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(57) ABSTRACT 

Electroporation is performed in a controlled manner in either 
individual or multiple biological cells or biological tissue by 
monitoring the electrical impedance, de?ned herein as the 
ratio of current to voltage in the electroporation cell. The 
impedance detects the onset of electroporation in the bio 
logical cell(s), and this information is used to control the 
intensity and duration of the voltage to assure that electropo 
ration has occurred Without destroying the cell(s). This is 
applicable to electroporation in general. In addition, a par 
ticular method and apparatus are disclosed in Which elec 
troporation and/or mass transfer across a cell membrane are 
accomplished by securing a cell across an opening in a 
barrier betWeen tWo chambers such that the cell closes the 
opening. The barrier is either electrically insulating, imper 
meable to the solute, or both, depending on Whether pore 
formation, diffusive transport of the solute across the mem 
brane, or both are sought. Electroporation is achieved by 
applying a voltage betWeen the tWo chambers, and diffusive 
transport is achieved either by a difference in solute con 
centration betWeen the liquids surrounding the cell and the 
cell interior or by a differential in concentration betWeen the 
tWo chambers themselves. Electric current and diffusive 
transport are restricted to a How path that passes through the 
opening. 
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CONTROLLED ELECTROPORATION AND MASS 
TRANSFER ACROSS CELL MEMBRANES 

[0001] This invention resides in the ?elds of electropora 
tion and mass transfer across cell membranes. 

BACKGROUND OF THE INVENTION 

[0002] Electroporation is a technique that is used for 
introducing chemical species into biological cells, and is 
performed by exposing the cells to an electric potential that 
traverses the cell membrane. While its mechanism is not 
fully understood, electroporation is believed to involve the 
breakdown of the cell membrane lipid bilayer leading to the 
formation of transient or permanent pores in the membrane 
that permit the chemical species to enter the cell by diffu 
sion. The electric potential is typically applied in pulses, and 
whether the pore formation is reversible or irreversible 
depends on such parameters as the amplitude, length, shape 
and repetition rate of the pulses, in addition to the type and 
development stage of the cell. As a method of introducing 
chemical species into cells, electroporation offers numerous 
advantages: it is simple to use; it can be used to treat whole 
populations of cells simultaneously; it can be used to intro 
duce essentially any macromolecule into a cell; it can be 
used with a wide variety of primary or established cell lines 
and is particularly effective with certain cell lines; and it can 
be used on both prokaryotic and eukaryotic cells without 
major modi?cations or adaptations to cell type and origin. 
Electroporation is currently used on cells in suspension or in 
culture, as well as cells in tissues and organs. 

[0003] Electroporation is currently performed by placing 
one or more cells, in suspension or in tissue, between two 
electrodes connected to a generator that emits pulses of a 
high-voltage electric ?eld. The pore formation, or permeal 
iZation, of the membrane occurs at the cell poles, which are 
the sites on the cell membranes that directly face the 
electrodes and thus the sites at which the transmembrane 
potential is highest. Unfortunately, the degree of permeal 
iZation occurring in electroporation varies with the cell type 
and also varies among cells in a given population. Further 
more, since the procedure is performed in large populations 
of cells whose properties varv among the individual cells in 
the population, the electroporation conditions can only be 
selected to address the average qualities of the cell popula 
tion; the procedure as currently practiced cannot be adapted 
to the speci?c characteristics of individual cells. Of particu 
lar concern is that under certain conditions, electroporation 
can induce irreversible pore formation and cell death. Ahigh 
electric ?eld, for eXample, may thus produce an increase in 
transfection ef?ciency in one portion of a cell population 
while causing cell death in another. A further problem with 
known methods of electroporation is that the ef?ciency of 
transfection by electroporation can at times be low. In the 
case of DNA, for eXample, a large amount of DNA is needed 
in the surrounding medium to achieve effective transforma 
tion of the cell. 

[0004] Many of the problems identi?ed above are a con 
sequence of the fact that the process of electroporation in 
both individual cells and tissues cannot be controlled in real 
time. There are no means at present to ascertain in real time 
when a cell enters a state of electroporation. As a result, the 
outcome of an electroporation protocol can only be deter 
mined through the eventual consequences of the mass trans 
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fer process and its effect on the cell. These occur long after 
the mass transfer under electroporation has taken place. 
These and other de?ciencies of current methods of elec 
troporation are addressed by the present invention. 

[0005] Also relevant to the present invention are current 
techniques for the study and control of mass transfer across 
cell membranes. Knowledge of mass transfer across cell 
membranes in nature, both in cells that are functioning 
normally and in diseased cells, is valuable in the study of 
certain diseases. In addition, the ability to modify and 
control mass transfer across cell membranes is a useful tool 
in conducting research and therapy in modern biotechnology 
and medicine. The introduction or removal of chemical 
species such as DNA or proteins from the cell to control the 
function, physiology, or behavior of the cell provides valu 
able information regarding both normal and abnormal physi 
ological processes of the cell. 

[0006] The most common method of effecting and study 
ing mass transfer across a cell membrane is to place the cell 
in contact with a solution that contains the compound that is 
to be transported across the membrane, either with or 
without electroporation. This bulk transfer method does not 
permit precise control or measurement of the mass transfer 
across the membrane. The composition of the solution at 
speci?c sites is not known and is variable. In addition, when 
an electric ?eld is present, the local ?eld intensity will vary 
from one point to another. Furthermore, the surface of the 
cell that is eXposed to the solution is not well de?ned. Cell 
surface areas vary among cells in a given population, and 
this leads to signi?cant differences among the cells in the 
amount of mass transfer. For these reasons, the amount of 
mass transfer achieved by bulk transfer processes is not 
uniform among cells, and the actual amount transferred for 
any particular cell cannot be determined. 

[0007] Attempts made so far to overcome the limitations 
of bulk transfer techniques include techniques for treating 
individual cells that include either the mechanical injection 
(microinjection) of chemical compounds through the cell 
membrane or electroporation with microelectrodes. In inj ec 
tion techniques, the membrane is penetrated with a needle to 
deliver a chemical agent, localiZing the application of the 
chemical agent to a small region close to the point of 
injection. This requires manipulation of the cell with the 
human hand, a technique that is dif?cult to perform, labor 
intensive, and not readily reproducible. Electroporation with 
microelectrodes suffers these problems as well as the lack of 
any means to detect the onset of electroporation in an 
individual cell. These problems are likewise addressed by 
the present invention. 

SUMMARY OF THE INVENTION 

[0008] The present invention arises in part from the dis 
covery that the onset and eXtent of electroporation in a 
biological cell can be correlated to changes in the electrical 
impedance (which term is used herein to mean the ratio of 
current to voltage) of the biological cell or of a conductive 
medium that includes the biological cell. An increase in the 
current-to-voltage ratio across a biological cell occurs when 
the cell membrane becomes permeable due to pore forma 
tion. Likewise, a decrease in the current-to-voltage ratio 
through a ?owing conductive ?uid occurs when the ?uid 
draws a biological cell into the region between the elec 
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trodes in a ?ow-through electric cell. Thus, by monitoring 
the impedance of the biological cell or of an electrolyte 
solution in which the cell is suspended, one can detect the 
point in time in which pore formation in the cell membrane 
occurs, as well as the relative degree of cell membrane 
permeability due to the pore formation. This information can 
then be used to establish that a given cell has in fact 
undergone electroporation, or to control the electroporation 
process by governing the selection of the voltage magnitude. 
This discovery is also useful in the simultaneous electropo 
ration of multitudes of cells, since it provides a direct 
indication of the actual occurrence of electroporation and an 
indication of the degree of electroporation averaged over the 
multitude. The discovery is likewise useful in the electropo 
ration of biological tissue (masses of biological cells with 
contiguous membranes) for the same reasons. 

[0009] The bene?ts of this process include a high level of 
control over the onset and degree of electroporation, 
together with a more detailed knowledge of the occurrence 
and degree of permeability created in particular individual 
cells or cell masses. When applied to individual cells or to 
a succession of individual cells, this process assures that the 
individual cells are indeed rendered permeable and are 
indeed transformed by the introduction of chemical species. 
The process also offers the ability to increase the ef?ciency 
of electroporation by avoiding variations in the electrical 
environment that would destroy some cells while having an 
insuf?cient effect on others. 

[0010] In some of its more speci?c embodiments, the 
present invention involves the use of an electrical cell in 
which a biological cell can be placed and that contains a 
barrier that directs the electric current How and hence the ion 
?ow through a How path that passes through the biological 
cell while permitting substantially no electric current to 
bypass the biological cell. In some of these embodiments, 
the invention involves the use of an apparatus containing 
two liquid-retaining chambers separated by a barrier that is 
substantially impermeable to an electric current. The barrier 
contains an opening that is smaller than the biological cell 
such that the biological cell once lodged in the opening will 
plug or close the opening. To achieve electroporation, the 
biological cell is secured over the opening by mechanical or 
chemical means, preferably in a reversible manner so that 
the biological cell can later be removed without damage to 
the biological cell. Once the biological cell is secured over 
the opening, a voltage is imposed between the two chambers 
and across the biological cell residing in the opening. The 
passage of current between the chambers is thus restricted to 
a path passing through the opening and hence through the 
biological cell. By monitoring the current-voltage relation in 
the electric cell, the onset of electroporation is detected and 
the degree of pore formation is controlled, to both assure that 
electroporation is occurring and to prevent excessive pore 
formation and cell death. The user is thus afforded a highly 
precise knowledge and control of the condition of and the 
?uX across the biological cell membrane. 

[0011] In another series of embodiments, this invention is 
useful in the diffusive transport of chemical species into or 
out of a biological cell. In these embodiments, the cell is 
again divided into two chambers separated by a barrier, and 
the biological cell is lodged across an opening in the barrier 
in such a manner that the passage of liquid around the cell 
from one chamber to the other is substantially prevented. A 
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liquid solution of the species to be introduced into the 
biological cell is placed in one or both of the chambers. The 
concentration of the species in the solution differs from that 
in the cell (either higher or lower, depending on whether one 
seeks to introduce or remove the species from the cell), or 
the concentration in one chamber differs from that in the 
other chamber. 

[0012] In preferred methods of applying this invention to 
diffusive transport, the solutions in the two chambers differ 
in concentration such that the driving force for the diffusive 
transport is between the two chambers themselves rather 
than between the chambers and the interior of the biological 
cell. Knowledge and controlled monitoring of the concen 
trations in each of the two chambers on a periodic or 
continuous basis as the diffusion proceeds, together with the 
precise knowledge of the dimensions of the opening, enables 
the user to precisely observe and control the rate and amount 
of the species that enters the cell. The diffusion time can be 
controlled by imposing stepwise changes in the concentra 
tions in either or both of the chambers, thereby imposing or 
removing the concentration differential. An application of 
particular interest is the combination of this type of diffusive 
transport of a chemical species with controlled electropora 
tion as described in the preceding paragraph. 

[0013] Each of the various embodiments of this invention 
may be used with two or more biological cells simulta 
neously, or cell masses such as in tissue, rather than just one 
cell. The apparatus described above can be adapted for use 
with two or more biological cells by arranging the barrier 
such that the current or diffusive transport will be restricted 
to a How path that passes through all of the cells while 
preventing bypass around the cells. A further application of 
the concepts of this invention is the electroporation of 
biological cells suspended in a ?owing liquid. Electrodes are 
placed in ?xed positions in the How channel, and a voltage 
is imposed between the electrodes while current passing 
between the electrodes is monitored. Biological cells enter 
ing the region between the electrodes will lower the Current, 
the impedance serving as an indication of the presence of 
one or more cells in the region, and optionally also as a 
signal to initiate the application of a higher voltage suf?cient 
to achieve electroporation. 

[0014] Among the advantages that this invention offers 
relative to the prior art are the ability to treat cells individu 
ally and to adapt the treatment conditions to the needs of 
individual cells. In embodiments where voltage is applied, 
the monitoring of the impedance affords the user knowledge 
of the presence or absence of pores and shows the progress 
of the pore formation and whether irreversible pore forma 
tion that might lead to cell death has occurred. An advantage 
of the barrier-and-opening apparatus is its highly ef?cient 
use of electrical energy by virtue of its restriction of the 
current to a current ?ow path passing through the opening. 
A still further advantage is the ability of the apparatus and 
method to be integrated into an automated system whereby 
the condition of each cell is monitored by instrumentation 
and individual cells are lodged in the opening and then 
removed at times governed by the monitored conditions. 

[0015] These and further features, advantages and objects 
of the invention will be better understood from the descrip 
tion that follows. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a cross section of a microdiffusion device 
useful in the practice of the present invention for infusing a 
biological cell With a chemical species Without the assis 
tance of an electrical current to effect electroporation. 

[0017] FIG. 2 is a cross section of a microelectroporation 
device useful in the practice of the present invention for 
achieving pore formation in a biological cell, and optionally 
for infusing the cell With a chemical species With the 
assistance of electroporation. 

[0018] FIG. 3a is a longitudinal cross section of an 
electroporation device in accordance With this invention, 
designed for a mobile suspension of biological cells. FIG. 
3b is a transverse cross section of the device shoWn in FIG. 
3a. 

[0019] FIG. 4 is a plot of current vs. voltage in a series of 
electroporation experiments conducted using a microelec 
troporation device of the structure similar to that of FIG. 2. 

[0020] FIGS. 5a, 5b, 5c, and 5d are plots of current vs. 
voltage in a further series of electroporation experiments 
conducted using a microelectroporation device similar to 
that of FIG. 2. 

DESCRIPTION OF THE INVENTION AND 
SPECIFIC EMBODIMENTS 

[0021] While this invention eXtends to a variety of struc 
tures, methods, and applications, this portion of the speci 
?cation Will illustrate certain speci?c structures and methods 
in detail, from Which the concepts of the invention as a 
Whole Will become apparent. 

[0022] The ?rst structure that Will be discussed is an 
electroporation cell With an internal support to hold a single 
biological cell and an internal barrier that restricts the 
electric current How in the electric cell to a How path that 
passes through the biological cell. When no voltage is 
applied, the structure can be used for diffusive transport 
alone, unassisted by voltage-induced pore formation. 

[0023] The con?guration of the barrier, and the tWo cham 
bers in embodiments that include tWo chambers, is not 
critical to the invention, and can vary Widely While still 
serving the purposes and advantages of the invention. Since 
biological cells are microscopic in siZe, hoWever, the pre 
ferred type of apparatus for the practice of this invention in 
each of its various forms is one in Which the structure as a 
Whole and/or its chambers are the siZe of electronic chips, 
fabricated by microfabrication techniques such as those used 
in electronic chip manufacture. It is further preferred that the 
chambers are constructed as ?oW-through chambers to alloW 
the passage of the liquids in continuous ?oW, intermittent 
?oW, or How at the direction of the user, and to alloW 
changes in the concentrations, pressure, and other conditions 
as needed to achieve close control over the passage of 
species across the biological cell membrane. Accordingly, a 
preferred structure and method of manufacture of the appa 
ratus are those that involve the formation of the apparatus in 
layers or platelets With appropriate openings that form How 
passages When the layers or platelets are bonded together. 

[0024] FloW-through chambers offer the advantage of per 
mitting the successive entry and removal of individual cells 
so that large numbers of cells can be treated in succession. 
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FloW-through chambers also permit replenishment of solute 
depleted solutions so that concentration gradients can be 
continuously maintained When desired. A further function 
that can be served by ?oW-through chambers is the increase 
and decrease of pressure, a function that is useful for various 
purposes as described beloW. 

[0025] The support for the biological cell in this structure 
can be any structure that secures the biological cell in a ?Xed 
position and that alloWs the passage of electric current. The 
most convenient support is an opening in the barrier. Secure 
ment of a biological cell over the opening serves to close, 
seal or plug the opening, thereby directing the passage of 
electric current, diffusive transport, or both, through the cell 
and eliminating or minimiZing leakage around the cell. A 
convenient mechanical means of achieving this is to impose 
a pressure differential across the opening in a direction that 
Will press the cell against the opening. The diameter of the 
opening Will be smaller than that of the cell, and the cell 
upon entering the apparatus Will pass into one of the tWo 
chambers. By increasing the pressure in the chamber in 
Which the cell resides, or loWering the pressure in the other 
chamber, the cell Will be forced against the opening, closing 
it off. Once the procedure is completed, the cell is readily 
released from the opening by equalizing the pressures in the 
tWo chambers or by reversing the differential such that the 
higher pressure is in the chamber other than the chamber in 
Which the cell Was introduced. The How of liquid in the 
chamber in Which the cell Was introduced Will then remove 
the cell from the opening, exposing the opening for another 
cell. 

[0026] An alternative method of sealing the opening With 
the cell is by the use of a coating on the barrier surface, or 
over the rim of the opening, of a substance that binds to the 
cell membrane. Since biological cell membranes are nega 
tively charged, the coating may be a substance that bears a 
positive charge, such as polylysine, polyarginine, or poly 
histidine. The biological cell can be directed to the opening 
by a pressure differential across the opening, and held in 
place by the coating. One the procedure is completed, the 
cell can be released from the coating by momentarily 
increasing the How rate of the liquid in the chamber on the 
cell side of the opening, or by imposing a reverse pressure 
differential across the opening to urge the cell aWay from the 
opening. 

[0027] The siZe of the opening is not critical to the 
invention provided that the opening eXposes suf?cient sur 
face area on the cell membrane to achieve the desired degree 
of either mass transfer, the passage of an electric current, or 
both, Within a controllable and economically reasonable 
period of time. The optimal siZe Will thus vary With the 
particular cells being treated or studied. In general, the 
opening is preferably circular or approximately circular in 
shape, and depending on the cell siZe, preferably ranges in 
diameter from about 1 micron to about 100 microns, more 
preferably from about 1 micron to about 50 microns, and 
most preferably from about 2 microns to about 20 microns. 
The barrier in Which the hole is formed and Which separates 
the tWo chambers is preferably of a rigid dielectric material 
that is impermeable to both Water and solutes and that Will 
hold a pressure differential sufficient to secure a cell against 
the opening. For devices that are manufactured by micro 
fabrication techniques, a convenient material for the barrier 
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is silicon nitride. Other materials that Will serve equally Well 
Will be readily apparent to those skilled in the art. 

[0028] A further feature of preferred embodiments of this 
invention is the use of apparatus made or transparent mate 
rials. This enables the user to observe cell interiors and the 
processes of microdiffusion and microelectroporation 
through a microscope as they occur. 

[0029] An eXample of a microdiffusion apparatus in accor 
dance With this invention for a single biological cell, for 
transporting materials across the cell membrane Without the 
application of an electric ?eld, is shoWn in FIG. 1. This 
components of this apparatus, from the bottom up, are an 
acrylic base 11, an intermediate silicon layer 12 (1 micron in 
thickness) With a portion 13 carved out to de?ne the lateral 
boundaries of the loWer of the tWo liquid chambers, a silicon 
nitride layer 14 serving as the barrier betWeen the tWo 
chambers, a silicon Washer 15 de?ning the lateral bound 
aries of the upper liquid chamber 16, and a glass cover plate 
17. A hole 18 in the silicon nitride barrier serves as the 
opening, and a cell or contiguous cell mass such as tissue 19 
is shoWn covering the hole. Channels eXtend through the 
acrylic base to serve as inlet and outlet channels for the 
liquids that pass through the upper and loWer chambers, as 
shoWn by the arroWs in the Figure. 

[0030] When the pressure in the upper chamber 16 is 
higher than that in the loWer chamber 13, the cell Will be 
retained in position over the hole, serving as a plug sepa 
rating the liquids in the tWo chambers from each other. When 
the composition of the solutions in the tWo chambers differs 
from that of the cell interior, mass transfer occurs across the 
cell membrane betWeen the chambers and the cell. When the 
composition of the solution in one chamber differs from that 
in the other, mass transfer occurs through the cell from one 
chamber to the other. By precisely controlling the compo 
sitions of the solutions in the tWo chambers, one can 
precisely control the mass transfer rate and direction Within 
the cell. Since the diameter of the opening 18 is knoWn, one 
can precisely determine the mass transfer that occurs 
through the opening. 

[0031] The numerous applications of this microdiffusion 
device Will be readily apparent. For eXample, the device can 
be used to infuse a cell With a cryopreservative such as 
glycerol by ?lling the upper chamber 16 With physiological 
saline and the loWer chamber 13 With glycerol. When using 
a cell 19 for Which the mass transfer coef?cient of glycerol 
across the cell membrane is knoWn, one can readily calculate 
the amount of glycerol that Will enter the cell and adjust the 
concentrations and eXposure times to infuse the cell With the 
amount that is knoWn to be required for cryopreservation. 

[0032] An eXample or a microelectroporation apparatus in 
accordance With this invention for a single biological cell, is 
shoWn in FIG. 2. The apparatus is similar in construction to 
the microdiffusion apparatus of FIG. 1. Its structural com 
ponents, from the bottom up, are an acrylic base 21, a loWer 
silicon layer 22 With a portion carved out to de?ne the lateral 
boundaries of the loWer liquid chamber 23, a silicon nitride 
layer 24 (1 micron in thickness) serving as the barrier 
betWeen the tWo chambers, an upper silicon layer 25 de?n 
ing the lateral boundaries of the upper liquid chamber 26, 
and a cover consisting of an n+ poly-silicon layer (5,000 A 
in thickness) 27 and a silicon nitride layer (1 micron in 
thickness) 28. A hole 29 in the silicon nitride barrier 24 
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serves as the opening, and a cell 30 (or cell mass) covers the 
hole. Channels eXtend through the acrylic base to serve as 
inlets and outlets for the liquids that pass through the upper 
and loWer chambers, as shoWn by the arroWs in the Figure. 
Afurther layer of n+ poly-silicon (5,000 31 resides above 
the acrylic base 21, and this layer, together With n+poly 
silicon layer 27 above the upper chamber 26 serve as the tWo 
electrodes. Each electrode is joined by electric leads to a 
printed circuit board 32 Which controls the voltage applied 
betWeen the electrodes and measures the current passing 
betWeen them. 

[0033] The microelectroporation apparatus shoWn in FIG. 
2 can be fabricated by conventional microfabrication tech 
niques, typically involving chemical vapor deposition, 
masking, etching and sputtering. The operation of the appa 
ratus Will be analogous to the operation of the microdiffusion 
apparatus of FIG. 1. The movement of biological cells 
through the apparatus is achieved by suspending the cells in 
the liquid used to ?ll the upper chamber, and cells are draWn 
to the opening, one at a time, by imposing a pressure 
differential betWeen the chambers, Which also holds a cell in 
place once the cell has been draWn to the opening. A 
convenient method of imposing such a pressure differential 
is to maintain atmospheric pressure in the upper chamber 
While loWering the pressure in the loWer chamber beloW 
atmospheric by attaching a syringe to the loWer chamber and 
pulling on the syringe plunger. Care should be taken to limit 
the pressure differential to one that Will not damage the cell. 

[0034] FIGS. 3a and 3b illustrate to a different apparatus 
and method Within the scope of this invention. This appa 
ratus and method involve a ?uid suspension of biological 
cells ?oWing through a conduit or How channel, in Which the 
cells pass through a region betWeen a pair of electrodes. The 
longitudinal cross section of FIG. 3a shoWs the Walls 41 of 
the channel, and a biological cell 42 passing doWnWard 
through the lumen of the channel (in the direction of the 
arroW). The transverse cross section of FIG. 3b shoWs that 
the channel is rectangular in cross section, although other 
cross-sectional geometries may be used. Electrodes 43, 44 
are formed as coatings on tWo opposing Walls of the channel. 
The electrodes are connected through leads to a printed 
circuit board 45 Which measures the impedance and controls 
the voltage applied to the electrodes. The biological cell 42 
is shoWn passing through the region betWeen the tWo 
electrodes. 

[0035] The area of the cross section of the channel is large 
enough to permit the cell to pass through essentially unim 
peded by the channel Walls, and yet small enough that only 
one cell can pass through the inter-electrode region at a time. 
In addition, each electrode 43, 44 is either approximately 
equal in length or slightly larger in length than the diameter 
of the biological cell, so that the cell upon entering the 
region causes a signi?cant or measurable decrease in the 
current passing through the region due to the voltage applied 
across electrodes. The spacing of the electrodes, i.e., the 
distance betWeen them, is likeWise subject to the same 
considerations. The biological cells are suspended in a liquid 
solution of the species to be introduced into the cells, and the 
suspension is passed through the channel-. A voltage is 
applied betWeen the electrodes as suspension ?oWs through 
the channel, and the current betWeen the electrodes (or the 
impedance) is monitored. A signi?cant drop in the current 
indicates the presence of a biological cell in the inter 
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electrode region. Once the cell is detected in this manner, an 
electroporation pulse can be applied to the electrodes While 
the cell is still in the inter-electrode region, and impedance 
can be observed further to detect the onset of electropora 
tion. The species dissolved in the liquid solution Will enter 
the cell as a result of the electroporation. 

[0036] Variations on these structures and methods Will be 
readily apparent to those skilled in the art. For example, the 
barriers described above can be minimized or avoided by 
using microelectrodes that are the same siZe as or smaller 
than the biological cells. Examples of such microelectrodes 
are carbon ?ber microelectrodes (such as ProCFE, Axon 
Instruments, Foster City, Calif., USA) used in conjunction 
With high-graduation micromanipulators (such as those 
available from Narishige MWH-3, Tokyo, Japan). Micro 
electrodes can be used in place of the electrodes shoWn in 
FIG. 2 or in place of those shoWn in FIGS. 3a and 3b. 

[0037] The following examples are offered for illustration, 
and are not intended to impose limits on the scope of the 
invention. 

EXAMPLE 1 

[0038] A series of experiments Was performed using a 
microelectroporation system consisting of the microelec 
troporation device described above and shoWn in FIG. 2, 
combined with How and pressure control units and pressure 
gauges for the liquids to be circulated through the upper and 
loWer chambers, a variable DC power supply, a pulse 
generator and poWer ampli?er for imposing voltage pulses 
across the device, a digital oscilloscope for monitoring the 
pulses, a ?uorescent microscope, a CCD (charge coupled 
device) camera, and a computer With image processing and 
Waveform processing softWare. Both chambers of the device 
Were ?lled With physiological saline and cells Were intro 
duced into the upper chamber. Liquid motion in the top and 
bottom chambers Was controlled by syringes. The pressure 
in the upper chamber Was atmospheric While the pressure in 
the loWer chamber Was reduced beloW atmospheric by 
pulling on the barrel of the syringe connected to that 
chamber. The voltage Was applied in single square pulses 
ranging from Zero to 120V in magnitude and from 2 micro 
seconds to 100 milliseconds in duration. The distance 
betWeen the electrodes in the upper and loWer chambers Was 
900 microns. 

[0039] The tests in this example Were performed using 
ND-l human prostate adenocarcinoma cells With a typical 
diameter of 20 microns. The opening in the microelectropo 
ration device Was 5 microns in diameter. A rectangular 
voltage pulse Was applied With a duration of 60 millisec 
onds, and the pulse Was applied at various amplitudes 
ranging from 10V to 60V in increments of 5 volts. With each 
pulse, the electric current passing through the opening Was 
measured. Experiments Were performed With the cells and 
Were repeated both With the opening stopped by a glass bead 
and With no obstruction at all in the opening. The results in 
each case Were expressed as microamperes of current vs. 
volts of pulse amplitude and are plotted in FIG. 4, in Which 
the upper curve (data points represented by x’s) represents 
the unobstructed opening, the loWer curve (data points 
represented by asterisks) represents the data taken With the 
glass bead residing in the opening, and the three middle 
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curves (open squares, open upright triangles, and open 
inverted triangles) represent data taken With three different 
ND-l cells residing in the opening. 

[0040] The upper curve shoWs that the current increases in 
a substantially steady manner as the voltage increases When 
there is no barrier to the passage of current through the 
opening. The loWer curve also shoWs a substantially steady 
rise as the voltage increases, although at a much loWer level. 
The current values shoWn in the loWer curve represent stray 
currents through the device. The curves of data taken With 
the ND-l cells across the opening shoW that at loW voltages 
the current is close in value to that obtained When the 
opening is closed by the glass bead While at high voltages 
the current rises to the levels obtained With an unobstructed 
opening. The transition is a sharp increase Which is indica 
tive of the formation of pores in the cell membrane through 
Which an electric current can pass, i.e., the onset of elec 
troporation. In all three cells, the transition occurred at 
voltages betWeen 30V and 40V. In tWo of the three cells 
(open squares and open upright triangles), the onset of 
electroporation occurred essentially at the same voltage, 
While in the third (inverted triangles), the onset occurred at 
a voltage that Was loWer than the other tWo by about 5V. This 
illustrates the value of controlling the process for individual 
cells to achieve optimal results. 

[0041] After the data shoWn in FIG. 4 Was generated, the 
pulses Were reapplied in descending order of amplitude 
values, and the resulting curves displayed hysteresis, i.e., the 
curves obtained With descending amplitudes Were higher in 
voltage than those obtained With ascending amplitudes. This 
indicated that the electroporation in these experiments Was 
irreversible. 

EXAMPLE 2 

[0042] Using the same microelectroporation system used 
in Example 1, a series of tests Were performed on rat 
hepatocytes (ATCC #CRL-1439), Whose typical cell diam 
eter Was 20 microns, the microelectroporation apparatus 
having an opening that Was 4 microns in diameter. Here as 
Well, rectangular voltage pulses that Were 60 milliseconds in 
duration Were used, ranging in amplitude from 10V to 375V 
in increments of 5V in the portion from 10V to 30V and in 
increments of 2.5V in the portion from 30V to 375V. The 
experiments Were performed in some cases only by increas 
ing the amplitudes and in others by ?rst increasing, then 
decreasing the amplitudes to evaluate reversibility. The 
results are plotted in the graphs shoWn in FIGS. 5a, 5b, 5c, 
and 5d. In each case, the upper curve (data points repre 
sented by circles) is the data taken With neither a cell nor a 
glass bead residing in the opening, the loWer curve (data 
points represented by squares) is the data taken With a glass 
bead in the opening, and the middle curve (data points 
represented by triangles) is the data taken With a hepatocyte 
in the opening, using different hepatocytes for each of the 
four Figures. 

[0043] In FIG. 5a, the amplitude Was increased and not 
decreased, displaying an electroporation threshold voltage 
of betWeen 25V and 30V. In FIGS. 5b and 5c, the amplitude 
Was ?rst increased and then decreased to produce the tWo 
middle curves. Although the ascending and descending 
curves are not differentiated, they are substantially identical 
in each Figure, indicating that the cell membrane in each of 
these tWo cases resealed after each voltage pulse and thus 
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that the pore formation Was reversible. In the test repre 
sented by FIG. 5d, the cell disintegrated once the applied 
voltage exceeded 375V, although this is not shoWn in the 
Figure. It is signi?cant to note that despite the fact that the 
same cell types Were used in each of FIGS. 5a, 5b, 5c, and 
5d, the electroporation threshold voltage differed among the 
individual cells, although all Were Within the range of 20V 
to 35V. Adaptation of the procedure to individual cells is 
readily achieved by monitoring the current in this manner to 
note When the electroporation threshold occurs. Selection of 
the optimal exposure time, voltage, composition changes in 
the surrounding liquids, and other parameters of the system 
can then be made to achieve the desired treatment of the cell 
Without destruction of the cell. 

[0044] The methods described herein are useful tools in 
the laboratory for conducting fundamental research in the 
electroporation properties of biological cells, and useful 
tools in industry for processing large quantities of cells in a 
?oW-through manner. By enabling one to observe and record 
the current flowing through individual cells, one can control 
the amplitude and duration of the voltage pulse to achieve 
optimal results. In addition, the devices described and shoWn 
herein for use in practicing the invention can be constructed 
With transparent parts and of a siZe suitable for mounting on 
a microscope stage. This Will permit one to correlate the 
electrical current measurements to visual observations and 
?uorescence measurements inside the cell. The device can 
be used to electrically detect, through the measurement of 
currents, the point in time When a cell becomes lodged in the 
opening as Well as the point in time When pore formation is 
achieved in the cell membrane. For larger scale and indus 
trial applications, large numbers of microelectroporation 
devices of the type described herein can be arranged in 
parallel. For each cell, electrical information indicating the 
trapping of a cell in the opening (such as a sharp drop in the 
current) can be used to generate a signal that Will initiate an 
electroporation sequence, and further electrical information 
indicating the completion of electroporation (such as a sharp 
rise in current) Will generate a signal that Will release the cell 
(for eXample by eliminating or reversing the pressure dif 
ferential) and permit the neXt cell to How toWard the 
opening. 
[0045] Further implementations, applications, adapta 
tions, and embodiments of the concepts, features and meth 
ods described herein that are Within the scope of this 
invention Will be readily apparent to those skilled in the art. 

What is claimed is: 
1. Amethod for performing electroporation in a biological 

cell in a controlled manner, comprising: 

(a) placing said biological cell in an electrically conduc 
tive medium and applying a voltage across said 
medium; 

(b) continuously detecting the ratio of electric current 
through the medium to voltage across said medium as 
an indication of the degree of electroporation of said 
biological cell; and 

(c) adjusting the magnitude of said applied voltage in 
accordance With changes in the magnitude of said 
current-to-voltage ratio to achieve a controlled degree 
of electroporation. 
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2. A method in accordance With claim 1 in Which step (b) 
comprises continuously detecting said current-to-voltage 
ratio as an indication of the onset of electroporation of said 
biological cell, and step (c) comprises adjusting the duration 
of said applied voltage in accordance With said current-to 
voltage ratio to achieve a controlled degree of electropora 
tion. 

3. A method in accordance With claim 1 comprising 
placing a plurality of said biological cells in said electrically 
conductive medium, said current-to-voltage ratio thereby 
serving as an indication of the degree of electroporation 
averaged over said plurality of biological cells, thereby 
achieving a controlled averaged degree of electroporation in 
said plurality of biological cells. 

4. A method in accordance With claim 1 comprising 
placing a single biological cell in said electrically conduc 
tive medium, said current-to-voltage ratio thereby serving as 
an indication of the degree of electroporation of said single 
biological cell, thereby achieving a controlled degree of 
electroporation in said single biological cell. 

5. A method in accordance With claim 1 in Which said 
voltage is applied betWeen tWo microelectrodes positioned 
With said biological cell in betWeen. 

6. A method in accordance With claim 1 in Which: 

said voltage is applied betWeen tWo electrodes in a 
?oW-through channel, said electrodes positioned to 
apply said voltage in a direction transverse to flow 
through said channel; 

step (a) comprises suspending said biological cell in said 
medium and continuously passing said medium 
through said channel; 

step (b) comprises further correlating said current-to 
voltage ratio With the presence of said biological cell 
betWeen said electrodes; and 

step (c) comprises adjusting the magnitude of said voltage 
While said biological cell is betWeen said electrodes. 

7. A method in accordance With claim 6 comprising 
suspending a plurality of said biological cells in said elec 
trically conductive medium and continuously passing said 
medium through said channel such that approximately one 
cell at a time passes through said electrodes. 

8. A method for performing electroporation in biological 
tissue in a controlled manner, comprising: 

(a) placing said biological tissue in an electrically con 
ductive medium and applying a voltage across said 
medium; 

(b) continuously detecting the ratio of electric current 
through the medium to voltage across said medium as 
an indication of the degree of electroporation in said 
biological tissue; and 

(c) adjusting the magnitude of said applied voltage in 
accordance With changes in the magnitude of said 
current-to-voltage ratio to achieve a controlled degree 
of electroporation in said biological tissue. 

9. A method for the infusion of a biological cell With a 
chemical substance by electroporation in a manner that 
permits detection of the onset of and control of the elec 
troporation, said method comprising: 

(a) securing said biological cell in an electrical cell 
containing a liquid With said chemical substance dis 
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solved therein, said electrical cell containing a barrier 
to electric current, said barrier arranged such that, When 
a voltage is imposed across said electrical cell, said 
barrier restricts electric current How to a ?oWpath 
passing through said biological cell While permitting 
substantially no electric current to bypass said biologi 
cal cell; 

(b) imposing a voltage across said electrical cell and 
monitoring the relative values of current passing 
through said cell and of said imposed voltage as an 
indication of the occurrence of electroporation in said 
cell. 

10. A method in accordance With claim 9 in Which said 
barrier divides ?rst and second electrode chambers in said 
electrical cell and contains an opening smaller in Width than 
said biological cell, and (a) comprises securing said biologi 
cal cell over an opening such that said cell closes said 
opening. 

11. A method in accordance With claim 10 in Which said 
?rst electrode chamber contains a ?rst electrically conduct 
ing liquid and said second electrode chamber contains a 
second electrically conducting liquid, and said chemical 
substance is dissolved in only one of said ?rst and second 
electrically conducting liquids. 

12. A method in accordance With claim 10 in Which said 
?rst electrode chamber contains a ?rst electrically conduct 
ing liquid and said second electrode chamber contains a 
second electrically conducting liquid, and said chemical 
substance is dissolved in both of said ?rst and second 
electrically conducting liquids. 

13. A method in accordance With claim 10 in Which (a) is 
accomplished by imposing a pressure differential across said 
opening to press said biological cell against one side of said 
opening. 

14. A method in accordance With claim 10 in Which (a) is 
accomplished by a coating on an area surrounding said 
opening, said coating comprised of a substance that binds to 
said barrier. 

15. A method in accordance With claim 10 in Which said 
?rst electrode chamber is constructed and arranged to permit 
continuous How of liquid therethrough, said method further 
comprising effecting continuous How of a ?rst electrically 
conducting liquid through said ?rst electrode chamber. 

16. A method in accordance With claim 10 in Which said 
?rst and second electrode chambers are constructed and 
arranged to permit continuous How of liquid through each 
such chamber independently, said method further compris 
ing effecting continuous How of a ?rst electrically conduct 
ing liquid through said ?rst electrode chamber and continu 
ous How of a second electrically conducting liquid through 
said second electrode chamber. 

17. A method in accordance With claim 9 comprising 
securing a plurality of said biological cells in said electrical 
cell in Which said barrier restricts current How to ?oWpaths 
passing through all of said plurality of biological cells While 
permitting substantially no electric current to bypass said 
plurality of biological cells. 

18. A method in accordance With claim 9 comprising 
securing only one said biological cell in said electrical cell, 
and in Which said barrier restricts current How to a ?oWpath 
through said only one biological cell While permitting sub 
stantially no electric current to bypass said only one bio 
logical cell. 
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19. A method in accordance With claim 9 in Which said 
electric cell is transparent, and said method further com 
prises observing changes in said biological cell While said 
voltage is imposed. 

20. Amethod for the passage of a chemical species across 
a membrane of a biological cell in a controlled manner to 
achieve a selected rate of mass transfer across said mem 

brane or to facilitate the determination of mass transfer 
properties of said membrane, said method comprising: 

(a) securing said cell over an opening in a barrier betWeen 
?rst and second chambers, said opening being smaller 
in Width than said cell such that said cell closes said 
opening, and 

(b) placing a ?rst liquid in said ?rst chamber and a second 
liquid in said second chamber, at least one of said ?rst 
and, second liquids containing a solute at a concentra 
tion suf?ciently higher than in said cell to cause said 
solute to diffuse into said cell. 

21. A method in accordance With claim 20 in Which 
securing said cell over said opening is accomplished by 
imposing a pressure differential across said opening to press 
said cell against one side of said opening. 

22. A method in accordance With claim 20 in Which 
securing said cell over said opening is accomplished by a 
coating on an area surrounding said opening, said coating 
comprised of a substance that binds to said membrane. 

23. A method in accordance With claim 20 in Which said 
?rst and second chambers are constructed and arranged to 
permit continuous How of liquid through each such chamber 
independently, and (b) is accomplished by continuous How 
of said ?rst liquid through said ?rst chamber and continuous 
How of said second liquid through said second chamber. 

24. A method in accordance With claim 20 in Which the 
concentration of said solute in said ?rst liquid is suf?ciently 
higher than in said second liquid to cause said solute to 
travel from said ?rst liquid to said second liquid by diffusive 
transport, said barrier being sufficiently impermeable to said 
solute and said cell being suf?ciently secured in said opening 
to restrict said diffusive transport to a diffusion path through 
said cell. 

25. A method in accordance With claim 24 in Which said 
solute is selected such that its mass transfer coef?cient 
across said membrane is knoWn, and said method is a 
method for infusing said cell With said solute and further 
comprises selecting the concentration of said solute in said 
?rst liquid and the period of time during Which said diffusive 
transport is continued, both on the basis of said knoWn mass 
transfer coef?cient, to infuse said cell With a preselected 
amount of said solute. 

26. A method in accordance With claim 24 further com 
prising monitoring changes in said cell While said solute is 
diffusing into said cell, said changes being representative of 
the degree of infusion of said cell With said solute as a means 
of determining the rate of mass transfer of said solute across 
said membrane. 

27. A method in accordance With claim 20 in Which said 
barrier and said chambers are enclosed by a housing that is 
transparent, said method further comprising observing 
changes in said biological cell While said solute diffuses into 
said biological cell. 

28. Apparatus for the infusion of a biological cell With a 
chemical substance by electroporation, said apparatus com 
prising: 
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an electric cell containing an internal support to hold a 
biological cell and an internal barrier of a material 

substantially impermeable to electric current, said bar 
rier positioned to restrict electric current How in said 
electric cell to a ?oWpath crossing said internal support 
and through any biological cell held thereby; and 

means for imposing a voltage across said electric cell and 
for monitoring the relative values of current and volt 
age as an indication of the occurrence and degree of 
electroporation in any biological cell held thereby. 
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29. Apparatus in accordance With claim 28 in Which said 
barrier divides the interior of said electric cell into ?rst and 
second electrode chambers and said internal support is an 
opening in said barrier smaller in Width than a biological 
cell. 

30. Apparatus in accordance With claim 29 further com 
prising means for imposing a pressure differential across 
said opening to lodge a biological cell in said opening. 

31. Apparatus in accordance With claim 29 in Which said 
?rst electrode chamber is a ?oW-through channel. 

* * * * * 


