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Purpose. Critical steps in the subcellular processing of poly(ethylene
imine)/nucleic acid complexes, especially endosomal/lysosomal es-
cape, were visualized by using living cell confocal laser scanning mi-
croscopy (CSLM) to obtain an insight into their mechanism.
Methods. Living cell confocal microscopy was used to examine the
intracellular fate of poly(ethylene imine)/ribozyme and poly(L-
lysine)/ribozyme complexes over time, in the presence of and without
bafilomycin Al, a selective inhibitor of endosomal/lysosomal acidifi-
cation. The compartment of complex accumulation was identified by
confocal microscopy with a fluorescent acidotropic dye. To confirm
microscopic data, luciferase reporter gene expression was determined
under similar experimental conditions.

Results. Poly(ethylene imine)/ribozyme complexes accumulate in
acidic vesicles, most probably lysosomes. Release of complexes oc-
curs in a sudden event, very likely due to bursting of these organelles.
After release, poly(ethylene imine) and ribozyme spread throughout
the cell, during which slight differences in distribution between cyto-
sol and nucleus are visible. No lysosomal escape was observed with
poly(L-lysine)/ribozyme complexes or when poly(ethylene imine)/
ribozyme complexes were applied together with bafilomycin Al.
Poly(ethylene imine)/plasmid complexes exhibited a high luciferase
expression, which was reduced approximately 200-fold when lyso-
somal acidification was suppressed with bafilomycin Al.
Conclusions. Our data provide, for the first time, direct experimental
evidence for the escape of poly(ethylene imine)/nucleic acid com-
plexes from the endosomal/lysosomal compartment. CLSM, in con-
junction with living cell microscopy, is a promising tool for studying
the subcellular fate of polyplexes in nucleic acid/gene delivery.

KEY WORDS: polyethylenimine; intracellular processing; living cell
confocal microscopy; lysosomal escape.

INTRODUCTION

Poly(ethylene imine) (PEI) is one of the most commonly
used nonviral vectors based on polycations for DNA/RNA
delivery both in vitro and in vivo (1). Despite numerous pub-
lications dealing with the mechanisms of uptake and subcel-
lular processing of PEI/plasmid complexes, current under-
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standing of the release mechanism from the endosomal/
lysosomal compartment is still limited (1-3). New insights
could facilitate the design of new polymers for nonviral gene
delivery systems. It has been shown by several groups that
PEI is taken up via endocytosis (4,5); however, theories for
uptake and intracellular processing of PEI polyplexes remain
controversial. Using confocal microscopy studies, Godbey et
al (3) found that PEI/plasmid complexes access cells in cul-
ture via endocytosis. According to Godbey et al (2), these
endocytotic vesicles do not seem to fuse with lysosomes but,
rather, proceed directly to the perinuclear region where PEI
and DNA are released and taken up into the nucleus (2,3).
Furthermore, Lecocq et al (4) examined uptake and subcel-
lular distribution of radioactively labeled PEI in vivo by using
differential and isopycnic centrifugation methods. They ob-
served that PEI was localised in plasma membrane fractions 5
min after administration and in lysosomal fractions after 4 h.
According to this study, PEI persists in the lysosomal com-
partment without significant release for days. Another un-
clear, yet very important question, is how PEI/nucleic acid
complexes escape from the endosomal/lysosomal compart-
ment. Behr (6,7) proposed the so-called “proton-sponge hy-
pothesis” explaining the lysosomal release of PEI polyplexes
by their buffering capacity. During acidification of endo-
somes/lysosomes, this property leads to increased influx of
protons, chloride ions, and water, thus eventually causing rup-
ture of the vesicles due to the high osmotic pressure. Al-
though this hypothesis was developed some years ago, no
experimental verification has been provided so far.

Ribozymes have attracted particular attention, because
of their unique ability to cleave and deactivate messenger
RNA in a sequence-specific manner, enabling a selective
down- regulation of gene expression. Approaches using ribo-
zymes are under development against a variety of targets,
including multidrug resistance (MDR1) in cancer chemo-
therapy (8) or HER-2 overexpression (9), as well as antiviral
ribozymes against e.g., HIV, CMV, etc. (10). From a drug
delivery perspective, ribozymes are very attractive, because
they are smaller in size than plasmids and do not require
delivery into the nucleus to exert biological activity.

Recently, we studied PEI as delivery vehicle for ribo-
zymes, because it is not only an efficient agent for intracellu-
lar delivery but also stabilizes ribozymes against enzymatic
degradation (unpublished data). Many intriguing questions as
to the mechanism of PEI/ribozyme subcellular trafficking re-
main unanswered.

In this report we attempt to gain insight into these sub-
cellular distribution processes of PEI/ribozyme complexes by
using living cell confocal laser scanning microscopy. This
method is unique, because it allows a direct observation of
PEI/nucleic acid complexes in the intact subcellular environ-
ment over a long time. More specifically, it may prove to be
a valuable tool in elucidating the release mechanism of PEI
polyplexes from the endosomal/lysosomal compartment.

PEI/ribozyme complexes were used in the presence of
and without bafilomycin A1, a selective inhibitor of the vacu-
olar-type H(+)-ATPase, which prevents acidification of en-
dosomes/lysosomes. Our aim was to gain a mechanistic in-
sight in subcellular processing of dually labeled PEI/ribozyme
complexes by observing fluorescence distribution over time.
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MATERIALS AND METHODS

Chemicals

Poly(ethylene imine) (MW 25,000), poly(L-lysine) (MW
34,300), chloroquine, and bafilomycin Al were purchased
from Sigma-Aldrich.

Labeling of PEI and Poly(L-Lysine) with Oregon
Green 488

Polymer (20 mg) was dissolved in 2 mL 0.1 M sodium
bicarbonate solution pH 9. Oregon Green carboxylic acid suc-
cinimidyl ester (1 mg; Molecular Probes) was dissolved in 200
pL dimethylsulfoxide and added dropwise under stirring to
the polymer solution. The mixture was stirred in the dark for
3 h at room temperature before the labeled polymer was
purified by ultrafiltration in an Amicon cell (regenerated cel-
lulose membrane, MW cutoff 10,000) and washed with 0.1 M
borate/1.0 M sodium chloride solution, pH 7.5. The washing
procedure was performed until no absorption was detectable
at 488 nm in the cell outflow. As a final step, the buffer was
exchanged with distilled water.

Ribozyme and Plasmid

A 5-carboxytetramethylrhodamine labeled 37-mer ribo-
zyme with the sequence 3'-UCUCUCAAAGCAGGA-
UUGCCUGAGUAGUCAUAACCUU-5" was purchased
from MWG-Biotech. A luciferase plasmid (pGL3-control,
Promega) was used for transfection experiments. The plasmid
was amplified in JM109 competent cells (Promega) and pu-
rified with QIAfilter plasmid Kits (Qiagen) according to the
manufacturer’s protocol.

Complex Formation

All ribozyme/PEI or plasmid/PEI complexes were pre-
pared at a PEI-nitrogen to DNA/RNA-phosphate ratio (N/P
ratio) of 8. For microscopic experiments, ribozyme (2 pg) and
PEI (2.2 pg) were each dissolved in 100 pL of 0.9 % sodium
chloride solution pH 7. The two solutions were mixed by
gentle pipetting. Complexes were allowed to interact for 10
min before use. Ribozyme/poly(L-lysine) and plasmid/
poly(L-lysine) complexes were prepared at an N/P ratio of 2.
In this case, 2 pg of ribozyme and 1.6 pg poly(L-lysine) were
dissolved in 100 nL 0.9 % sodium chloride solution, pH 7. For
transfection experiments using pGL3-control luciferase plas-
mid, complexes were prepared in a similar manner with 4 pg
plasmid and 4.4 pg PEI or 3.2 g poly(L-lysine) dissolved in
double the volume of sodium chloride solution 0.9%, pH 7.

Cell Culture

All experiments were performed with the SW13 adrenal
gland carcinoma cell line (ATCC number CCL-105), which
was a kind gift from Dr. A. Aigner (Philipps University, Mar-
burg, Germany). Cells were cultured in IMDM medium
(PAA) containing glutamine (584 mg/L) and 25 mM 4-(2-
hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES),
supplemented with 10% fetal bovine serum (HyClone). For
transfection experiments, cells were grown at 37°C in a hu-
midified atmosphere containing 10% CO, (V/v).
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Confocal Laser Scanning Microscopy with Lyso
Tracker Blue

A Zeiss Axiovert 100 M microscope coupled to a Zeiss
LSM 510 scanning device was used for all confocal micros-
copy experiments.

Cells were seeded at a density of 20,000 cells per well in
eight-well chamber slides (LabTek, Nunc). After 24 h, me-
dium was removed and complexes of Oregon Green-labeled
PEI and nonlabeled pGL3-control plasmid were added in
new medium containing 100 nM Lyso Tracker Blue (Molecu-
lar Probes). After 1 h the incubation medium was aspirated,
cells were washed three times with phosphate buffered saline
(PBS) pH 7, and observed in PBS with the confocal micro-
scope. For excitation of the blue Lyso Tracker, an Enterprise
UV laser with an excitation wavelength of 364 nm was used.
For excitation of green fluorescence (labeled PEI), an argon
laser with an excitation wavelength of 488 nm was used. This
experiment was performed by using a long-pass filter of 385
nm for blue fluorescence and a long-pass filter of 505 nm for
green fluorescence. All images were recorded by using the
Zeiss LSM 510 Multitracking Mode in which each fluores-
cence channel was scanned individually.

Living Cell Confocal Laser Scanning Microscopy

An argon laser was used to excite green fluorescence at
488 nm and a helium-neon laser was used for red fluorescence
at 543 nm. Images were taken by using a band-pass filter of
505-530 nm for green fluorescence and a long-pass filter of
560 nm for red fluorescence. Detector sensitivity was set rela-
tively high to be able to visualize faint fluorescence and was
kept constant during experiments. Thickness of the optical
sections was between 0.5 and 1 pm. Stacks of 15-35 images
were recorded every 3-9 min to obtain information over time
(setting descriptions for the individual figure are listed below
each figure). The different layers were overlaid for each time
point by Zeiss LSM 510 software. For creating movies the
overlaid images of the single time points were animated over
time. Total thickness of stacks ranged between 10 and 20 pm.
Temperature was maintained at 37°C for the duration of the
experiment. A CO, atmosphere was not necessary, because
the cell culture medium contained 25 mM HEPES. For living
cell microscopy, 30,000 cells were seeded on 2-cm? self-made
chamber dishes containing a total of 500 wL of medium. Ba-
filomycin Al was added to the media at a concentration of
300 nM, where indicated.

Transfection Experiments with Luciferase Plasmid

Transfection experiments with pGL3-control luciferase
plasmid were performed with poly(L-lysine)/plasmid com-
plexes in addition to PEI/plasmid complexes in the presence
of, as well as without bafilomycin Al. Cells were seeded in
12-well plates at a density of 50,000 cells per well. After 24 h
medium was removed and complexes were added to fresh
medium containing 300 nM bafilomycin A1, when applicable.
Media were exchanged again after 4 h, and cells were incu-
bated for 44 h. Luciferase gene expression was quantified by
using a commercial kit (Promega) and photon counting with
a luminometer (Sirius, Berthold).

Results in relative light units per second (RLU/s) were
converted into ng luciferase by creating a calibration curve
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with recombinant luciferase (Promega). Protein concentra-
tion in each sample was determined by using a BCA assay
(11). All experiments were performed in quintuplet, and data
were expressed in ng luciferase per mg protein.

RESULTS

Confocal Laser Scanning Microscopy Using Lyso
Tracker Blue

In Fig. 1, colocalization of PEI/DNA complexes (green)
and Lyso Tracker Blue is shown [l h after transfection (tur-
quoise vesicles). Several predominantly green vesicles are
also present in this image. These could either represent PEI in
nonacidic prelysosomal compartments or in lysosome rem-
nants, suggesting that in this case the lysosomes had already
burst. This strongly indicates that complexes accumulate in
the lysosomal compartment after 1 h. We obtained similar
results with OVCAR-3 (ATCC number HTB-161) cells (data
not shown).

Living Cell Confocal Laser Scanning Microscopy

Five short movies have been chosen to show the results
of living cell confocal laser scanning microscopy (see Table I).
Movies 1 and 2 were obtained with PEI/ribozyme complexes.
Movie 3 shows PEl/ribozyme complexes in the presence of
300 nM bafilomycin Al, and Movie 4 was recorded by using
poly(L-lysine)/ribozyme complexes. Movie 5 shows an over-
view of [20 cells incubated with PEIl/ribozyme complexes,
whereas only the green fluorescence of PEI is shown. All
movies can be accessed as supplementary material for this
publication on our web site http:/www.uni-marburg.de/iptb/
institut/akkissel/motherpage.htm. Essential excerpts from
Movies 1 and 2 are shown in Figs. 2 and 3. It should be noted
that the vesicle sizes in Movies 1-5 do not accurately display
actual sizes, because of fluorescence outshine; however, rela-
tive changes in localization and size over time can be ob-
served.

In Figs. 2 and 3 (Movies 1 and 2) it is shown that PEI/
ribozyme complexes and also some free PEI, resulting from
an N/P ratio of 8, adhere to the cellular membrane within a
few minutes after incubation, possibly because of interactions
between positively charged complexes and the negative
charges of certain membrane constituents. Time of uptake
into cells is rather heterogeneous. In several cells, uptake is
very rapid, occurring [110-15 min after incubation (e.g., Fig. 3,
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Movie 2). In other cells, internalization seems to be much
slower (e.g., several cells shown in Fig. 2, Movie 1).

Under the conditions used in this experiment (i.e., mi-
croscope settings), some PEI-containing vesicles display a
very typical appearance (Fig. 2, Image 1, vesicle marked with
yellow arrow; Fig. 3, Images 1-7). The inner core of these
vesicles is yellow, indicating that ribozyme and PEI are colo-
calized here, whereas a very small surrounding “corona” is
green, which implies that PEI is predominantly located in this
area. This “corona” might represent interactions between
PEI and components of the lysosomal membrane and/or ex-
tensive swelling of the polymer matrix in proximity to the
vesicular membrane. Separation of PEI and ribozyme close to
the membrane might be another possible explanation for this
appearance.

The size of the vesicle in Fig. 2, Image 1 (marked with the
yellow arrow) seems to increase within the 9 min between
Images 1 and 3, possibly because of osmotic swelling or fusion
with other PEI-containing vesicles. Finally, it releases its con-
tent into the cytoplasm (Fig. 2a, Image 4). After this event,
the whole cell, including the nuclear compartment, is filled
with a faint green-yellow fluorescence, resulting from the mix-
ture of green fluorescence from PEI (predominantly) and the
red fluorescence from ribozyme (very faint). This fluores-
cence can be seen only with sensitive instrument settings but
is significantly brighter than background fluorescence. If dis-
tribution of fluorescence in the different confocal layers is
regarded before and after endosomal/lysosomal burst, one
finds a significant increase of fluorescence throughout the
whole cell after burst. In Fig. 2b it can be seen that the dis-
tribution of fluorescence is not totally homogeneous after
burst. These images represent the fluorescence in a single
confocal layer of 1-pm thickness before and after burst. The
area exhibiting slightly less intense fluorescence may likely
display the nuclear compartment. However, it should be
noted that both green and red fluorescence also increase sig-
nificantly in this area, thus implying that PEI and ribozyme
are present in the nucleus a maximum of 3 min after burst.
The complete sectioning of the whole cell can be accessed on
our supplementary material web site. The remnant of the
burst vesicle is predominantly red and seems to consist of
ribozyme and PEI, whereas relatively more ribozyme seems
to be present than before burst. It persists in the cytosol and
only changes its size and color marginally. The further fate of
these remnants is unclear and requires a more thorough in-
vestigation. In most of the cells only a small percentage of
vesicles burst. Most of the PEI/ribozyme complexes persists

Table I. Characteristics of Movies Accessible on Our Web Site

Movie Type of experiments Excerpts in figure Colors

1 PEIl/ribozyme complexes Figure 2 PEI green, ribozyme red

2 PEI/ribozyme complexes Figure 3 PEI green, ribozyme red
PEIl/ribozyme complexes

3 with bafilomycin Al PEI green, ribozyme red
Poly(L-lysine)/ribozyme Poly(L-lysine) green,

4 complexes ribozyme red
PEI/ribozyme complexes

5 overview PEI green

In addition, the complete sections of Images 3 and 4 from Fig. 2 can be regarded. The web site
is optimized for Microsoft Internet Explorer and a resolution of 1024 x 768 pixels.
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Fig. 1. PEI/plasmid complexes colocalize with Lyso Tracker Blue [l
h after incubation (turquoise vesicles). In addition, vesicles contain-
ing predominantly PEI are visible (green vesicles). The image shows
an overlay of light microscopic and confocal fluorescence image.
(Lyso Tracker is blue in this image; PEI is green).

in the endosomal/lysosomal compartment for a minimum of
several hours or longer (4).

In Fig. 3 (Movie 2) three cells that contain enormous
amounts of PEI/ribozyme complexes can be seen. Although
under average conditions vesicle burst occurs only once or
twice per cell, this example is suitable to show the mechanism
of escape. In this case, a clear sequential increase in fluores-
cence in the cells after burst of individual vesicles can be
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readily observed. Vesicles move in a random fashion within
the cells and also fuse to create larger vesicles (in Fig. 3 Im-
ages 1-4). Between Images 3 and 4 some vesicles seem to
burst (arrow in Image 3), thus initiating a disastrous process
for these cells. Within the next [20 min, a chain reaction takes
place during which all vesicles in these three cells burst and
release their contents into the cytosol (yellow arrows in im-
ages of Fig. 3 mark vesicles that have burst in the next image).
A possible explanation for this phenomenon could be the
destabilizing effect of PEI on the lysosomal membrane not
only from the inner compartment but from the cytosolic side,
as well (5). Once one lysosome releases its content, PEI is
present in the cytosol and can destabilize other vesicles that
are still intact. The more endosomes/lysosomes that rupture,
the more PEI is released and the higher is the destabilizing
potential present in the cytosol. This process may progress
until all vesicles have burst, as shown in this example. The
distribution of fluorescence throughout cells after destabili-
zation of vesicles can be observed very well in this sequence.
It is of interest that there seems to be an accumulation of
green and red fluorescence in the nucleus of cell number 2 in
Fig. 3. This accumulation might display interactions of the
high PEI and ribozyme concentrations present in this cell with
DNA in the nucleus.

It is important to note that the timescale for uptake and
lysosomal release of the PEI/ribozyme complexes is very het-
erogeneous, occurring after 20 min in some cells, whereas in
others the process may take hours for unknown reasons.

Movie 5 on our supplementary material web site shows

Fig. 2. (a) Living cell microscopic visualization of swelling and, finally, bursting of a single vesicle (yellow arrow). PEI is green and ribozyme
is red in this sequence. Before burst, the characteristic appearance of the vesicle with a yellow core and green PEI-corona can be seen.
Afterward, the faint green-yellow fluorescence can be seen evenly distributed throughout the entire cell. The remnant of the vesicle is
significantly smaller and deeper red. Images were recorded 28, 31, 37, and 40 min after incubation. They display computer-overlaid projections
of the different confocal slices for each time point. The whole movie can be accessed on our web site (Movie 1). The yellow mark displays the
size of 10 pm. (b) The same confocal layer of 1 pm thickness before and after lysosomal burst (37 and 40 min after incubation). It may be
observed that fluorescence intensity increases throughout the whole cell after burst, whereas there seems to be an area where it is slightly
weaker. This area might display the nucleus. The right image shows a light microscopic image. The complete sectioning of this cell for the 37-

and 40-min time point can be accessed on our web site.
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Fig. 3. Living cell microscopic images of three cells loaded with enormous amounts of PEIl/ribozyme complexes. PEI is green and ribozyme
is red in this sequence. Vesicles start bursting between Images 3 and 4. In the next [20 min, all vesicles release their content. Yellow arrows
point out vesicles that have already burst in the next image. For example, Image 8 shows the evenly distributed fluorescence throughout cells
1 and 3. In cell 2, obvious interactions between PEI and ribozyme with nuclear constituents occur, and in this case a fluorescence remains in
the nucleus. Images were recorded every 3 min starting 15 min after incubation. Images 1-15 are duo fluorescence images derived from the
computer-aided overlay of different confocal layers for each time point. Image 16 is a light microscopy image to show positions and numbers
of the cells. The whole movie can be accessed on our web site (Movie 2).

an overview of [20 cells, thus showing that data shown here is
representative. In this movie the bursting of several endo-
somes/lysosomes can be observed as a sudden increase of
green fluorescence (PEI) within cells indicated by yellow ar-
rows. In addition, the sequential increase in fluorescence
within one particular cell can be observed.

When the acidification of lysosomes was prevented by
using 300 nM bafilomycin A1, no bursting of lysosomes could
be observed over a period of 4 h (data shown in Movie 3 on
our supplementary material web site). Cells examined under
these conditions take up complexes as efficiently as without
bafilomycin Al. The vesicles move within the cells in a dis-
organized manner; however, no escape of PEI or ribozyme
can be observed.

Using poly(L-lysine)/ribozyme complexes under similar
experimental conditions showed that complexes were taken
up into cells efficiently; however, there was no bursting of

lysosomes or other visible escape route from this compart-
ment (Movie 4 on our Internet pages).

Transfection Experiments with Luciferase Plasmid

Transfection experiments with PEI/luciferase-plasmid
complexes at N/P = 8 led to a high reporter gene expression
(Fig. 4). In the presence of bafilomycin A1, however, expres-
sion was decreased >200-fold. This finding stresses the great
importance of endosomal/lysosomal acidification for the re-
lease of complexes from this compartment. With poly(L-
lysine)/plasmid complexes only a very low transfection effi-
ciency could be observed, suggesting that these complexes are
not as readily able to leave endosomes/lysosomes. These data
are in good agreement with our microscopic observations.
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Fig. 4. Luciferase reporter gene expression of PEI in the presence of
and without bafilomycin Al and using polylysine.

DISCUSSION

The subcellular trafficking of PEI/ribozyme complexes
could be observed by using living cell confocal microscopy.
Especially the escape from the endosomal/lysosomal com-
partment, as well as the distribution of PEI and RNA after
this event could be visualized for the first time. We also
showed that acidification is equally essential for the release of
PEI/RNA polyplexes, as for efficient gene expression after
application of PEI/luciferase-plasmid complexes.

Complexes of PEI and DNA/RNA reach the lysosomal
compartment. This may be concluded from our microscopic
data with the acidotropic Lyso Tracker, which is in agreement
with the results of subcellular fractionation experiments using
PEI in vivo (4). In contrast, Godbey et al (2) found PEI lo-
cated in nonacidic structures by using confocal laser scanning
microscopy. A possible explanation for this discrepancy could
be that, in this case, nonintact endosomes or lysosomes were
observed. Instead, remnants of lysosomes, such as those in the
last images of Figs. 2 and 3 could have been observed. These
compartments are no longer acidic and, therefore, do not
accumulate acidotropic agents, such as Lyso Tracker Blue.

Concerning the escape mechanism of PEI/RNA com-
plexes from endosomes/lysosomes, our results show that re-
lease occurs as a sudden event, such as the bursting or rupture
of endosomes or lysosomes. No release of PEI-polyplexes
from endosomes/lysosomes was observed, however, when
acidification of these vesicles was prevented. In addition,
there was a dramatic reduction of luciferase reporter gene
expression in the presence of bafilomycin Al, a finding that is
consistent with recent results of Kichler et a/ (12). The mani-
fest importance of endosomal/lysosomal acidification suggests
that the buffering capacity of PEI is one of the crucial prop-
erties of the polymer for its high efficiency in DNA/RNA
delivery. There is evidence in the literature that this is one of
the key features that cationic polymers require to obtain high
transfection efficiencies. Cationic polymers with strong basic
groups (e.g., poly(L-lysine) or quaternary amines with poor to
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no buffering properties possess low-transfection efficiencies
when used without chloroquine (13-15) or other lysosome-
destabilizing agents (16). In contrast, polymers with a signifi-
cant buffering capacity in the lysosomal pH range show a
much higher transfection capability. For example, imidazole-
containing polymers (17-19) exhibit a high reporter gene ex-
pression, very likely due to the pKa of imidazole ([b). Midoux
and Monsigny (20) performed transfection experiments in the
presence of bafilomycin Al and, similar to our results, re-
porter gene expression was reduced >100-fold compared to
experiments without inhibition of endosomal/lysosomal acidi-
fication. Other examples of polymers supporting these find-
ings include polyamidoamine dendrimers (21,22) or fractured
dendrimers (23). These groups of polymers are quite similar
to PEI because they also exhibit a large number of terminal
amino groups on their surface and higher-order amines in
their interior, whereas not all amino groups are protonated at
physiologic pH. Transfection efficiencies with these polymers
are significantly higher than those obtained, e.g., with poly(L-
lysine), and it is likely that efficient endosomal/lysosomal re-
lease is at least part of the reason for this. Further examples
in literature of effective nucleic acid delivery agents with
titratable groups between pH 5 and 7 include lipospermines
(24) and poly[2-(N,N-dimethylamino)ethyl methacrylate]
(25), which both exhibit good transfection efficiencies.

These similar findings with structurally unrelated agents
suggest that several requirements must be fulfilled for an ef-
ficient transfection with cationic polymers. The polymer must
be of low toxicity and, because of its three-dimensional struc-
ture, capable to effectively complex with DNA/RNA at physi-
ologic pH. It also needs to possess a certain buffering capacity
between pH 5 and 7. These factors enable effective uptake
and a sufficient release from the endosomal/lysosomal com-
partment, thus leading to the desired gene expression or ribo-
zyme action.

As suggested by Behr (6), the buffering capacity of the
polymer could lead to lysosomal swelling based on two pos-
sible mechanisms: an increased H*/Cl /water influx and pos-
sible swelling of the polymer network as a result of the in-
creasing electrostatic repulsion of charged groups. Both ef-
fects eventually lead to rupture of vesicles and release of their
contents into the cytosol. In our study it is remarkable that
PEI and ribozyme are distributed throughout the cytoplasm
and nucleus minutes after endosomal/lysosomal burst, be-
cause of the fact that PEl/ribozyme complexes are rather
stable. The cause of this could be the extension of the polymer
network during acidification or interactions of PEI with the
lysosomal membrane or cytoplasm constituents. Both effects
could lead to destabilization of the complexes and enhanced
dissociation after release from vesicles. Interactions of cat-
ionic lipoplexes and negatively charged lipids have been pre-
viously shown (26). In addition, other pH-dependent interac-
tions of polyplexes with the endosomal/lysosomal membrane
could play an important role for efficient escape from vesicles.

A very important question that remains to be answered
is: At what stage of the endosomal/lysosomal pathway does
bursting of the vesicles occur? Although our data and the
findings of Lecocq ef al (4) suggest that most polymer accu-
mulates in lysosomes, release could also occur from late en-
dosomes. If release takes place from lysosomes, the simulta-
neous release of lysosomal content, such as hydrolytic en-
zymes, might be harmful for cells (27). This could be one
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mechanism of toxicity of PEI/nucleic acid complexes and
might be a limiting factor for this branch of nonviral nucleic
acid delivery.

Another intensively discussed point is the mode of entry
of PEI and DNA/RNA into the nucleus. Our results indicate
that no cell division is necessary for the entry of PEI and
ribozyme, a finding that has also been shown for plasmids by
Pollard et al (7). The entry of PEI and ribozyme into the
nucleus in our experiments could occur via diffusion, as im-
plied by the high speed of the process. This is a reasonable
assumption, based on the fact that ribozyme and PEI have
molecular weights of [l 1 and [25 kD, respectively, and there-
fore, could be small enough to diffuse through the nuclear
pore complex. The maximum size for this form of nuclear
entry has been determined as [50 kD (28). PEI could pro-
mote this process by compacting the ribozyme in such a way
as to facilitate nuclear entry. In addition, negatively charged
phospholipids might coat these structures, such as suggested
by Godbey et al (3) to allow for an easier nuclear entry. This
mechanism, however, is speculative and requires a more de-
tailed investigation. For plasmids, on the other hand, the free
diffusion or coating mechanism is unlikely, because of their
large size. In this case, a condensation caused by PEI may also
play a crucial role, although the nuclear transfer is much more
inefficient (7). Interactions between plasmid or plasmid/PEI
and the nuclear pore complex might be considered. Experi-
ments investigating the nuclear entry of plasmids are in prog-
ress at this time.

In summary, CSLM in living cells allows visualization of
subcellular trafficking of PEI/RNA complexes and sheds
some light on the mechanism, as well as kinetics of their
endosomal/lysosomal escape. Our data are compatible with
the “proton sponge hypothesis” (6); however, other pH-
dependent membrane interactions of the polycation may play
a significant role for the escape of polyplexes into the cyto-
plasm as well. CSLM in living cells may be a valuable tool for
the design of more efficient nonviral vectors based on poly-
cations in gene delivery.
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