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Abstract

Though polyethylenimine (PEI) is one of the most efficient nonviral vectors, one concern is the significant cytotoxicity of free PEI that
represents about 80% of the PEI molecules in PEI/DNA mixtures used for transfection. In this respect, the aim of this work was to further
investigate the intracellular fate of PEI during transfection of 1929 fibroblasts. To this end, we analyzed by fluorescence correlation
spectroscopy (FCS) using two-photon excitation the intracellular concentration and diffusion properties of labeled PEI and PEI/DNA
complexes in various compartments of L929 cells. High initial fluorescence intensity, rapid photobleaching and the absence of measurable
autocorrelation curves in most selected locations in cytoplasm suggest that PEI/DNA complexes and PEI accumulate (up to 30 times the
concentration in the extracellular medium) in late endosomes bound to the inner membrane face. This feature, together with membrane
destabilizing properties of PEI, may explain the release of PEI into cytoplasm and subsequent diffusion into the nucleus. In the nucleus, the
concentration of PEI was found to be about 2.5- to 3.5-fold higher than the one in the incubation medium. Moreover, autocorrelation curves
obtained in the nuclear compartment can be analyzed with either a two-component model (with the major fraction undergoing free Brownian
diffusion) or an anomalous diffusion model. Both the endosomal disruption and the large intranuclear PEI concentration may contribute to

PEI cytotoxicity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The success of gene therapy is mainly limited by the
development of gene carriers able to promote the delivery of
DNA used as a therapeutic agent, to targeted cells. Poly-
ethylenimines (PEI) are among the most promising nonviral
gene delivery agents [1,2]. Due to their high cationic charge
density, PEIs are proficient condensing agents that lead to
the formation of small particles (<100 nm) [3] exhibiting
good transfection efficiency in vitro and in various in vivo
applications [4—6]. Nevertheless, despite insights in the
preparation of the PEI/DNA complexes [7], selection of
PEI with improved physicochemical properties [8,9] and
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coupling of PEI with ligands [10—13], the efficiency of PEIs
is still lower than that of viral vectors and their use for gene
therapy still requires further development. Several studies
have been performed to determine the mechanism by which
PEI/DNA complexes transfect cells and identify the critical
steps [14—17]. Even if the transfection mechanism has been
shown to depend on the cell type [15], it is established that
PEI/DNA complexes are mainly internalized by endocyto-
sis. This internalization is followed by an accumulation of
the complexes around the nucleus in late endosomes and
lysosomes from which the complexes hardly escape. More-
over, entry of the complexes into the nucleus constitutes an
additional bottleneck and its remains unclear if and where
dissociation of the complexes occurs during transfection
[18]. An additional concern of PEI is its significant cytotox-
icity [18—20], which manifests itself by either an immediate
(within 2 h) or delayed (between 7 and 9 h posttransfection)
cell death. The immediate cell death has been linked to the
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membrane destabilizing activity of free PEI, which contrib-
utes to as much as 85% of the total PEI in the PEI/DNA
mixtures used for transfection [21]. Moreover, the delayed
cell death has been tentatively attributed to perturbation of
nuclear functions by PEI molecules that separate from
plasmid DNA in the nucleus.

Due to the detrimental effect of free PEI, it was of
interest to further investigate its intracellular fate during
transfection of L929 fibroblasts. To this end, we analyzed by
two-photon fluorescence correlation spectroscopy (FCS) the
intracellular concentration and diffusion properties of rho-
damine-labeled PEI during transfection and compared these
parameters with those obtained by incubating cells with
various amounts of labeled PEI in the absence of DNA. FCS
is based on the measurements of fluorescence fluctuations
from a microscopic measurement volume (of less than 1 fI)
provided either by confocal detection setup or two-photon
excitation source (for a review, see Refs. [22,23]). Fluores-
cent fluctuations are mainly due to diffusion of the fluores-
cent molecules in and out this volume. Additional
fluctuations can arise from any photophysical or chemical
process that lead to “blinking” between a fluorescent and a
nonfluorescent state during diffusion through the excitation
volume. Through a time correlation analysis of the fluores-
cence fluctuations, the hydrodynamic and photophysical
properties are then accessible. In addition, the average
number of molecules in the sample volume could also be
accessed, making FCS a unique technique to determine
intracellular concentrations. Taken together, our data sug-
gest that PEI molecules accumulate in late endosomes and
lysosomes where they remain bound to the membrane. Due
to the high intraendosomal PEI concentration and the
membrane destabilizing properties of PEI, a fraction of the
PEI molecules is released in the cytoplasm and diffuse into
the nucleus. This leads to an intranuclear concentration that
is about 2.5- to 3.5-fold larger than in the incubation
medium. Analysis of the autocorrelation curves in the
nucleus suggest either that free PEI molecules diffuse in
the obstructed intranuclear environment or that part of the
PEI molecules may bind to macromolecules and diffuse
slowly.

2. Materials and methods
2.1. Chemicals

5-Carboxytetramethylrhodamine (TMR) was purchased
from Molecular Probes. Nonlabeled PEI was from
Aldrich. TRITC (tetramethylrhodamine isothiocyanate)-la-
beled PEI (25 kDa) was a gift from J.P. Behr (Illkirch,
France). The nonlabeled pCMV-Luc plasmid (5.8 kbp)
was amplified by standard molecular biology techniques,
using a Jetstar plasmid purification kit (Genomed, Ger-
many) as previously described [15]. The rhodamine-la-
beled pGeneGrip plasmid (5.1 kbp) was purchased from

Gene Therapy Systems (San Diego, USA). Concentrations
of DNA stock solutions were determined at 260 nm on a
Cary 400 spectrophotometer and plasmid integrity was
checked by gel electrophoresis.

2.2. Cell culture

Mouse fibroblasts from the 1L.929 strain (American Tissue
Collection, Rockville, MD, USA) were cultured as mono-
layers in 75 cm? culture flasks (Corning Costar, NY, USA)
in Dulbecco’s modified Eagle’s medium (4.5 g/l glucose)
(Seromed, Berlin, Germany) supplemented with 10% fetal
calf serum (Biowhittaker, Verviers, Belgium), 1 mM sodium
pyruvate, 2 mM L-glutamine and antibiotics (penicillin 50
IU/ml, streptomycin 50 mg/ml) (Seromed) in a 8% CO,
atmosphere, at 37 °C.

2.3. Preparation of complexes and cell transfection

PEI/DNA complexes were prepared in a 25 mM HEPES
pH 7.4 buffer as previously described [1]. Briefly, equal
volumes of 900 uM PEI (expressed in amine groups) and
90 uM DNA (expressed in phosphate groups) were mixed
in order to reach a 45 pM final concentration of DNA and
a nitrogen per phosphate (N/P) ratio of 10. Solutions were
then briefly vortexed and left for equilibration for a
minimum time of 10 min before cell transfection. Prior
to transfection, cells were seeded 24 h in two wells Lab-
Tek chambered coverglass (Nalge Nunc International,
USA) at 7.5 x10* cells per well in order to reach
1.5 % 10° cells per well after 24 h (~ one division). This
concentration allows a high density of cells within the
observation field with enough space between cells for
individual measurements. After 24 h, the cells were rinsed
and supplemented with 1.5 ml of serum-free medium and
200 pl of complexes in order to deliver 4 pg of plasmid for
1.5 % 10° cells. After 2 h incubation, the cells were rinsed
and covered with Hank’s balanced salt solution (HBSS) for
FCS measurement.

2.4. Fluorescence correlation spectroscopy

FCS measurements were performed on a home-build
setup as previously described [21]. Briefly, TPE is provided
by a Tsunami Ti:Sapphire laser pumped with a Millenia V
solid state laser (Spectra-Physics, Mountain View, USA).
Pulses of about 100 fs are produced at a wavelength of 850
nm. After a beam expander, the infrared light is focused into
the sample by a water immersion Olympus objective (60 X,
NA=1.2) mounted on an Olympus IX70 inverted micro-
scope. The laser is positioned on the point of interest by
moving the sample in the X and Y directions by a motorized
stage (Marzhduser, Wetzlar, Germany) and in the Z direction
by moving the objective with a P-721 Pifoc nanopositioner
(Polytec PI, Pantin, France). The fluorescence signal from
the samples is collected through the objective and directed
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by a COWL750 dichroic mirror (Coherent, Santa Clara,
USA) toward an 50-pm-diameter optical fiber coupled to an
avalanche photodiode (SPCM 200 FC, EG&G, Canada).
The residual infrared light is rejected by a BG39 filter
(Coherent). The normalized autocorrelation function
(ACF), G(1), of the fluorescence intensity fluctuations is
calculated online by an ALV5000E digital correlator card
(ALV, Langen, Germany). Calibration of the system was
performed with a 50-nM TMR solution. Assuming a diffu-
sion constant of 2.8 x 10~ '® m? s~ ! for TMR [24], the
equatorial (rg) and axial (zy) radii of the focal volume were
found to be of 0.29 and 1.3 pm, respectively, giving an
effective measurement volume (V.¢) of 0.2 fl.

FCS acquisitions were performed at 4 um above the
cover glass and 5—10 measurements of 15 s were performed
for each selected point. Measurement sites in the cytoplasm
or in the nucleus were randomly selected and no discrim-
ination of subcompartment in the nucleus was made in this
study.

2.5. FCS data analysis
Assuming a three-dimensional Gaussian distributed ex-

citation intensity, the fluorescence ACF of a single freely
diffusing species is given by:

1/2
Gp(1) = N:pp (1 ¥ (lr/TD)> (1 + (S)lz(r/fn)>
(5 N

where N, is the mean apparent number of molecules in the
excitation volume, S is the ratio between the equatorial and
axial radii of the effective two-photon excitation focal
volume and tp, is defined as the average residence time of
the particles characterized by the diffusion coefficient D
([25]). 7, designates the triplet state lifetime and F is the
mean fraction of fluorophores in the triplet state.

In the case of a multicomponent system with species of
different quantum yields, a more general form of Eq. (1)
may be used [26]:

M M :
G(1) = Zq%NazppiGDi(T)/ [Z quappi‘| 2)
i=1 =1

where Ny, and Gp,(t) are the mean apparent number and
the ACF due to diffusion of the ith species in the focal
volume. ¢; designates the ratio of the fluorescence yield
(given by the product of the detection efficiency by the
absorption cross section and the fluorescence quantum
yield) of the ith species to that of species 1, taken as a
reference.

If the diffusion of the molecules is perturbed by the
presence of slow diffusing components, the system can be

described by an anomalous diffusion model [27] and Eq. (1)
has to be written as [28]:

1 ( 1 > 1 v
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where o corresponds to the restriction coefficient. The value
of o is equal to 1 for a free Brownian diffusion and
decreases when diffusion is obstructed. Moreover, the
diffusion coefficient, D,,om, Which may be calculated from
the tp value describes diffusion without obstacles [29].
FCS data were analyzed with Origin (Microcal, USA)
using either a one- or two-population three-dimensional
Brownian diffusion model or an anomalous diffusion model.

3. Results
3.1. Fluorescence intensity profiles of intracellular PEI

As a first step to investigate the intracellular diffusion
properties of PEI, we incubated 1929 cells with rhodamine-
labeled PEI concentrations of 53, 26.5 and 13.25 uM
(expressed as amine groups) in the absence of plasmid
DNA. These PEI concentrations correspond to 1-, 0.5- and
0.25-fold the concentration used to prepare PEI/DNA com-
plexes at a N/P ratio of 10. The cells were incubated with
each PEI concentration during 2 h, then rinsed and covered
with buffer. In keeping with the reported cytotoxic effects of
PEI, many cells appeared rounded, a feature that indicates ill
health of cells and corresponds usually to one of the first
steps before cell death [18]. The proportion of rounded cells
strongly depended on the PEI concentration and reached
about 78% for the highest PEI concentration. To investigate
the diffusion properties of PEI, the near-IR laser beam was
parked at different positions (about 5—10) in selected non-
rounded cells (about 5). The excitation volume inside the
cell was positioned based on the transmission images and 4
um above the cover slip. According to the 6-pm height of
L929 fibroblasts and the about 1-um axial radius of the
excitation volume, the latter is thought to be fully included
in the cell. Moreover, at the 4-um z-value, any spurious
interfering signal from the cover slip is avoided [30]. Both
the fluorescence count traces and the autocorrelation curves
were recorded for each selected position.

Irrespective of the PEI concentration and the cell selected
for measurement, rather high fluorescence intensities could
be recorded all over the cell, suggesting that PEI is present
all over the cell. Three different cellular compartments could
be defined with respect to the fluorescence intensity profile
(Fig. 1). The first one is the nucleus where the fluorescence
intensity generally oscillates around a mean value with no
significant photobleaching (Fig. 1B). This observation could
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Fig. 1. Intracellular fluorescence count rates in L929 cells challenged with free PEI. The cells were incubated with a 53 uM final concentration of rhodamine-
labeled PEI, as described in Materials and methods. (A) Transmission image; (B) representative fluorescence count rates recorded in the nucleus; and (C—E)

the cytoplasm.

even be extended to longer illumination periods, since a
significant fluorescence decrease is only observed after 5—
10 acquisitions at a given point. Additionally, it was
observed that the mean fluorescence intensity does not
dramatically change all over the nucleus of a given cell,
suggesting that PEI may be homogencously distributed in
the nucleus. Moreover, in contrast to the intense spikes
observed for instance in the count traces of PEI/DNA
complexes in aqueous solution [21], the count traces of
nuclear PEI show small and regular variations about the
mean fluorescence intensity. This suggests that no com-
plexes or aggregates with a large number of PEI molecules
are diffusing in the nucleus. Noticeably, in a few intra-
nuclear locations, a small fluorescence intensity decrease
was observed during the two or three first seconds of
acquisition (data not shown). By analogy to intranuclear
observations performed with labeled oligonucleotides [31],
this initial fluorescence decrease may be attributed to PEI
molecules that do not move from the excitation volume
during the sampling time. The second compartment defined
by the count traces is the perinuclear cytoplasmic region. In

this compartment, the initial fluorescence intensities of the
selected illuminated areas were generally up to 10-fold
higher than in the nucleus (Fig. 1C), suggesting that a large
number of PEI molecules accumulate in these areas. More-
over, in contrast to the nucleus, the fluorescence intensity
drops by about 50-80% during a 15-s acquisition time.
When longer acquisition times were used, a continuous
fluorescence decrease was observed without reaching a
plateau value (data not shown), indicating that PEI mole-
cules accumulate mainly if not exclusively, in nondiffusing
or slowly diffusing structures. Since it has been previously
reported that PEI accumulates in late endosomes and lyso-
somes of L1929 cells [15], it may be inferred that our
observations translate the behavior of PEI molecules in late
endosomes and lysosomes. Interestingly, the count traces in
a few areas around the nucleus (Fig. 1D) were found to be
similar to the intranuclear ones. This suggests that a popu-
lation of diffusing PEI molecules with behavior similar to
that in the nucleus is observable in the perinuclear cyto-
plasm. Finally, the third compartment defined by the count
rate traces is the portion of cytoplasm distant from the
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nucleus. The average fluorescence level in this compartment
(Fig. 1E) is in between the levels of the nuclear and
perinuclear compartments. Moreover, the fluorescence in-
tensity in the third compartment shows large and slow
fluctuations. The average duration of these fluctuations is
about 5 s and may translate the diffusion of moderately large
PEI-containing particles. These particles may tentatively be
attributed to early endosomes that have been described in
this peripheric cytoplasmic region [15] and which are
supposed to be more mobile than the large endosomes
around the nucleus.

3.2. Diffusion properties of intracellular PEI

In a next step, the ACF recorded in the three previously
defined cellular compartments were analyzed. In the peri-
nuclear compartment, the ACF could generally not be
properly analyzed since the continuous decrease in the
number of fluorophores due to photobleaching (Fig. 1C)
distorts the ACF and leads to staircase-like artifacts [32].
Similarly, the slow and large amplitude oscillations seen in
the count traces recorded in the peripheric cytoplasmic
regions (Fig. 1E) probably induce corresponding changes
in the number of fluorophores that distort ACF and lead to
artifacts. It results that only the ACF recorded in the nucleus
and in perinuclear areas with nuclear-like count traces could
be adequately fitted. In contrast to measurements performed
with PEI molecules in aqueous solution [21], the ACF
recorded in the nucleus (Fig. 2A) could not be adequately
fitted with a one-population model (Eq. (1)) as could be seen
from the systematic deviations in the residuals (Fig. 2B). In
contrast, an adequate fit (Fig. 2C) was obtained with a two-
population model (Eq. (2)), suggesting the existence of both
fast and slow diffusing populations. Irrespective of the
concentration of PEI incubated with cells, the fast diffusion
constant, Dy =3.8(+ 0.1) X 10~ "' m? s~ !, was about three
times slower than that of PEI in buffer (D=1.2( £ 0.2) X
107 ' m? s~ ') (Table 1). A similar 4- to 5-fold decrease of
the diffusion constant in the nucleus with respect to aqueous
solution was reported for the green fluorescent protein
mutant EGFP [29] and was related to the diffusion of free
EGFP molecules in the more viscous intranuclear medium.
As a consequence, the fast diffusing population might
correspond to free PEI molecules that do not bind to nuclear
components and diffuse in a medium similar to that of EGFP.
In contrast, the diffusion constant of the slow diffusing
population, Dgew=1.3(%0.1) x 10~ "> m? s~ !, was about
100 times slower than that of PEI in aqueous solution,
suggesting that this population of PEI may interact with
nuclear components and diffuse in a bound form. Alterna-
tively, the autocorrelation data could be adequately fitted
with an anomalous diffusion model (Fig. 2D), which
assumes obstructed diffusion [28,29]. Irrespective of the
PEI concentration incubated with cells, we found a diffusion
coefficient, Daynom=6.7(+0.1)x10" "' m? s~ ! and a re-
striction coefficient, o=0.46 &+ 0.02. Analysis of the ACF
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Fig. 2. Autocorrelation curves of PEI in the nucleus of L929 cells. The cells
were incubated with free PEI as described in Fig. 1 and the autocorrelation
curves were recorded in the nucleus (solid line). The autocorrelation curve
of PEI in buffer (dotted line) is given for comparison. Autocorrelations
curves were normalized to N=1. Panels B—D represent the residuals
obtained by fitting the intranuclear FCS curve with either Eq. (1) (B, one-
population, free-diffusion model), Eq. (2) (C, two-population, free-diffusion
model) or Eq. (3) (D, anomalous-diffusion model).

recorded in the perinuclear areas with nuclear-like count
traces leads to results similar to that of intranuclear ACF
(data not shown), suggesting that these areas may correspond
to cytoplasmic locations with no endosomes or lysosomes,
where PEI molecules diffuse freely.

3.3. Intracellular PEI concentrations

Analysis of the ACF allows the recovering of the average
apparent number of molecules present in the focal volume.
By dividing this average number by the detection volume,
the apparent intracellular concentration of PEI could be
deduced at the level of the excitation volume. Since the
ACF could only be analyzed in the nucleus and perinuclear
areas with nuclear-like behavior, PEI concentrations could
thus be only determined in the latter compartments. These
FCS-based concentration measurements are straightforward
only if all fluorescent molecules show the same fluorescence
efficiency and if the signal is free of background [30].
Assuming that all the PEI molecules detected in the exci-
tation volume are characterized by the same fluorescence
efficiency and using a background fluorescence, Iz =4( £ 1)
kHz, the corrected number of molecules, N, could be
deduced from the apparent number, by Neow=Napp(d — 15/
I)>, where I, is the total fluorescence [33]. Interestingly,
Neorr Was very similar for the anomalous diffusion model
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Tablel
Intracellular diffusion properties and concentration of PEI measured by FCS on L929 cells incubated with either free PEI or a PEI/DNA mixture
[PENexura” Rounded Dry'(x 10" Dyon( > 10™) o Danom"( X 10'") (PEN oy’
(LM) cells (%) (m’s™ ") (m’s™ ) (m”s™ ) (M)
PEI 0.25 X 13.75 49 (+£9) 4.1 (£0.6) 1.5(+£04) 0.48 (£0.01) 7(x1) 44 (£ 14)
PEI 0.5 X 26.5 57 (x6) 3.7(£0.7) 1.0 (£0.3) 0.46 (£0.01) 6.4 (£0.6) 98 (£22)
PEI I x 53 78 (+5) 3.6 (£0.5) 1.2 (£0.3) 0.45 (£0.01) 7(+0.4) 185 (+26)
Complexes 53 67 (£ 11) 3.7 (£0.1) 1.4 (£0.3) 0.47 (£0.02) 6.5 (£0.7) 143 (+32)

# [PEI]oxtra and [PEI],e are the extracellular and intranuclear concentrations, respectively, of PEI expressed in amine groups. The percentage of rounded
cells was determined by counting the number of rounded cells in large-field transmission images. Dy, and Dy, are the parameters recovered by fitting the
ACF in Fig. 2A with Eq. (2). o and D0, are the parameters recovered by fitting the ACF in Fig. 2A with Eq. (3). The intranuclear concentration of PEI was
determined as described in the text. Results are expressed as means + S.E. for about 15-20 measurements performed in three separate experiments.

and the two-population model. Moreover, it appears that the
slow diffusing population in the two-population model
represents about 20—30% of the PEI molecules. The aver-
age apparent number of molecules in both models was about
2.5-3.5 times higher than the number of molecules mea-
sured with PEI solutions of the same concentration than that
used for incubating the 1929 cells. This suggests that L.929
cells may actively internalize and concentrate PEI molecules
in the nucleus. Moreover, it appears that the nuclear con-
centration of PEI is similar to that in the perinuclear areas
with nuclear-like behavior and proportional to the concen-
tration of PEI in contact with the cells (Table 1). This
suggests equilibration of PEI between the perinuclear region
and the nucleus.
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Additionally, by dividing the average count rate by the
number of molecules, we can further deduce the fluores-
cence per molecule, fpm, and compare it to that obtained
with PEI in solution. The nuclear fpm was about 1.2—1.5
kHz and thus, three times less than in solution. This
suggests that the nuclear environment may quench to some
extent the fluorescence of the rhodamine dye. This conclu-
sion is in contrast with previous reports showing that the
intracellular fpm of free rhodamine is similar to that in
solution [25]. As a consequence, an alternate hypothesis
may be considered in which an additional uncorrelated
background fluorescence may decrease the amplitude of
the ACF and thus, due to the inverse dependence of the
number of molecules on the autocorrelation amplitude,
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Fig. 3. Intracellular fluorescence count rates in 1929 cells incubated with a PEI/DNA mixture. L929 cells (about 1.5 x 10° cells) were incubated with PEVDNA
complexes prepared as described in Materials and methods with final concentrations of plasmid DNA (expressed in phosphate groups) and rhodamine-labeled
PEI (expressed in amine groups) of 5.3 and 53 pM, respectively. (A) Transmission image; (B) representative fluorescence count rates recorded in the nucleus;

and (C—D) the cytoplasm.
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artificially increase the number of molecules and decrease
fpm [30]. Assuming that the fpm of rhodamine in cells is
identical to that in solution, the total background fluores-
cence, Ig;, might be calculated by:

Ig) = (2[tfpmNapp - Itz - [(2ItfpmNapp - It2)2

— MmNy (I TpmNopy — 17)]'/?)/ (2fpmNegy)  (4)

Using this hypothesis, it appears that /g, represents as
much as 70—80% of the total fluorescence. This allows then
in turn to deduce the corrected number of molecules by
Neow=(I; — Ig1)/fpm and thus the corrected concentrations.
The latter were found to be rather low and did not exceed
10% of the PEI concentration in the incubation medium
(data not shown), suggesting that only a limited PEI
concentration would reach the nucleus. The major concern
of this hypothesis is the physical origin of this additional
background fluorescence. In a previous work, it was asso-
ciated to immobile molecules binding to the surface of the
culture chamber [30]. This hypothesis is unlikely in our case
for two reasons. First, the rather high photobleaching power
of TPE in the excitation volume [34], which is illustrated in
the cytoplasmic count traces (Fig. 1B), would rapidly bleach
the immobile molecules. Second, the excitation volume with
an axial radius of about 1 um is set 4 um above the cover
slip and thus cannot excite molecules that would be
adsorbed on the cover slip. Accordingly, in the absence of
convincing explanation for this background fluorescence,
we favor the former hypothesis. The likely compaction of
PEI, due to macromolecular crowding, in intracellular
compartments could have caused the observed reduction
in the value of fpm through interaction between rhodamine
groups in PEL

3.4. Intracellular concentrations and diffusion properties of
PEI and PEI/DNA complexes during transfection

In second part of this work, we investigated the intracel-
lular concentrations and diffusion properties of rhodamine-
labeled PEI during transfection. L.929 cells were challenged
with rhodamine-labeled PEI/DNA complexes (prepared at a
molar ratio of PEI nitrogen atoms to DNA phosphate of 10)
for 2 h and analyzed by FCS after washing. The proportion of
rounded cells (Table 1) was intermediate to those observed
with the two highest doses of free PEI, in accordance with the
presence of large concentrations of free PEI in PEI/DNA
mixtures [21]. Moreover, count rate traces and the ACF were
also similar to those observed when cells were challenged
with free PEI, enabling the definition of the same compart-
ments (Fig. 3A—D). In addition, the intranuclear ACF could
again be adequately fitted with either a two-population model
or an anomalous diffusion model. The diffusion coefficients
and the restriction parameter (Table 1) were indistinguishable
from those obtained with free PEI, suggesting that mainly

free PEI molecules but not complexes were observed in the
nucleus of the selected cells. Moreover, the intranuclear PEI
concentration (143 pM) was intermediate to that observed
when cells were incubated with either the same or half the
concentration of PEI used to prepare the PEI/DNA com-
plexes. In contrast to the nucleus, the high initial count rates
observed at given locations of the perinuclear cytoplasm
(Fig. 3C) would be well consistent with high local concen-
trations of PEI and/or PEI/DNA complexes.

Alternatively, we used rhodamine-labeled plasmid to
follow the PEI/DNA complexes. Measurements in the
perinuclear cytoplasm reveal fast photobleaching areas
(Fig. 4A) with no discernable ACF (Fig. 4A, inset). More-
over, after photobleaching, the weak remaining signal was
similar to that in nontransfected cells and again did not show
any discernable ACF (Fig. 4B, inset). These results con-
firmed that the labeled DNA molecules contained in com-
plexes in the perinuclear cytoplasm were almost immobile at
the FCS time scale. Noticeably, the fluorescence level in the
nucleus of the selected cells did not exceed the fluorescence
level of control cells, confirming the absence of complexes
in the nucleus of these cells. This conclusion is in agreement
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Fig. 4. Intracellular fluorescence count rates and correlation curves (in
insert) of L929 cells incubated with mixtures of PEI with rhodamine-labeled
plasmid DNA. The concentrations of PEI and plasmid are as in Fig. 3. The
count rates and the autocorrelation curves (insert) were recorded in the
cytoplasm (A) and the nucleus (B).
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with previous confocal studies on the same cells [15],
suggesting that DNA molecules may only be transiently
present in a small population of cells.

4. Discussion

To get further insight on the cellular mechanism of
transfection by mixtures of plasmid DNA with the nonviral
vector PEI, we have investigated by two-photon FCS the
intracellular diffusion and concentration of the free PEL
These results were compared with those obtained when the
cells were challenged with free PEI concentrations that were
1, 0.5 or 0.25 times the PEI concentration used in the PEI/
DNA mixture. Both the cytoxicity (as measured from the
proportion of rounded cells) and the intranuclear PEI
concentration measured with PEI/DNA mixtures were in-
termediate to those measured with the 1 X and 0.5 %
concentration of free PEIL in line with our previous studies
[21] showing that about 85% of PEI molecules are free in
PEI/DNA mixtures. Moreover, in agreement with previous
confocal [15] or centrifugation [35] data, the FCS-moni-
tored cytoplasmic behavior of the fluorescently labeled PEI
either in the absence or in the presence of DNA is fully
consistent with internalization by endocytosis, followed by
accumulation in late endosomes and lysosomes. Intraendo-
somal PEI concentration is significantly higher (up to 30
times at certain locations, based on the count rate traces)
than the concentration of PEI in the external medium
suggesting that PEI molecules are not simply internalized
as a part of the extracellular solution. In fact, it is more
likely that PEI molecules bind to membrane components as
for instance the negatively charged proteoglycans [35]. It
follows that due to the small volume of solution internalized
in early endosomes, this accumulation of PEI molecules on
the external cytoplasmic leaflet leads to a PEI concentration
increase as compared to the external medium. The binding
of PEI to membrane components was confirmed in late
endosomes. Indeed, in contrast to early endosomes, late
endosomes are sufficiently large with respect to the excita-
tion volume that intraendosomal diffusion of free particles
could be discriminated from the diffusion of particles bound
to the inner surface of the membrane [36]. By analogy with
the behavior of a minor population of labeled latex micro-
particles incubated with endothelial cells [36], the strong
photobleaching in late endosomes strongly suggest that PEI
molecules remain bound to the inner surface of endosome
membranes and thus diffuse at the low speed of the endo-
somes themselves. By analogy to PEI molecules, the strong
photobleaching and the absence of detectable diffusion in
the late endosomes of cells incubated with labeled PEI/DNA
complexes further suggest that the complexes also remain
bound to the endosome membranes. Alternatively, the
diffusion of PEI/DNA complex could have been hindered
to an extent such that it is not observable in the FCS time
scale. It should be mentioned that the diffusion time of PEI/

DNA complexes in free solution is ~ 2 ms (D ~ 6 x 10~ '?
m? s~ ' [21]) and hence its hindered diffusion in cells could
have slowed it beyond the observable time scale.

The observation of cytoplasmic areas with freely diffus-
ing PEI molecules and the detection of significant intra-
nuclear PEI concentrations additionally suggest that PEI is
released from the endosomes. This may be a consequence of
the membrane destabilizing properties of PEIL Indeed, PEI
was reported to permeabilize Gram negative bacterial outer
membranes [37,38], and to disrupt liposomal membranes
made from phosphatidyl serine [39] as well as lysosomes
[40]. This last effect was found to strongly depend on PEI
concentration. While a PEI concentration representative of
the concentrations used to transfect cells showed only small
effects, an important lysosomal disruption was obtained at
5-fold higher concentrations. In this respect, the inferred
high intraendoensomal PEI concentrations may be sufficient
to destabilize the endosomes, while in line with previous
results on neuronal cells [41], the extracellular PEI concen-
tration may not be sufficient to destabilize the plasma
membrane. The accumulation of PEI on the inner surface
of endosome membranes together with the membrane-
destabilizing properties of PEI may by themselves explain
the release of PEI into the cytoplasm. This would constitute
a mechanism alternative to the osmotic swelling hypothesis
[1]. In the latter hypothesis, it is thought that due to the
buffering capacity of PEI, a massive accumulation of pro-
tons followed by a passive chloride influx could generate an
osmotic swelling and subsequent endosome disruption.
However, since the major part of PEI in PEI/DNA mixtures
is free and since the pK value of PEl is ~ 8.4 [42], only a
limited buffering capacity is expected at the low pH values
in late endosomes or lysosomes, and hence osmotic swelling
is unlikely to play a significant role in endosome disruption.

In a next step, the PEI released by the endosomes may
diffuse through the nuclear pores. This hypothesis is rea-
sonable since the average molecular weight of PEI (25 kDa)
is significantly below the exclusion limit for passive trans-
port through the nuclear pore complex [43]. Moreover, the
identification of a few cytoplasmic perinuclear areas where
the concentration of PEI is in the same range than the
intranuclear one further suggests that the intranuclear PEI
concentration equilibrates with the cytoplasmic concentra-
tion of released PEI. Noticeably, the scarcity of these
cytoplasmic areas with released PEI is in line with the large
volume occupied by the late endosomes and lysosomes
around the nucleus [15]. The presence of PEI molecules
in the nucleus is consistent with previous observations on
EA.hy 926 cells [14], except that the PEI molecules do not
seem to accumulate in organized areas but were homoge-
neously distributed in the nucleus. This suggests that as for
PEI internalization [15], there may be some cellular depen-
dence on the distribution of PEI in the nucleus. Moreover,
the absence of photobleaching in the nucleus together with
the reported absence of cellular diffusion for DNA mole-
cules larger than 1000 kDa [44] strongly suggest that PEI
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molecules do not bind to the host genome in the nucleus.
The absence of binding of PEI to DNA in the nucleus could
be due to packing and condensation of nuclear DNA by
histones. This further suggests that incorporation of the
imported DNA into the chromosomal DNA would require
a nontrivial mechanism whereby the imported DNA is
extracted from the PEI/DNA complex.

The diffusion of PEI molecules could be adequately
described by either a two-population or an anomalous-
diffusion model. In the first model, the major fraction of
PEI molecules was found to diffuse in a free form. In good
agreement with measurements performed on EGFP and
TMR molecules [25,29], the apparent intranuclear viscosity
was found to be about three times larger than that of the
buffer. In contrast, such a high viscosity was not evidenced
for small oligonucleotides [31], suggesting either that oli-
gonucleotides do not diffuse in the same nuclear compart-
ments than TMR, EGFP and PEI or that the latter molecules
interact more strongly with their environment than oligonu-
cleotides. The second population of PEI molecules diffuses
with a much smaller diffusion constant, suggesting that it
may diffuse in a bound form. Similar diffusion constants
were reported for a population of oligonucleotides diffusing
in the nucleus and were associated to the diffusion of
oligonucleotides bound to large macromolecular complexes
[31]. In the anomalous-diffusion model, the PEI molecules
are thought to diffuse in an obstructed medium and thus
show an inhomogeneously retarded diffusion [25,29]. The
obstacles may be constituted by the chromatin and the
associated macromolecules organized in chromosomes. A
similar model was applied to the intranuclear diffusion of
EGFP, TMR and small peptides [25,29,30]. Interestingly,
the restriction coefficient («=0.46) for PEI was similar to
that (0.5) of TMR [25] but much smaller than that (0.8) of
EGFP [29] and cell-permeable peptides [30]. Since o is
equal to 1 for free diffusion and decreases with increasing
obstacle concentration, it may be concluded that PEI and
TMR either diffuse in more obstructed areas or interact
more strongly with the obstacles than peptides or proteins.
This last hypothesis could be readily explained by the high
density of positive charges that may favor the interaction of
PEI with the negatively charged intranuclear macromole-
cules. In a third model, we could assign the multicomponent
diffusion kinetics of PEI to multiple compartments in the
nucleus. In addition, the absence of PEI/DNA complexes in
the nucleus of the observed 1929 cells may be related to the
low transfection efficiency of these complexes since only a
few percent of 1929 cells have been shown to express the
transgene [15].

Another important feature pointed out by our measure-
ments is that the intranuclear PEI concentration is propor-
tional to the concentration of PEI incubated with the L.929
cells. This suggests that the initial binding of PEI to the
plasma membrane is proportional to the external PEI con-
centration and that no saturation occurs in the tested
concentration range. Since similar intranuclear PEI concen-

trations were found in normal and rounded cells (data not
shown), it may be further concluded that PEI cytotoxicity in
the latter cells is not related to a massive release of PEI from
the endosomes. It is likely that the concentrations of free
PEI measured in the cytoplasm or nucleus are themselves
cytotoxic. In keeping with this hypothesis, the percentage of
rounded cells was found to linearly correlate with the
intranuclear concentration of PEI (Fig. 5) for all the mea-
surement points including the one performed with the PEI/
DNA mixture. Moreover, it could be further concluded from
Fig. 5 that the intranuclear PEI concentration giving 50%
toxicity is about 60 pM. It should be noted that the cytotoxic
effects of PEI on 1929 cells occur in less than 2 h and in
contrast to EA.hy926 cells [18] do not markedly change
with time (data not shown). Immediate cytotoxicity seems
thus to be prevalent in L929 cells. It may be speculated that
this toxicity is related to the permeabilization of late endo-
somes and lysosomes. Additionally, free PEI molecules in
the cytoplasm and the nucleus may interfere with proteins
and perturb critical cell functions. Additional work is
required to identify the cellular targets of free PEIL

In summary, we have shown in the present work that
after endocytosis, the PEI molecules and the PEI/DNA
complexes remain bound to the endosome membranes.
The binding of PEI to the plasma membrane seems highly
efficient since the endosomal PEI concentration was found
to be much larger than the external concentration of PEI in
contact with the cells. Due to the membrane-destabilizing
properties of PEI and the dependence of these properties
with PEI concentration, this may lead to a release of PEI in
the cytoplasm and a diffusion of free PEI into the nucleus.
Inside the nucleus, the PEI molecules do not bind to the host
genome but rather remain free and diffuse in an obstructed
environment. However, it cannot be excluded that a signif-
icant fraction of PEI molecules bind to some still uniden-
tified macromolecules and diffuse in a bound form. The
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Fig. 5. Correlation between cytotoxicity and intranuclear PEI concentration.
Cytotoxicity was evaluated from the percentage of rounded L929 cells
counted in the Lab-Tek chambered coverglass when the cells were
incubated with either free PEI (v) or PEI/DNA mixture (®). Intranuclear
PEI concentrations were from Table 1.
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absence of binding of PEI to the host genome suggests that
the latter does probably not trigger the dissociation of PEI/
DNA complexes entering into the nucleus. Both the release
of PEI in the cytoplasm and the large concentration of PEI
in the nucleus may contribute to the cytotoxic effects of PEI.
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