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Abstract

The interstitial space is a rate limiting physiological barrier to non-viral gene delivery. External pulsed electric fields have been proposed to
increase DNA transport in the interstitium, thereby improving non-viral gene delivery. In order to characterize and improve the interstitial
transport, we developed a reproducible single molecule detection method to observe the electromobility of DNA in a range of pulsed, high field
strength electric fields typically used during electric field-mediated gene delivery. Using agarose gel as an interstitium phantom, we investigated
the dependence of DNA electromobility on field magnitude, pulse duration, pulse interval, and pore size in the interstitial space. We observed that
the characteristic electromobility behavior, exhibited under most pulsing conditions, consisted of three distinct phases: stretching, reptation, and
relaxation. Electromobility depended strongly on the field magnitude, pulse duration, and pulse interval of the applied pulse sequences, as well as
the pore size of the fibrous matrix through which the DNA migrated. Our data also suggest the existence of a minimum pulse amplitude required
to initiate electrophoretic transport. These results are useful for understanding the mechanisms of DNA electromobility and improving interstitial
transport of genes during electric field-mediated gene delivery.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The efficacy of non-viral gene therapy in the treatment of
solid tumor is limited by poor gene delivery from the
extracellular domain into the nucleus of cells since the delivery
has to overcome various physiological barriers, including
interstitial structures, cell membranes, cytoskeleton, and nuclear
envelope, which are tissue- and cell-dependent [1–3]. DNA
diffusion in tumor interstitium is negligible as indicated by the
small diffusion coefficient (<10−9 cm2 s−1) [2,4]. Convective
transport, due to a uniformly elevated interstitial pressure, is
also negligible everywhere in solid tumors except at the tumor
periphery [1]. Furthermore, the plasma membrane and nuclear
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envelope are impermeable to naked DNA during passive
diffusion. Therefore, non-viral gene transfer is inefficient
without development of novel strategies [5–9].

Local application of pulsed electric fields is one the strategies
that has been shown to improve delivery of exogenous genes
into cells both in vitro [10–12] and in vivo [7–9,13–19]. The
improvement occurs through two potential mechanisms:
electroporation and electrophoresis [20,21]. These mechanisms,
especially electroporation, have been studied extensively in
vitro [22–28], in which electric pulses create transient pores in
the plasma membrane that allow transport of traditionally non-
permeant molecules into cells via both diffusion and electro-
phoresis [29,30]. However, DNA administered into tissues can
be successfully delivered into cells only if these molecules are
located within a critical distance from the plasma membrane
during electroporation. Beyond this distance, the DNA
molecules cannot reach the plasma membrane before the
pores created by electroporation are closed. This critical
distance depends on the rate of interstitial and transmembrane
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transport. Therefore, any improvement in the transport may
significantly increase the extracellular domain within which
DNA molecules are eligible for cellular uptake during
electroporation.

Both interstitial and transmembrane transport can be
improved through electrophoresis [2,31]. A recent report by
Satkauskas et al. has demonstrated that following a prerequisite
cell permeabilizing pulse, electrophoretic pulses play an
important role in determining the efficiency of in vivo gene
transfer [32]. The ability of an applied electric field to enhance
interstitial transport of DNA has also been investigated in
excised tumor tissue [2] and agarose gel acting as a tissue
phantom [31]. These studies have uncovered surprising
relationships between applied pulsing parameters and resulting
gene transport behaviors, and led to questions concerning the
underlying mechanisms of transport.

The objective of this study was to develop a reproducible
single molecule method for understanding mechanisms of
electric field-mediated extracellular transport of DNA. The
rationale of the study was that DNA–DNA interactions were
negligible during interstitial transport since DNA concentration
in tissues was low in most gene delivery studies. As a result, the
experimental results were determined mainly by transport
behaviors of single DNA molecules. Using this method, we
investigated the dependence of DNA transport on pulse
magnitude, pulse duration, pulse interval, and pore size in
agarose gels exposed to pulsed electric fields.

2. Materials and methods

A small-scale electrophoresis chamber was constructed on a
glass microslide (VWR, West Chester, PA, USA) to allow
continuous observation of single fluorescently labeled DNA
molecules undergoing electrophoretic transport in agarose gel
(Fig. 1). Platinum wire electrodes (A-M Systems, Inc.,
Carlsborg, WA, USA), inlaid along opposite walls of the
electrophoresis chamber, were used to deliver the electric field.
The electrodes were of sufficient diameter (0.127 mm) to span
nearly the entire depth of the chamber.

All experiments were performed using bacteriophage T2
DNA (Sigma, St. Louis, MO, USA) stained with YOYO-1
intercalating dye (Molecular Probes, Eugene, OR, USA) at a
1 :10 dye to base pair ratio. Solutions of 1.0, 2.0, 3.0, or
Fig. 1. Schematic of the small-scale electrophoresis device developed for the
observation of single DNA molecules undergoing electrophoretic transport
under pulsed electric fields.
4.0% w/v low gelling temperature agarose (Sigma) were
prepared in the slightly heated 1× Tris–Acetate–EDTA
(TAE) buffer, allowed to cool for 2 min, then mixed with
an equal volume of YOYO-1 labeled T2 DNA in 1× TAE
containing 6% v/v β-mercaptoethanol. Approximately 50 μl
of the mixture was pipetted into the electrophoresis chamber
mentioned above. The chamber was then sealed with a glass
microslide and the solution formed the gel in 15 min. The
final sample medium contained 0.5, 1.0, 1.5, or 2.0% w/v
agarose, 3% v/v β-mercaptoethanol, and approximately
3×10−6 μg/μl YOYO-1 labeled T2 DNA.

Images of YOYO-1 labeled DNA during pulsed electric
field application were acquired using a 100× oil immersion
objective on an inverted microscope (Axiovert 100 TV, Zeiss,
Thornwood, NY, USA), and captured with an intensified CCD
camera (DAGE-MTI, Inc., Michigan City, IN, USA) connected
to a videocassette recorder. The electric field was supplied by
an ECM 830 electro square porator (BTX, San Diego, CA,
USA). The resulting videos were digitized and analyzed using
image analysis software (Image-Pro Plus®, Media Cybernetics,
Inc., Silver Spring, MD, USA). Agarose gel deformation due to
pulse delivery was negligible as determined by preliminary
experiments using 1.0-μm-diameter yellow-green latex micro-
spheres (Polysciences, Inc., Warringtion, PA, USA) as a gel
marker (data not shown).

DNA movement was quantified and reported in terms of the
net DNA displacement per pulse, and the DNA electromobility.
Total DNA displacement, d, was defined as the distance
between the location of the midpoint of a DNA molecule before
application of a 10-pulse train and the location of the midpoint
of the same molecule 10 s following the completion of the 10-
pulse train. The DNA displacement per pulse, dp, was calculated
by,

dp ¼ d
N

ð1Þ

where N is the number of pulses in the applied pulse train. The
DNA electromobility, μ, is given by,

l ¼ m
E

ð2Þ

where ν is the magnitude of the velocity vector of the observed
molecule, and E is the magnitude of the applied electric field. In
this report, ν was obtained by,

m ¼ dp
tp

ð3Þ

where tp is the duration of the pulse.
The average pore size in agarose gel has been characterized

previously by the radius, rp, of the largest latex spheres that can
enter the gel [33]. The value of rp is empirically related to the
concentration of agarose, ϕ, in the gel through Eq. (4),

rp ¼ 118d/�0:74 ðnmÞ ð4Þ
in which the unit of rp is nanometer (nm) and the unit of ϕ is
percent weight by volume (% w/v) that is calculated as
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100 times the mass of agarose (g) divided by the volume of gel
(cm3). Eq. (4) is valid for 0.2% w/v≤ϕ≤4.0% w/v.

3. Results and discussion

The characteristic electromobility behavior, observed under
the majority of pulsing conditions investigated in this study,
included distinct temporal phases of stretching, reptation, and
relaxation (Fig. 2). Relaxed T2 DNA has a radius of gyration of
approximately 1.2 μm [34], which is larger than the predicted
pore radius of agarose gel (71, 87, 118 and 197 nm for 2.0, 1.5,
1.0 and 0.5% w/v agarose gels, respectively) using Eq. (4). Prior
to pulse application, a DNA molecule often spanned multiple
pores, occupying the full volume of each pore in segments of
spherical conformation, joined through inter-pore gaps by
Fig. 2. Characteristic electromobility behavior of a single T2 DNA molecule in the p
reptation, and relaxation. A pulse train consisting of 10 pulses with field strength of 10
the resulting DNA behavior were captured prior to the application of the pulse sequen
completion of the pulse sequence (l).
stretched, linear segments. The initial pulses in an applied pulse
train acted to stretch the DNA in the direction of the applied
electric field, which is consistent with previous reports showing
the orientation of large DNA molecules in the direction of the
applied field [35]. The stretching phase could be characterized
as either single or double end elongation. Double end
elongation resulted from the DNA strand hooking around an
agarose fiber. The reptation phase of electromobility started
once the strand had been stretched sufficiently to pass through
pores in the agarose gel. In instances of double end elongation,
the lagging end of the DNA strand was pulled around the
hooking agarose fiber, and then followed the path of the leading
end.

The first two stages of electromobility (stretching and
reptation) were distinguishable by plots of the DNA displacement
resence of a pulsed electric field showing distinct temporal phases of stretching,
0 V/cm, duration of 30 ms, and pulse interval of 1 s, was applied. Still images of
ce (a), immediately following each of the 10 pulses (b–k), and 10 s following the



Fig. 3. DNA migration distance, d, as a function of pulse number, N, for DNA
molecules in 1.0% w/v agarose gel during the application of a sequence of
10 pulses with field strength of 100 V/cm, duration of 30 ms, and pulse interval
of 1 s (n=20). The step increase in slope at N=7 is indicative of the transition
from the stretching to the reptation phase of mobility.

Fig. 5. DNA (a) electromigration distance per pulse, dp, and (b) electromobility,
μ, dependence on the magnitude of the applied electric field, E, in 1.0% w/v
agarose gel. Both the migration distance and the electromobility increased with
increasing field strength. Each pulsing sequence consisted of 10 pulses with
duration of 20 ms and pulse interval of 1 s.
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as a function of pulse number (Fig. 3). Linear regression
analysis revealed a step increase in slope that occurred at the
transition from the stretching to the reptation phase of mobility.
The relaxation phase of mobility occurred following the end of
the pulse train as the DNA strand relaxed into its globular
form. Instances in which this characteristic behavior was not
observed included experimental runs with a pulsing sequence
of insufficient amplitude to initiate electromobility. These cases
will be discussed in more detail below.

The qualitative behavior of DNA observed in this study in
pulsed, high field strength electric fields was similar to that
reported previously for DNA in constant low voltage electric
fields [36] with one significant exception. This exception is
related to the relaxation behavior of the DNA between
sequential pulses in a pulse train. We investigated the
dependence of DNA electromobility on pulse interval (Fig.
Fig. 4. DNA migration distance per pulse, dp, and electromobility, μ,
dependence on pulse interval, ti, in 1.0% w/v agarose gel. The migration
distance and electromobility decreased with increasing pulse interval. Each
pulsing sequence consisted of 10 pulses with field strength of 100 V/cm and
duration of 20 ms.
4). The sharp decrease in electromobility with increasing pulse
interval was likely to be due to partial DNA relaxation between
pulses. The longer the pulse interval, the more relaxed the DNA
became, and the more energy of the following pulse required to
re-stretch the DNA before it could begin to reptate again
through the fibrous matrix. Decreasing the pulse interval will
decrease the extent of relaxation between pulses, which would
increase the effectiveness of the electric field to push the DNA
through the interstitium. However, short pulse intervals in
sequences of high magnitude pulses, such as those required for
electroporation, may be less tolerated by the treated cells. This
mechanism suggested the importance of considering this
pulsing parameter when developing pulse sequences for electric
field-mediated gene delivery applications.

The net displacement of DNA has been shown previously in
our lab to increase with the strength and duration of the applied
electric field in both agarose gel [31] and excised tumor tissue
[2]. We further confirmed these results here by demonstrating an
increase in net DNA displacement and electromobility per pulse
when the pulse strength (Fig. 5) and pulse duration (Fig. 6) were
increased in 1.0% w/v gel. Furthermore, the net DNA
displacement per pulse and DNA electromobility values
reported here for single DNA molecules are consistent with
those reported previously for DNA clouds in agarose gel [31].



Fig. 6. DNA (a) electromigration distance per pulse, dp, and (b) electromobility,
μ, dependence on pulse duration, tp, in 1.0% w/v agarose. The migration
distance and electromobility increased with increasing pulse duration. Each
pulsing sequence consisted of 10 pulses with field strength of 100 V/cm and
pulse interval of 1 s.

Fig. 7. Migration distance per pulse, dp, and electromobility, μ, of DNA as a
function of agarose concentration, ϕ, in the gels. All pulse sequences consisted
of 10 pulses with field strength of 120 V/cm, duration of 20 ms, and pulse
interval of 1 s. The observed decrease in electromobility with increasing agarose
concentration correlated strongly with the decreasing pore radius, rp, in agarose
gels predicted by Eq. (4).

Fig. 8. DNA electromobility, μ, in 0.5, 1.0, 1.5, and 2.0% w/v agarose gels as a
function of the magnitude of the applied electric field, E. There existed a
minimum value of E required to initiate electrophoretic transport of DNA in
fibrous matrices. No electrophoretic transport occurred in agarose gels until E
was greater than a threshold level, which increased with increasing the agarose
concentration.
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DNA electromobility depended strongly on the pore size of
the matrix through which it migrated (Fig. 7). The smaller the
pore size with respect to the radius of the DNA molecule, the
more the molecule had to be stretched before it was able to pass
through the pore. The entropy barrier associated with this
stretching had to be overcome by the applied electric field first,
before energy from the applied field was available to push the
DNA through the matrix. When the magnitude of the electric
field was insufficient to overcome the entropy barrier, no
electrophoretic transport occurred (Fig. 8). In these instances,
the DNA molecule was seen to be stretched to an extent, but the
transition from the stretching phase to the reptation phase of
mobility never occurred. At the end of the pulse sequence, the
DNA molecule relaxed back to its original position. This
finding delineates the importance of recognizing and account-
ing for a minimum pulse amplitude when designing pulse
parameters for electric field-mediated gene delivery applica-
tions. It is possible that, while keeping the pulse amplitude
constant, the entropy barrier could be overcome by increasing
pulse duration. This trend is likely valid until the electrophoretic
force is less than the force required to deform the DNA
molecule to a certain extent, at which point the applied field
would no longer be able to push the DNA through the fiber
matrix in tissues or gels, regardless of the duration of the pulse.
If the pulsing parameters are not of sufficient amplitude or
duration, or the interval between pulses is too large, no
electrophoretic transport through the interstitial space will
occur.

It is unlikely that a uniform pulse sequence can be tailored
around both electroporating and electrophoretic contributions of
the applied electric field. Therefore, the approach of Bureau et
al. [20] and Satkauskas et al. [21], where each contribution is
dealt with individually with a combination of electroporating
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and electrophoretic specific pulses, may be most suitable for
electric field-mediated gene transfer in vivo.

In summary, we developed a reproducible method to observe
the electromobility behavior of single DNA molecules in the
presence of pulsed electric fields that have been used in electric
field-mediated gene delivery. Using this method, we investi-
gated the dependencies of DNA electromobility on several
pulsing parameters and demonstrated that they were consistent
with the electromobility behavior of a group of plasmid DNA
molecules observed in pervious studies [2,31]. In addition, our
study revealed the pulse interval dependence of DNA electro-
mobility and the existence of a threshold field strength below
which DNA electromobility failed to occur. These findings
provide important insight into the mechanisms of DNA
electromobility in tissues, which are useful for improving
electric field-mediated gene delivery in tumors.

Acknowledgment

This work was supported in part by a grant from the National
Institutes of Health (CA94019). J.W.H. was supported in part by
a NIH training grant for the Center of Biomolecular and Tissue
Engineering at Duke University.

References

[1] R.K. Jain, Delivery of molecular and cellular medicine to solid tumors,
Adv. Drug Deliv. Rev. 46 (2001) 149–168.

[2] D.A. Zaharoff, R.C. Barr, C.Y. Li, F. Yuan, Electromobility of plasmid
DNA in tumor tissues during electric field-mediated gene delivery, Gene
Ther. 9 (2002) 1286–1290.

[3] S. McGuire, D. Zaharoff, F. Yuan, Interstitial transport of macromolecules:
implication for nucleic acid delivery in solid tumors, in: R.I. Mahato, S.W.
Kim (Eds.), Pharmaceutical Perspectives of Nucleic Acid-Based Thera-
peutics, Taylor & Francis Books, London, 2002, pp. 434–454.

[4] A. Pluen, Y. Boucher, S. Ramanujan, T.D. McKee, T. Gohongi, E. di
Tomaso, E.B. Brown, Y. Izumi, R.B. Campbell, D.A. Berk, R.K. Jain, Role
of tumor–host interactions in interstitial diffusion of macromolecules:
cranial vs. subcutaneous tumors, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
4628–4633.

[5] C. Dufes, I.F. Uchegbu, A.G. Schatzlein, Dendrimers in gene delivery,
Adv. Drug Deliv. Rev. 57 (2005) 2177–2202.

[6] U. Lungwitz, M. Breunig, T. Blunk, A. Gopferich, Polyethylenimine-
based non-viral gene delivery systems, Eur. J. Pharm. Biopharm. 60 (2005)
247–266.

[7] L.M. Mir, P.H. Moller, F. Andre, J. Gehl, Electric pulse-mediated gene
delivery to various animal tissues, Adv. Genet. 54 (2005) 83–114.

[8] J. Teissie, M. Golzio, M.P. Rols, Mechanisms of cell membrane
electropermeabilization: a minireview of our present (lack of ?)
knowledge, Biochim. Biophys. Acta 1724 (2005) 270–280.

[9] E. Neumann, S. Kakorin, K. Toensing, Fundamentals of electroporative
delivery of drugs and genes, Bioelectrochem. Bioenerg. 48 (1999) 3–16.

[10] E. Neumann, M. Schaefer-Ridder, Y. Wang, P.H. Hofschneider, Gene
transfer into mouse lyoma cells by electroporation in high electric fields,
EMBO J. 1 (1982) 841–845.

[11] H. Potter, Electroporation in biology: methods, applications, and
instrumentation, Anal. Biochem. 174 (1988) 361–373.

[12] E. Neumann, Membrane electroporation and direct gene transfer,
Bioelectrochem. Bioenerg. 28 (1992) 247–267.

[13] L.M. Mir, M.F. Bureau, J. Gehl, R. Rangara, D. Rouy, J.M. Caillaud,
P. Delaere, D. Branellec, B. Schwartz, D. Scherman, High-efficiency
gene transfer into skeletal muscle mediated by electric pulses, Proc.
Natl. Acad. Sci. U. S. A. 96 (1999) 4262–4267.
[14] L. Heller, M.J. Jaroszeski, D. Coppola, C. Pottinger, R. Gilbert, R. Heller,
Electrically mediated plasmid DNA delivery to hepatocellular carcinomas
in vivo, Gene Ther. 7 (2000) 826–829.

[15] J.M. Wells, L.H. Li, A. Sen, G.P. Jahreis, S.W. Hui, Electroporation-
enhanced gene delivery in mammary tumors, Gene Ther. 7 (2000)
541–547.

[16] M. Bettan, M.A. Ivanov, L.M. Mir, F. Boissiere, P. Delaere, D. Scherman,
Efficient DNA electrotransfer into tumors, Bioelectrochemistry 52 (2000)
83–90.

[17] F. Lohr, D.Y. Lo, D.A. Zaharoff, K. Hu, X. Zhang, Y. Li, Y. Zhao, M.W.
Dewhirst, F. Yuan, C.Y. Li, Effective tumor therapy with plasmid-encoded
cytokines combined with in vivo electroporation, Cancer Res. 61 (2001)
3281–3284.

[18] R. Heller, Delivery of plasmid DNA using in vivo electroporation,
Preclinica 1 (2003).

[19] F. Andre, L.M. Mir, DNA electrotransfer: its principles and an updated review
of its therapeutic applications, Gene Ther. 1 (Suppl. 1) (2004) S33–S42.

[20] M.F. Bureau, J. Gehl, V. Deleuze, L.M. Mir, D. Scherman, Importance of
association between permeabilization and electrophoretic forces for intramus-
cular DNA electrotransfer, Biochim. Biophys. Acta 1474 (2000) 353–359.

[21] S. Satkauskas, M.F. Bureau, M. Puc, A. Mahfoudi, D. Scherman,
D. Miklavcic, L.M. Mir, Mechanisms of in vivo DNA electro-
transfer: respective contributions of cell electropermeabilization and
DNA electrophoresis, Molec. Ther. 5 (2002) 133–140.

[22] J.C. Weaver, Electroporation: a general phenomenon for manipulating
cells and tissues, J. Cell. Biochem. 51 (1992) 426–435.

[23] R.F. Probstein, Physicochemical Hydrodynamics, John Wiley & Sons,
Inc., New York, 1994.

[24] D.C. Chang, Structure and dynamics of electric field-induced membrane
pores as revealed by rapid-freezing electron microscopy, in: D.C. Chang,
B.M. Chassy, J.A. Saunders, A.E. Sowers (Eds.), Guide to Electroporation
and Electrofusion, Academic Press, Inc., San Diego, 1992, pp. 9–27.

[25] T.Y. Tsong, Electroporation of cell membranes, Biophys. J. 60 (1991)
297–306.

[26] L.M. Mir, Therapeutic perspectives of in vivo cell electropermeabilization,
Bioelectrochemistry 53 (2000) 1–10.

[27] P.J. Canatella, J.F. Karr, J.A. Petros, M.R. Prausnitz, Quantitative study of
electroporation-mediated molecular uptake and cell viability, Biophys. J.
80 (2001) 755–764.

[28] E. Neumann, S. Kakorin, K. Toensing, Principles of membrane
electroporation and transport of macromolecules, in: M.J. Jaroszeski,
R. Heller, R. Gilbert (Eds.), Electrochemotherapy, Electrogenetherapy,
and Transdermal Drug Delivery: Electrically Mediated Delivery of
Molecules to Cells, Humana Press, Totowa, 2000, pp. 1–35.

[29] E. Neumann, S. Kakorin, I. Tsoneva, B. Nikolova, T. Tomov, Calcium-
mediated DNA adsorption to yeast cells and kinetics of cell transformation
by electroporation, Biophys. J. 71 (1996) 868–877.

[30] N.I. Hristova, I. Tsoneva, E. Neumann, Sphingosine-mediated electro-
porative DNA transfer through lipid bilayers, FEBS Lett. 415 (1997)
81–86.

[31] D.A. Zaharoff, F. Yuan, Effects of pulse strength and pulse duration on in
vitro DNA electromobility, Bioelectrochemistry 62 (2004) 37–45.

[32] S. Satkauskas, F. Andre, M.F. Bureau, D. Scherman, D. Miklavcic, L.M.
Mir, Electrophoretic component of electric pulses determines the efficacy
of in vivo DNA electrotransfer, Hum. Gene Ther. 16 (2005) 1194–1201.

[33] P. Serwer, S.J. Hayes, Exclusion of spheres by agarose gels during agarose
gel electrophoresis: dependence on the sphere's radius and the gel's
concentration, Anal. Biochem. 158 (1986) 72–78.

[34] J.A. Harpst, J.R. Dawson, Low angle light scattering studies on whole,
half, and quarter molecules of t2 bacteriophage DNA, Biophys. J. 55
(1989) 1237–1249.

[35] B. Akerman, M. Jonsson, B. Norden, M. Lalande, Orientational dynamics
of t2 DNA during agarose gel electrophoresis: influence of gel
concentration and electric field strength, Biopolymers 28 (1989)
1541–1571.

[36] B. Akerman, Tube leakage during electrophoresis retards reptating DNA in
unmodified and gydroxyethylated agarose gels, Phys. Rev. Lett. E 54
(1996) 6697–6707.


	A single molecule detection method for understanding mechanisms of electric field-mediated inte.....
	Introduction
	Materials and methods
	Results and discussion
	Acknowledgment
	References


