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(57) ABSTRACT

The present invention involves methods and devices which
enable discrete objects having a conducting inner core, sur-
rounded by a dielectric membrane to be selectively inacti-
vated by electric fields via irreversible breakdown of their
dielectric membrane. One important application of the inven-
tion is in the selection, purification, and/or purging of desired
or undesired biological cells from cell suspensions. Accord-
ing to the invention, electric fields can be utilized to selec-
tively inactivate and render non-viable particular subpopula-
tions of cells in a suspension, while not adversely affecting
other desired subpopulations. According to the inventive
methods, the cells can be selected on the basis of intrinsic or
induced differences in a characteristic electroporation thresh-
old, which can depend, for example, on a difference in cell
size and/or critical dielectric membrane breakdown voltage.
The invention enables effective cell separation without the
need to employ undesirable exogenous agents, such as toxins
or antibodies. The inventive method also enables relatively
rapid cell separation involving a relatively low degree of
trauma or modification to the selected, desired cells. The
inventive method has a variety of potential applications in
clinical medicine, research, etc., with two of the more impor-
tant foreseeable applications being stem cell enrichment/iso-
lation, and cancer cell purging.
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FIELD OF THE INVENTION

This invention relates to methods and apparatuses for
selecting specific cell types from cell suspensions, specifi-
cally those employing applied electric fields.

BACKGROUND OF THE INVENTION

The ability to isolate specific sub-populations of cells from
cell suspensions is of critical importance to many applica-
tions in the biological sciences as well as to many therapies in
clinical medicine. For example, the basis of many medical
therapies for treating a variety of human diseases and for
countering the effects of a variety of physiological injuries
involves the isolation, manipulation, expansion, and/or alter-
ation of specific biological cells. One particularly important
example involves the reconstitution of the hematopoietic sys-
tem via bone marrow or progenitor cell transplantation. More
specific examples include: autologous, syngeneic, and allo-
genic stem cell transplants for immune system reconstitution
following the myeloablative effects of severe high dose che-
motherapy or therapeutic irradiation; severe exposure to cer-
tain chemical agents; or severe exposure to environmental
radiation, for example from nuclear weapons or accidents
involving nuclear power generators.

Intensive chemotherapy and/or irradiation for the treat-
ment of a variety of cancers, including breast cancer, has
become a commonly used approach in cancer care centers.
Such treatments are associated with severe ablation of the
bone marrow cells required for function of the blood and
immune systems. Such bone marrow cells are derived from a
small number of progenitor cells known as hematopoietic
stem cells in the normal bone marrow. Therefore, patients
receiving such therapies require life-saving transplants of
stem cells in order to survive the effects of the treatment. Stem
cell containing tissue for transplant may be derived from
donor marrow (allogeneic transplant) or from the patient’s
own bone marrow or peripheral blood after mobilization (au-
tologous transplant). In both instances, there is a need for
effective cell separation methods to enrich the transplant tis-
sue in stem cells and reduce the number of undesirable and
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deleterious cells (e.g. mature T cells for allogeneic trans-
plants and residual cancerous cells for autologous trans-
plants). For example, for autologous adjuvant stem cell trans-
plant therapy following myeloablative cancer treatments, it is
believed that reinfusion of residual tumor cells is a major
cause of post therapy relapse. Clearly, removing such cells
from transplanted tissue would be beneficial to the patient.

A number of cell isolation, cell separation, and cell purging
strategies have been employed in the prior art for purifying or
removing cells from a suspension. Prior art cell separation
methods used to isolate cells or purge cell suspensions typi-
cally fall into one of three broad categories: physical separa-
tion methods typically exploit differences in a physical prop-
erty between cell types, such as cell size or density (e.g.
centrifugation or elutriation); chemical-based methods typi-
cally employ an agent that selectively kills or purges one or
more undesirable cell types; and affinity-based methods typi-
cally exploit antibodies that bind selectively to marker mol-
ecules on a cell membrane surface of desired or undesired cell
types, which antibodies may subsequently enable the cells to
be isolated or removed from the suspension. While physical
separation methods can be advantageous with regard to their
ability to separate cells without causing undo damage to
desired cells, current physical separation methods typically
have relatively poor specificity and do not typically yield
highly purified or highly purged cell suspensions. While
many chemical and affinity methods have better selectivity
than typical physical methods, they can often be expensive or
time consuming to perform and can cause considerable dam-
age to, or activation of, desired cells, for example stem cells,
and/or can add undesirable agents to the purified or isolated
cell suspensions (e.g. toxins, proliferation-inducing agents,
and/or antibodies). An additional potential problem with anti-
body-based cell separation techniques typically employed for
purification of stem cells, is that they select stem cells solely
on the basis of cell surface markers (e.g., CD34) and will not
select cells lacking such markers.

In addition to cancer therapy, there are a number of other
important medical therapies which exist, or are under devel-
opment, that are based on cells derived from a variety of
different types of stem cells. Examples include pre-exposure
prophylaxis or post-exposure therapies under development
for a variety of biological exposures that may occur naturally
(e.g., viral exposure for example with Ebola, etc.) or be
inflicted by mankind (i.e., biological warfare agents). A vari-
ety of gene therapies involving genetically manipulated stem
cells, are being contemplated or are under development for
treating a variety of blood-related diseases (e.g., AIDS, leu-
kemia, other cancers, etc.). Gene therapy techniques based on
genetically manipulated stem and/or germ cells may also be
useful in cloning organisms, such as animals. However,
genetically manipulating stem cells using many current tech-
nologies is difficult, typically employing viruses or gene car-
riers that can be time consuming and expensive, or may be
dangerous to perform and may not have high yields. Current
research findings also suggest that the practical implementa-
tion of animal organ transplants into human recipients also
may require procedures involving stem cells from both the
donor and recipient. Many of these promising therapies
would require cryopreservation and storage of donor speci-
mens including human stem cells, for example, as derived
from the stem cell-rich umbilical cord blood of newborns,
which can provide such donors with a therapeutic basis for
hematopoietic reconstitution or gene therapy should a health
emergency occur later in life. If such storage demands are to
be realistically met, the specimens will need to have minimal
volume, and, therefore, successful implementation of such
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technologies may rest on the development and availability of
effective methods for isolating trace numbers of stem cells
from sources such as umbilical cord blood and the fetal liver.
In order to achieve broad implementation of the therapies
discussed above and others, rapid and cost effective methods
are needed to isolate, with high purity, desired target cells
from suspensions having a diverse mix of cell types and
concentrations.

The use of applied electric fields to physically manipulate
cells is known. Applied electric fields have been employed in
the prior art for cell inactivation and sub-lethal cell membrane
electroporation. For example, U.S. Pat. No. 5,048,404 to
Bushnell discloses a system and method for sterilizing liquid
foodstufts by killing microorganisms with exposure to pulsed
electric fields.

Sale and Hamilton (“Effects of High Electric Fields on
Microorganisms 1. Killing of Bacteria and Yeasts,” Biochim
et Biophys Acta, 148:781 (1967); and “Effects of High Elec-
tric Fields on Microorganisms 11. Mechanism of Action of
the Lethal Effect,” Biochim et Biophys Acta, 148:789 (1967))
studied the effect of pulsed electric fields on suspensions of
bacteria or suspensions of yeasts. Specifically, they investi-
gated the effect on the degree of cell kill by the field as a
function of field strength and exposure time. The effect of
pulsed electric fields on the killing of bacteria was also stud-
ied by Hiilsheger et al. (“Lethal Effects of High-Voltage
Pulses on E. Coli K12, Radiat Environ Biophys, 18:281
(1980); and “Killing of Bacteria with Electric Pulses of High
Field Strength,” Radiat Environ Biophys, 20:53 (1981)).
Hilsheger et al. studied the effects on bacterial cell death of a
variety of experimental parameters and were able to demon-
strate 2 99.9% reduction in the number of living bacterial cells
in suspensions after exposure to certain pulsed electric field
parameters.

The lysis of erythrocytes in erythrocyte suspensions by
pulsed electric fields has also been studied both for bovine
(Sale and Hamilton, “Effects of High Electric Fields on
Microorganisms II1. Lysis of Erythrocytes and Protoplasts,”
Biochem et Biophys Acta, 163:37 (1967)) and human (Ki-
nosita and Tsong, “Voltage-Induced Pore Formation and
Hemolysis of Human Erythrocytes,” Biochim et Biophys
Acta, 471:227 (1977); and Kinosita and Tsong, “Hemolysis
of Human Erythrocytes by a Transient Electric Field,” Proc
Natl Acad Sci. 74:1923 (1977)) erythrocytes. Knowledge
derived from the studies above indicates that applied electric
fields resulting in cellular transmembrane potentials on the
order of 1 Volt can result in colloidal osmotic lysis of the
erythrocytes.

Electric fields have also been used to sublethally porate the
plasma membrane of nucleated cells, such as leukocytes and
Chinese Hamster Ovary (CHO) cells (Sixou and Teissié,
“Specific Electropermeabilization of Leukocytes in a Blood
Sample and Application to Large Volumes of Cells,” Biochim
et Biophys Acta, 1028:154 (1990)). Sixou and Teissié inves-
tigated electropermeabilization conditions to enable revers-
ible poration of cell membranes, while maintaining long-term
cell viability, for the purpose of enabling the reversibly
porated cells to uptake drugs and act as immunocompatible
drug delivery vehicles within the body. Sixou and Teissié
studied the effect of pulsed electric field parameters on the
reversible poration of suspensions comprising single cell
types and suspensions comprising mixtures of two cell types
(e.g. CHO cells and erythrocytes, and leukocytes and eryth-
rocytes). The authors showed that reversible electroperme-
abilization is a function of the cell size and that large cells are
reversibly porated at lower electric field strengths than small
cells.
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While the above mentioned methods and systems for cell
separation and cell electropermeabilization represent, in
some cases, valuable and useful techniques for some appli-
cations, there remains a need in the art for simple, fast, and
clean methods to selectively isolate or remove specific cell
sub-populations from cell suspensions without causing undo
damage or activation to the remaining cells and without
employing undesirable or toxic agents.

SUMMARY OF THE INVENTION

Accordingly, the present invention can provide relatively
simple, fast, and clean methods for cell isolation or purging
based on physical differences between different cell types
present in a suspension. Furthermore, the invention provides
systems and methods that enable selective isolation of viable
cells, selective cell inactivation, as well as stem cell electrop-
ermeabilization, using applied electric fields.

In one aspect, the invention provides a method for creating
from a biological sample having a given cell population, a
suspension of cells that contain a selected viable subpopula-
tion of the given cell population. The method is based on a
characteristic electroporation threshold of the cells. The sub-
population of cells selected by the method is substantially
limited to cells that have a characteristic electroporation
threshold that is greater than a predetermined electroporation
threshold. The selected suspension of cells is produced from
the biological sample by first subjecting the sample to an
electric field that has a magnitude that is sufficient to porate a
substantial fraction of the cells in the sample that have a
characteristic electroporation threshold less than the prede-
termined electroporation threshold. The electric field, how-
ever, does not porate a substantial fraction of cells that have a
characteristic electroporation threshold greater than the pre-
determined electroporation (threshold. Essentially, all of the
porated cells in the sample that is subjected to the electric field
are also inactivated.

In another aspect, the invention provides a method for
creating a selected subpopulation of discreet objects from a
sample having a given population of discreet objects. A dis-
creet object comprises an inner conductive core which is
surrounded by a dielectric membrane. The method is based on
a characteristic electroporation threshold of the discrete
objects. The subpopulation of discrete objects selected by the
method is substantially limited to discrete objects that have a
characteristic electroporation threshold that is greater than a
predetermined electroporation threshold. The selected sus-
pension of discrete objects is produced from the sample by
first subjecting the sample to an electric field that has a mag-
nitude that is sufficient to cause irreversible dielectric break-
down of the dielectric membrane of a substantial fraction of
the discrete objects in the sample that have a characteristic
electroporation threshold less than the predetermined elec-
troporation threshold. The electric field, however, does not
cause irreversible dielectric breakdown of the dielectric
membrane of a substantial fraction of cells that have a char-
acteristic electroporation threshold greater than the predeter-
mined electroporation threshold.

In yet another aspect, the invention provides a method for
porating cells. The method includes supplying a suspension
of cells in a treatment volume, where the treatment volume
includes at least two electrodes that are in fluid contact with
the suspension. The method further involves applying a time
varying bi-polar electrical potential across the electrodes that
is sufficient to create an electric field that is sufficient to porate
at least one cell in the suspension. The bi-polar electrical
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potential is varied so that the average current across the
sample over the entire treatment time is essentially zero.

In another aspect, the invention provides a method for
reversibly porating stem cells. The method involves supply-
ing in a treatment volume a suspension of cells including a
plurality of stem cells, which stem cells have a characteristic
size, a characteristic shape, a plasma membrane, and a
nuclear membrane. A pulsed electric field that has a pulse
duration and magnitude sufficient to porate the plasma mem-
brane of a cell having a characteristic size and shape essen-
tially identical to the stem cells, but having an effective mem-
brane thickness substantially exceeding the average
membrane thickness of the plasma membrane of the stem
cells is then applied to the suspension.

In another aspect, the invention involves a system for cre-
ating from a biological sample having a given cell population,
a suspension containing a selected viable subpopulation of
the given cell population. The selected cell population is
substantially limited to cells that have a characteristic elec-
troporation threshold greater than a predetermined electropo-
ration threshold. The system functions by inactivating a sub-
stantial fraction of the cells in the sample not included in the
selected subpopulation. The system includes a generating
mechanism that generates an electric field of a magnitude and
duration sufficient to irreversibly porate a substantial fraction
of'the cells not included in the selected subpopulation, while
not irreversibly porating a substantial fraction of the cells
included in the selected subpopulation. The system further
includes a treatment cell that is electrically connected to the
generating mechanism and is adapted to contain a cell sus-
pension.

In yet another aspect, the invention provides a system for
selectively inactivating biological cells based on a difference
in a characteristic electric poration threshold. The system
includes a generating mechanism that generates an electric
signal constructed and arranged to create desired electric field
parameters. The system also includes a treatment cell that is
electrically connected to the generating mechanism, includes
at least one electrode, and includes a treatment volume
adapted to contain a cell suspension. The electrode is in fluid
contact with the cell suspension during operation of the sys-
tem and is constructed of a porous, biocompatible material,
whichis sealed in order to reduce the release of gases from the
electrode during operation of the system.

In another aspect, the invention involves a cell suspension
comprising a plurality of biological cells suspended in a liq-
uid. The suspension includes one population of cells, which
have a maximum of characteristic size not more than a pre-
determined value, that are substantially viable, and another
population of cells, having a maximum characteristic size
greater than the predetermined value, that are substantially
non-viable. The cell suspension is obtained from a precursor
suspension of substantially viable cells that contains as sub-
populations the two cell populations mentioned above. The
cell suspension is obtained by subjecting the precursor cell
suspension to an electric field having a magnitude and dura-
tion that is sufficient to irreversibly porate a substantial frac-
tion of the cells in the precursor suspension that have a maxi-
mum characteristic size above the predetermined value.

In yet another aspect, the invention involves a cell suspen-
sion comprising a plurality of biological cells suspended in a
liquid where each of the biological cells is enclosed by a
plasma membrane. The cell suspension includes a subpopu-
lation of biological cells that possess a maximum character-
istic size in excess of a predetermined value. Furthermore, the
cells in the subpopulation of cells having a maximum char-
acteristic size in excess of the predetermined value also have
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a maximum transmembrane electrical potential that exceeds
that required to cause irreversible dielectric breakdown of the
plasma membrane of the cells.

In another aspect, the invention provides a cell suspension
comprising a plurality of non-cultured biological cells,
including a plurality of viable stem cells that have a given
characteristic size, suspended in a liquid. The cell suspension
further includes a plurality of irreversibly porated cells,
essentially all of which irreversibly porated cells have a char-
acteristic size that is greater than the characteristic size of the
stem cells.

In another embodiment, the invention provides a cell sus-
pension including a plurality of viable, reversibly electropo-
rated stem cells.

In yet another aspect, the invention involves a suspension
comprising viable, human pluripotent lympho-hematopoietic
stem cells, which are capable of differentiating into members
of the lymphoid, erythroid, and myeloid lineages. The sus-
pension is essentially free of mature and lineage committed
cells and is derived from a precursor cell suspension compris-
ing substantially viable cells. The suspension is derived from
the precursor suspension by subjecting the precursor suspen-
sion to an electric field of sufficient duration and magnitude to
inactivate a substantial fraction of the mature and lineage
committed cells in the precursor suspension.

Other advantages, novel features, and objects of the inven-
tion will be become apparent from the following detailed
description of the invention when considered in conjunction
with the accompanied drawings, which are schematic and
which are not intended to be drawn to scale. In the figures,
each identical or nearly identical component is illustrated in
various figures is represented by a single numeral. For pur-
poses of clarity, not every component is labeled in every
figure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a is a schematic illustration showing a cross-section
ofacell suspended in an electric field between two electrodes;

FIG. 15 is a schematic illustration of a portion of the cell
membrane from the cell in FIG. 1 for an applied electric field
strength of zero;

FIG. 1c is a schematic illustration of a portion of the cell
membrane from the cell in FIG. 1 for an applied electric field
strength less than the critical applied electric field strength;

FIG. 1d is a schematic illustration of a portion of the cell
membrane from the cell in FIG. 1 for an applied electric field
strength approximately equal to the critical applied electric
field strength;

FIG. 1e is a schematic illustration of a portion of the cell
membrane from the cell in FIG. 1 for an applied electric field
strength exceeding the critical applied electric field strength;

FIG. 2a is a schematic illustration showing a cross-section
of'a typical stem cell;

FIG. 25 is an electrical circuit diagram illustrating how a
cell charges in response to an applied electric field;

FIG. 3 is a flow chart outlining the steps of certain embodi-
ments of the inventive method;

FIG. 4 is a schematic illustration of a batch treatment
system according to one embodiment of the invention;

FIG. 5 is a schematic illustration showing a cross-sectional
view of an electrode enclosure assembly according to one
embodiment of the invention;

FIG. 6 is a schematic illustration showing a perspective
view of a disassembled test cell according to one embodiment
of the invention;
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FIG. 7 is a schematic illustration of a continuous flow
treatment system according to one embodiment of the inven-
tion;

FIG. 8 is a schematic block diagram showing the compo-
nents of a pulse driver system according to one embodiment
of the invention;

FIG. 9 is a graph showing a bipolar electric field pulse
according to one embodiment of the invention;

FIG. 10 is a graph showing a unipolar electric field pulse
according to one embodiment of the invention;

FIG. 11 is a graph showing surviving cells as a function of
PEF electric field exposure time and magnitude for cells
treated according to one embodiment of the invention;

FIG.12a is a viability scatter plot derived from flow cytom-
etry data for a control cell specimen;

FIG.12b is aviability scatter plot derived from flow cytom-
etry data for a PEF-treated cell specimen for cells treated
according to one embodiment of the invention;

FIG.12c¢is a viability scatter plot derived from flow cytom-
etry data for a PEF-treated cell specimen for cells treated
according to one embodiment of the invention;

FIG. 12d is aviability scatter plot derived from flow cytom-
etry data for a PEF-treated cell specimen for cells treated
according to one embodiment of the invention;

FIG. 13a s a scatter plot of data obtained with flow cytom-
etry for a control cell suspension;

FIG. 1354 is a scatter plot of data obtained with flow cytom-
etry for a PEF-treated cell suspension for cells treated accord-
ing to one embodiment of the invention;

FIG. 13c¢ is a scatter plot of data obtained with flow cytom-
etry for a PEF-treated cell suspension for cells treated accord-
ing to one embodiment of the invention;

FIG. 13dis a scatter plot of data obtained with flow cytom-
etry for a PEF-treated cell suspension for cells treated accord-
ing to one embodiment of the invention;

FIG. 14 is a graph showing surviving cells as a function of
PEF electric field exposure time and magnitude for cells
treated according to one embodiment of the invention;

FIG. 15a is a forward scatter histogram derived from flow
cytometry data for monocytes in a control cell suspension;

FIG. 1556 is a forward scatter histogram derived from flow
cytometry data for monocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 15c¢ is a forward scatter histogram derived from flow
cytometry data for monocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 15d is a forward scatter histogram derived from flow
cytometry data for monocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 15¢ is a forward scatter histogram derived from flow
cytometry data for monocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 15f'is a forward scatter histogram derived from flow
cytometry data for lymphocytes in a control cell suspension;

FIG. 15g is a forward scatter histogram derived from flow
cytometry data for lymphocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 15/ is a forward scatter histogram derived from flow
cytometry data for lymphocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;
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FIG. 15i is a forward scatter histogram derived from flow
cytometry data for lymphocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 15/ is a forward scatter histogram derived from flow
cytometry data for lymphocytes in a PEF-treated cell suspen-
sion for cells treated according to one embodiment of the
invention;

FIG. 16 is a graph showing lymphocyte enrichment as a
function of electric field exposure time and magnitude for
cells treated according to one embodiment of the invention;

FIG. 17 is a bar chart showing surviving fraction of cells
and stem cell enrichment as a function of electric field
strength for cells treated according to one embodiment of the
invention;

FIG. 18a is a light scatter plot derived from flow cytometry
data for input CMK cells to be treated according to one
embodiment of the invention;

FIG. 1856 is a viability stain histogram derived from flow
cytometry data for input CMK cells to be treated according to
one embodiment of the invention;

FIG. 18¢ is a light scatter plot derived from flow cytometry
data for input PBMC cells to be treated according to one
embodiment of the invention;

FIG. 18d is a viability stain histogram derived from flow
cytometry data for input PBMC cells to be treated according
to one embodiment of the invention;

FIG. 18e is a light scatter plot derived from flow cytometry
data for an input CMK/PBMC cell mixture to be treated
according to one embodiment of the invention;

FIG. 18f'is a viability stain histogram derived from flow
cytometry data for an input CMK/PBMC cell mixture to be
treated according to one embodiment of the invention;

FIG. 19a is a light scatter plot derived from flow cytometry
data for a control cell specimen containing a CMK/PBMC
cell mixture;

FIG. 195 is a bivariate plot derived from flow cytometry
data for a control cell specimen containing a CMK/PBMC
cell mixture;

FIG. 19c¢ is a viability histogram derived from flow cytom-
etry data for a control cell specimen containing a CMK/
PBMC cell mixture;

FIG. 194 is a light scatter plot derived from flow cytometry
data for a PEF-treated cell specimen containing a CMK/
PBMC cell mixture for cells treated according to one embodi-
ment of the invention;

FIG. 19¢ is a bivariate plot derived from flow cytometry
data for a PEF-treated cell specimen containing a CMK/
PBMC cell mixture for cells treated according to one embodi-
ment of the invention;

FIG. 19f17is a viability histogram derived from flow cytom-
etry data for a PEF-treated cell specimen containing a CMK/
PBMC cell mixture for cells treated according to one embodi-
ment of the invention;

FIG. 20a is a light scatter plot derived from flow cytometry
data for a control cell specimen containing a CMK/PBMC
cell mixture;

FIG. 205 is a bivariate plot derived from flow cytometry
data for a control cell specimen containing a CMK/PBMC
cell mixture;

FIG. 20c¢ is a viability histogram derived from flow cytom-
etry data for a control cell specimen containing a CMK/
PBMC cell mixture;

FIG. 204 is a light scatter plot derived from flow cytometry
data for a PEF-treated cell specimen containing a CMK/
PBMC cell mixture for cells treated according to one embodi-
ment of the invention;
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FIG. 20e is a bivariate plot derived from flow cytometry
data for a PEF-treated cell specimen containing a CMK/
PBMC cell mixture for cells treated according to one embodi-
ment of the invention;

FIG. 20f7s a viability histogram derived from flow cytom-
etry data for a PEF-treated cell specimen containing a CMK/
PBMC cell mixture for cells treated according to one embodi-
ment of the invention;

FIG. 21 is a graph showing surviving cells as a function of
PEF electric field magnitude for three types of cells for cells
treated according to one embodiment of the invention;

FIG. 22 is a graph showing surviving cells as a function of
PEF electric field magnitude and pulse duration for cells
treated according to one embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides novel methods and systems
for selectively inactivating biological cells, or any discrete
objects having an inner conducting core surrounded by a
dielectric layer, for example a lipid bilayer membrane. Spe-
cifically the invention provides methods and apparatus for
selectively inactivating such cells or discrete objects by sub-
jecting a suspension containing such cells or discrete objects
to an applied electric field of sufficient duration and magni-
tude to cause dielectric breakdown or electroporation of the
dielectric layer. The methods provided by the present inven-
tion can be used advantageously to selectively inactivate sub-
populations of cells or discrete objects from a precursor popu-
lation that contains a mixture of different cells or discrete
objects, or mixtures of cells and non-cell discrete objects, on
the basis of a characteristic electroporation threshold, thus
providing a means for selectively purging or isolating cells or
discrete objects from larger populations. One embodiment of
the inventive method involves subjecting a sample having a
given population of cells or discrete objects to electric field
conditions sufficient to porate a substantial fraction of cells or
discrete objects that have a characteristic electroporation
threshold below a selected predetermined value, while not
simultaneously porating a substantial fraction of the cells or
discrete objects having a characteristic electroporation above
the predetermined value, and subsequently, or simulta-
neously inactivating the porated cells or discrete objects.

The term “biological cell” or “cell” as used herein has its
commonly understood meaning and includes viable, poten-
tially viable, or previously viable cells derived from a bio-
logical sample. Such cells include prokaryotic cells such as
bacteria, and algae, and eukaryotic cells, such as yeasts, fun-
gus, plant cells, and animal cells. Such cells typically have an
inner, electrically conducting core comprised of cytoplasm,
surrounded and enclosed by at least one dielectric membrane,
for example the cytoplasmic or, equivalently, plasma mem-
brane. Eukaryotic cells, in addition, typically also possess a
dielectric nuclear membrane surrounding a conductive
nucleus within the interior of the cell.

The term “discrete objects having an inner conducting core
surrounded by a dielectric layer” or simply “discrete object”
as used herein refers to any object comprising a substance
exhibiting a relatively low electrical resistivity surrounded
and enclosed by a dielectric layer or dielectric membrane
having a much higher electrical resistivity. Such discrete
objects include biological cells as previously described, but
also include objects such as certain viruses, sub-cellular
organelles, liposomes, micelles, and others. Throughout the
remainder of this detailed description, many of the methods
and apparatus of the invention are described in relation to
biological samples comprising biological cells. It should be
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understood that the invention is not so limited and that the
invention may similarly be applied to discrete objects, as
defined herein, other than cells. Also, whenever the tern “dis-
crete object” is used herein, it should be understood that the
term includes, as a subset, biological cells. The term “dielec-
tric layer,” or “dielectric membrane,” or “membrane” as used
herein refers to a continuous layer or coating having a finite
thickness and having an electrical resistivity (€-cm) exceed-
ing that of a conducting core which the membrane encloses.
Typically, the electrical resistivity of the dielectric layer will
exceed that of the inner conducting core by at least a factor of
10, and more typically, for example as is the case with most
biological cells, by at least a factor of 10%-10°. In the context
of biological cells, the dielectric layer is defined by at least
one lipid bilayer membrane, together with any associated
structures or substances associated therewith which affect the
effective membrane thickness or resistivity of the dielectric
layer. “Effective,” as used herein in the context of membrane
thickness or resistivity, refers to a thickness or resistivity of an
equivalent membrane not possessing any associated struc-
tures or substances affecting its dielectric properties associ-
ated therewith that possesses the same dielectric properties as
the actual membrane having such associated structures or
substances.

The term “inactivating” as used herein refers to destruction
of at least one property of a discrete object. In the context of
biological cells, inactivating is equivalent to rendering unvi-
able, or killing the cell. As applied to non-cell discrete
objects, inactivate can refer to physical destruction of the
object, or simply a destruction of the permi-selective diffu-
sional barrier properties of the dielectric layer with respect to
at least one molecular, ionic, or atomic species. In certain
embodiments involving cells, inactivation may involve not
only rendering the cells non-viable, but also irreparably lys-
ing and physically disrupting and destroying the physical
structure of the cell.

The invention provides, in some embodiments, relatively
fast and effective methods for purifying certain desired cells
in a viable state from a suspension or eliminating certain
undesired cells from a cell population. As mentioned, the
methods involve exposing a suspension containing a popula-
tion of cells to an applied electric field, which field has a
magnitude and is applied for a duration selected to porate, and
in some embodiments inactivate, a substantial fraction of
certain subpopulations of cells based on their characteristic
electroporation threshold. The term “suspension of cells” as
used herein refers to a mixture of cells suspended in a carrier
liquid. The carrier liquid may be naturally part of the biologi-
cal sample from which the cells derive, for example blood is
a suspension of blood cells suspended in plasma, or, for cells
which are not normally present in a suspension, the carrier
liquid can be any suitable diluent or medium. Preferred car-
rier fluids are non-toxic and physiologically compatible with
the cells they suspend, at least for a time period equal to that
of the electric field application procedure. Preferred carrier
fluids are also electrically conductive. The electrical conduc-
tivity can be any value greater than zero, but preferably will
range from about 10%-200% that of the conductive core of
the cell. In certain embodiments, the conductivity or resistiv-
ity of the carrier fluid will be essentially equal to that of the
conductive core of the cell. In other embodiments, in order to
reduce the power consumption of the electric field generating
apparatus and/or reduce the degree of heating of the cell
suspension, as will discussed in greater detail herein, itcan be
preferable to utilize a carrier fluid having a resistivity that is
greater than that of the conductive core of the cell. In order to
provide a more uniform electrical field throughout a cell
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suspension being treated according to the invention, the cell
suspension should be essentially free of gas bubbles. The cells
in the suspension should also be individually suspended and
as free from clumping and aggregation as possible during
application of the electric field in order to provide the maxi-
mum resolution and selectivity attainable for a given set of
electric field exposure conditions. The concentration of cells
in a cell suspension, as will be discussed in more detail, can
also affect the selection and performance of the applied elec-
tric field. Typically, for mammalian cells, the range of total
cell concentrations in treated samples can range from about
102-10%° cells/ml, with preferred suspensions having from
about 10*-10® cells/ml.

The term “substantial fraction” or “substantially depleted”
as used herein, in the context of discrete objects having a
characteristic electroporation threshold less than a predeter-
mined value, refers to at least 25% of such cells being porated
by the applied electric field and inactivated, preferably at least
50%, more preferably at least 90%, in some embodiments
preferably at least 99%, in some embodiments preferably at
least 99.99999%, and in some embodiments preferably
essentially all of the discrete objects. The term “electropora-
tion threshold” or “critical electroporation threshold” as used
herein refers to the susceptibility of a particular cell or sub-
population to membrane poration by an applied electric field.
As will be discussed in greater detail herein, the characteristic
electroporation threshold of a cell or subpopulation of cells is
a function of the physical and chemical properties of the cell
that influence its interaction with an applied electric field.
Differences between one or more of these properties between
different cells or subpopulations may be advantageously
exploited to provide a basis for selective isolation and inac-
tivation according to the invention. Such properties include
characteristic cell size, effective dielectric membrane thick-
ness, cell shape, cell and/or membrane morphology, cell
membrane capacitance, cytoplasmic electrical resistivity, etc.
The term “predetermined electroporation threshold” as used
herein refers to a chosen value of electroporation threshold
below which a significant fraction of cells having such elec-
troporation thresholds will be porated by the applied electric
field, and above which a significant fraction of cells having
such electroporation thresholds will not be porated. The pre-
determined electroporation threshold, as will be discussed in
greater detail herein, can be a function of the parameters of the
applied electric field (e.g. field strength, field duration, etc.)
and the electrical properties of the cell suspension (e.g. fluid
carrier resistivity, total suspension capacitance, etc). An
important feature of the invention is the selection of such
electric field parameters and suspension properties in order to
provide conditions that selectively inactivate a significant
fraction of one or more subpopulations of cells in a sample
based on one or more differences in their properties that affect
their characteristic electroporation threshold.

The methods and apparatus provided by the present inven-
tion can be applied to a wide variety of discrete object sepa-
ration applications, and to a wide variety of biological and
non biological samples. One important embodiment of the
invention provides a method of isolating or inactivating dis-
crete objects based on a characteristic size. “Characteristic
size” or “size” as used herein with respect to dimensions of
cells or discrete objects, refers a linear dimension of a cell or
discrete object as measured in the direction of an applied
electric field to which the cells or objects are subjected and
from an external surface of the outermost dielectric mem-
brane on one side of the geometric center of the cell or object,
through the geometric center of the cell or object, to an
external surface of the outermost dielectric membrane on the
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other side of the geometric center of the cell or object. For
example, for a spherical cell or object, the characteristic size
would be the external diameter of the cell or object. Specifi-
cally, the method involves porating and inactivating a sub-
stantial fraction of discrete objects above a certain predeter-
mined threshold size, which is a function of the electric field
and suspension properties as discussed, while leaving in an
uninactivated state a significant fraction of discrete objects
below the threshold size. The method can be used, for
example, to inactivate cells present in viral preparations used
in treatment, diagnosis, or research of viral diseases such as
AIDS. It is often desirable to obtain suspensions of pure virus
that are essentially uncontaminated with viable cells infected
with such virus. Because virus-carrying cells will typically be
substantially larger than viruses, the inventive method can be
use to selectively inactivate the cells without causing undue
damage to the virus. Another application involves isolation of
certain sub-cellular organelles from cells. In this case, the
cells can initially be porated using the inventive method in
order to liberate the intracellular contents of the cells into the
suspension. Subsequently, an electric field having different
parameters can be applied to the suspension to selectively
isolate one or more subpopulations of organelles on the basis
of a difference in a characteristic electroporation threshold,
for example due to a difference in characteristic size. An
example of the inventive method as applied to a non-biologi-
cal sample is the selective disruption of liposomes on the
basis of size. Liposomes are commonly used as vehicles for
drug delivery or for transfection of genetic material into cells.
The performance of the liposome for its intended task and
also potentially its pharmacokinetics within the body can be a
function of the size of the liposome. Thus, the current inven-
tion can provide a relatively fast and easy means for perform-
ing a size selection of manufactured liposomes.

Two important applications where the present invention
has particular utility involve the purging of cancer cells from
cell suspensions and the isolation and enrichment of stem
cells or germ cells from cell suspensions. A “germ cell” as
used herein, refers to haploid cells, or gametes, such as sperm
or egg cells. These applications are important components in
many clinical treatment therapies involving, for example,
cancer treatment, organ transplant, and gene therapy. The
present method exploits a difference in a critical electropora-
tion threshold between the above mentioned cell types and the
other cell types present in the cell suspension to effect a
selection of desired cells and/or a purging of undesired cells.
In particular, in particular embodiments, differences in char-
acteristic cell size (e.g. average cell diameter) provide, at least
in part, for the above mentioned difference in critical elec-
troporation threshold. Cancer cells, for example, are often
significantly larger than the desired population of cells, for
example stem cells, in a sample and will generally have an
electroporation threshold below that of the desired cells.
Thus, by subjecting the suspension to a selected electric field
having predetermined characteristics, a substantial fraction
of'the cancer cells can be inactivated without inactivating the
desirable cells. Preferably, when a suspension initially con-
taining such cancer cells is subjected to the inventive cell
selection method, the concentration of viable cancer cells
remaining is decreased by at least a factor of 10 (1 log reduc-
tion) and most preferably by at least a factor of 100,000 (5 log
reduction). Similarly, because for many biological samples
stem cells are the smallest cells present, the inventive method
can be used to enrich such a sample in viable stem cells by
selectively inactivating non-stem cells in the sample. Prefer-
ably, the concentration of viable stem cells, with respect to the
total number of viable cells present in the sample, is increased
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in the sample through application of the inventive method by
at least a factor of two, more preferably by at least a factor of
five, and in certain preferred embodiments, by a factor of 10°
or more, while, correspondingly, the concentration of viable
non-stem cells in the sample is substantially depleted. One
feature of the inventive method when applied to the purifica-
tion and enrichment of stem cells, is that unlike typical anti-
body-based stem cell isolation methods, isolation of stem
cells using applied electric fields does not rely on the presence
of surface markers on the stem cells (e.g. CD34). The most
primitive stem cells may not possess the cell surface markers
targeted by typical antibody-based methods and thus, such
cells will not be recovered by those methods. Conversely,
stem cells isolated by the present methods are selected on the
basis of their critical electroporation threshold. Therefore, the
stem cell suspensions provided according to the inventive
methods, will include stem cells that do not possess the sur-
face markers typically used by antibody-based methods to
select stem cells if such stem cells were initially present in the
sample before application of the inventive methods. Specifi-
cally, one embodiment of the present invention can provide a
suspension enriched in stem cells, which is essentially free of
mature and lineage committed cells, and which includes as a
subpopulation, stem cells not expressing CD34 on their sur-
face.

The stem cell and/or cancer cell containing suspensions
can be derived from a variety of sources including, but not
limited to, bone marrow, mobilized or unmobilized periph-
eral blood, umbilical cord blood, fetal liver tissue, other organ
tissue, skin, nerve tissue, etc. A variety of stem cells may
advantageously be isolated and enriched according to the
invention including, but not limited to, hematopoietic stem
cells, embryonic stem cells, mesenchymal stem cells, epithe-
lial stem cells, gut stem cells, skin stem cells, neural stem
cells, liver progenitor cells, and endocrine progenitor cells.
One embodiment of the invention involves the isolation of
lympho-hematopoietic stem cells, which are capable of dif-
ferentiating into members of the lymphoid, erythroid, and
myeloid lineages, from cell suspensions including mature
and lineage committed cells to provide a suspension of lym-
pho-hematopoietic stem cells that is essentially free of mature
and lineage committed cells. The enriched stem cell suspen-
sions according to the present method will also be advanta-
geously enriched in pluripotent stem cells, which have the
ability to differentiate into the full complement of mature
cells derived from a particular type of stem cell. Also, in some
embodiments, the enriched stem cell suspensions produced
according to the invention will contain, in addition to pluri-
potent stem cells, stem cells which are committed colony
forming cells. For example, for samples including hemato-
poietic stem cells, the enriched suspensions can advanta-
geously include viable colony forming cells for granulocytes
and macrophages (CFC-GM), colony forming cells for eryth-
rocytes (BFU-E), colony forming cells for eosinophils (CFC-
Eo), multipotent colony forming cells (CFC-GEMM), and
immature lymphoid precursor cells.

Thus, it is apparent that the present invention provides a
novel method for cancer purging and stem cell isolation use-
ful for a variety of medical therapies, an important one of
which is stem cell transplantation for hematopoietic recon-
stitution after myleoablative therapies. A particularly attrac-
tive application for the teachings of this invention is the
isolation of hematopoietic stem cells from bone marrow,
mobilized peripheral blood, umbilical cord blood or fetal
liver tissue, which is a crucial first step in an overall protocol
for delivering genetically manipulated, stem-cell-based,
pathogen countermeasures that have the potential to provide
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pre-exposure prophylaxes or post-exposure therapies, and
immune system reconstitution. Isolation of stem cells to high
purity prior to their genetic manipulation is essential for
eliminating the interference and complications that occur
should other leukocytes be present/viable during gene trans-
fection and expansion. Cryostorage of large numbers of stem
cell specimens will be required for large scale implementa-
tion of such stem cell-based-countermeasures. Efficient,
practical cryostorage of large numbers of specimens demands
small specimen volumes. Since the relative concentrations of
stem cells in bone marrow mononuclear cell (BMMC) and
mobilized peripheral blood mononuclear cells (MPBMC)
specimens are approximately 1:10°, stem cell isolation and
enrichment will be important for achieving small specimen
volumes advantageous for efficient cryostorage. To eliminate
interference from non-stem cells during expansion and gene
transfection, and to reduce volume requirements for cryos-
torage, isolation strategies should be capable of enriching
stem cell concentrations by up to 10° for BMMC and
MPBMC specimens.

Many presently available methods typically in use for stem
cell isolation or cancer cell purging depend on antibody bind-
ing to cell surface structures or toxin-based cell inactivation
strategies. These strategies can be sub-optimal for stem cell-
enrichment because they provide in some cases relatively low
degrees of enrichment and can add detrimental substances to
the suspension, such as exogenous antibodies or toxins, that
damage or can activate the isolated stem cells or be detrimen-
tal to a patient upon reinfusion of such cells. Other currently
available stem cell isolation strategies involve a culture-based
protocol requiring a long processing time, for example up to
one week. In addition, many currently available cell isolation
methods do not easily scale, and, therefore, are not optimal
for handling the large throughput required for a widespread
implementation of many stem-cell-based therapies. Thus, in
the prior art, there exists a need for stem cell isolation strat-
egies for effective implementation of the stem-cell-based
countermeasures, which the present invention, in some
embodiments, potentially can fill.

The methods and apparatus provided according to the
present invention can provide significant improvements and
advantages over many prior art methods for performing cell
separations and isolations. The present method is based on
intrinsic differences between cell types, for example charac-
teristic size and/or characteristics that effect the membrane
breakdown voltage, such as the dielectric strength of the
membrane or the effective membrane thickness, and does not
require, in many embodiments, the addition or use of exog-
enous agents, such as antibodies or toxins, which can
adversely affect the viability or state of activation of the
isolated cell fraction. “Dielectric membrane breakdown volt-
age” or “membrane breakdown voltage” refers the voltage
across the dielectric membrane layer of a cell or discrete
object at the onset of poration of the membrane. In addition,
the present method is substantially faster than many prior art
cell separation techniques. Cell inactivation and isolation
using the inventive method can be performed in times ranging
from milliseconds to minutes. Finally, with appropriate selec-
tion of operating parameters, as discussed herein, and routine
optimization of the selected parameters and method, the
inventive method can potentially provide high degrees of
enrichment or purging of selected cell subpopulations.

As discussed in more detail later herein, cell selection with
electric fields according to the invention can be used as a stand
alone method or may be combined with one or more other cell
separation methods, such other methods being a pre-treat-
ment or post-treatment step. Also the method according to the
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invention can be applied to a cell suspension so that the
applied electric field both porates and inactivates one or more
subpopulations of cells in a single step, or, alternatively, the
applied field may porate some or all of the cells to be inacti-
vated without inactivating all of such cells, with the inactiva-
tion step performed in a subsequent step. In the former case,
the applied electric field is sufficient, under the conditions of
its application, to cause irreversible breakdown or irreversible
poration of the dielectric membrane of the cell. “Irreversible
breakdown” or “irreversible poration” refers to poration that
is sufficient to cause death, inactivation, and/or physical dis-
ruption of a discrete object without a need for a secondary
inactivating step. Inactivation and cell death due to poration
are believed to be caused by a loss of the permi-selective
nature of the membrane leading to cell death and/or mem-
brane disruption, or a direct physical disruption of the mem-
brane caused by extensive poration. In the case of'aloss of the
permi-selective nature of the membrane, the inactivation or
cell death is ultimately caused by diffusion of previously
excluded molecular species, especially small ionic species
such as Na*, K*, and Ca*™*, across the membrane followed by
an uptake of water across the membrane into the cell in an
attempt to achieve osmotic equilibrium with the suspending
fluid medium, which can lead to colloidal osmotic lysis and
irreparable (fatal) cell lysis, orto a lethal disruption of cellular
metabolism. For embodiments involving a method where the
applied field porates some or all of the cells to be inactivated
without inactivating all of such cells, where the inactivation
step is performed in a subsequent step, the poration induced
by the applied field is typically less extensive and not irre-
versible, at least for a certain portion of the porated cells.
Given sufficient time, the reversibly porated cells in such
samples could seal their pores and retain long-term viability if
left in the same fluid carrier or suspending media in which
they were subjected to the electric field. The reversibly
porated cells may, however, be effectively inactivated by
resuspending them in a different post-poration media, adjust-
ing the temperature of the poration media, and/or adding a
supplemental agent to the poration media which accelerates
cell death, colloidal osmotic lysis, or prevents the resealing of
membrane pores. More specific techniques and conditions
are discussed below.

The electric field is preferably applied to the cell suspen-
sion within a spatially defined treatment cell. The treatment
cell can be designed as a static non-flow volumetric container
in which the cell suspension to be treated is placed, or more
preferably, the treatment cell will include an inlet and an
outlet constructed and arranged to enable a cell suspension to
continuously flow through the treatment volume. Systems
including flow-through treatment cells may be arranged so
that the cell suspension passes through the treatment cell only
once (one pass) or a plurality of times (recirculating). In
addition, either the flow or static systems may include mul-
tiple treatment cells. For flow systems, multiple treatment
cells can be arranged in a series or parallel configuration.

The treatment cell will include at least one electrode in
electrical communication with the cell suspension to be
treated. Preferably the treatment cell will include two elec-
trodes placed on either side of and in electrical communica-
tion with the cell suspension during operation to which an
electric potential is applied to produce an electric field within
the treatment volume. In preferred embodiments, the treat-
ment cell and electrodes are constructed and arranged to
impose an electric field that is substantially spatially uniform
within the treatment volume so that all cells in the suspension
are exposed to similar electric field conditions. In some
embodiments, the electric field applied to the cell suspension
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is created by an electric signal applied to the electrodes;
however, it is also contemplated that the electric field can be
induced in the sample cell via induction by a magnetic field.

In order to reduce the tendency for the electrical potential
applied to the electrodes to discharge by arcing, and in order
to reduce the degree of electrical heating that occurs in the cell
suspension, in certain preferred embodiments, the applied
electric field is pulsed for short durations, such durations,
except as otherwise described herein, being shorter than the
residence time of the treated cell suspension in the treatment
volume during the step of subjecting the suspension to the
applied electric field. Such electric fields are hereinafter
referred to as “pulsed electric fields” or PEFs. The shape of
the electric field pulse is preferably substantially rectangular
in shape, thus providing very short voltage rise and fall times
and a substantially constant magnitude over the entire pulse
length. Such rectangular pulse shapes yield the best perfor-
mance and poration threshold resolution obtainable with the
inventive method. While rectangular pulses are preferred, any
pulse shape known in the art may be employed in performing
the methods of the invention, especially when high resolution
is not required, as, for example, when inactivating a cell type
that is substantially larger than the desired cell type.

As described previously, the electric field parameters
required to effect a desired cell inactivation or isolation
depend upon the nature of the cells, the suspension and sus-
pending fluid, and the characteristics of the electric field
application apparatus. The exact parameters for any given
sample that will yield desired results must be found in prac-
tice via routine experimentation. What follows herein is a
theoretical development and description of the inventive
method, apparatus for performing the method, and important
parameters affecting the performance and selectivity of the
method to provide guidance to those of skill in the art in
selecting parameters to develop successful cell or discrete
object isolation and inactivation strategies.

The Fundamental Basis of Electric Field Cell Isolation

The mechanism by which electric fields, and particularly
pulsed electric fields (PEFs), isolate cells can be best under-
stood by examining the response of a single discrete object, as
exemplified by a biological cell, to an externally applied
electric field. A schematic illustration of such a system 50 is
shown in FIGS. 1a-e. The externally applied electric field 57
can be established by applying a constant voltage or voltage
pulse across a pair of electrodes 55 and 56 that are in electrical
communication with, and preferably in physical contact with,
a cellular suspension containing a plurality of cells, one of
which 51 is shown in FIG. 1a. Alternatively, the electric field
57 can be applied inductively by creating a time-varying
magnetic field throughout the cellular suspension. To pre-
serve the viability of the desired target cells, the carrying
fluids in which the biological cells are suspended are typically
buffered saline solutions having, in some embodiments, a
standard physiological osmolality (e.g. 275-300 mOs/kg-wa-
ter for most mammalian cells), and a pH in the physiological
range (e.g. about 7.0-7.6 for most mammalian cells). The
ionic strength of the solutions in certain embodiments is
essentially the same as the ionic strength of the intracellular
fluid 53 (e.g. about 0.15 M NaCl equivalent for most mam-
malian cells). As such, these are conducting solutions. Elec-
tric field effects on cells can be estimated from the potential
theory developed by Coulson (Coulson C A: Electricity,
Oliver and Boyd, London, Chapter 9, 1951) incorporated
herein by reference. This theory implies that induced trans-
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membrane potentials depend on cell size and shape. Formally,
the external electric field induces a potential across the cell
515 Vcells giVen by

1 Eq. 1
Ve = fIE where f :1/(1_ §d]

and where E is the field strength of the imposed electric field;
d is the cell diameter 54, 11s the projected length of the cell in
the electric field direction 57; and f'is a form factor, which is
equal to 1.5 for a spherical cell (where 1 is equal to d) and is
approximately unity for large aspect ratio cylindrically
shaped cells (where 1>>d). In the development to follow, the
cells of interest will be assumed to be spherical so that d will
be used for1in the following equations and f will be set equal
to 1.5. For a more detailed discussion on the effects of non-
spherical cell shape and angular orientation with the applied
electric field, the reader is referred to Kinosita and Tsong
(Kinosita K and Tsong T'Y, Voltage-induced pore formation
and hemolysis of human erythrocytes, Biochim et Biophys
Acta. 471:227-242, 1977).

Biological cells have an outer, semipermeable plasma
membrane 52 that allows the cell to control its internal envi-
ronment by its selective permeability. The proper function of
this membrane is crucial to the viability of the cell. If the
function of this membrane is altered or destroyed, cell death
often follows. Plasma membranes are typically lipid bilayers
which behave electrically as dielectrics, i.e., they behave as
electrical insulators. For eukaryotic cells, as shown in FIG.
1a, the cell nucleus 68 and accompanying nuclear membrane
69 reside within the outer membrane 52, with cytoplasm 53
filling the gap between the nuclear and outer membranes. For
prokaryotic cells, there is no nucleus or nuclear membrane, so
the cytoplasm, which supports the cell’s genetic information
(one or more DNA molecules in the form of nucleoids) fills
the entire intracellular volume. Cytoplasm, which refers col-
lectively to the substance filling the gap 53 between the outer
and nuclear membrane for eukaryotic cells, or the entire
intracellular volume for prokaryotic cells, is mainly com-
posed of cytosol, which is a semifluid concentrate having an
electrical resistivity thatis similar to that of aqueous solutions
having a standard physiological ionic strength. As such, the
cytosol is electrically conductive, which dictates that the
intracellular volume of both eukaryotic and prokaryotic cells
is electrically conductive. Thus, biological cells can be
viewed as a conducting intracellular region surrounded by a
dielectric (insulating) membrane 52. With this conceptual
view of biological cells, application of an external electric
field 57 causes charge separation to occur inside the biologi-
cal cell 51 resulting in a nearly constant intracellular potential
that has a value corresponding to the boundary average of the
potential established on the outer surface of the cell’s dielec-
tric membrane 52. If the poles of the cell 51, of which there are
two, are defined as the two points formed on the surface of the
cell 51 by the intersection of a ray parallel to the electric field
direction passing through the center of the cell, then applica-
tion of an external electric field causes one half of the pole-
to-pole potential drop outside of the biological cell 51 to
develop across the membrane 52 at each pole of the cell. That
is, the externally applied electric field 57 produces a maxi-
mum transmembrane potential, V., at each pole of the cell 51
that scales as

Vi =Voerd2 Eq. 2
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or equivalently

V,,=3dE/4 Eq.3
for a spherical cell.

Since, in response to an externally applied electric field 57,
the potential drop, V_;;, that develops over a cell’s diameter
54 or projected length is transferred approximately equally
across the two poles of the cell’s membrane 52, the maximum
electric field thereby imparted to a cell’s membrane 52 is

Ep=V et 2t Eq. 4
or, for spherical cells

E,=3Ed/At,, Eq.5
or equivalently

Ep =Vt Eq. 6

where E,, is the electric field imparted to the membrane 52 for
an externally applied electric field 57 of strength E; d is the
diameter 54 of the biological cell 51; and t,, is the thickness of
the membrane. Thus it is apparent from equation 5, that the
imposed electric field within the cell membrane is directly
proportional to cell size and applied electric field strength and
inversely proportional to the thickness of the cell membrane.
Since the size of many typical biological cells falls within a
range of 1<d<50 um and a typical thickness of cell membrane
52 lipid bilayer is approximately 5 nm, the electric field
strength imparted to the membrane 52 can be two to three
orders of magnitude greater than the strength of the externally
applied electric field 57. More specifically, for a typical lipid
bilayer membrane thickness of about 5 nm, a transmembrane
potential, V. of approximately one Volt will impart a 2
MV/cm electric field, E,,,, to the lipid bilayer membrane 52.
So fora 10 um diameter spherical cell, which, for example, is
about the mean size of peripheral blood cells, a 2 kV/cm
externally applied electric field E would generate the 2
MV/cm electric field, E,,, in the lipid bilayer membrane.
Since the dielectric strength of many polymers, in response to
electric fields, is in the range 0.1-0.5 MV/cm, it is reasonable
to expect that a 2 MV/cm electric field imparted to the mem-
brane 52 of a 10 um diameter cell by an externally applied 2
kV/cm electric field 57 would produce membrane pores by
dielectric breakdown. Thus, the electric field magnification
provided by the electrical behavior of biological cells can lead
to the dielectric breakdown of a cell’s membrane 52 when the
externally applied electric field has sufficient strength,
thereby forming irreversible pores in the membrane which
lead to cell death. From equations 1 and 5, it is apparent that
the susceptibility of a given cell to poration by an applied
electric field 57 is proportional to the magnitude of the
applied electric field, E, that is required to produce a given
electric field, E,,, in the lipid bilayer membrane (which is
directly related to membrane poration) and is related to the
size of the cells, the thickness of the dielectric membrane, the
dielectric strength of the membrane (V/m), the shape of the
cells and the orientation of non-spherical cells in the applied
electric field. Thus, a difference in one or more of these
properties between different cell types can lead to a difference
in their characteristic electroporation threshold and can
potentially be exploited to effect a selective cell isolation or
inactivation using an applied electric field, as described in
greater detail to follow. These relations are rigorously valid
when the cell is immersed in a conducting fluid, but such fluid
may not be required in some embodiments for the inventive
method to be functional.

For lipid bilayer membranes, which are typical of many
mammalian cells and bacterial cells, the onset of membrane
dielectric breakdown in response to an externally applied
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electric field has been relatively consistently observed in the
prior art when the transmembrane potential, V,, reaches a
particular critical value, namely V,=V,, ., where V,,_ is the
critical transmembrane potential for dielectric breakdown, or,
equivalently, the dielectric membrane breakdown voltage.
Table 1 summarizes data from cell poration experiments
assembled by Castro, et al. (Castro A J, et al: Microbial
Inactivation of Foods by Pulsed Electric Fields. Washington
State University, Department of Food Science and Human
Nutrition, Pullman, Wash., 99164-6376, 1993) (hereinafter
“Castro) showing the critical dimensions of various viable
cells and their critical membrane potentials for cell mem-
brane poration. The critical dielectric membrane breakdown
voltage V,,. for these cells were obtained by using Eq. 3
together with results from cell inactivation experiments
which measured the critical threshold applied electric field,
E

o

TABLE 1

Cell size and induced membrane potential for several microorganisms.

d 1 v v,

Microorganism (um)  (um)  (un’) f ™
E. coli (4 hr) 1.15 6.9 7.2 1.06 0.26
E. coli (30 hr) 0.88 2.2 1.4 1.15 1.05
K. pneumoniae 0.83 3.2 1.7 1.09 1.26
P, aeruginosa 0.73 3.9 1.6 1.07 1.26
S. aureus 1.08 n/a 0.6 1.50 1.00
L. monocytogenes 1 0.76 1.7 0.8 1.17 0.99
C. albicans 4.18 n/a 38.0 1.50 2.63

In the table, v, is the volume of the cells. With the important
exception of young cells (e.g., E. coli, 4 hr culture, in the
logarithmic growth phase), the critical membrane potentials
V... of cells in their stationary phase is approximately 1 Volt.
A variety of parameters can effect dielectric membrane
breakdown voltage, V... Such parameters include, but are not
limited to, the membrane thickness, the dielectric strength of
the membrane, the dimensional and chemical uniformity of
the membrane, etc. Since, for a given dielectric material, the
threshold transmembrane electric field strength, E,,_, for
dielectric breakdown is often similar, and since most of the
cells in Table 1 have similar dielectric membranes (lipid
bilayers together with any associated protein and/or carbohy-
drate components), Eq. 6 would suggest that the electrical
properties, specifically the membrane thickness, of the mem-
branes having similar V,,. are similar. In addition to rapidly
growing cells, another important exception to the general rule
of 1 Volt being a critical transmembrane potential for cell
poration and inactivation are spores in their quiescent state
which have been shown to be much more insensitive to elec-
tric fields and appear to be sensitive only during germination
and outgrowth when the cortex disappears and the spore coat
layers dissolve as the cell swells (Hiilsheger H., Potel J., and
Niemann E-G. Electric Field Effects on Bacteria and Yeast
Cells, Radiat. Environ. Biophys. 22:149-162, 1983. (herein-
after “Hulsheger 1983); and Grahl T., Sitzman W., Markl H.
Killing of Microorganisms in Fluid Media by High-Voltage
Pulses. Presented at 10th Dechema Annual Meeting of Bio-
technologists. Karlsruhe, Germany, Jun. 1-3, 1992.). This
behavior may be due to the quiescent spores having a much
thicker effective dielectric membrane thickness due to the
presence of the coat layers. Thus for a given critical trans-
membrane electric field strength, E,, ., which is a function of,
for example the resistivity and material properties of the
dielectric layer, a larger effective membrane thickness would,
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according to Eq. 6, yield a larger V., and would thus require
a larger critical applied electric field, E_, for cell inactivation
(see Eq. 3).

As shown in FIGS. 1b-¢, when V,, achieves the critical
value V,, ., membrane dielectric breakdown results in the
formation of pores in the cell membrane 52, some of which
may reseal upon removal of the externally imposed electric
field. FIG. 15 illustrates the condition of a section of cell
membrane 52 from near one pole of the cell with no external
applied electric field (E=0). When an external field is applied
that is below the critical field strength required for poration
(E<E, FIG. 1c¢) there is a separation of charge across the
membrane 52 and a resulting transmembrane potential V,, but
no pore formation. This situation for the condition E=E , is
shown in FIG. 1d, where E is the strength of the externally
applied electric field and, from Eq. 3:

E~4V,,./3d Eq.7
which is the critical electric field strength for spherical cells
that defines the onset of membrane pore 58 formation for a
specific cell size and critical transmembrane potential. When
V, is less than V,, . (i.e., when E<E_ in FIG. 1¢), pore forma-
tion, or at least irreversible pore formation, does not occur. As
V,, is increased beyond V. (i.e., when E>>E_ in FIG. 1e),
membrane pores 59 become more numerous, larger, and irre-
versible. Thus, application of sufficiently strong electric
fields, or PEF's to cellular suspensions can result in the inac-
tivation of cells by the formation of irreversible pores which
can destroy the function of the semipermeable cell membrane
52. As noted earlier, the proper function of a cell’s semiper-
meable membrane is required to control a cell’s intracellular
environment and, therefore, to maintain its viability. The criti-
cal applied electric field, E_, necessary to form irreversible
pores is thus, as is apparent from Eq. 6, directly proportional
to the critical transmembrane potential V., and thus mem-
brane thickness, and inversely proportional to cell diameter d
for spherical cells.

PEF Parameters for Cell Purging and Cell Isolation

As noted above, the lethal effect of pulsed electric fields on
biological cells is caused by irreversible electroporation of
their semipermeable membranes or reversible poration fol-
lowed by a subsequent treatment to prevent membrane repair
or accelerate colloidal osmotic lysis and thereby cause cell
inactivation. An electric field applied across the cell electri-
cally polarizes the cell membrane causing charge separation
and build up of a transmembrane potential. The critical trans-
membrane potential required for membrane poration will be
a function of the nature and thickness of the membrane, as
previously mentioned, and must be determined experimen-
tally for any given system; however, as previously discussed
and illustrated by the data in Table 1, for a wide variety of
biological cells the critical transmembrane potential associ-
ated with an externally applied field is approximately V,, =1
Volt. The pores resulting in the membrane structure of the cell
due to exposure to field strengths above the critical value can,
in certain cases, irreversibly increase cell membrane perme-
ability leading to cell death. The dielectric membrane break-
down concept of cell inactivation is illustrated in FIGS. 15-e.

Electric field strength, total exposure time, and pulse dura-
tion, for PEFs, can be selected to preferentially inactivate
biological cells in a suspension which are more susceptible to
electric fields due, for example, to their having one or more or
a combination of the following properties with respect to
other cells in the suspension: a larger average size; a thinner
effective dielectric membrane thickness; a more spherical
shape, etc. Of particular importance for many biological
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samples, especially those having cells with similar shapes,
such as roughly spherical, and similar dielectric membrane
thickness, is selective inactivation of cells based on a differ-
ence in characteristic size. Typically, the threshold electric
field required for cell inactivation is inversely proportional to
the characteristic size of the cell, i.e., from Eq. 7, E_(d)=4
V,./3d, where V, ~1 Volt is the critical transmembrane
potential for the onset of irreversible pore formation for a
wide variety of cell types and d is the diameter or character-
istic size of the cell. If the undesirable cells are larger in
diameter than the desirable cells, then the pulsed electric field
method can be used to selectively inactivate the larger cells.
By operating at electric field strengths just below the charac-
teristic electroporation threshold for inactivation of the desir-
able cells, yet above the characteristic electroporation thresh-
old for the undesirable cells, a substantial fraction of the
undesirable cells can be preferentially inactivated while leav-
ing a substantial fraction of the desirable cells (primitive stem
cells for example) essentially unaltered and still viable. To
further illustrate the utility of the concept, a specific example
related to cell isolation from hematopoietic cell suspensions
will be illustrated. Table 2 lists the types of blood cells that
typically will be present in bone marrow specimens during
tumor cell purging and stem cell isolation processing. The cell
diameters, relative abundance, and projected threshold elec-
tric field strengths (E_ as calculated from Eq. 7 assuming
V,..~1 volt) for the onset of membrane damage are also
provided in the table. Similar cell sizes as those listed would
be expected for hematopoietic cells derived from mobilized
peripheral blood, umbilical cord blood and fetal liver tissue,
although the relative abundance of each may differ. Table 2
clearly shows that the electric field damage threshold for stem
cells can be significantly greater than for the other leukocytes
present in bone marrow specimens. Furthermore, the electric
field threshold for stem cells can be more than a factor of two
greater than for breast cancer cells. Since, as will be discussed
below, the fraction of cells inactivated by an applied electric
field scales exponentially with electric field strength (Hiilshe-
ger 1983) the factor of two difference in the critical electropo-
ration threshold should allow essentially complete inactiva-
tion of breast cancer cells with preservation of the viability of
the cells crucial for autologous transplantation (stem cells).

TABLE 2

Electric field damage thresholds for leukocytes and stem cells.

Projected Electric

Characteristic Relative Field Damage
Size Abundance Threshold
Cell Type (um) (%) (kV/em)
Stem i 0.001° 2.2
Lymphocyte (resting) 7° 21¢ 1.9
Lymphocyte 129 n/a 1.1
(active)

Neutrophil 124 73¢ 1.1
Eosinophil 134 4¢ 1.0
Basophil 159 0.1° 0.9
Monocyte 159 2¢ 0.9

Breast Cancer >15¢ n/a <0.9

“Berardi AC, et al: Functional isolation and characterization of human
hematopoietic stem cells. Science, 267:104-108, 1995.

Zipori D, et al: Introduction of Interleukin-3 gene into stromal cells from
the bone marrow alters hematopoietic differentiation but does not modify
stem cell renewal. Blood 71:586, 1988.

¢Jandl JH, Blood: Textbook of Hematology, Little, Brown and Company,
Boston/Toronto, 1987.

9Henry JB: Clinical Diagnosis and Management by Laboratory Methods,
16th Ed., W.B. Saunders Company, Philadelphia, PA, Vol. 1, 1979.
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Another feature which, in the present example, further can
enhance the ability to perform preferential electric field iso-
lation of stem cells and/or to purge relatively large tumor
cells, such as breast cancer cells, involves the quiescent nature
of stem cells. As discussed in Berardi, et al., stem cells are
quiescent and are unaffected by an anti-metabolite treatment,
whereas rapidly proliferating cells are inactivated by an anti-
metabolite treatment. A similar phenomenon has been
observed (Hiilsheger 1983) with PEF inactivation of Escheri-
chia coli (E. coli). The observations of Hiilsheger 1983 indi-
cate that the stationary growth phase E. coli cells (quiescent
cells) are much less vulnerable to the lethal effects of PEF’s
than are the larger, rapidly dividing £. coli cells that are in the
logarithmic growth phase. Based on these considerations, itis
expected that stem cells, due to their quiescent nature and
smaller size, will be much less vulnerable to the lethal effects
of electric fields and PEFs and that electric field strength can
be used to preferentially inactivate a substantial fraction of
non-stem cell leukocytes and tumor cells while leaving a
substantial fraction of the stem cells unharmed. Thus, it is
expected that the inventive methods will be an effective
approach for purging tumor cells from autologous transplant
tissue. Similarly, the inventive methods may be applied to
other cell suspensions or suspensions on non-cell discrete
objects having differences in characteristic size between sub-
populations in order to selectively isolate or inactivate
selected subpopulations.

In addition to performing a selective cell isolation or inac-
tivation on the basis of a difference in characteristic cell size
by selecting an appropriate applied electric field strength, the
method can also be employed to select cells that can be
similar in size based on a difference in dielectric membrane
breakdown voltage, for example, due to a difference in effec-
tive membrane thickness. For example, a variety of cells, such
as some epithelial cells and cancer cells, can have a layer of
mucopolysaccharide coating associated with their plasma
membrane which may increase the effective thickness of the
membrane and make the cells less susceptible to an applied
electric field than would be predicted by Eq. 7 with V.
assumed to be 1 Volt. In fact, assuming that the critical electric
field imparted to the membrane required for poration, E,, _, is
similar for the cells present in the suspension, Eq. 6 indicates
that the critical transmembrane potential V. will be directly
proportional to the effective thickness of the dielectric layer,
and, therefore, from Eq. 7, the critical applied electric field
strength, E_, for poration will also be directly proportional to
the effective membrane thickness. Thus, an applied electric
field strength may be chosen that is sufficient to inactivate a
substantial fraction of cells having an effective membrane
thickness below a certain predetermined threshold without
inactivating a substantial fraction of the cells having an effec-
tive membrane thickness above the threshold.

Although the threshold electric fields for the cells compris-
ing harvested human bone marrow, as exemplified above,
were theoretically estimated based on their size (see Table 1),
the critical threshold electric fields for the cells listed in Table
1 have been previously measured. In addition to the impor-
tance of the magnitude of the applied electric field strength,
total exposure time of the cells to the electric field is also an
important parameter in determining the degree of inactivation
of a given population of cells. In general, for cells that are
selectively inactivated by electric fields on the basis of cell
size, the electric field strength determines the size below
which cells are preserved, and total electric field exposure
time determines the relative reduction in cells having sizes
above the critical size. Experiments in the prior art have been
conducted over a wide range of pulsed electric field strengths
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and number of applied pulses and have led to an empirical
model developed by Hiilsheger 1983, herein incorporated by
reference, for the surviving fraction of cells, s, following
electric field treatment, as a function of the peak applied
electric field strength, E, and the total time the cells are
exposed to the electric field, t. The time t in the following
model sums the on-time of the electric field over the total
number of pulses, so that t=N,t,,, where N, is the number of
applied pulses and T, is the time duration of each pulse over
which EZE_. Hiilsheger 1983 demonstrated that bacterial
cell surviving fraction can be roughly modeled by an empiri-
cal expression that is a power law function of time and an
exponential function of electric field strength. Equation 8
provides a variant of Hiilsheger’s rough model that behaves
correctly as the exposure time approaches zero for E>E,_.

Eq. 8

where, s is surviving fraction (ranging from 0—1), E_ is the
threshold value of the electric field strength for membrane
breakdown, t,is an exposure tine normalization constant, and
ks an electric field normalization constant. E_, t_and k can be
empirically determined for a given cell suspension by fitting
Eq. 8, to data taken relating fractional inactivation as a func-
tion of exposure time and applied electric field strength using
any suitable regression analysis apparent to one of skill in the
art.

The equation for surviving fraction s can be utilized as a
tool to analyze data collected for the surviving fraction of a
particular cell population vs. applied electric field strength
and exposure time, generated for a given cell suspension, and
as a guide for selecting the field strength and duration
required to achieve a desired survival fraction for cells which
are to be porated and inactivated. By prescribing appropriate
values for the electric field strength and total exposure time,
required reductions in populations of cells of electroporation
threshold below a critical value, for example having sizes
larger than a critical diameter, can be achieved. Eq 8 indicates
that s is a strong exponential function of electric field strength
E and a weaker power law function of total electric field
exposure time t.

Thus, isolation and inactivation of cells or discrete objects
by size differences according to the present invention pro-
ceeds by selecting an appropriate applied electric field
strength E_ so that cells of size greater than (from Eq. 7),
d=4V, /3 E_will be inactivated and then applying an appro-
priate number of electric field pulses and/or total electric field
exposure time to reduce the viable fraction of cells above the
critical size to the desired level.

Table 3 presents the results of cell inactivation experiments
assembled by Castro on a variety of microorganisms using
Hiulsheger’s original form of Eq. 8, which is obtained by
removing the factor “+1” in Eq. 8 (Hiilsheger 1983). The
threshold electric field E_ derived from lethality measure-
ments for E. coli in the logarithmic growth phase is shown in
Table 3 to be 0.7 kV/cm, while the threshold field for E. coli
in the stationary phase is more than 10 times higher, i.e., 8.3
kV/cm. The lower threshold electric fields required to irrepa-
rably porate the membranes of growing cells are related to the
fact that growing cells are larger and must take in nutrients
from the external environment, making them more suscep-
tible to electric fields.
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TABLE 3

Experimental conditions, values, and confidence limits
for model parameters.

E t E. t. k

Microorganism (kV/em)  (ms) (kV/em) (ms) (kV/em)
E. coli (4 hr) 4-20 0.7-1.1 0.7x3.1 11+9.6 81=x1.8
E. coli (30 hr) 10-20  0.7-1.1  83x0.3 1857 63«10
K. pneumoniae 8-20 0.7-1.1 7.2x20 29x16 6.6x14
P, aeruginosa 8-20 0.7-1.1 60x04 3561 63«11
S. aureus 14-20  0.7-1.1 1309 58 +17 2.6+0.7
L. monocytogenes 12-20  0.7-1.1 10£2.6 6312 6.5£25
I

C. albicans 10-20  0.7-1.1 84«75 110x33  22=x09

One embodiment of the invention, involving cancer cell
purging and stem cell isolation by applied electric fields such
as pulsed electric fields, is based on the observation that
non-stem-cells are typically larger in size than stem cells;
therefore, Eq. 7 and the observation that V. is typically about
1 Volt for a wide variety of cell types implies that an electric
field strength, E_, can be selected that will inactivate a sub-
stantial fraction of cells larger than the stem cell, including
contaminating tumor cells. After selecting an appropriate pre-
determined critical electric field strength (which can be
approximately E=2-2.2 kV/cm to preserve stem cell viabil-
ity), total electric field exposure time, t, can then be selected
with guidance from Eq. 8, and routine experimental optimi-
zation, in order to achieve the desired reduction in the
unwanted, non-stem-cell populations, most importantly,
tumor cell populations. Therefore, electric field conditions
can be determined that lead to effective tumor cell inactiva-
tion and stem cell preservation, which is crucial for effective
transplant tissue purging.

Unlike stem cell isolation and purging strategies based on
anti-metabolites, mechanical cell sorting, or antibody bind-
ing strategies, the present invention has the potential to isolate
stem cells without damage and without mutation of the basic
genetic molecules (DNA/RNA) within the cell. Most impor-
tantly, the genetic material is shielded from the pulsed electric
fields by the conductivity of the cell nucleus and cytoplasm.
Furthermore, at the electric field strengths of interest for
isolating stem cells (about 1-3 kV/cm), the potential devel-
oped across critical bonds in these complex RNA/DNA mol-
ecules is generally not sufficient to break these bonds. Hence,
stem cell isolation with pulsed electric fields should not cause
undo damage to the genetic material within the cells. An
additional advantage of using the electric-field-based tumor
cell purging, stem cell isolation strategy is centered on the fact
that toxic or potentially activating agents, such as anti-me-
tabolites or exogenous antibodies, are typically not placed in
physical contact with the stem cells.

As previously mentioned, because of difficulties in apply-
ing a continuous potential across electrodes without arcing or
discharge, electrochemical reactions, and excessive heat gen-
eration, the applied electric field is preferably supplied to the
suspension as a series of short pulses, i.e. as a PEF. The
maximum electric field pulse duration is typically limited by
electric breakdown due to arcing between electrodes in the
treatment volume and by single pulse heating effects. The
pulse repetition rate is limited by the maximum temperature
rise that can be sustained without causing undo damage to the
sample. The minimum allowed pulse duration should be
greater than the time constant at which the dielectric mem-
brane charges in response to the electric field, as will be
discussed in greater detail herein.
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Thus far, the effect of applied electric field strength and
exposure time on the performance of the inventive methods
have been discussed in detail. In addition, as mentioned ear-
lier, a variety of other parameters related to the PEF, suspen-
sion, pulsing medium (fluid carrier), and other processing
steps can affect the performance of the inventive method and
should be considered when developing an effective isolation
or inactivation protocol. What follows is a description of a
number of what are believed are important factors related to
performance. Throughout the description, reference will be
made to one embodiment of tumor cell purging and stem cell
isolation from suspensions of hematopoietic cells in order to
illustrate the concepts with a concrete example. It should be
understood that the particular example chosen is purely
exemplary, and the methods may be practiced on a wide
variety of samples for a wide variety of desired applications.
Table 4 below summarizes some of the more important
parameters (column 2) that can influence PEF performance,
particularly as related to tumor cell purging and stem cell
isolation, along with contemplated preferred ranges (column
3) of some chosen parameters for tumor cell purging and stem
cell isolation. The table will serve as an outline for the dis-
cussion to follow. The “PEF” group includes parameters
related to the nature of the applied electric field. The “Pulsing
Medium” group includes parameters related to the properties
of the suspension. The “Post Processing” group discusses
optional treatments subsequent to electric field exposure that
can, in some cases, enhance performance, and the “Heat
Transfer” group includes parameters related to the heating
effects of the applied PEFs.

TABLE 4

Parameters influencing PEF tumor cell purging and
stem cell isolation efficacy.

Group Parameter Description Range
PEF — Electric field pulse shape “Rectangular”
E  Electric field strength 0.5-5 kV/em
t  Total electric field exposure time <10 ms
v, Electric field pulse duration 2-20 ps
Pulsing m,,, Initial leukocyte concentration 10%-10% cells/ml
Medium ,,; Pulsing medium ionic strength 0.015-0.15 M KCl
equivalent
Yps Pulsing medium osmolality =300 mOsm/
—  Agents for cell size modification kg-water
—  Agents for dielectric membrane
breakdown voltage modification
Post ;. Inactivation medium ionic strength 0.15 M KCl
Processing and composition equivalent, Ca*™
T;, Inactivation medium residence
time
—  Collection protocol Gradient density
centrifugation
Heat F, Electric field pulse rate Apparatus &
pulsing
medium dependent
Transfer T,, Pulsing medium temperature 5-41°C.

For embodiments involving PEFs, a substantially rectan-
gular electric field pulse shape is preferred for achieving
optimum size selectivity. Rectangular pulses are those that
have rise and fall times that are short compared to the pulse
duration, and preferably shorter than the charging time scale
of the dielectric membrane of the cells or objects to be inac-
tivated (typically rise and fall times are =0.5 us for most
applications of interest in the present invention), have essen-
tially no overshoot during the rise- and fall-time transients,
and have a substantially constant electric field strength
between the rise and fall transients; preferably the difference
in the maximum and minimum values in the substantially
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constant field strength region is less than 3%. Non-rectangu-
lar-shaped pulses, such as half-sinewave shaped or exponen-
tially decaying pulses may be employed for some embodi-
ments but will not provide as clearly defined an electric field
strength, which can broaden the electroporation threshold
demarcation line between uninactivated and PEF inactivated
cells, thereby degrading the selectivity, resolution, and effi-
ciency of the PEF cell inactivation method.

The range of electric field strengths given in Table 4 is
based on the critical electric field strengths given in Table 2
and represents a reasonable range to employ for optimization
trials involving the inactivation of specific cell types listed in
Table 2 as a function of electric field strength and total expo-
sure time. With this electric field range, the range of inacti-
vation that can be expected would range from no lethal effects
on any cells to essentially total inactivation of all cell types.
Based on Eq. 8, total electric field exposure time t can be used
to achieve a desired reduction in the number of viable
unwanted cells. The maximum total electric field exposure
time typically will be less than about 10 ms for essentially
complete inactivation of tumor cell populations.

For embodiments involving PEFs, the inactivation of bio-
logical cells involves multiple steps which are dependent on
the duration of the individual electric field pulses T,,. Early in
the pulse, the membrane of the cell charges, thereby produc-
ing an elevated transmembrane potential. The membrane
charging time scale t,, for spherical cells is given by (Lynch P
T and Davey M R, Electrical Manipulation of Cells, Chap-
man and Hall, pp. 18-20, 1996.; and Tessié J and Tsong T'Y,
Electric field induced transient pores in phospholipid bilayer
vesicles, Biochemistry 20:(6)1548-1554, 1981.):

T =20, AP P, 2), Eq.9
where ¢, is the membrane specific capacitance (typically ~1
pffem? for biological cell membranes (see Schanne OF and P.
Cerreti ER, Impedance Measurements in Biological Cells,
John Wiley and Sons, New York, p. 331, 1978.)), d is cell
diameter, p, is the resistivity of the intracellular fluid (typi-
cally, for cytosol, ~100 €2-cm), and p,,, is the resistivity of the
medium supporting the cells during PEF treatment (typical
range of about 70-500 Q-cm depending on the ionic strength
of'the solution). For a typical cell as exemplified by a hemato-
poietic cell, the maximum charging time constant will be on
the order of about 0.5 us. In preferred embodiments, in order
to achieve thorough membrane charging, the duration of the
portion of the electric field pulse supplying an electric field
strength greater than the critical field strength, E_, to porate
the cell, for example the flat-topped portion of a rectangular
field pulse, should be atleast three to four times the membrane
charging time constant <, (i.e., for 7,~0.4 ps, ©,>1.6 us).
After membrane charging is complete, pore formation
begins and transport of ionic species between the inside of the
cell and the pulsing medium takes place. Itis known (Kinosita
K and Tsong T Y, Voltage-induced pore formation and
hemolysis of human erythrocytes, Biochim et Biophys Acta.
471:227-242, 1977 (hereinafter “Kinosita 1977)). that ion
transport processes can enhance PEF cell lysis by disrupting
the osmotic balance across the cell membrane, which, in turn,
can lead to cell swelling and irreversible lysis due to the
uptake of water. It is also known (Kinosita 1977) that the
efficacy of inducing irreversible cell lysis by PEFs decreases
for human erythrocytes when the electric field pulse length is
decreased below about 10 us and improves as the pulse length
is increased above 10 ps. This phenomenon probably reflects
the need for an electric field pulse duration that is sufficient to
allow extensive pore development and time for ion species
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transport. Based on these observations, reasonable pulse
durations for cells having a size range of between about 6 um
and 20 um, typical for hematopoietic cells, can range from
about T,=2 us to about t,=20 ps.

PEF cell inactivation and isolation efficacy can also be
affected by the total concentration of cells in the PEF treat-
ment volume. The effect of total concentration can be under-
stood by comparing the total electric charge (Q,,) required to
charge the membranes of all of the cells in the treatment
volume to a transmembrane potential of V,, =1 Volt, with the
charge (Q,) actually supplied to the test volume by the elec-
tric field pulse. Q,, can be expressed as:

Q= i &€,V /4, Eq. 10
where v, is the volume of the PEF treatment cell (cm), 7. is
the concentration of cells in the PEF treatment volume (cells/
cm?), d is the average diameter of the cells in the PEF treat-
ment volume (assume for purposes of illustration ~10 um), c,,,
is membrane specific capacitance (assume for purposes of
illustration ~1 uf/em?), and V,,. is the critical transmembrane
potential for the onset of irreversible pore formation (assume
for purposes of illustration that V,, ~1 Volt). Note that Q,,,, is
proportional to the cell concentration, m,.. Q, can be expressed
as:

O,=T,V /P, w, Eq. 11
where T, is the electric field pulse length (sec), v 7 is the PEF
treatment volume (cm®), E is the electric field strength
(V/iem), p,,, is the resistivity of the medium supporting the
cells (typically about 70-500 Q-cm) in the PEF treatment
volume, and w is the separation distance between the elec-
trodes in the PEF treatment. Note that Q,, is proportional to the
electric field pulse length, T, and inversely proportional to
the pulsing medium resistivity, p,,,. [fthe ratic Q,,./(Q,,+Q,) is
not small, then cell concentration effects can degrade PEF cell
inactivation efficacy by significantly increasing the effective
charging time scale, T,,, of the cells in the treatment volume,
i.e., a significant amount of the total charge supplied to the
treatment volume is required to simply charge the cells. In
fact, as this ratio approaches unity, the cell membranes
approach the situation where they have just achieved com-
plete charging by the end of the electric field pulse, so there
would be essentially no additional time for pore development
and transport of ionic species between the cell and the pulsing
medium to take place. For best performance, the ratio Q,,/
(Q,,+Q,) is preferably within the range of about 0.0004=Q,,/
(Q,,+Q,)=0.74. The ratio Q,/(Q,,+Q, ) can be kept constant
as the cell concentration (1) is increased by increasing the
pulse length (t,) proportionally and/or by appropriately
reducing the pulsing medium resistivity (p,,,), for example by
increasing the ionic strength. The upper limit of cell concen-
tration given in Table 4 (1,=10® cells/ml) has significance
relative to a clinical PEF tumor cell purging system embodi-
ment. For example, one liter of bone marrow, which is the
approximate volume harvested for autologous transplants,
contains approximately 10'°® mononuclear cells, which must
be purged before transplantation. If PEF conditions can be
defined that provide high PEF tumor cell inactivation efficacy
for a treatment volume cell concentration of 10® cells/ml, then
a 100 ml PEF treatment volume, or a flow-through system
able to process 100 ml of cell suspension, can be used to
process the entire bone marrow specimen, such a system is
reasonable both in terms of system size and electric field pulse
energy requirements.

In addition to the nature of the applied PEF, the medium
within which cells are suspended can be a significant factor in
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the performance and efficacy of the invention. The pulsing
medium, in which biological cells are suspended, in some
embodiments can have an osmolality that preserves the
osmotic balance between the intracellular and intercellular
fluids, in other words isotonic, where isotonic defines a solu-
tion with an osmotic strength (osmolality) similar to that of
the suspended cells so that the cells do not undergo substantial
osmotic pressure-driven cell volume regulation (~300
mOsm/kg-water for many mammalian cells, such as hemato-
poietic cells). If the osmotic strength of the pulsing medium
differs substantially from that of the cytosol of the cell, the
cell can undergo changes in cell volume, such as shrinkage or
swelling that can be detrimental to cell viability and the
performance of the inventive method, especially for isola-
tions based on characteristic cell size. In some embodiments
however, it can be desirable to suspend a cell suspension in a
somewhat hypotonic medium either prior to pulsing, with
subsequent pulsing performed in isotonic medium, or during
the PEF treatment itself. In these embodiments, the suspend-
ing medium should have an ionic strength selected to enable
at least one cell type in the suspension to undergo osmotic
swelling, while not being low enough to cause rupture or a
substantial loss of viability to target cells within the time
frame of the treatment. Pre-treatment, or PEF treatment using
a hypotonic suspending fluid can potentially improve perfor-
mance for certain cell isolations by causing cells to become
larger and more spherical in shape, and thus potentially more
sensitive to the effects of an applied electric field. Treating
cell suspensions that are characterized by cells having a more
uniform spherical shape can also improve performance by
reducing the effects of cell orientation within the electric field
on poration.

The ionic strength of the pulsing medium can be altered,
while preserving the desired osmolality, by combining a solu-
tion comprising one or more solubilized electrolytes having a
desired osmolality (e.g. an isotonic saline solution) with a
solution comprising one or more solubilized non-electrolytes
having a desired osmolality (e.g. an isotonic sucrose solu-
tion). There are several reasons why, for some embodiments,
it can be desirable to reduce the ionic strength of the pulsing
medium from standard physiological conditions (e.g. equiva-
lent to a2 0.15 M NaCl aqueous solution for many mammalian
cells, such as hematopoietic cells). One reason is that it has
been shown (Kinosita 1977) that PEF treatment using a puls-
ing solution having a below-physiological ionic strength fol-
lowed by resuspension of PEF-treated cells in a standard
physiological ionic strength solution can enhance cell
destruction by colloidal osmotic lysis and result in a more
rapid and extensive irreparable lysis of erythrocytes (red
blood cells). This phenomenon has also been observed in the
context of the present invention with leukocytes (white blood
cells), where the PEF porated cells were subsequently
reduced to small cell fragments by PEF treatment in low ionic
strength medium (e.g. 10 v % PBS, 90 v % isotonic sucrose)
followed by exposure to a physiological strength medium
(e.g., isotonic PBS or Iscove’s Modified Dulbecco’s Medium
(IMDM)). For embodiments ofthe inventive method utilizing
a relatively lower ionic strength pulsing medium followed by
exposure to a relatively higher ionic strength medium, the
particular ionic strengths chosen for the pulse and post-treat-
ment medium, and the exposure time of the PEF-treated cells
in the post-treatment buffer will be selected based on routine
experimentation with the particular cell suspension of interest
to determine the conditions that yield the highest levels of
inactivation of undesired cells with the best preservation of
the viability of desired cells. Typically, the post-treatment
medium will have an ionic strength similar to the physiologi-



US 7,572,623 B2

29

cal ionic strength of the cells in the treated suspension and the
pulse medium will have an ionic strength ranging between
10% and 90% that of the post-treatment medium. The expo-
sure time of the cells to the post-treatment medium can vary
from a few seconds to an essentially indefinite period. It is
important, however, that sufficient time be allowed for
adequate diffusion and colloidal osmotic lysis to take place.
In addition to, or instead of, having an ionic strength that is
higher than that of the pulsing medium, the post-treatment
medium may for some embodiments, have a higher osmola-
lity than the pulsing medium and/or contain an agent that
causes or enhances irreparable lysis of porated cells, such as,
in some preferred embodiments, calcium ions. For some
embodiments including a post-treatment step after PEF treat-
ment designed to enhance or cause irreparable cell lysis, the
cells porated by PEF exposure undergo irreversible poration
of the cell membrane during PEF treatment, and post-treat-
ment, as described, functions 1o irreparably lyse the cells that
have already been inactivated by the PEF exposure. In other
embodiments, exposure to the PEF porates, but does not
necessarily irreversibly porate, the membranes of the cells to
be inactivated, with inactivation and/or irreparable lysis
occurring during a post-treatment inactivation step.

For some embodiments, it may be desirable to remove any
inactivated cells, lysed cells, and cellular debris from PEF
treated specimens. Small cell fragments and debris generated
by cell rupture during irreparable cell lysis can be separated
from the viable cells using a variety of techniques known in
the art, for example single- or multi-gradient centrifugation
techniques. For embodiments where PEFs or post-treatment
can fragment affected cells, it is possible to separate viable
cells from cellular debris using standard gradient density
centrifugation techniques. For example, Ficoll-Paque gradi-
ent density centrifugation, which is a single gradient separa-
tion scheme can be used. Multi-gradient centrifugation can
also be used for other applications as apparent to one of skill
in the art. For embodiments where inactivated cells also
undergo irreparable cell lysis, characterized by cell rupture, it
can also be advantageous to add to the suspending medium an
agent that is able to degrade cellular debris. A variety of such
agents apparent to one of skill in the art can be employed to
reduce the cellular debris to its molecular components. Par-
ticularly preferred are enzymatic agents, and especially pre-
ferred is DNase to breakdown DNA dispersed in the pulsing
media, and trypsin digestion to breakdown cell membrane
and proteinaceous material. Such agents may be present dur-
ing the PEF treatment, or alternatively, may be added subse-
quent to PEF treatment.

Other advantages to reducing the ionic strength of the
pulsing medium for some embodiments are related to the
increased resistivity and reduced conductivity of pulsing
solutions having a reduced ionic strength. The power density
WP(J/cm3 ) and total charge density Q (Coulomb/cm®) input
into the PEF treatment volume are both functions of the

resistivity of the pulsing medium:
W,=E>t,/p,, Eq. 12
O=E7,/p,, Eq. 13

where E is the magnitude of the applied electric field, T, is the
pulse duration, and p,, is the resistivity of the pulsing
medium. The resistivity of the pulsing medium varies
inversely with ionic strength. Thus, according to Eq. 12,
energy and power requirements of a PEF treatment cell can be
reduced by a factor of ten, for example, by using a mixture of
10% by volume aqueous isotonic phosphate buffered saline
and 90% by volume aqueous isotonic buffered sucrose as a
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pulsing medium instead of a standard physiological ionic
strength medium. Additionally, reducing the ionic strength of
the pulsing medium increases the resistance of the PEF treat-
ment volume, which, for a given electric field strength and
pulse duration, reduces the electron charge driven through the
PEF treatment volume as shown by Eq. 13. Undesirable elec-
trochemical reactions, such as free radical production, are
typically proportional to the charge driven through the PEF
treatment volume. Thus, reducing the ionic strength of the
pulsing medium can proportionally decrease the production
of free radicals, or other undesirable by-products of electro-
chemical reactions. Reduction of electrochemical reactions
occurring in the PEF treatment volume during treatment can
also reduce the pH swing of the pulsing medium during
pulsing and also reduce the production of chlorine and hydro-
gen bubbles. Formation of bubbles during treatment is very
undesirable, since the presence of bubbles can lead to non-
uniform field distribution within the treatment volume and
locally elevated electric field intensities, which can signifi-
cantly reduce the size selectivity of the inventive cell isolation
methods. In general, it is desirable to maintain the pH of the
pulsing medium relatively constant during PEF treatment and
within a range that is not detrimental to the viability of the
cells being treated (typically about pH 7-7.6). A variety of
buffer systems apparent to one of skill in the art for use in this
range that are sufficiently non-toxic to cells can be employed
including, but not limited to phosphate bufters, BES, MOPS,
TES, HEPES, DIPSO, and TAPSO. Preferred for embodi-
ments where precise pH control is especially important, are
buffer systems including one or more strong organic buffers
such as those referred to as “Good” buffers (Good, N. E., et
al., Biochemistry, 5:467(1966); Good, N. E., and Izawa, S.,
Meth. Enzymol., 24(Part B):53(1972); Ferguson, W. J. and
Good, N.E., Anal. Biochem., 104:300(1980)), and especially
N-[2-Hydroxyethyl|piperazine-N'-[2-ethanesulfonic  acid]
(HEPES).

One important consideration in designing and implement-
ing a PEF isolation or inactivation strategy is heat effects and
temperature rise due to heat generated within the PEF treat-
ment cell due to the energy deposited into the treatment cell
by the electric field. One issue that depends heavily on heat
transfer effects is whether the total exposure time of the
treated suspension should be achieved with a single pulse or
with a series of pulses. Since many biological cells can be
non-selectively inactivated by overheating, which is not a
function of electroporation threshold, and since a single long
electric field pulse can, without sufficient heat removal, cause
a greater amount of heating of the cells for a given total
exposure time, it is preferable, for many embodiments, to
apply the total electric field exposure time as a series of
pulses, rather than as a single pulse of longer duration. Since
cyclic heating and cooling is particularly destructive for
blood cells, pulse duration should be kept short enough to
minimize cell and cell suspension temperature excursions
beyond the physiological range. The rate, or frequency, at
which electric field pulses may be applied is related to the
energy deposited in the pulsing medium per electric field
pulse (Joule heating), the geometric shape and heat transfer
characteristics of the particular PEF treatment volume and the
density and thermal conductivity of the pulsing medium
(which collectively dictate heat removal rates), and the heat
capacity of the pulsing medium. There are two components to
the total temperature rise in the PEF treatment volume as a
function of the electrical energy input: the temperature jump
AT (° C.) that occurs for each individual electrical pulse; and
the steady pulsing temperature rise AT, (° C.), which is a
function of the volume and heat transfer characteristics of the
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PEF treatment cell. Each time a pulse is applied to the pulsing
medium, the temperature will jump. The magnitude of the
temperature jump is proportional to the power density W,
given by Eq. 12, and can be expressed as:

AT CITUE D, PpsCom Eq. 14
where AT, is the temperature jump (° C.), T,, is the electric
field pulse length (with a typical range for cell isolations
involving hematopoietic cells of about for example 2-20 ps),
E is the electric field strength (with a typical range for cell
isolations involving hematopoietic cells of about for example
0.5-5 kV/ecm), @, is the density of the pulsing medium
(typically ~1 g/cm?), P, 1s the resistivity of the pulsing sus-
pension (with a typical range for cell isolations involving
hematopoietic cells of about for example 70-500 Q-cm), and
¢, is the specific heat of the pulsing medium (typically ~4.19
J/g © C.). Under the most extreme conditions presented in
Table 4, and listed in parenthesis directly above, the maxi-
mum temperature jump per electric field pulse will be
AT ~0.86° C. The steady temperature rise is a function of the
heat input per pulse, the number of pulses per unit time
(frequency), and the heat transfer rate of the PEF treatment
cell tending to remove heat from the treatment volume. One
dimensional conduction heat transfer considerations may be
applied for the static PEF treatment cell embodiment to deter-
mine the steady pulsing, time average temperature rise at the
midplane between the electrodes imparting the electric field
to the treatment volume relative to the temperature of the
bounding electrodes. This formulation assumes that convec-
tive transport driven by temperature induced density gradi-
ents are of negligible importance. Equation 14a below (see
Holman J P. Heat Transfer, 5th Ed., McGraw-Hill, Inc., New
York, 1981, p. 35) describes the average temperature rise for
one dimensional steady pulsing volumetric heat deposition
by PEFs into a treatment volume bounded by two plane
electrodes.

ATy, ae=qW?/8K Eq. 14a

Where q is the volumetric heat deposition rate given by:

q=Fr,E’/p,, Eq. 14b
And where w is the separation distance between the elec-
trodes, K is the thermal conductivity of the pulsing medium, F
is the pulse repetition frequency, T, is the electric field pulse
length, E is the strength of the imposed electric field, and p,,,
is the resistivity of the pulsing medium. Equations 14a and
14b indicate that the mid-plane temperature increases as the
square of the electrode separation distance, linearly with
pulse repetition frequency, the square of electric field
strength, and inversely proportional to the resistivity of the
pulsing medium. Since the average midplane temperature rise
given by Eq.’s 14a and 14b, which constitutes the maximum
average temperature rise in the PEF treatment volume, is
inversely proportional to the resistivity of the pulsing
medium, an increase in pulse repetition frequency by a factor
of ten can be realized while maintaining the same midplane
temperature rise by increasing the pulsing medium resistivity
by a factor of ten. This can be accomplished by decreasing the
ionic strength of the pulsing medium to 10% of standard
physiological ionic strength by the methods described previ-
ously. The temperature jump given by Eq. 14 in response to
the application of each electric field pulse can be imagined to
be superimposed on the average steady pulsing temperature
rise AT, ,,. as a periodic temperature spike with an expo-
nential decay and a frequency corresponding to electric field
pulse repetition frequency.
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For illustrative purposes, if the electrode spacing is 0.318
cm and using the most extreme conditions presented in Table
4, which gave a maximum temperature jump per electric field
pulse of AT ~0.86° C., the steady pulsing temperature rise at
the midplane between the two electrodes will be AT, ,,.(°
C.)=5.16 F (Hz). Thus, if the electrodes are maintained at a
temperature of 25° C. and one wishes not to exceed a mid-
plane peak temperature no greater than 37° C., then the aver-
age midplane temperature cannot exceed AT, ,,,=37-25-
AT, whichis AT, ,,,~11.14°C., which constrains the pulse
repetition frequency to be no greater than F=11.14/5.16=2.16
Hz. If the ionic strength of the pulsing medium was reduced
by a factor of ten, the pulsing medium resistivity would
increase by a factor of ten, which would allow operating at a
pulse repetition frequency of 21.6 Hz for which AT, .
would remain at 11.14° C.

For illustrative purposes, assuming a worst-case heating
situation by neglecting any PEF treatment volume heat
removal effects, the total electric field exposure time (=N, T,
where N, is the number of applied electric field pulses) that
may be applied without exceeding a predefined pulsing
medium temperature rise can be expressed as:

2
=0, AT/ B2, Eq. 15

where AT, is the maximum predefined allowable tempera-
turerise (° C.). For example, if pulsing is initiated with a PEF
treatment cell pulsing medium temperature of 25° C. and we
wish not to exceed a final pulsing medium temperature of 37°
C., then the predefined maximum allowable temperature rise
is AT,,, =12° C. Based on AT, , and the strength of the
applied electric field the allowable total electric field expo-
sure time for a given cell suspension in a PEF treatment cell
can be determined by Eq. 15. Eq. 15 also shows that if a low
ionic strength pulsing medium is used, the allowable electric
field exposure time calculated for a given AT,,,, is directly
proportional to the decrease in ionic strength; for example,
reducing the ionic strength by a factor of ten would increase
the allowable exposure time by about a factor of ten. Further-
more, since under low ionic strength conditions, the energy
transferred to the PEF treatment volume is reduced, for a
given desired total exposure time, the pulse frequency may be
increased without exceeding the predefined maximum tem-
perature rise, thus allowing for a more rapid isolation or
inactivation. Accordingly, the inventive PEF strategy canbe a
very rapid approach to cell purging and cell isolation.

For a single- or multi-pass flow-through PEF treatment cell
embodiment of the invention, Eq. 15 can be manipulated to a
form that describes the temperature rise of a fluid element of
the pulsing medium as it traverses from the inlet 