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OLD DOMINION UNIVERSITY CONSORTIUM

Old Dominion University

I. ACHIEVEMENTS

Subcellular effects of radiofrequency radiation was the topic of the Multidisciplinary University
Research Initiative (MURI) with scientists from six academic institutions (Old Dominion University,
Eastern Virginia Medical School, Massachusetts Institute of Technology, Washington University,
University of Wisconsin and University of Texas Health Science Center) participating. Old Dominion
University served as the lead university focusing initially on four topics:

a) the development of nanosecond pulsed power systems for biological studies

b) the development of imaging methods and exposure systems for in vitro studies

¢) modeling of nanosecond pulse effects on cells

The results of the pulsed power research were shared with the teams at MURI universities (including
that in a sister MURI, administered by Purdue University). Modeling efforts were coordinated with those
at the modeling group at MIT, and exposure systems have been developed in partnership with the team at
U. Wisconsin. Finally, the efforts at Old Dominion University have been closely coupled to the basic
studies on nanosecond pulse effects performed at Eastern Virginia Medical School.

This interaction among the MURI teams, which is depicted in figure 1, has led to major achievements
in the development of pulse generators, novel diagnostic techniques, and most importantly, to an
increased understanding of subcellular effects caused by intense nanosecond pulses. In the following, we
will focus on the achievements of the team at Old Dominion University. Those of our colleagues in the
MURI team can be found in the sections devoted to the individual teams.

Eastern Virginia
micro-array studies PURDUE

Medical School CONSORTIUM

[ dielectric spectroscopy ]

Washington
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A

) ) Massachusetts
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Fig. 1 Interaction between MURI teams

A comprehensive report of the efforts of the MURI, focusing on studies performed at Old Dominion
University and Eastern Virginia Medical School, has been published in the IEEE Transactions on
Dielectrics and Electrical Insulation, Vol. 14, pp. 1088-1109 (2007) and is attached to the final
report.



a. PULSE GENERATORS FOR BIOELECTRIC STUDIES

The study of intracellular electro-effects and applications using such effects require electrical pulse
generators that provide well-defined high voltage pulses with fast current rise to the load. The load could
be either cells in suspension or tissue. The applied voltage is determined by the required threshold
electric field for intracellular effects. This value depends strongly on pulse duration: it seems that, to
achieve comparable effects, the electric field times the pulse duration must be approximately constant.
The onset field for any effect is also strongly dependent on the cell type. For single pulses or pulse trains
with only a few pulses, generally up to five, typical electric fields for apoptosis range from tens to
hundreds of kV/cm. The highest values for 10 ns pulses were 300 kV/cm. These fields are lower for
pulse trains with an extended number of pulses.

In order to study intracellular electro-effects, two types of pulse generators have been used. One was
developed for experiments which require large numbers of cells, such as those in which flow cytometry is
used, or where studies are performed on tissues. This pulse generator is based on the Blumlein concept
and can deliver pulses of 10 ns and up to 40 kV into a 10 Q resistive load. This system served as a
standard pulse source for a consortium of scientists in the Multi-disciplinary University Research
Initiative on “Subcellular effects of narrow band and wideband radiofrequency radiation,” and was used
for experiments or diagnostic methods.

A second class of pulse generators was designed for observations of individual cells under a
microscope. Consequently, the gap distance can be reduced to the 100 um range, and simultaneously,
voltage requirements can be relaxed. Instead of typical pulsed power components, low voltage, high
frequency cables can be used in the design together with fast semiconductor switches. Such types of pulse
generators — micropulsers — operate at voltages of less than one kV. However, because of the small
electrode gap, electric field intensities of up to 100 kV/cm are possible and can be applied to cells in
suspension that are placed in the electrode gap. This type of pulse generator has been built with
variations in pulse length, type of switch, type of pulse forming network, as a line type pulser, and as a
hard tube pulser in many of the ultrashort pulse studies. The compactness of these pulse generators makes
them standard tools for ultrashort pulse effect applications.

b. REAL-TIME (NANOSECOND) IMAGING OF MEMBRANE VOLTAGES

Using laser stroboscopy, we were able to measure the change in transmembrane voltage with a
temporal resolution determined by the laser pulse duration of 5 ns. The transmembrane voltage was
quantified by staining the cell membrane with a fluorescent voltage sensitive dye. Changes in
fluorescence intensity quantify the change in transmembrane voltage. In order to utilize the short
illumination time of the laser, the response of the dye needs to be on the same order of magnitude but
faster. Recently, a new voltage sensitive dye, Annine-6, was developed with a voltage-regulated
fluorescence response that depends only on the shift of energy levels by Stark-effect. This fast electronic
process theoretically enables a sub-nanosecond voltage sensitive response.

To investigate the membrane charging in response to an ultrashort pulsed electric field, we stained
Jurkat cells (a T-cell leukemia cell line) with Annine-6 and exposed them for 60 ns to an electric field of
100 kV/cm. At different times during the exposure the cells were illuminated with a laser pulse of 5 ns
duration (FWHM). The recorded changes in fluorescence intensity allow us to estimate transmembrane
voltages based on calibration curves (which were developed for transmembrane voltages of up to 0.3 V,
and extrapolated for our results) and monitor their temporal development.

The results of this study show that an increase in plasma membrane conductivity occurs within a few
nanoseconds (less than the temporal resolution of our method), as is indicated by the deviation of the
measured voltage from the ideal temporal voltage development that would be expected for a membrane
that is considered to be an ideal insulator. After 20 ns, a second increase in membrane conductance is
seen, which might be due to the formation of nanopores. The membrane voltage decrease after the pulse



is determined by the discharge of the membrane, but also by the residual applied voltage. The voltage
after the 60 ns pulse, does not reach zero immediately.

¢. MODELING OF THE INTERACTION OF PULSED E-FIELDS WITH CELLS

Modeling of pulsed electric field effects on the charge distribution in biological cells, performed at
ODU and published in numerous papers (see list of publications), ranges from simple analytical models to
those generated using molecular dynamics. Molecular dynamics simulations provide the most basic and
fundamental approaches for modeling the effect of electric fields on cells. The part of the cell that is to be
modeled is considered as a collection of interacting particles. In the case of a cell membrane, which is a
lipid bilayer, these particles are DPPC (Dioleoyl-phosphatidyl-choline) molecules that are characterized
by charged subgroups. Thus, the structural details on the nanoscale can be included into the simulation
for maximum accuracy and relevant physics. For each of the molecules the equation of motion
(Newton’s equation) is solved, with the force on each charge and dipole within the molecular structure
generated by the surrounding charges and dipoles. In spite of its simplicity, this modeling method has
only recently been used to model cellular membranes under electrical stress. The simulation difficulties
include the immense number of particles that need to be considered, and also the small time steps, both
requiring the use of high-speed computer clusters. This makes molecular dynamics a computationally
intensive approach. As an example, Joshi, in the ODU team, has used 164,000 particles to model a patch
of membrane, with time steps on the order of one femtosecond. This means that modeling small parts of
a cell and following the membrane changes numerically can only be done for times on the order of 10-20
ns. Therefore, molecular dynamics, at this point in time, is restricted to modeling small parts of a cell and
to ultrashort (ns) pulse effects. The importance of this method is in the visualization of membrane effects
on this timescale, the inclusion of complex underlying physics, and the determination of critical electrical
fields for membrane changes on the nanoscale, e.g. for pore formation.

This information can be used in less computer intensive, but more comprehensive models (i.e., for
describing larger systems, such as an entire cell). In these mqdels the cells are represented as micro
resistor-capacitor (RC) units, with the resistive parts being timé“dependent. The information from the
molecular dynamics (for example, pore densities and hence, the angular dependent membrane resistance)
has then been used as the basics to determine the dynamic resistance for such simpler models. They allow
us to determine the response of electric fields on the entire cell, including the plasma and subcellular
membranes. However, these models still call for extensive numerical efforts when high spatial resolution
is required. So, for quick and simple estimates of the pulsed field effects on cells, analytical approaches
can be used to describe the critical electric fields for pore formation. Although such models will not
provide complete information for complicated structures, they can provide guidance to the
experimentalist in choosing an appropriate electric field-pulse duration range for bioelectric effects.

The topics discussed in the previous sections were the major focus of our research at ODU during the
first three years of the grant. In the final two and a half years we have focused, in addition, on
d. applications of ultrashort pulsed effects and
1. treatment of skin cancer
2. advanced wound healing
e. studies of picosecond pulses with emphasis on development of near field, high electric field
antennas for bioelectric applications.



d.1. TREATING SKIN CANCER

Electric pulses 300 ns in duration and

A somper s ot a3 somes 8 40 kV/cm can cause total remission of skin
cancer in mice. BI16-F10 melanoma cells
injected into SKH-1 mice generate melanoma
tumors that are 3-5 mm in diameter within 4 days
following injection. ~When these tumors are
treated with 300 of the pulses just described, they
exhibit three rapid changes. 1) The nuclei of the
tumor cells begin to shrink rapidly and the
average nuclear area falls by 50% within an hour;
2) Blood flow to the tumor stops within a few
minutes and does not return for a week or two; 3)
= : The tumor begins to shrink and within two weeks

pulses using a pair of needle electrot.ies.‘ A. Tre?ted tumor has shrenk by 90%. Most of th hly 200

(left) shrinks following pulse application while control 4 & ol the rovuginy

tumor (right) continues to grow. B. Electric field  tumors treated begin to grow again at this point,

distribution for needle electrode during pulse application. but, if treated a second time, will completely

disappear. We have begun a long-term study in

which we are following animals for 120 days beyond the date when their tumors were no longer visible.

Thus far all 18 animals in the treated group exhibit complete remission with no recurrence after 4 months

while all 18 control tumors either grew to a size that required that we euthanize the animal or are still
present on the animal.

The pulses were applied with two different electrode types. We started with needle electrodes that
penetrated the skin (Figure 2) and then began using parallel plate electrodes in a clothespin configuration.
Parallel plate electrodes have the advantage that all of the tissue placed between the electrodes is exposed
to the same electric field, in contrast to needle electrodes, in which the field is much higher near the
electrode than far from it.

These nsPEF stimulate murine melanomas to self-destruct. This is a novel and deadly cellular
response to this new nanosecond time domain of pulsed electric field application. While we have not yet
tested this technique on humans, it is likely that it may have advantages over the surgical removal of skin
lesions because incisions through the dermis often leave scarring on the healed skin. nsPEF Kkills the
tumor without disrupting the dermis so that scarring is less likely. It should also be effective on other
tumor types located deeper in the body, if a catheter electrode can be guided to the tumor. Among its
most intriguing characteristics is the incredibly short time that these cells have been exposed to the
electric field. All of the tumor regression shown here resulted from a total electric field exposure time of
120 ps or less. A second important characteristic is the low energy delivered to the tissue. Each 300 ns
pulse of 40 kV/cm delivers only 0.18 J to the tissue between the 5 mm plates. Based on the specific heat
capacity of water, this would increase in tissue temperature by only 2-4 °C and our measurements of the
tumor temperature during treatment confirms this. Two seconds between pulses provides more than
adequate time for this heat to dissipate so that the tissue will not heat up beyond this. This highly
localized and drug-free physical technique offers a promising new therapy for tumor treatment.
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Figure 2 Response of melanoma to 3 applications of 100

d.2. PLATELET AGGREGATION AND GROWTH FACTOR RELEASE: A STEP TOWARDS
ACCELERATED WOUND HEALING

It has been shown that nanosecond pulses have a similar effect on platelets as thrombin, an agonist that
promotes aggregation. This pulsed aggregation process is initiated by the release of calcium from internal
stores. This is consistent with the well-known fact that aggregation of platelets by known agonists, such
as thrombin, requires an increase in intracellular free calcium. The data obtained with nsPEF on calcium
mobilization and calcium influx is reminiscent of the well-known capacitative or store-operated calcium



entry process induced by hormones (e.g. thrombin) in many non-excitable cells. In this process, when
intracellular calcium is mobilized from the ER, there is an activation of an influx process in the plasma
membrane, i.e. the two processes are coupled.

In addition to aggregation, an increase in PDGF (platelet derived growth factor) released from washed
platelets has been observed after pulsing with nanosecond pulses. This release is most likely also due to
subcellular electromanipulation. Platelets are rich in alpha granule growth factors (i.e. platelet derived
growth factor, PDGF, transforming growth factor beta, TGF-B). Release of this growth factor is essential
for wound healing.

This concept of using nanosecond pulsed electric fields for wound healing is exciting for several
reasons. First, activation of platelets using nsPEF will provide the medical community with an alternative
to the use of thrombin (which has been associated with allergic reactions in some patients). Secondly,
nsPEF provides a focused, localized stimulus for platelet activation, whereas, other platelet activators
such as thrombin, adenosine diphosphate (ADP), thromboxane or collagen can all enter the circulation
and have systemic effects.

e. SUBNANOSECOND PULSE EFFECTS - A STEP TOWARDS USING ANTENNAS AS PULSE
DELIVERY SYSTEMS

Reducing the pulse duration of intense electric field pulses from nanoseconds into the subnanosecond
range will allow us to use wideband antennas to deliver the electromagnetic fields into tissue with a
spatial resolution in the centimeter range. In order to explore the biological effect of intense,
subnanosecond pulses, we have developed a generator which provides voltage pulses of 160 kV
amplitude, 200 ps rise-time, and 800 ps pulse width. The pulses are delivered to a cylindrical Teflon®
chamber with polished flat electrodes at either end. The distance between the electrodes is variable and
allows us to generate electric fields of up to 1 MV/cm in cell suspensions. The pulses have been applied
to B16 (murine melanoma) cells, and the plasma membrane integrity was studied by means of trypan blue
exclusion. For pulse amplitudes of 550 kV/cm, approximately 50% of the cells took up trypan blue right
after pulsing, whereas only 20% were taking it up after one hour. This indicates that the plasma
membrane in a majority of the cells affected by the pulses recovers with a time constant of about 1 hour.
The cells which show trypan blue uptake after this time are suffering cell death through apoptosis.
Evaluation of the experimental results and molecular dynamics modeling results indicate that with a pulse
duration of 800 ps, membrane charging and nanopore formation are the dominant bioelectric effects on
B16 cells.
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