agreement with our polymer and free ONs. Therefore, we thought that the
previous results whergraftpDMAEMA proved to be an temporal analysis of the movement of these molecules via
efficient carrier for antisense ONs. The biological activity FFS, instead of the spatial analysis of the fluorescent labeled
could be observed when transfecting A549 cells ithft- molecules via CLSM, could be better to conclude whether
pDMAEMA/ON complexes 81). the fluorescent labeled species are associated. Figure 5D
To conclude, CLSM experiments are sufficient to prove shows that FFS is able to detect simultaneously occurring
that (part of) the CymraftpDMAEMA/RhGr-ON com- RhGr peaks and Cy5 peaks in the cytoplasm of Vero cells
plexes dissociate in the cytoplasm. When using a pharma-already after 30 min of incubation of the cells with Cy5-
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Ficure 5: Transmission image (A) and confocal fluorescence images (B, green; C, red) of a Vero cell transfected for 30 min with Cy5-
pLL/RhGr-ONs. An ellipse is drawn around the nucleus. The fluorescence fluctuation profile as registered by the green and red FFS
detector when the excitation volume is positioned in the cell at location X (D).
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Ficure 6: Fluorescence fluctuation profiles as registered by the green and red detector in the nucleus of a Vero cell after microinjecting
the nucleus with a Cy5-pLL/RhGr-ON dispersion (A) and in the cytoplasm of a Vero cell after microinjecting the cytoplasm with a Cy5-

pLL/RhGr-ON dispersion (B).

Ficure 7: Transmission image (A) and confocal fluorescence images (B and C) of a Vero cell 15 min after injecting the cytoplasm with
a dispersion which consists of Cy5-pLL/dextran sulfate complexes and released RhGr-ONs. A circle is drawn around the nucleus.

pLL/RhGr-ON complexes. This means that multimolecular of Vero cells. The simultaneous appearance of RhGr peaks
Cy5-pLL/RhGr-ON complexes are able to diffuse through and Cy5 peaks in Figure 6A clearly indicates that Cy5-pLL/
the cytoplasm and pass through the excitation volume. After RhGr-ON complexes migrate through the excitation volume,
longer incubation time, FFS was able to detect both Cy5- proving that FFS is able to detect intact Cy5-pLL/RhGr-ON
pLL and RhGr-ONs in the nucleus. However, simultaneously complexes in the nucleus. Therefore, from the absence of
occurring Cy5 and RhGr peaks were never observed in thesimultaneous peaks in the nuclei of the Cy5-pLL/RhGr-ON
nucleus (data not shown). This indicates that Cy5-pLL and transfected cells, it can be concluded that intact polyplexes
RhGr-ONs migrate independently from each other in the did not reach the nucleus. This means that the Cy5-pLL/
nucleus. On the other hand, it remains possible that intact RhGr-ON complexes first dissociate in the cytoplasm before
polyplexes were present in the nucleus but that they werethe RhGr-ONs and the Cy5-pLL strands enter the nucleus.
not detected by FFS as they did not migrate (or migrate too Such conclusion cannot be based upon CLSM experiments.

slowly) through the nuclear matrix and thus did not move

Also, other pharmaceutical carriers of low molar mass are

through the excitation volume. To clarify this hypothesis we reported to enter the nucleus after transfectibh 82, 33).
microinjected Cy5-pLL/RhGr-ON complexes into the nucleus We also observed in our experiments that microinjection of
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free Cy5-pLL resulted into nuclear accumulation. To further 3.

demonstrate the power of FFS to study the intracellular
behavior of ON complexes, we dissociated Cy5-pLL/RhGr-
ON complexes with dextran sulfate prior to their microin-
jection in the cytoplasm of a Vero cell. Figure 7 clearly
shows that the free RhGr-ONs accumulate in the nucleus,
whereas the Cy5-pLL, bound to the high molar mass dextran

sulfate, is now unable to access the nucleus. Also, as 5.

expected, FFS measurements in the cytoplasm of this cell
revealed Cy5 peaks, attributed to the Cy5-pLL/dextran sulfate ¢
complexes migrating through the excitation volume (data not
shown).

CONCLUSIONS 8

We have shown that cationic polymershigh molar mass,
like graft-pDMAEMA of 1700 kDa used in this study, cannot
enter the nucleus after microinjection in the cytoplasm. When
such (red-labeled) polymers are used as a carrier for (green-

labeled) ONs, CLSM experiments are sufficiently suited to 10.

prove whether the polymer/oligonucleotide complexes are
able to dissociate in the cytoplasm or not: after dissociation

the released green-labeled ONs enter the nucleus while the 11,

red-labeled polymer chains remain in the cytoplasm; con-
sequently, the red and green labels do not colocalize in the
nucleus. However, contrary to the high molar mass cationic
polymers, cationic polymers dbwer molar mass, such as

pLL of 30 kDa used in this study, do enter the nucleus upon
microinjection or transfection. Consequently, when such (red-
labeled) polymers are used as carriers for (green-labeled)

ONs, the nuclei might show both green and red fluorescence, 14.

regardless of whether the polyplexes are dissociated or not.
Clearly, CLSM experiments cannot reveal whether the dual-
colored nuclei are due to intact Cy5-pLL/RhGr-ON poly-
plexes or to dissociated Cy5-pLL and RhGr-ON chains. Our

results show that dual-colored FFS, which monitors the 16

movement of the fluorescent molecules, can solve this
question. After cytoplasmic microinjection or after transfec-
tion with Cy5-pLL/RhGr-ON complexes, FFS was able to
detect simultaneously red and green fluorescence peaks in
the cytoplasm. In the nucleus, however, simultaneous peaks

were never observed. From these results we could conclude 18.

that the Cy5-pLL and RhGr-ONs present in the nucleus after
transfection were not associated.

19.
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