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Electroporation is a physical method of transferring 
molecules into cells and tissues. It takes advantage of 
the transient permeabilization of the cell membrane 
induced by electric field pulses, which gives hydrophilic 
molecules access to the cytoplasm. This method offers 
high transfer efficiency for small molecules that freely 
diffuse through electrically permeabilized membranes. 
Larger molecules, such as plasmid DNA, face several 
barriers (plasma membrane, cytoplasmic crowding, and 
nuclear envelope), which reduce transfection efficiency 
and engender a complex mechanism of transfer. Our 
work provides insight into the way electrotransferred 
DNA crosses the cytoplasm to reach the nucleus. For this 
purpose, single-particle tracking experiments of fluores-
cently labeled DNA were performed. Investigations were 
focused on the involvement of the cytoskeleton using 
drugs disrupting or stabilizing actin and tubulin fila-
ments as the two relevant cellular networks for particle 
transport. The analysis of 315 movies (~4,000 trajecto-
ries) reveals that DNA is actively transported through 
the cytoskeleton. The large number of events allows 
a statistical quantification of the DNA motion kinetics 
inside the cell. Disruption of both filament types reduces 
occurrence and velocities of active transport and dis-
placements of DNA particles. Interestingly, stabilization 
of both networks does not enhance DNA transport.

Received 6 March 2013; accepted 25 July 2013; advance online  
publication 1 October 2013. doi:10.1038/mt.2013.182

INTRODUCTION
The transfer of plasmid DNA by the application of electric field 
pulses is a simple and widespread method.1–7 It is an attractive 
approach for gene therapy as it is the most efficient among non-
viral methods.8–10 In contrast with virus-based transfection, DNA 
delivered by electroporation is not fully optimized with respect to 
overcoming cellular barriers such as the plasma membrane, cyto-
plasmic crowding, or the nuclear envelope. However, electropora-
tion has the advantage of being safer because complications such as 
viral infections cannot occur.11 It therefore represents an important 
non-viral alternative for transfection-based medical applications.

To date, the complex multistep mechanism governing DNA 
delivery is only poorly understood.12,13 During the application of 
an electric field, the cell membrane is transiently permeabilized 
and the DNA is electrophoretically pushed on the membrane side 
facing the negative electrode.14 The DNA then forms aggregates 
at the membrane, which stay there for several minutes.15 Because 
DNA added to the cells after the application of the electric field 
does not lead to transfection,16 the DNA aggregates are of pivotal 
importance for successful gene transfer. Although the internal-
ization pathway is not yet fully described, recent results indicate 
that ~75% of the DNA aggregates enter the cell through endo-
cytosis.17,18 Apart from this, direct DNA entry through electro-
pores formed in the membrane is possible.16 After crossing the 
plasma membrane, the DNA navigates through the cytoplasm 
and reaches the vicinity of the nuclear envelope. Successful gene 
transfer requires the DNA to be transferred into the nucleus. The 
onset of expression is observed ~3 hours after exposure to elec-
tric fields.14 So far, the intracellular trafficking of the DNA has not 
been investigated in detail. It is known that the size of the DNA 
aggregates at the membrane lies between 0.1 and 0.5 µm.14,15 At 
later stages of the transfection process, similar-sized DNA aggre-
gates are found in the perinuclear region. For particles of this size, 
passive diffusion can play only a minor role in the transport of the 
aggregates between the membrane and the nucleus.19

Here, we show how electrotransferred DNA is transported in 
the cytoplasm toward the nucleus. For this purpose, we have per-
formed single-particle tracking (SPT) experiments of individual 
DNA aggregates in living Chinese hamster ovary (CHO) cells.20 
In the first step, we have analyzed the modes of DNA aggregate 
motion in intact cells. We show that fast active transport of the 
DNA aggregates across long distances occurs. In order to gain 
insight into this transport, we performed tracking experiments in 
CHO cells treated with different drugs affecting both the actin and 
the tubulin networks. We clearly demonstrate that this transport 
is related to the cellular microtubule network. The actin cytoskel-
eton plays a role in the DNA transport but seems to be of less 
importance. Actin nevertheless participates in the interaction of 
electrotransferred DNA with the membrane21 and its internaliza-
tion into the cell. Experiments following reporter gene expression 
in cells treated with microtubule-affecting drugs earlier hinted 
at the involvement of microtubules in gene electrotransfer.22 The 
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analysis of tracking experiments further allows us to derive quan-
titative data on transport velocities, diffusion coefficients, dura-
tions of the specific modes of motion, and the displacements of 
the DNA aggregates.

RESULTS
Modes of DNA motion
The first aim of this work was the characterization of intracellular 
DNA transport in living CHO cells. For this purpose, we performed 
SPT of individual DNA aggregates. Time-series data of fluorescent 
Cy5-labeled DNA were obtained between 5 minutes and 1.5 hours 
after the application of the electric field, and the images we provide 
were extracted from a movie recorded at 20 minutes after applica-
tion (Figure 1a). Generally, once the DNA is internalized, it rapidly 
distributes inside the cell without any apparent orientation pref-
erence. This is observed despite the fact that the DNA aggregates 
are initially formed only at the side of the cell membrane facing 
the cathode.14 Its rapid distribution is not compatible with purely 
diffusive intracellular transport. Inspection of the spatiotemporal 
DNA trajectories (Figure 1b–g) reveals several aspects. Aggregates 
can move across long (Figure 1f,g) or short distances (Figure 1b–
d) or remain almost immobile (Figure 1e). Both short and long 
distance trajectories often had bidirectional movements. In most 
cases, movement was not permanent but was instead observed in 
phases interrupted by periods of slow motion (Figure 1g). Because 
of these alternating modes of transport, we segmented the trajecto-
ries using home-written software (Supplementary Figure S1). The 
segmentation relies on the statistical analysis of the distribution of 
the angles formed between two consecutive steps of a trajectory. 
When a particle follows a random walk, the angle between two con-
secutive steps is arbitrary. The distribution of angles will therefore 
be uniform. By contrast, if a particle undergoes active transport, 
the trajectory exhibits directionality, i.e., the distribution of angles 
between consecutive steps will have a maximum. A statistical test is 
applied to a sliding window over the collected angles, which yields 
a sequence of 0s and 1s, where each 1 corresponds to a uniform 
angle distribution. Consecutive 1s are combined into a connected 
component, which is accepted as a segment of pure diffusion if this 
component is larger than a minimum segment size. Conversely, 
connected components of 0s are accepted as segments of active 
transport. We thus obtained segments of trajectories with single 
modes of motion, either active transport or diffusion, which can 
be analyzed separately. This approach reduces averaging and gives 
better insight into the details of intracellular transport. In addition, 
durations and displacements of the different modes of motion 
can be extracted. Once the segmentation is performed, the mean 
squared displacements of the segments are analyzed (Figure 1h,i). 
A linear fit of the mean squared displacements hints at diffusive 
motion, whereas a quadratic fit indicates active transport.20

The first result thus obtained was that DNA aggregates are 
actively transported inside the cells. The analysis of 1,570 trajec-
tories, resulting in a total of 3,106 segments, allowed us to repre-
sent the distributions of the velocities and diffusion coefficients 
with  high statistical significance (Figure 1j,k). Both distribu-
tions  are rather broad, with velocities varying between 50 and 
3,400 nm/second and diffusion coefficients varying between 10−5 
and 10−1 µm2/second. To describe the processes in more detail, 

the distribution of the displacements and durations of each type 
of motion were also plotted (Figure 1l–o). While active transport 
phases can lead to drift distances of more than 10 µm in 3–20 sec-
onds, in the case of diffusion, the displacement is mainly <1 µm 
although the time spent in this mode, on average, is much longer 
(Table 1). We additionally determined the proportion of active 
transport and diffusion during the time of a movie, i.e., 35 sec-
onds. After segmentation, when at least one segment of a trajec-
tory showed active transport, we assigned this trajectory into the 
active transport group; otherwise, the trajectory was assigned into 
the diffusive motion group. In this manner, we found that 46% of 
the trajectories contain at least one segment of active transport 
(Figure 2f).

Means of intracellular DNA transport
Active intracellular transport is commonly observed for a vari-
ety of cellular organelles.23–27 The driving forces behind this type 
of motion are molecular motors, such as kinesins and dyneins 
operating on microtubules and myosins acting on actin microfila-
ments.28,29 To elucidate the role of microtubule- and actin-related 
motion in the active intracellular transport of DNA aggregates, we 
performed SPT of DNA on living CHO cells treated with microtu-
bule- and microfilament-affecting drugs and compared the differ-
ent accessible parameters with those obtained in the experiments 
with untreated control cells. Incubation conditions were chosen 
to induce efficient alterations without strongly affecting viabilities 
(Supplementary Figures S1 and S3).

Microtubule-related transport
Nocodazole and taxol were applied as two drugs that disrupt and 
stabilize the microtubule network, respectively. All the recorded 
trajectories for the different conditions were plotted together on 
the same graph (Figure 2). For the construction of these track 
plots, each starting point of the different trajectories was set to the 
origin, (x,y) = (0,0). They have the advantage of directly visualiz-
ing several hundreds of events. The plots clearly show that the tra-
jectories of DNA aggregates in nocodazole-treated cells are much 
shorter than those of the control cells. As a means of quantifica-
tion, a circle corresponding to a maximum displacement includ-
ing 90% of the trajectories was drawn. The 90% radius (r90%) was 
2.74 µm for the control cells and 0.64 µm for nocodazole-treated 
cells (Figure 2a,c), corresponding to a fourth of the control cell 
value. The percentage of DNA trajectories exhibiting phases of 
active transport was also drastically reduced (3.5%) compared 
with the control cells (46%) (Figure 2f). These results were con-
firmed using histograms of velocities and maximum displace-
ments observed for the segmented trajectories (Figure 3a,b). 
The 90% value of the velocity is fivefold smaller (v90%control = 
560 nm/ second, v90%noc = 110 nm/second), and the mean velocity 
is threefold reduced (from 256 nm/second in the control cells to 
83 nm/second in nocodazole-treated cells; Table 1). The graphs of 
the maximum displacements of segments showing active trans-
port also exhibit pronounced differences between control and 
nocodazole-treated cells where displacements are never >1 µm 
(Figure 3b and Table 1). Altogether, we observe that the disrup-
tion of the microtubule network by nocodazole results in shorter 
trajectories, decrease in active transport velocities, and overall 
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reduction of active transport events. Because the disruption of 
the microtubule network has detrimental effects on the active 
transport of the DNA aggregates, we performed experiments with 
taxol-treated cells to find out whether microtubule stabilization 

might enhance the transport. However, when taxol was present, 
the trajectory displacement was also reduced (r90% = 1.02 µm; 
Figure 2b), the proportion of active transport decreased (from 46 
to 21%; Figure 2f), and the active transport slowed down, with 

Figure 1 Single-particle tracking of DNA aggregates in CHO cells after electrotransfer and characterization of the modes of DNA motion. 
(a) Trajectories of fluorescent Cy5-labeled DNA aggregates inside a cell recorded 20 minutes after the application of the electric field (10 pulses at 
0.35 kV/cm, 5 ms, and 1 Hz). The color of the trajectories codes time with blue corresponding to 0 second and white, corresponding to 35 seconds. 
Scale bar = 5 µm. (b–g) Zoom into some trajectories of the time series in (a). Scale bars = 1 µm. Trajectories show short (b–d) or long (f,g) distance 
excursions or (e) almost immobile aggregates. Trajectories often have bidirectional movements (white arrows). (g) Different modes of motion can be 
observed within one trajectory. Trajectories were automatically divided into segments exhibiting either only active transport or only diffusive motion. 
Totally, 1,576 trajectories were analyzed, resulting in 3,106 segments. Modes of motion parameters were determined by mean squared displacement 
analysis: (h) quadratic fits correspond to active transport, (i) linear fits correspond to diffusive motion. Distributions for (j) velocities, (k) diffusion 
coefficients, (l,m) maximum displacements, and (n,o) durations for each mode of motion are calculated from the segments. All distributions except 
for (k) were fitted using a log-normal distribution (red lines). Plot (k) represents the logarithm of the diffusion coefficients; therefore, it was fitted 
using a normal distribution (red line).
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v90% reaching 211 nm/second and vmean amounting to 119 nm/sec-
ond (Figure 3a and Table 1). The segment displacement distribu-
tions also show that high displacements are eliminated (Disp90% 
= 1.1 µm for taxol-treated cells, Disp90% = 2.7 µm for the control 
cells; Figure 3b and Table 1). It is important to note here, that 
although these values are reduced compared with the control cells, 
the average time spent in the active motion mode remains the 
same. It, therefore, seems that the main effect of the stabilization 
of the microtubule network by taxol is the reduction of the active 
transport velocity.

To provide evidence for interactions between the DNA aggre-
gates and the microtubules by means other than the analysis of 
transport kinetics, we performed dual-color experiments between 
DNA and microtubules and between DNA and the motor pro-
tein dynein (Supplementary Figure S4). We observed that Cy5-
labeled DNA trajectories follow the enhanced green fluorescent 
protein (EGFP)–tubulin filament structure (Supplementary 
Figure S4b,c). Colocalization events between Cy3–DNA aggre-
gates and antidynein conjugated with Alexa fluor 647 confirms 
the interaction of DNA with the microtubules through motor pro-
teins like dynein (Supplementary Figure S4e–j).

Actin-related transport
The actin network has been shown to be involved in the inter-
nalization of electrotransferred DNA.21 However, the question 
whether active transport of the DNA aggregates along actin fila-
ments occurs after internalization has not been addressed until 
now. The large portion of DNA aggregates being actively trans-
ported at low velocities in untreated cells could be due to the 
action of actin-related molecular motors. We, therefore, also per-
formed SPT studies with two drugs that disrupt or reinforce the 
cellular actin network, latrunculin B and jasplakinolide, respec-
tively (Supplementary Figures S2 and S3).

Because an alteration of the actin network primarily leads to 
an inhibition of internalization of DNA aggregates (Figure 4),21 
we incubated the cells 15 minutes after the application of the 

electric field. Inspection of the track plots (Figure 2d) reveals that 
the track displacements decreased from r90% = 2.74 µm to r90% = 
1.75 µm after latrunculin B treatment. The percentage of trajec-
tories exhibiting active transport was slightly lowered from 46% 
in untreated cells to 36% in treated cells (Figure 2f). The velocity 
histogram was changed, with v90% = 404 nm/second and vmean = 
184 nm/second (Figure 3c and Table 1), whereas the control val-
ues were 560 and 256 nm/second, respectively. Smaller differences 
between control and treated cells were seen in the histograms of 
the segment displacements (Disp90% = 1.9 µm and Dispmean = 1.0 
µm for treated cells; Figure 3d and Table 1).

After jasplakinolide treatment, a decrease in the displacements 
of the trajectories from 2.74 to 1.84 µm was observed (Figure 2e), 
whereas the percentage of trajectories exhibiting active transport 
phases remained nearly unchanged at 45% (Figure 2f). This means 
that although the occurrence of active transport is not changed by 
actin stabilization, the traveling distances are reduced (Figure 3d 
and Table 1). The reason for this is found when inspecting the his-
tograms of the calculated velocities in the segments (Figure 3c), 
which show a reduction of v90% from 560 to 292 nm/second and 
vmean from 256 to 148 nm/second (Table 1).

DNA expression
In order to determine whether cytoskeleton-mediated trans-
port is essential for the DNA electrotransfection process, we 
performed EGFP reporter gene expression experiments in cells 
where the cytoskeleton had been transiently disturbed. The cells 
were incubated 1 hour before and after the application of the 
electric field with the four previously described drugs at different 
concentrations. We measured the transfection level (percentage 
of EGFP-fluorescent cells) and the transfection efficiency (mean 
fluorescence intensity in arbitrary units (a.u.)). For all condi-
tions, gene expression decreased (Figure 4a,b). In nocodazole- or 
taxol-treated cells, the transfection level declined by up to 22% 
compared with the control, wherein 31% of the cells expressed 
the reporter gene (Figure  4a). In both cases, the transfection 

Table 1 Parameters describing active transport and diffusion motions for DNA delivered by electroporation

 Active transport

Velocity (nm/second) Maximum displacement (µm) Duration (second)

vmax v90% vmean Dispmax Disp90% Dispmean tmax t90% tmean

Control cells 3.402 560 256 12.2 2.7 1.3 32.0 10.9 6.5

Nocodazole-treated cells 253 110  83  0.9 0.7 0.4 11.7  8.8 6.0

Latrunculin B-treated cells 1,141 404 184  7.5 1.9 1.0 30.7 12.3 7.2

Taxol-treated cells 658 211 119  3.1 1.1 0.7 19.2 10.9 6.8

Jasplakinolide-treated cells 764 292 148  8.2 1.7 0.9 28.2 11.6 7.0

 Diffusion

Diffusion coefficient (µm2/second) Maximum displacement (µm) Duration (second)

Dmax D90% Dmean Dispmax Disp90% Dispmean tmax t90% tmean

Control cells 3.0 × 10−1 1.3 × 10−2 6.2 × 10−3 3.9 1.0 0.5 34.9 23.9 11.7

Nocodazole-treated cells 1.1 × 10−1 2.0 × 10−2 9.7 × 10−4 1.5 0.5 0.3 34.9 34.9 16.8

Latrunculin B-treated cells 9.2 × 10−2 7.1 × 10−2 3.9 × 10−3 2.5 0.8 0.5 34.9 31.3 13.7

Taxol-treated cells 6.5 × 10−2 3.4 × 10−2 1.6 × 10−3 1.5 0.6 0.4 34.9 31.6 13.9

Jasplakinolide-treated cells 6.5 × 10−2 4.9 × 10−2 2.4 × 10−3 1.8 0.7 0.4 34.9 31.7 13.4

2220 www.moleculartherapy.org vol. 21 no. 12 dec. 2013
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Figure 2 Track plots and percentage of active transport in CHO cells treated with cytoskeleton-affecting drugs. Track plots group all  trajectories 
recorded for one condition. Starting points are the origin (n = number of movies). (a) Nocodazole-treated cells (20 µmol/l, n = 46), (b) taxol-treated 
cells (20 µmol/l, n = 52), (c) control cells (n = 116), (d) latrunculin B-treated cells (1 µmol/l, n = 54), (e) jasplakinolide-treated cells (0.25 µmol/l, 
n = 48), and (f) percentage of trajectories exhibiting active transport.
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efficiency was also reduced by 18% (3,700 against 4,500 a.u.; 
Figure 4b). Concerning the drugs affecting the actin network, 
both induced a larger decrease of the transfection level and effi-
ciency. For instance, the percentage of fluorescent cells decreased 
to 16 and 18% after the addition of 1 µmol/l latrunculin B or 0.5 
µmol/l jasplakinolide, respectively (Figure 4a). Similarly, the 
observed fluorescence intensities decreased by 47 and 33% (from 
4,500 to 2,400 a.u. and 3,000 a.u., respectively; Figure 4b).

DISCUSSION
Understanding the mechanism governing DNA electrotransfer in 
cells is a prerequisite for the development of more efficient proto-
cols based on this approach. This concerns both the use of elec-
troporation as a transfection technique in molecular cell biology 
and its use for DNA vaccination or gene therapy of animals and 
humans.2,3 Although for the latter application, clinical trials have 

already shown high potential, especially in cancer treatment,8 its 
future clinical use requires a much better knowledge of the pro-
cesses involved at the cellular level. Transfection using electrically 
mediated DNA delivery is a multistep process involving cross-
ing of the plasma membrane, migration of the DNA through the 
cytoplasm, and entry into the nucleus (Figure 5). Our interest was 
focused on unraveling the fate of the DNA inside the cytoplasm.

DNA aggregates are actively transported along actin 
filaments
The application of electric pulses is accompanied by an electro-
phoretic force that causes the DNA in the medium to migrate 

Figure 4 Gene expression in CHO cells after alteration of the cyto-
skeleton. Flow cytometry results of EGFP reporter gene expressions 
24 hours after separate treatment of CHO cells with different concen-
trations of nocodazole (Noc), taxol (Tax), latrunculin B (Lat B), and jas-
plakinolide (Jas). Incubations were performed 1 hour before and after 
the application of the electric field (10 pulses at 0.4 kV/cm, 5 ms, and 
1 Hz) in the presence of the pEGFP-C1 plasmid DNA. (a) Percentage of 
fluorescent cells (transfection level) and (b) mean fluorescence intensity 
in arbitrary units (a.u.) (transfection efficiency) (SEM, n = 5). Controls 
represent transfected, but otherwise untreated, cells.
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Figure 5 Mechanisms of DNA electrotransfer in mammalian cells. 
During the application of the electric field, (1) the plasma membrane is 
permeabilized (orange); (2) the DNA is electrophoretically pushed onto 
the membrane side facing the cathode; therefore, (3) DNA/membrane 
interactions occur. DNA aggregates are inserted into the membrane and 
remain there for 10s of minutes. After the application of the electric field 
and resealing of the membrane (yellow), (4) the DNA can be internalized 
through endocytosis (DNA in vesicles) and/or through electropores (free 
DNA). For gene expression to occur, (5,6) DNA has to cross the cyto-
plasm and move toward the nucleus. We find (5) actin-related motion 
that can be (5a) transport using myosins (in both directions) and/or 
(5b) burst of actin polymerization (actin rocketing). Further, we observe 
(6) microtubule-related motion: (6a) by transport through kinesin and 
dynein, (6b) by DNA interaction with oppositely directed motors, or 
by using (6c) several motors of the same type. (6d) Once in the peri-
nuclear region, (7) DNA has to cross the nuclear envelope, after endo-
somal escape in case of DNA in vesicles. (8) Finally, DNA is expressed in 
proteins found in the cytoplasm. MTOC, microtubule-organizing center.
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to the cathode-facing surface of the cell membrane where DNA 
aggregates are formed (Figure 5, steps 2 and 3).14,16 We have previ-
ously shown that these aggregates then interact with the cellular 
actin network.21 This interaction can explain why the application 
of drugs that either stabilize or destabilize the actin network leads 
to a decrease in transfection level and efficiency (Figure 4). The 
interaction between actin and DNA aggregates ultimately seems 
to lead to the engulfment of the aggregates and their internaliza-
tion (Figure 5, step 4). Several different endosomal internalization 
pathways have been shown to be accessible to the DNA aggre-
gates.17,18 The question whether active transport along the actin 
network plays a role in the early stages of intracellular transport 
of the DNA aggregates has not been addressed so far. The veloc-
ity distributions obtained from the SPT experiments on untreated 
CHO cells (Figure 1j) show that apart from fast active transport 
with velocities of several hundreds of nanometers per second, 
always a large part of the aggregates are transported more slowly 
with velocities ranging between some tens and a few hundreds of 
nanometers per second. The in vitro mean velocities of myosin as 
actin-related motor proteins were determined to lie between 50 
and 300 nm/second for myosin VI and between 250 and 500 nm/
second for myosin V.30–32 The observed active transport at low 
velocities might therefore partly be actin related (Figure 5, step 5). 
This assumption is further supported by the SPT experiments in 
which the microtubule network is broken down by treatment with 
nocodazole. It is interesting to note that not all the active transport 
is suppressed in this case (Figure 3a). Yet, all active transport that 
is then detected takes place with low velocities, again in the range 
expected for myosin motors operating on actin (Figure 5, step 5a). 
In addition to motor-driven transport, actin-related movement 
could be also due to bursts of actin polymerization (Figure 5, step 
5b). It has been observed that these can move viruses, bacteria, or 
endosomes from the plasma membrane to the cytosol with mean 
velocities ranging from 50 to 600 nm/second.29,33

Surprisingly then, experiments with actin-disrupting or actin-
stabilizing drugs show that both induce a shift to lower mean 
velocities or shorter mean displacements (Figure 3c and Table 1). 
This finding can be rationalized by the role of actin in the transfer 
of the DNA aggregates from the cell membrane to the microtubule 
network. The role of the myosins here could be to transport DNA 
to the microtubules and to distribute the particles throughout the 
cells.29 Examples for this role are the fact that a lack in myosin 
V leads to the aggregation of organelles in axon terminations or 
the accumulation of pigment granules at the cell center in mela-
nocytes.29 There, myosins can indeed compete with microtubule-
related motors by pulling off granules from the microtubules. 
Disruption of the actin filaments using the drug latrunculin B 
disturbs the coordination of DNA transfer from the actin fila-
ments to the microtubules. This explains why we observe fewer 
high-velocity transport events and long-range displacements 
after latrunculin B treatment. Actin network stabilization by jas-
plakinolide also has the same effects on DNA transport. Because 
jasplakinolide induces a higher actin nucleation rate and prevents 
its depolymerization,34 it can cause a disordered polymeric net-
work and a loss of actin dynamics, which can affect myosin-based 
transport.34 Denser actin networks can additionally hinder intra-
cellular DNA motion.19

Fast and long-range transport of DNA aggregates is 
microtubule dependent
In SPT experiments on untreated cells, we generally measure 
broad velocity distributions and transport across large distances 
(Figures 1 and 2). As explained above, one can assume that a 
large part of the low-velocity components is due to the action of 
myosin motors. The fast velocities can, however, not be explained 
by myosin-propelled active transport. By contrast, much higher 
velocities with mean values of 220–1,200 nm/second have been 
observed for dyneins and for kinesins velocities ranging from 200 
to 1,600 nm/second have been reported.35–37 We therefore assume 
that the fast active transport we observe is driven by microtubule-
related motors of the dynein and kinesin families (Figure 5, step 
6a). This interpretation is further supported by the observed 
colocalization between DNA trajectories and the microtubules 
and the colocalization between DNA and the dynein motor 
(Supplementary Figure S4). The interaction between plasmid 
DNA bearing specific sequences and microtubule-related motor 
proteins has also recently been reported.38

The striking effect of the disruption of the microtubule net-
work by nocodazole in our experiments confirms this interpreta-
tion. Although the displacements in the measured trajectories are 
much shorter (Figure 2), the observed average velocities and the 
occurrence of active transport are drastically reduced (Figures 2 
and 3 and Table 1). Therefore, nocodazole application effectively 
stalls long-range transport of the DNA aggregates, unambiguously 
proving that fast active transport of DNA aggregates is microtu-
bule related.

Disruption of microtubules also leads to a decrease of transfec-
tion level and efficiency in gene expression (Figure 4). Although 
this indicates the importance of the microtubule-related active 
transport of DNA for successful electrotransfer, the observed 
decrease was not as drastic as the decrease of the DNA transport 
itself. This can be explained by the fact that the microtubule net-
work had time to recover before the gene expression measure-
ments. It is interesting to note that Vaughan and Dean reported 
that the application of nocodazole does not have any effect on 
gene expression following electroporation of human adenocarci-
noma cells.22 This indicates that the relation between gene expres-
sion efficiency following electroporation and active intracellular 
transport of DNA aggregates is not direct. A further hint in this 
direction comes from experiments in which the cellular micro-
tubule network is stabilized. While application of taxol leads to a 
reduction of gene expression and active transport in CHO cells, 
as expressed by significantly shorter overall displacements, slower 
velocities, and decrease of the active transport events (Figures 2 
and 3), Vaughan and Dean report a pronounced increase of gene 
expression in A549 cells.22 For the same cell line, another study 
reports the suppression of high velocities after taxol treatment in 
the case of endocytotic trafficking of the epidermal growth factor 
receptor.24 At the same time, only a slight change of the run length 
associated with the active transport portions of the trajectories 
has been observed. This means that the stepping number of the 
motor proteins and consequently their affinity for the microtu-
bules remain unchanged under taxol treatment. In our system, 
displacements, velocities of DNA aggregates, and their active 
transport occurrence decrease with the application of taxol. This 
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could be due to a reduced affinity of the motors for the microtu-
bules as a consequence of the direct binding of taxol on tubulin, 
which is known to induce an overall change in the microtubule 
dynamics and conformations.39,40 Slower active transport across 
shorter distances can also be explained by hindrance of intracel-
lular DNA motion by the resulting denser microtubule network. 
Because motor proteins do not bind permanently to the cytoskele-
ton, release of the motors from the filament will lead to a diffusive 
phase terminated by the binding of other motors. Diffusion-like 
interruptions of active transport can be, however, also caused by 
obstacles in the direction of transport, such as intersections of fila-
ments.28 Bigger obstacles will induce high resistance to directed 
motion. Motors have limited driving/binding forces37 that can be 
overcome when encountering such obstacles.

Our observations that stabilization of both the microtubules 
and the actin network does not enhance active transport dynam-
ics could thus be explained by the higher density of the respective 
cytoskeleton, which can act as a barrier for transport of the DNA 
aggregates, the size of which can go up to 1 µm,15 or can result 
from changed motor dynamics due to application of the drug.

DNA aggregates are transported by simultaneous 
action of several motors
In addition to identifying the cellular structures responsible for 
the active intracellular transport of DNA aggregates, our data 
indicate that several motor proteins are acting on one DNA aggre-
gate. This conclusion is suggested by two facts, namely, the dura-
tion and displacement of active transport phases and the observed 
bidirectionality of the aggregates’ motion. Under our experimen-
tal conditions, a typical active motion segment features an aver-
age velocity of 250 nm/second, persists for 6 seconds, and leads 
to a displacement of 1.3 µm (Table 1). However, as noted above, 
the distributions we obtain for these three parameters are rather 
broad, with velocities ranging from 50 to 3400 nm/second, dis-
placements from 0.1 to 12 µm, and active transport durations from 
2 to 30 seconds. These ranges are in agreement with dynamics of 
other types of intracellular particles, as observed for viruses,20,41 
polyplexes,42,43 lipoplexes,44,45 receptors,23,24 endosomes,25,26 and 
mitochondria.27

The large displacements and durations of the active trans-
port are hard to reconcile with the action of one molecular motor 
per DNA aggregate. Indeed, single dynein, kinesin, and myosin 
motors are described to run across distances ranging from a few 
hundreds of nanometers to 2 µm with transport durations of <3 
seconds.30–32,35,37,46 By contrast, simultaneous action of multiple 
motors can increase the traveling distance and time. Use of multi-
ple dyneins, for example, leads to displacements of up to 8 µm and 
run durations of up to 25 seconds.35,37 We therefore suppose that 
the DNA aggregates are driven by multiple motors of the same 
type as is normally the case for cellular cargo transport (Figure 
5, step 6c).47,48

A similar conclusion can be drawn from the fact that we 
frequently observe a bidirectional motion of the DNA aggre-
gates, i.e., the active transport suddenly changes direction and 
the aggregate is taking a nearly identical trajectory in the oppo-
site direction. Although this can be caused by (+) ends and (−) 
ends of filaments lying close to each other, it is more likely that 

the bidirectionality is caused by the action of several oppositely 
directed motors on the same aggregate (Figure 5, step 6b). If not 
one, but several, motors act simultaneously on one aggregate, 
bidirectionality can also result from a tug of war between these 
motor proteins.47,48

Diffusion behavior of DNA aggregates
The diffusion coefficient distribution of the control cells was 
spread over several orders of magnitude (10−1 and 10−5 µm2/sec-
ond). Similar profiles can be found for the diffusion of viruses,49 
receptors,50 polyplexes,43 and lipoplexes.44 According to the 
Stokes–Einstein relation, Brownian motion depends on the vis-
cosity of the medium and the size (radius) of the particles. The 
DNA aggregates have different sizes, but this cannot explain 
the observed distribution width.15 It is more likely that the lat-
ter is explained by two other factors. First, molecular crowding, 
exclusion, and obstruction in the cytoplasm have an important 
influence on the mobility of particles.19 The pronounced spatial 
heterogeneity of the cytoplasm will therefore lead to the wide 
spread of the observed diffusion coefficients.19 Second, to benefit 
from active transport, DNA must be in vesicles or must interact 
with some adapter proteins that allow for its binding to the motor 
proteins (Figure 5, steps 5a and 6). Therefore, the broad range of 
diffusion coefficients of the DNA could also reflect different sizes 
and maturation stages of the vesicles on their pathway from the 
plasma membrane to the nucleus.43

CONCLUSION
This work elucidates the intracellular transport of DNA after its 
delivery by electroporation. We have used SPT experiments to 
follow the fate of DNA aggregates formed at the cell membrane 
of living CHO cells immediately after the application of an elec-
tric field. The analysis of several thousand trajectories obtained 
in experiments on untreated cells and cells treated with drugs 
that either stabilize or destabilize the actin or the microtubule 
network, respectively gives detailed insight into the transport 
mechanisms of the DNA aggregates. In this analysis, the high sta-
tistical relevance of our data is of pivotal importance. First, we 
confirm that plasmid DNA is actively transported in the cells. This 
active transport is responsible for the rapid intracellular distribu-
tion of the DNA aggregates after their internalization. Second, we 
are able to show that fast active transport is microtubule related, 
while there is also a slow active transport component due to trans-
port along actin filaments. Stabilization of the microtubule or the 
actin networks with appropriate drugs also leads to reduced active 
transport. In both cases, this is explained by a reduction of the 
transport velocities most probably caused by the denser cyto-
skeletal network or the change of the dynamics/interaction of the 
motors with the filaments. Our results thus will be important for 
the further development of electrotransfection both as a clinical 
and as a cell biological technique.

MATERIALS AND METHODS
Cells, plasmids, and drugs. Wild-type (Toronto strain) CHO cells 
were grown in Eagle’s minimum essential medium supplemented as 
described in ref. 21. pEGFP-C1 plasmids (Clonetech, Palo Alto, CA) 
were prepared from transformed DH5α Escherichia coli using the 
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Maxiprep DNA purification system (Qiagen, Chatsworth, CA). For 
the SPT experiments, the plasmids were covalently stained with Cy5 
dye using the Label IT Nucleic Acid Labeling Kit (Mirus, Madison, 
WI). To disrupt or stabilize  microtubules, cells were incubated with 
medium containing nocodazole (20 µmol/l) or taxol (20 µmol/l) for 
1 hour before the application of the electric field. To disrupt or stabi-
lize the actin cytoskeleton, cells were incubated with medium contain-
ing latrunculin B (1 µmol/l) or jasplakinolide (0.25 µmol/l) . To avoid 
disturbance of the internalization process, these drugs were added 15 
minutes after the application of the electric field, and incubations were 
performed for 15 minutes. Drugs were maintained in the cell culture 
medium throughout the microscopy experiments, which corresponds 
to an additional hour of incubation.

Electropulsation procedure. The electric field was applied using the 
ElectroCell S20 electropulsator (βtech, Toulouse, France) delivering 
square-wave electric pulses. The amplitude, duration, number, and fre-
quency of the pulse were controlled independently. We applied 10 pulses 
at 0.35 kV/cm, 5 ms, and 1 Hz14 with stainless steel electrodes (paral-
lel plate electrodes of 10-mm length and 10-mm distance). Twenty-four 
hours before electroporation, 2.5 × 105 cells were grown on 22 × 22 mm 
microscope glass cover slips (Lab-Tek II, Nunc, Roskilde, Denmark) or 
3.5 × 104 cells were grown on 13-mm plastic cover slips (Thermanox, Nunc, 
Roskilde, Denmark). The cells, cultured on cover slips, were pulsed in 300 
or 200 µl pulsation buffer (10 mmol/l K2HPO4/KH2PO4, pH 7.4, 1 mmol/l 
MgCl2, and 250 mmol/l sucrose) containing 1 μg Cy5-pEGFP-C1 or 2 µg 
pEGFP-C1 plasmids, respectively. The cells were maintained in the pul-
sation buffer for 5 minutes at room temperature to allow for membrane 
resealing.

Fluorescence microscopy. Cy5-labeled DNA was excited with a 658-nm 
diode laser (HL6535MG 658 nm; 90 mW Hitachi, Thorlabs, Newton, NJ) 
coupled to a multimode fiber (0.22 ± 0.02 NA; Optronis GmbH, Kehl, 
Germany), which was shaken to destroy coherence and suppress interfer-
ence effects. The fluorescence was collected using a ×100/1.4 NA oil objec-
tive (HCX PL APO CS; Leica Microsystems GmbH, Wetzlar, Germany) 
mounted on a Leica DMI6000B inverted microscope. Excitation light and 
fluorescence emission were separated using a dichroic mirror (z561/658; 
Chroma, Bellows Falls, VT). The emitted fluorescence was selected using a 
long-pass filter (RU 664; Semrock, Rochester, NY). Images were recorded 
using an EMCCD camera (iXON, Andor, Belfast, Ireland). Cy5-DNA time 
series of 350 frames were recorded at 10 frames per second with 100 ms 
exposure time.

Image analysis. DNA particle tracking was performed using Imaris 7.2 
software (Bitplane, Zurich, Switzerland). DNA positions were deter-
mined for each frame of the movie stack through the “spot objects” 
option, and the trajectory paths were constructed using the autoregressive 
motion algorithm. As a trajectory itself can exhibit parts with different 
modes of motion, we developed a program for the segmentation of tra-
jectories into portions of only diffusive motion or only active transport 
(Supplementary Figure S1).

Gene expression procedure. Cells were dispersed as a spread drop of 
50 µl on cover slips that match the size of the electrodes, meaning that the 
majority of the cells in the well (24-well plates) were exposed to the electric 
field (10 pulses at 0.4 kV/cm, 5 ms, and 1 Hz). For each drug, three concen-
trations were tested. Incubations were performed 1 hour before and after 
the application of the electric field in the presence of pEGFP-C1 plasmid 
(10 µg/ml). After 24 hours, the samples were analyzed by flow cytometry 
(FACScan) through the channel FL1 (510 ≤ λem ≤ 540 nm) to evaluate both 
the percentage of EGFP fluorescent cells and the mean level of fluorescence 
associated. Control cells were transfected but not treated with drugs. Dead 
cells were excluded from the analysis.

SUPPLEMENTARY MATERIAL
Figure S1. Segmentation algorithm.
Figure S2. Cell viability after incubation with the different cytoskele-
ton-affecting drugs.
Figure S3. Visualization of the drug effects on the cytoskeleton.
Figure S4. Colocalization between microtubules and dynein with 
electrotransferred DNA.
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