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Pulsed electric field has been widely used as a nonviral gene

delivery platform. The delivery efficiency can be improved

through quantitative analysis of pore dynamics and intracellular

transport of plasmid DNA. To this end, we investigated

mechanisms of cellular uptake of macromolecules during

electroporation. In the study, fluorescein isothiocyanate-labeled

dextran (FD) with molecular weight of 4,000 (FD-4) or 2,000,000

(FD-2000) was added into suspensions of a murine mammary

carcinoma cell (4T1) either before or at different time points (ie,

1, 2, or 10 sec) after the application of different pulsed electric

fields (in high-voltage mode: 1.2–2.0 kV in amplitude, 99 lsec in

duration, and 1–5 pulses; in low-voltage mode: 100–300 V in

amplitude, 5–20 msec in duration, and 1–5 pulses). The

intracellular concentrations of FD were quantified using a

confocal microscopy technique. To understand transport mech-

anisms, a mathematical model was developed for numerical

simulation of cellular uptake. We observed that the maximum

intracellular concentration of FD-2000 was less than 3% of that

in the pulsing medium. The intracellular concentrations in-

creased linearly with pulse number and amplitude. In addition,

the intracellular concentration of FD-2000 was ;40% lower than

that of FD-4 under identical pulsing conditions. The numerical

simulations predicted that the pores larger than FD-4 lasted <10

msec after the application of pulsed fields if the simulated

concentrations were on the same order of magnitude as the

experimental data. In addition, the simulation results indicated

that diffusion was negligible for cellular uptake of FD molecules.

Taken together, the data suggested that large pores induced in

the membrane by pulsed electric fields disappeared rapidly after

pulse application and convection was likely to be the dominant

mode of transport for cellular uptake of uncharged macro-

molecules. Exp Biol Med 233:94–105, 2008
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Introduction

Electric field-mediated gene delivery has been widely

used as a universal method for transfection of cells both in

vitro and in vivo. Despite decades of study, the transfection

efficiency lags behind other delivery platforms, such as

recombinant viral vectors (1–3). The low efficiency may be

in part due to a lack of understanding of the effects of pulsed

electric fields on transport of biologically active plasmid

DNA (pDNA) into cell nucleus through various physio-

logical barriers, such as interstitium, cell membrane,

cytoplasm, and nuclear envelope. These barriers can be

studied separately to improve the transfection efficiency

since transport processes through the barriers occur in a

sequential manner. Electric field-mediated pDNA transport

through the interstitium has been quantified in previous

studies (4–7). The data suggest that interstitial transport of

pDNA is largely ineffective for macroscopic delivery of

genes but is several orders of magnitude faster than passive

diffusion.

The cell membrane is an exquisitely regulated barrier

that completely blocks passive diffusion of hydrophilic

macromolecules. Transmembrane transport of pDNA can be

facilitated by electroporation, a process characterized by an

increase in permeability of cell membrane in the presence of

pulsed electric field. Electroporation has gained significant

attention in biomedical research for its ability to load cells

universally with impermeant molecules, such as pDNA (8–

12). However, transfection efficiencies of the method are

still low, especially in vivo, and highly variable among

different studies. The size of electropores has not been

measured directly, although the creation of transient

electropores has been widely accepted as the mechanism

of electric field-induced membrane permeabilization (8, 13).

Dynamics of pore structures and mechanisms of cellular

uptake remain to be understood (8, 14–16). Traditionally,
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electric field-induced membrane permeabilization has been

studied by using one of three methods: 1) mathematical

modeling of cells in electric fields (17–22), 2) measuring

conductance changes of cells or lipid membranes in electric

fields (23–25), and 3) measuring transport of impermeant

molecular markers across membranes in electric fields (26–

29). Among them, the third method is more likely to provide

quantitative information that is directly relevant to gene

delivery.

Membrane permeabilization and molecular uptake have

typically been studied with small molecules, e.g. calcein

(27, 30, 31), calcium ions (29, 32, 33), lucifer yellow (34),

propidium iodide (29, 32, 35, 36), and trypan blue (26, 37–

39). However, transport of small molecules can be

significantly different from that of gene-sized molecules,

e.g. large dextran and plasmid DNA, because diffusion is

slower and transmembrane transport is more limited by

steric hindrances as pore sizes approach the dimension of

macromolecules. At present, a few studies have quantita-

tively investigated electric field induced transport of

macromolecules into mammalian cells (28, 40, 41) or

erythrocyte ghosts (42, 43) in terms of percentage of

permeabilized cells or relative fluorescence intensity in

cells. Only one of them measured the intracellular concen-

tration of a macromolecule (ie, albumin) after electro-

poration (43). Quantitative analysis of intracellular

concentrations is important for understanding electropore

dynamics and mechanisms of electric field-induced cellular

uptake of macromolecules. To this end, we quantified the

cellular uptake of two fluorescein isothiocyanate (FITC)-

labeled dextran (FD) molecules during electroporation and

at different time points after electroporation using a confocal

microscopy technique. To our knowledge, this is the first

study to measure intracellular concentrations of a gene-sized

macromolecule after electroporation in intact, viable cells.

In addition, we developed a transport model to simulate

intracellular distribution of FDs and predict the dependence

of FD concentrations on various transport parameters. The

analysis allowed us to glean some information on average

size of electropores and fractional area of pores in the

permeabilized membrane and understand mechanisms of

macromolecular transport during electroporation.

Materials and Methods

Tumor Cell Preparation. 4T1 murine mammary

carcinoma cells were cultured in DMEM with high glucose

content at 378C. The medium was supplemented with 10%

fetal bovine serum (Hyclone, Logan, UT), 1% penicillin/

streptomycin (Gibco/Life Technologies, Grand Island, NY),

and 5% CO2. Cells were detached from flasks, using 0.25%

trypsin-EDTA for 10 min at 378C. Trypsinization was

stopped by adding the culture medium. Single-cell suspen-

sions were prepared by repeated pipetting, and the cell

density in suspensions was determined by counting cells

with a hemocytometer.

Cellular Uptake of Dextran During Electropor-
ation. Approximately 500,000 cells in 0.8 ml culture

medium were loaded into a 4-mm gap electroporation

cuvette (BTX, San Diego, CA). In high-voltage mode

experiments, cells were exposed to 1, 3, or 5 square pulses

with an amplitude of 1.2, 1.6, or 2.0 kV and duration of 99

lsec. In low-voltage mode experiments, cells were exposed

to 1, 3, or 5 square pulses with an amplitude of 100, 200, or

300 V and duration of 5, 10, or 20 msec. The pulsed electric

fields were generated using a T820 square wave electro-

porator (BTX) in initial experiments for data shown in

Figures 1 and 2 and an ECM 830 square wave electro-

porator (BTX) in subsequent experiments for data shown in

Figures 3, 4, and 5.

FITC-labeled dextran molecules, FD-4 with MW

being 4,000 or FD-2000 with MW being 2,000,000

(Sigma, St. Louis, MO), were added into the pulsing

medium either immediately before application of electric

fields or at a time delay of 1, 2, or 10 sec after the final

pulse. A stopwatch was used to measure the time delay,

and the error was estimated to be less than 0.2 sec. The

concentrations of FDs in the pulsing medium were fixed at

1 mg/ml in all experimental groups. In a preliminary

experiment, FD molecules were added at 5 min after the

final pulse, and no differences were observed in terms of

intracellular concentrations of FDs, compared with those

with time delays of 1, 2, and 10 sec, respectively. Thus,

experimental groups with the time delay .10 sec were not

included in this study. In the control group, tumor cells

were mixed with FD molecules but not exposed to pulsed

electric fields.

To determine the intracellular concentrations of FDs,

cell suspensions were transferred to microcentrifuge tubes

and rinsed twice with PBS. The final cell pellets were

resuspended in 4 lM ethidium homodimer-1 (Molecular

Probes, Eugene, OR), prepared with 1 ml PBS for staining

dead cells, and transferred to a 6-well culture plate. Cells in

the plates were examined under a laser scanning confocal

microscope workstation (Zeiss LSM 510, Thornwood, NY)

equipped with both trans- and epi-illumination and a 320

objective. Three different locations per well were randomly

selected. At each location, three images were acquired. The

one with transillumination was used to identify debris in the

well, the second image from the fluorescence channel for

ethidium homodimer-1 was used to identify dead cells, and

the third image from the fluorescence channel for FITC was

used to determine the average fluorescence intensity per cell

in alive tumor cells using Image-Pro Plus software (Media

Cybernetics, Silver Spring, MD). Serial dilutions of FD

solutions contained in different flat glass capillaries

(VitroCom, Mountain Lakes, NJ) were imaged to generate

calibration curves of fluorescence intensity versus FD

concentration. The calibration curves were generated

repeatedly before each imaging session, which lasted less

than 15 min. By keeping imaging sessions sufficiently short,

fluctuations in light intensity were negligible. Average
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fluorescence intensity per cell was converted to intracellular

FD concentration using these calibration curves. Finally, the

concentrations of FDs were subtracted by the intracellular

concentration of the same molecule in the control group.

The results after subtraction, which represented the cellular

uptake of FDs induced only by pulsed electric field, are

reported in this paper.

Mathematical Model of FD Diffusion into Spher-

ical Cells. During electroporation, the plasma membrane

is permeabilized only in cap regions surrounding hyper-

polarized and depolarized poles of the cell, respectively (8,

22). The size of each permeabilized cap can be characterized

by the polar angle hp (44, 45), which is approximately the

same for both caps (22). To model the cellular uptake of FD

through the pores in the cap regions, we assumed i) the

pores were uniform in size, ii) the size of pores changed

with time as a square wave function, iii) the asymmetry in

pore distributions between the two poles was negligible for

transport analysis, and iv) diffusion was the dominant mode

of FD transport both across the membrane and within the

cell. After pulse application, the pores in the membrane may

remain open for approximately 1 msec (8, 22), which will

extend the pore opening period, T, beyond the pulse

duration. During this period, the distance of FD diffusion

within the cell could be estimated by 2
ffiffiffiffiffiffiffi

DT
p

, where D is the

diffusion coefficient. The diffusion distance was observed in

a preliminary study to be significantly smaller than the

dimension of the permeabilized cap (Lpm) that could be

estimated by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pR2ð1� coshpÞ
p

, where R is the cell radius.

Therefore, the model further assumed that the curvature of

cell membrane was negligible and FD transport was one

dimensional (1-D), i.e., it was predominantly in the

direction perpendicular to the membrane. The validation

of the 1-D assumption was confirmed by the simulation data

shown in the Results section. Based on all assumptions

mentioned above, the governing equation for intracellular

diffusion in the vicinity of a permeabilized membrane was

@C

@t
¼ D

@2C

@x2
0 � t � T ð1Þ

where t is the time, x is the distance away from the

membrane, and C is the intracellular concentration. The

initial and boundary conditions were

�D
@C

@x
¼ PðC0 � CÞat x ¼ 0 ð2Þ

C ¼ 0 as x! ‘ ð3Þ

C ¼ 0 at t ¼ 0 ð4Þ

where C0 is the extracellular concentration of FD and P is

the permeability coefficient of FD across the membrane.

Equations 1 through 4 can be solved analytically, and the

solution is

C

C0
¼ erf c

x

2
ffiffiffiffiffi

Dt
p

� �

� expðhx þ h2DtÞerf c
x

2
ffiffiffiffiffi

Dt
p þ h

ffiffiffiffiffi

Dt
p� �

ð5Þ

where erfc is the complementary error function and h is the

ratio of P and D (46). The average intracellular concen-

tration (Cmean) of FD was defined as the total amount of FD

in a cell divided by the cell volume. It was calculated by

integrating Equation 5. The result is

Cmean

C0
¼ 3ð1� coshpÞ

hR
½expðh2DtÞerf cðh

ffiffiffiffiffi

Dt
p
Þ

� 1þ 2
ffiffiffi

p
p h

ffiffiffiffiffi

Dt
p
� ð6Þ

For 1-D diffusion in a membrane with homogeneous

structures, P can be determined by

P ¼ a/Dp

d
ð7Þ

where a is the fractional area of pores in a permeabilized cap

and d is the membrane thickness. Dp is the diffusion

coefficient in the pores, which could be estimated by D0, the

diffusion coefficient of the same molecule in dilute solution.

This was because the diameter of FD in the study was either

larger than or comparable to the membrane thickness d. / is

the partition coefficient of FD in the pores. It was estimated

by (1 – k)2 for 0 � k � 1 (47), where k is the ratio of

diameters between FD (dFD) and the pore (dp). When k . 1,

/ ¼ 0. Taken together, h in Equations 5 and 6 was

calculated by

h ¼ P
D
¼ að1� kÞ2

d
D0

D
ð8Þ

Baseline Values of Model Constants. It was

assumed that R ¼ 6.4 lm, based on unpublished data of

4T1 cells, d ¼ 5 nm, and hp ¼ 548 (22). The diffusion

coefficients of FD-2000 and FD-4 in water were 9.6 3 10�8

cm2/s (48, 49) and 1.35 3 10�6 cm2/s (49, 50), respectively.

The ratios of extracellular to intracellular diffusion coef-

ficients were assumed to be 0.225 for FD-4 (51) and 0.05 for

FD-2000 that was within the range of data in the literature

(51–53). The hydrodynamic diameters of FD-2000 and FD-

4 were 52 nm (48) and 3.72 nm (50), respectively. The

average diameter of pores varied from 5 nm to 500 nm. The

fractional area of pores in a permeabilized cap (a) was

related to the total area of pores per unit cell surface area (c)

via the equation a¼c/(1 – coshp). The value of c is between

0 and 0.08% during electroporation (22). Thus, the value of

a was assumed to be between 0 and 0.3% to cover the range

of c if hp¼548. Data in the literature have also demonstrated

that electropores created in the membrane shrink biphasi-

cally after pulse application (42, 43). Pores in the initial

phase are large and disappear within a few milliseconds;

pores in the second phase are on the order of nanometer in

96 ZAHAROFF ET AL

 at SAGE Publications on November 19, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


size and may last for hours. As a result, the total opening

period (T) of pores for macromolecules can be several

orders of magnitude shorter than that for small molecules. If

the pulse duration was slightly ,0.1 msec, one could

assume that T was between 0.1 and 10 msec (22, 42).

Results

Dextran Uptake by 4T1 Cells After High-Volt-
age, Short-Duration Pulses. Experiments on cellular

uptake of FD-2000 were divided into four groups. In the

first group (ie, group GB), FD-2000 was added into cell

suspensions immediately before electroporation and the

intracellular concentration of FD-2000 was quantified after

electroporation. In groups G1s, G2s, and G10s, FD-2000 was

added into cell suspensions at 1, 2, and 10 sec, respectively,

after electroporation and the intracellular concentration was

quantified at a few minutes after the addition of dextran. The

average concentrations of FD-2000 in 4T1 cells, due to the

exposure to pulsed electric fields, are shown in Figure 1.

The data in groups G1s, G2s, and G10s were significantly

lower than those in group GB. The differences were

statistically significant (p , 0.01, Wilcoxon signed-rank

test) when the data were pooled and paired according to the

type of pulses. Adding FD-2000 at 5 min before electro-

poration did not lead to different intracellular concentrations

compared with those in group GB. In addition, the

intracellular concentrations in groups G1s, G2s, and G10s

were not statistically different from those in non-pulsed

controls, indicating that the cellular uptake in these groups

was not mediated by pulsed electric fields.

Pores smaller than FD-2000 were likely to be created as

well during electroporation (22). To investigate the

dynamics of smaller pores, the experiments described above

were repeated for FD-4. The results shown in Figure 2 were

similar to those of FD-2000 shown in Figure 1. Quantita-

tively, the intracellular concentrations were significantly

greater in group GB than in other groups (p , 0.01,

Wilcoxon signed-rank test) and the intracellular concen-

trations of FD-4 in groups G1s, G2s, and G10s were not

statistically different from those in non-pulsed controls. For

cells treated with 5 pulses at 2.0 kV each, the intracellular

concentrations were not measured because the cell viability

was estimated to be less than 10%.

The intracellular concentrations in group GB depended

on pulsing conditions for both FD-2000 (Fig 3) and FD-4

(Fig 4). The concentrations increased linearly with the

number of pulses (R . 0.99) and the pulse amplitude (R .

0.93). Furthermore, the intracellular concentration of FD-4

was statistically greater than that of FD-2000 (p ¼ 0.023,

Wilcoxon signed-rank test) when the concentration data

were pooled and paired according to the type of pulses. The

mean and median of the concentration ratios between FD-4

and FD-2000 were 1.38 and 1.44, respectively.

Transmembrane Transport of FD-2000 Induced
by Low-Voltage, Long-Duration Pulses. Transmem-

Figure 1. Average concentrations of FD-2000 in 4T1 cells exposed
to high-voltage, short-duration pulses with an amplitude of (a) 1.2 kV,
(b) 1.6 kV, or (c) 2.0 kV. The number of pulses was 1, 3, or 5, and the
pulse duration was 99 lsec in all cases. FD-2000 was added into cell
suspensions either immediately before the exposure, which is
indicated as time to be at zero, or at different time points (ie, 1, 2,
or 10 sec) after the exposure to pulsed electric fields. The bar
represents the mean of measurements in three repeated experi-
ments, and the error bar indicates the standard deviation of data.
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brane transport of FD-2000 was investigated for a range of

electric pulses with low voltage and long duration, which

have been commonly employed during in vivo electro-

poration (9, 10). It was observed in a preliminary experi-

ment that the cellular uptake of FD-2000 was negligible in

groups G1s, G2s, and G10s as compared with that in group

GB. This observation was similar to the data shown in

Figure 1, where high-voltage, short-duration pulses were

used in the experiment. Therefore, only experiments in

group GB were performed for pulses with low voltage and

long duration. Figure 5 summarizes the experimental data of

average intracellular concentrations of FD-2000. Compared

with high-voltage, short-duration pulses (Fig 1), the low-

voltage, long-duration pulses resulted in a higher cellular

uptake of FD-2000 (Fig 5b, 5c), with the exception for the

100-V pulses shown in Figure 5a. The lower intracellular

concentrations at 100 V might be explained by the inability

of these pulses to establish a transmembrane potential that is

higher than the threshold level for significantly inducing

large pores in cell membrane (22, 54). Another major

difference between low-voltage, long-duration pulses versus

high-voltage, short-duration pulses was that the former

caused more cell damage than the latter (Fig 5).

Numerical Simulations of Cellular Uptake of
Dextran. Distribution of intracellular concentration was

simulated as a function of pore opening period (T) and ratio

of membrane permeability versus diffusion coefficient (h),

using Equation 5. The results are shown in Figures 6 and 7.

The penetration depth of FD (Ld) within the cell was defined

as the value of x at which the concentration was reduced to

Figure 3. Average concentration of FD-2000 in 4T1 cells exposed to
pulsed electric fields. The experimental conditions were identical to
those shown inFigure 1, except that FD-2000 was always added into cell
suspensions immediately before the exposure. The error bar indicates
the standard deviation of data from three repeated experiments.

Figure 2. Average concentrations of FD-4 in 4T1 cells exposed to
pulsed electric fields. The experimental conditions were identical to
those for FD-2000 shown in Figure 1, except that FD-4 instead of FD-
2000 was added into cell suspensions. For cells treated with 5 pulses
at 2.0 kV each, the intracellular concentrations were not measured
because the cell viability was estimated to be less than 10%. The bar
represents the mean of measurements in three repeated experi-
ments, and the error bar indicates the standard deviation of data.
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10% of that at x¼ 0. Based on the data shown in Figures 6

and 7, Ld ranged from 15 nm to 141 nm for FD-2000 and

100 nm to 1.15 lm for FD-4, depending on the values of h

and T used in the simulation. In all cases, the penetration

depth was significantly smaller than the dimension of the

permeabilized membrane (Lpm) since Lpm¼10.3 lm for R¼
6.4 lm and hp ¼ 548 (see the Materials and Methods

section). This observation validated the 1-D assumption in

the transport model.

The average intracellular concentrations calculated

using Equation 6 increased with increasing the fractional

area of pores in the permeabilized membrane for both FD-4

and FD-2000 (Figs 8 and 9). In addition, the concentrations

increased with increasing the opening period and the

diameter (dp) of pores. The concentrations became less

dependent on dp when pores were much larger than dextran

molecules.

The ratios of average intracellular concentrations

between FD-4 and FD-2000 were calculated for pore

diameters of 100, 200, and 500 nm respectively, using

Equation 6. The results are shown in Figure 10. As

expected, the ratio increased with decreasing the pore size.

When the pores were smaller than FD-2000, the ratio

became infinite. Furthermore, the intracellular concentra-

tions of FD-4 were at least one order of magnitude higher

than those of FD-2000 under the same simulation

conditions.

Figure 5. Average concentrations of FD-2000 in 4T1 cells exposed
to low-voltage, long-duration pulses with an amplitude of (a) 100 V,
(b) 200 V, or (c) 300 V. The number of pulses was 1, 3, or 5, and the
pulse duration was 5, 10, or 20 msec. FD-2000 was always added
into cell suspensions immediately before the exposure. The intra-
cellular concentrations were not quantified if the cell viability was
,10% as indicated by ‘‘poor viability.’’ The error bar indicates the
standard deviation of data from three repeated experiments.

Figure 4. Average concentration of FD-4 in 4T1 cells exposed to
pulsed electric fields. The experimental conditions were identical to
those shown in Figure 2, except that FD-4 was always added into cell
suspensions immediately before the exposure. For cells treated with
5 pulses at 2.0 kV each, the intracellular concentrations were not
measured because the cell viability was estimated to be less than
10%. The error bar indicates the standard deviation of data from
three repeated experiments.
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Figure 6. Spatial distribution of intracellular concentration of FD-
2000 simulated for different pore opening periods (T): (a) T ¼ 0.1
msec, (b) T¼1 msec, and (c) T¼10 msec. The concentration profiles
were normalized by the concentration in pulsing medium (C0). At the
permeabilized membrane, x ¼ 0. The concentration profiles
depended on the parameter hd, where h is the ratio of membrane
permeability versus diffusion coefficient and d is the membrane
thickness. The maximum range of hd was estimated by using
Equation 8, in which k was assumed to be zero, D0/D¼ 1/0.05, and
the value of a was between 0% and 0.3% (see Materials and
Methods section). As a result, hd � 0.06. It was varied from 0.005 to
0.06 in the simulation.

Figure 7. Spatial distribution of intracellular concentration of FD-4
simulated for different pore opening periods (T): (a) T¼ 0.1 msec, (b)
T ¼ 1 msec, and (c) T ¼ 10 msec. The concentration profiles were
normalized by the concentration in pulsing medium (C0). The
maximum range of hd was estimated to be between 0.001 and
0.0133 (see Fig 6 legend).
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Discussion

We developed a novel, repeatable assay for quantifica-

tion of intracellular concentrations of macromolecules and a

mathematical model for numerical simulation of trans-

membrane and intracellular transport. The experimental data

revealed that large pores were created during electroporation

but shrank rapidly and became impermeable to FD-4 and

FD-2000 within 1 sec after the final pulse application. The

numerical simulation provided useful information on

electropore dynamics and mechanisms of macromolecular

uptake by cells.

One of the key elements in this study was the

development of an assay for quantification of intracellular

concentrations of macromolecules. The assay was based on

the use of a laser scanning confocal microscope that could

image a defined section or volume within a cell. As a result,

intracellular FD concentration could be quantified following

a simple calibration of fluorescence intensity vs. known FD

concentrations. Such quantification is not possible with a

traditional fluorescence microscope in which out-of-focus

light may cause image degradation and intensity of

illumination may fluctuate significantly during measure-

ments. A second advantage of this method was the ability to

image cells stained with ethidium homodimer in a separate

fluorescence channel to exclude dead cells. It was critical for

accurate measurement of intracellular concentrations of

macromolecules, especially when a large fraction of cells

died during experiments.

The ratio of intracellular versus extracellular concen-

tration of FD observed in all experiments was ,2%.

Specifically, the concentration ratios were 0.44% for FD-

2000 and 0.52% for FD-4 when 4T1 cells were exposed to 3

pulses with a duration of 99 lsec and amplitude of 2 kV

(Figs 3 and 4). These values were 6 to 7-fold smaller than

the uptake of bovine serum albumin (;3%) by erythrocyte

ghosts exposed to 3 exponential-decay pulses with a decay

constant of 1.1 ms and the same peak field strength (i.e., 5

kV/cm) (43). The lower intracellular concentration observed

in our experiments could be caused by differences in types

of cells and electric pulses.

The predicted penetration depth of FD-2000 (Ld) was

smaller than its diameter (ie, 52 nm) when the pore opening

period T was equal to 0.1 msec or 1 msec in numerical

simulations. The result suggested that the continuum

assumption used in the mathematical model was inappro-

priate for simulating diffusion within a cell. On the other

hand, the model may still be valid statistically when a large

number of cells are sampled to determine the average

distribution of intracellular concentration. The limited

penetration of FD-2000 in cells was consistent with the

observation of pDNA molecules after electroporation,

which accumulate only in the vicinity of the permeabilized

membrane at the pole facing the cathode or both poles if the

pulse polarity is altered (12, 55).

Pore Dynamics. The experimental data shown in

Figure 8. Average intracellular concentrations of FD-2000 simulated
as a function of the fractional area of pores in the permeabilized
membrane (a) for different pore opening periods (T): (a) T ¼ 0.1
msec, (b) T ¼ 1 msec, and (c) T ¼ 10 msec. The average
concentrations, which were normalized by the concentration in
pulsing medium (C0), depended on average pore diameter ranging
from 55 to 500 nm in the simulation.
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Figures 1 and 2 demonstrated that the majority of large

pores created during electroporation disappeared within 1

sec after the final pulse application. This observation was

similar to those in the literature (28, 33, 39, 40, 43). Small

pores, on the other hand, may last much longer after

electroporation since cellular uptake of small molecules or

enhancement of membrane electric conductance occurs both

during the electroporation and at 3 to 40 min after the pulse

Figure 9. Average intracellular concentrations of FD-4 simulated as
a function of the fractional area of pores in the permeabilized
membrane (a) for different pore opening periods (T): (a) T ¼ 0.1
msec, (b) T ¼ 1 msec, and (c) T ¼ 10 msec. The average
concentrations, which were normalized by the concentration in
pulsing medium (C0), depended on average pore diameter ranging
from 5 to 500 nm in the simulation.

Figure 10. Ratios of intracellular concentrations between FD-4 and
FD-2000 simulated as a function of the fractional area of pores in the
permeabilized membrane (a) for different pore opening periods (T):
(a) T ¼ 0.1 msec, (b) T ¼ 1 msec, and (c) T ¼ 10 msec. The ratios
depended on average pore diameter that was chosen to be 100, 200,
or 500 nm in the simulation.
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application (37, 56–59). Therefore, it has been proposed in

the literature that electroporation creates two populations of

pores (8, 33, 40, 60, 61). The small pores are permeable to

molecules with a molecular weight of up to 1,000 and can

last for hours after the pulse application. The large pores

allow cellular uptake of macromolecules but exist mainly

during the application of pulsed electric field. They

disappear or shrink to become small pores within 1 msec

after the pulse application. Similarly, our numerical

simulation suggested that the resealing time constant of

electropores larger than FD-4 should be ,10 msec if the

predicted intracellular concentrations were on the same

order of magnitude as experimental data. The discussion

above implies that pDNA must be mixed with cells before

electroporation in order to have successful gene transfer.

Data shown in Figures 3, 4, and 5 demonstrated that the

low-voltage, long-duration (LV) pulses were more effective

than the high-voltage, short-duration (HV) pulses for

macromolecular delivery into cells. This observation was

consistent with that in the literature, in which cellular uptake

of macromolecules is more significant when cells are

exposed to pulses with longer duration (.1 ms), even if

the product of pulse number and duration is fixed (40).

However, our data and others in the literature showed that

LV pulses caused more cell damage than HV pulses (40).

The damage could be due to irreversible membrane

electroporation or exchanging molecules between cytosol

and pulsing medium during electroporation, which may

significantly disturb intracellular microenvironment.

The pathways for transmembrane transport during

electroporation remain a subject of debate (8). The most

common hypothesis states that applied electric field creates

transient hydrophilic pores in the membrane that allow

transmembrane transport of solutes. Meanwhile, other

pathways have been proposed for transmembrane transport,

including dynamic mismatches between lipid domains or

between lipids and transmembrane proteins (8, 62, 63).

Although the mathematical model developed in this study

was based on the pore theory, its applications do not depend

on the existence of aqueous toroidal pores in the membrane.

No matter which pathways are used for transmembrane

transport, the only equation that needs to be modified is the

expression for partition coefficient /.

Mechanisms of Cellular Uptake of Dextran. We

observed in experiments that the intracellular concentration

of FD-4 was approximately 40% higher than that of FD-

2000. However, results from numerical simulations indi-

cated that the former should be at least one order of

magnitude higher than the latter. The discrepancy suggested

that although diffusion could be an important mechanism

for FD transport in cells after the pores in cell membrane

were closed, it played little role in cellular uptake of dextran

during electroporation. We hypothesized that there existed

two other mechanisms to facilitate transport of FD into cells:

convection and endocytosis. Convection is much less

dependent on the molecular weight, which is consistent

with our experimental data. In dilute solution, it is

independent of the molecular weight. In cells, it may be

retarded by membrane and intracellular structures, such as

cytoskeleton. The extent of retardation may increase with

the size of solutes. Convection-mediated cellular uptake is

possible due to cell movement, cell swelling, and electro-

deformation. Electric field–induced cell movement had been

observed in this and previous studies (42). If the vector of

movement had a nonzero component in the direction of cell

axis, which is defined by depolarized and hyperpolarized

poles, it might allow flow of the pulsing medium and thus

convection of dextran into the cells. Cell swelling may also

induce convection because pulsing medium must enter the

cell during the volume expansion. It has been considered

that cell swelling is caused by both colloid-osmotic and

electro-osmotic effects during electroporation (41, 42, 64–

67). Furthermore, cells may deform when they are exposed

to strong electric pulses (68). The electrodeformation will

induce convective transport if it causes an increase in cell

volume. In addition to convection, pulsed electric fields may

induce endocytosis and macropinocytosis (8, 69, 70).

However, we observed a diffuse pattern of intracellular

distribution of FDs and few fluorescent vesicles in cells,

suggesting that endocytosis and macropinocytosis are not

important mechanisms for the observed cellular uptake of

FD.

For highly charged molecules, such as plasmids,

electrophoresis is an important transport mechanism. Its

relative importance compared with other mechanisms can be

estimated through the following analysis. One may assume

i) the radius of a cell to be 6.4 lm, ii) the maximum

intracellular concentration of FD-2000 to be 2.5% of that in

the pulsing medium (Fig 5), and iii) the percent intracellular

concentration of a 5-kb plasmid to be the same as that of

FD-2000. In most transfection protocols, the extracellular

pDNA concentration ranges from 1 to 20 lg/ml. The

molecular weight of 5-kb plasmid is approximately

3,000,000. Based on the information described above, there

would be only 6 to 110 copies of plasmid per cell after

electroporation. In an elegant microinjection study, Ludtke

et al. observed that in order to achieve 50% transfection

efficiency, one requires approximately 2000 copies of

plasmid per cell (71), which is at least one order of

magnitude higher than the estimation based on the dextran

data. The discrepancy is likely to be caused by the third

assumption mentioned above, indicating that the percent

intracellular concentration of plasmid should be signifi-

cantly higher than that of FD-2000, presumably due to

electrophoresis since the net charge of FD-2000 is

negligible compared to that of plasmids. Taken together,

passive transport is ineffective for transfection of cells

unless electrophoresis of DNA is involved during electric

field–mediated gene delivery.

In summary, electropores created by pulsed electric

fields were transient and their maximum diameter was at

least 52 nm under the pulsing conditions used in this study.
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All pores shrank to less than 3.72 nm in diameter within 1

sec. During electroporation, cellular uptake of uncharged

macromolecules is mediated mainly by convection.
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