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EMPIRICAL ANALYSIS OF SINGLE-CELL ELECTROPORATION WITH AN
ELECTROLYTE-FILLED CAPILLARY
Aparna Agarwal, PhD
University of Pittsburgh, 2009
Electroporation is a technique that uses electric fields to create transient nanopores in a cell’s
membrane thereby increasing its permeability. This technique has been most frequently used to
transport molecules, chiefly DNA, across cell membranes for a wide range of applications such
as gene therapy, molecular biology, and clinical chemotherapy. There are two types of
electroporation, bulk and single-cell electroporation. In single-cell electroporation, a localized
electric field is applied to a single cell to achieve selective permeabilization of the targeted cell
without affecting its neighbors. However, there are no experimental reports on the quantitative
treatment of single-cell electroporation. We have developed a quantitative approach to control
and maximize cell permeabilization and viability in single-cell electroporation. Single-cell
electroporation experiments have been performed using small-sized electrolyte-filled capillaries.
A549 cells are exposed to the thiol-reactive dye Thioglo-1 leading to green fluorescence from
intracellular thiol adducts. The fluorescent cells are exposed to brief (50-500 ms) electric field
pulses (500 V across a 15 cm capillary) at varying cell-capillary tip distances (2-10 pum). Loss of
fluorescence from diffusion of Thioglo-1 conjugates out of the cell is measured as a function of
time. Results revealed that longer pulses and a shorter cell-capillary tip distance led to a greater
decrease in the cell’s fluorescence and are more deadly. A large variability in single-cell
electroporation within a set of experimental conditions has been observed. In order to understand
the variability in single-cell electroporation, logistic regression has been performed to determine

the probabilities of cell survival and electroporation dependence on experimental conditions and



cell parameters. The results revealed that the cells are more readily permeabilized and are more
likely to survive if they are large and hemispherical as opposed to small and ellipsoidal with a
high aspect ratio. Further, a quantitative approach has been developed to determine the
experimental and cell parameters that influence the outcome of a single-cell electroporation
experiment. The regression analysis results revealed that the outcome of electroporation can be
related to the cell-capillary tip distance and cell size. The relationship obtained has been used to
control the magnitude of molecular flux from single cells, and decrease the variability in the
outcome of electroporation of A549, and two more cell lines DU 145, and PC-3 cells. It has also
been found that there is a significant relationship between cell survivability and the molecular
efflux from single fluorescent cells. Results revealed that cell survivability could be retained
across the three cell lines A549, DU 145 and PC-3 by controlling the magnitude of molecular

efflux to 55 % or less.
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1.0 INTRODUCTION

1.1 ELECTROPORATION

The ability to introduce macromolecules into cells, including DNA, RNA, protein, and
other bioactive compounds has facilitated a broad range of biological studies, from biochemistry
and biophysics to molecular and cell biology. It has been known since the 1970s that the cell
membrane can be transiently permeabilized by exposing the cell to a high intensity electric field
pulse.’® Neumann et al. first showed the successful transfer of DNA into mouse L cells by
applying electric field pulses of 8 kV/cm with a 5 ps pulse duration.* The term electroporation
was then introduced by Neumann and is now generally accepted to refer to the phenomenon of

formation of pores at high electric field strengths.

1.1.1 Electroporation Overview

The intact cell membrane acts as a barrier to the free diffusion of molecules and ions
between the cytoplasm and the external medium. When a cell is exposed to an electric field, a
transmembrane voltage is induced on the membrane. If this voltage exceeds a certain value,
which has been experimentally determined to be about 250 mV for most cell types,® it leads to a
significant increase of the conductivity and the permeability of the membrane. Formation of a

state of increased permeability of the membrane caused by an exposure to the electric field is

1



called electroporation (also electropermeabilization). As a result of the increased permeability of
the membrane, charged, polar molecules such as DNA, dyes, drugs or proteins can be transported
across the membrane.* ® With appropriate duration and amplitude of the electric field, the
membrane returns into its normal state after the end of the exposure to the electric field
(reversible electroporation). However, if the exposure is too long or the amplitude of the electric
field is too high, the membrane does not revert to its normal state after the end of the exposure,
leading to cell death (irreversible electroporation).” Electroporation is now being used in many

4, 8-11

fields such as cell biology and biotechnology for gene transfer and in medical application

12-14 15,16 17-19

for gene therapy, cancer chemotherapy, and transdermal drug delivery.

There are two types of electroporation, namely bulk electroporation and single-cell
electroporation. Traditionally, electroporation has been performed in batch or bulk mode on cells
in suspension. In bulk electroporation, a batch of cells in suspension is exposed to a uniform
electric field of a few kilovolts per centimeter resulting in the permeabilization of many cells at
the same time.* > * 18 2022 Thjs gives a distribution of outcomes among the cells in the
suspension. Single-cell electroporation has shown promise, especially in applications to natural
adherent cells, but is not well studied as bulk electroporation. In single-cell electroporation, a
localized field is applied to a single adherent cell or a cell in suspension flowing through a
microfabricated device, while the neighboring cells are exposed to very low or no field. Data
collected from single cells generates unique information about cell-to-cell variations and avoids
information loss due to averaging across the population of cells.”*% In the next few sections (1.2

- 1.5) an overview of bulk electroporation in literature is presented. Section 1.6 gives an

overview of various techniques that have been used in single cell electroporation.



1.2 TRANSMEMBRANE POTENTIAL

The primary event that leads to the pore formation by electroporation is the induction of a
large transmembrane potential by the applied electric field. The potential difference Ay ,, across
a cell membrane consists of two major contributions, natural Ay, and induced Ay, membrane
potential differences. Ay, is the intrinsic membrane potential difference which is typically about
-40 to -60 mV.

The electrically induced potential difference Ay is the difference between the potential
inside the cell y,, and the potential outside the celly . The Ay induced at a point on the
membrane of a single cell placed in a homogeneous field (Figure 1.1) is given by:

Ay () =y, —v,. =—F(d, /2)Ecospl—exp(-t/z)) (1.1)
where Ay is the induced transmembrane voltage, f is a function that describes geometrical and
electrical properties, d. is the diameter of a cell, E is the external electric field, and ¢ is the polar

angle measured from the center of the cell with respect to the direction of the field, and 7 is the
charging time of the pulsed cell membrane.

+ =

dJ2

Figure 1.1. Induction of transmembrane on a spherical cell placed in a homogeneous electric field.

Adapted from reference. %



In most cases, the exponential term can be neglected because the duration of the applied
electrical pulse is much larger than the membrane charging time (< 1 ps). By further assuming
the cell is spherical with a shape factor of 1.5 and that the cell membrane is pure dielectric, the
transmembrane potential can be deduced as following:

Ay =-1.5(d, /2)Ecose (1.2)
As the induced potential difference Ay is dependent on an angular parameter ¢ (Eqg. 1.1 and

1.2), the field effect is position dependent on the cell surface. Therefore, the anode facing side of
the cell is hyperpolarized while the cathode facing side is depolarized. The spatial distribution of
the transmembrane potential induced in nonexcitable cells by external electric field was first

imaged by Gross et al. by using potential-sensitive fluorescent dye.?’

1.3 THEORETICAL MODELS FOR ELECTROPORATION

Despite the common use of electroporation in biotechnology and medicine, the molecular
mechanisms of electroporation and electrodelivery of macromolecules is not very well
understood. Nevertheless, the theory of formation of aqueous pores in the cell membrane is
widely considered as the most convincing theoretical explanation of electroporation.® According
to this theory a sufficiently long and strong exposure to an electric field leads to the formation of
hydrophilic pores, in which the lipids adjacent to the aqueous inside of the pore are reoriented in
a manner that their hydrophilic heads are facing the pore, while their hydrophobic tails are
hidden inside the membrane. The hydrophilic state of the pores can only be reached through a
transition from an initial hydrophobic state in which the lipids still have their original orientation

(Figure 1.2). As electric field amplitude increases, the presence of hydrophilic pores becomes
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energetically more favorable, which leads to the formation of pores with an average radius
corresponding to the minimum of the free-energy curve (Figure 1.3, the upper curve). Further
increase of the field amplitude pushes this curve downward, and eventually the energy minimum
disappears (Figure 1.3 the lower curve), resulting in a complete breakdown of the membrane,

which corresponds to irreversible electroporation.

anann
LULLULLL

—_—
—_—
[ ———]
"]
[ ]
[ ]
—_—

i
H%Hﬂ

Figure 1.2. Formation of an aqueous pore shown for transmembrane voltage increasing from top to bottom:
a non-porated membrane, formation of a hydrophobic pore, transformation into a hydrophilic pore (reversible
electroporation), and enlargement beyond the stable size (irreversible electroporation).

(Adapted from reference,® with permission from Elsevier.)
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Figure 1.3. A schematic representation of the amount of energy required for formation of an aqueous pore

of a given radius for a transmembrane voltage that yields reversible (the upper curve) and irreversible
electroporation (lower curve). The sharp local maximum corresponds to the transition from hydrophobic to
hydrophilic state.

(Adapted from reference,® with permission from Elsevier.)

1.3.1 Pore Creation

A theoretical approach describing the creation of pores induced by electric fields is based
on energy considerations.® ?® % According to the Glaser et al. theory of electroporation, all pores

are initially created hydrophobic at a rate determined by their energy™

2
E(r) = E(H (13)
where r. and E.are the minimum radius and energy barrier for the creation of conducting pores
(Figure 1.4). Most of the hydrophobic pores are quickly destroyed by lipid fluctuations, but if
hydrophobic pores of radius r > r.are created, they convert spontaneously to long-lived

hydrophilic pores. The energy of hydrophilic or conducting pores is given by the following:

E(r) :[%T + 2 —Tar? (1.4)



Here, C is the steric repulsion coefficient, y is the pore edge energy, and I" is membrane surface
tension. The first term in Eq. 1.4 represents the steric repulsion between the lipid heads lining the
pore and is responsible for the increase in pore energy with shrinking radius.

The pore energy E(r) in Figure 1.4 corresponds to the situation when there is no
externally applied transmembrane potential. In the presence of a transmembrane potential Vy, the
pore energy is denoted by:

o(r) = E(r) -,V r? (1.5)
where the term —7zapvnfr2 is the capacitive contribution. The coefficient a, is a property of the

membrane and its aqueous environment.
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0.0 1.0 20 3.0
Pore Radius (nm)
Figure 1.4. The energy of a pore as function of radius at the transmembrane potential V,, = 0 mV. The
dashed and solid lines show the energy of hydrophobic and hydrophilic pores, respectively.

(Reprinted from reference,® with permission from Elsevier).



1.3.2 Pore Size, Distribution, and Density

A number of models have been described that study the electroporation of a single cell in
a uniform electric field. The first model that describes the basic biophysics of electroporation
was built by Pastushenko et al. in 1979.% This model is based on Smoluchowski equation, a
partial differential equation (PDE) that governs the distribution of pores as a function of their
radius and time. The Smoluchowsi equation can be described as follows: If n(r,t) denotes the
distribution function of the pore density, such that the pore density, at a given time t and when
the number of pores per unit area with radii between r and r+dr, is n(r,t)dr, then n(r,t) is

governed by the following equation:

(1))
n+Do|——n-n_|=S(r 1.6
: ( T j () (L6)

where D is the diffusion constant of pores, ¢ is the pore energy, k is the Boltzmann constant, T
is the absolute temperature, and S(r)is the source term that represents the creation of pores.
Subscript t denotes differentiation with respect to time, subscript r or 0, denotes differentiation

with respect to pore radius.

Investigating the electroporation process using PDE has several drawbacks. First, this
equation requires knowledge of several constants whose values cannot be measured directly.
Most of these constants have been estimated by theoretical arguments and are known only in
orders of magnitude. Because of these uncertainties in the values of the parameters, the solution
to Eq. 1.6 gives only a qualitative picture of the electroporation process.

A model that provides a closer relationship between theory and experiments is developed

by DeBruin and Krassowska.*" 3 3* In this model, they simplified the Smoluchowski equation



from PDE to an ordinary differential equation (ODE). This ODE describes the dynamics of the

pore density by the following equation:

AN _ eterr(q_ N (1.7)
dt Ne, (V)

where N is the pore density, Vi, is the transmembrane potential, Ve, is the characteristic voltage
of electroporation (0.25 V), and « is the creation rate coefficient. Neq is the equilibrium pore

density for a given voltage Vp,
Ny (V) = Ny (1.8)

where N, is the equilibrium pore density for Vi,=0, and q=(rm/r+)?, with ry the mimimum energy
radius at V=0, and r= the minimum radius of a hydrophilic pore. This model has been used to
determine transmembrane potential, number of pores, and the distribution of pore radii as
functions of both time and position on the cell surface. Based upon this model, the pore density
of a spherical cell exposed to an external electric field can be high in the order of 10° pores/cm?,
of which > 97% are small pores (~1 nm radius). The highest pore density occurs on the
depolarized and hyperpolarized poles but the largest pores, which may grow to ~0.5 um, are on

the border of the electroporated regions of the cell.
14 ELECTROPORATION PARAMETERS

1.4.1 Pulse Parameters

The pulse parameters and experimental conditions of electroporation should be chosen
such that they yield the highest fraction of permeabilized and live cells. Also, in cases of bulk

9



electroporation, it is necessary that the optimal pulse parameters should be chosen so that a
certain quantity of molecular uptake takes place in each cell. For these reasons, the role of pulse
parameters and experimental conditions is usually investigated through a combination of tests
that estimate the fraction of permeabilized cells, the fraction of cells surviving the treatment, and

the average amount of exogenous molecules introduced into the cell.

1.4.1.1 The Role of Field Strength, Pulse Duration, and Number of Pulses

Cell permeabilization occurs on the part of the cell membrane where potential difference
has been brought to its critical value. The critical value has been evaluated to be of the order of
~250 mV for most cell types. Permeabilization is therefore controlled by the field strength, and it
occurs only when the field intensity E, larger than a critical value, E,, is applied. The field
strength determines the area of the cell surface that is affected.'® * Increase in E results in an
increase in the percentage of permeabilized cells; however, this is also accompanied by a
decrease in percentage of dead cells. The pulse duration and/ or number of pulses on the other
hand control the density of pores in the area where cell permeabilization takes place.*® Rols and
Teissie have shown in Chinese hamster ovary cells that the critical pulse amplitude of
electroporation performed in a bulk mode is lowered if the number and/or duration of the pulses
is increased.®® The transmembrane transport of molecules into permeabilized cells depends on
the proper choice of the pulsing conditions. Pucihar et al. studied the influence of pulse
amplitude and pulse duration on the transport of small molecule such as propidium iodide into
Chinese hamster ovary cells.*” They found that the transport of propidium iodide was faster and
larger for higher pulse amplitudes and/ or longer pulse durations. Electrophoresis plays an
important role in the transport of macromolecules across the membrane and a sufficiently long

pulse duration is crucial for adequate uptake.®® Zahroff et al. demonstrated in 4T1 murine
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mammary carcinoma cell lines that low-voltage and long duration pulses were more effective
than high voltage and short duration pulses for macromolecular delivery into permeabilized
cells.® Typically, pulse durations for the uptake of smaller molecules are in the range of
hundreds of microseconds, while for macromolecules, durations from several milliseconds to

several tens of milliseconds are usually required.

1.4.1.2 Role of Pulse Shape

The role of pulse shape in efficiency of electroporation has not been studied in great
detail because commercially available pulse generators that provide sufficient voltage for
electroporation of cells are mostly limited to rectangular and exponentially decaying pulses.
Among the studies on the role of pulse shape in electroporation, Tekle et al. found that the
efficiency of DNA transfection in vitro was significantly higher with a bipolar 60-kHz square
wave of 400 ps duration than with a unipolar wave of the same frequency and duration.*
Schoenbach et al. have reported on electropermeabilization with ultrashort (60 ns) pulses.** In a
study comparing unipolar and bipolar rectangular pulses, Kotnik et al. have shown that with
bipolar pulses, the critical voltage of electroporation is lowered considerably, while cell viability

remains unaffected.*?

1.4.2 Cell Factors

1.4.2.1 Cell Size and Shape
The effect of cell size on electroporation is evident from the Schwan equation given in
Eqg. 1.1. The Schwan equation shows that in bulk electroporation where a homogeneous electric

field is applied to a spherical cell, the transmembrane potential depends linearly on the cell
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size.”® Therefore, a large cell would have a higher transmembrane potential which leads to an
increased cell permeabilization.

Theoretical and experimental results have shown that permeabilization is not only a
function of cell size but also of cell shape and orientation.***® For spherical cells in a
homogeneous field, the transmembrane potential is defined by the Schwan equation. Non
spherical cells can be approximated as prolate or oblate spheroids. The Schwan equation is
extended to calculate transmembrane potential for parallel and perpendicularly oriented
spheroids, and for arbitrarily oriented spheroids. The generalized Schwan equation can be written

as:

AD, = Esina X+ ECOSaLiz (1.9

X z

where L and L, are depolarizing factors which depend on the geometrical properties of the

spheroid, variables xand z are the coordinates of a point on the surface of the spheroid, E is
strength of the applied electric field, and angle a is the angle between the symmetry axis of the
spheroid and the external electric field and defines the cell orientation with respect to the electric

field. Gimsa and Wachner*> */

extended the Schwan equation to present an analytical solution for
the transmembrane potential induced by a homogeneous AC field. Their model describes the
dependence of transmembrane potential on cell size and shape, field frequency, the membrane
capacitance, the conductivities of cytoplasm, membrane and external medium, the angle
dependence, and the orientation of the cell with respect to the external field. Valic et al. showed
theoretically and experimentally that for elongated cells, the permeabilization was strongly
dependent upon electric field intensity and angle of orientation a.*® Their results showed that for

electric field slightly higher than the threshold, only the cells with their longest axis parallel to

the electric field were permeabilized. When the electric field was increased, the cells with
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longest axis perpendicular to the direction of the field became permeabilized. However, for an
electric field higher than 500 V/cm the cells became permeabilized irrespective of their

orientation with the respect to the electric field.

1.4.3 Physicochemical Factors

The composition of the electroporation buffer and ambient temperature play an important role in

the efficiency of electroporation.

1.4.3.1 Electroporation Buffer

The electroporation buffer plays an important role in controlling the size of the pores.*
Studies have shown that the uptake (or release) of molecules is dependent upon ionic
composition, ionic strength, conductivity, and osmolality of the buffer.”® However, there is still
some debate on this issue. One study reported that the uptake (or release) increased with
decreased buffer conductivity,” whereas the other reports have shown opposite results. >* Wang
and Griffiths have shown an increase in transformation efficiency (50-fold) in vibrio
parahaemolyticus strains when the electroporation was performed in Mg®* free buffer.>® The
Mg?" were replaced by sucrose to maintain the stability of the cell membrane. The buffer pH is
also important, and the buffer composition and pH should mimic the cytoplasm of the cell. The
usual intracellular pH is around 7.2. When applying high voltage with long duration, lower salt

compositions are used to avoid excess Joule heating produced by the high voltage.
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1.4.3.2 Temperature

Ambient temperature can influence the efficiency of electroporation. Although
conflicting data on the temperature dependence in transfection has been reported, several studies
have shown increased permeabilization and shortened resealing times at elevated temperatures.>®
> At 37 °C, membrane resealing has been shown to take less than 5 min. Rols et al. showed an
increased transfection in Chinese hamster ovary cells when they incubated cells at 4 °C before

pulsation, and then after pulsation, incubated cells at 37 °C.>®

1.5 CELL VIABILITY

It is important to preserve cell viability following electroporation. Cell viability is
retained in the case of reversible electroporation where the pores reseal with time, however cells
die in irreversible electroporation where the pores do not reseal with time. Studies have shown

h,?®*" pulse duration,*

that cell viability depends on electric field parameters such as field strengt
number of pulses delivered,”® *° and also on the medium of electroporation.”® One of the most
comprehensive studies of understanding the dependence of cell viability on experimental

conditions was carried out by Canatella et al.®°

They used flow cytometry to study viability of
prostate cancer DU 145 cells for more than 200 different combinations of experimental
conditions. Their results showed that viability has a complex dependence on field strength, pulse
length, and number of pulses. Gabriel and Teissie evaluated the role of electric field parameters
in short-term and long-term death of Chinese hamster ovary cells following

electropermeabilization.”® Short-term cell death was evaluated in the minute range after

electropulsation, and the long-term death was evaluated 24 hours after electropulsation. Their
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results showed that the cell death (short-term and long-term) was linearly related to the fraction

of the membrane area brought to the permeabilized state.

1.6 SINGLE-CELL ELECTROPORATION

1.6.1 Single-Cell Electroporation with Microelectrodes

Lundqvist et al. developed the first single-cell electroporation method by using carbon
fiber microelectrodes to produce highly localized fields on single adherent cells in confluent
cultures.®* Two carbon fiber microelectrodes with outer diameter of 5 pm were positioned 2 to 5
pm from the boundaries of the cell at an at an angle of 0-20° and 160-180° with respect to the
object plane. A single 1 ms rectangular low-voltage pulse (~2 V) was used to electroporate cells
with high spatial resolution, giving a transfection yield and survival rate of 97 %. Furthermore, to
characterize single-cell electroporation using microelectrodes, the above technique was
combined with patch clamp technology.® A patch-clamp pipette was sealed on the cell at a 90°
angle with respect to the microelectrodes. The transmembrane current responses were used to
determine the critical transmembrane potential.

Despite high resolution and high transfection efficiency achieved with this technique,
there are certain disadvantages of the microelectrode method. The voltage drop at the
electrode/solution interface due to the electrode reaction and formation of the double layer needs
to be taken into account. At long pulse durations and short cell-electrode distances, there is a
possibility of cytotoxic products being produced at the electrode. Also, the cell loading agents

need to be added to the buffer solution surrounding the cell or delivered specifically to the
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targeted area by using a micropipette. To overcome these problems, new methods of single-cell

electroporation have been developed.

1.6.2 Single-Cell Electroporation with Micropipettes and Capillaries

Single-cell electroporation with micropipettes and capillaries has certain advantages over
the microelectrode system. The electrode reaction takes place far away from the electroporated
cell which decreases the toxic product problem. Also, the cell loading agents can be delivered

through the capillaries via electroosmotic and electrophoretic flow.

1.6.2.1 Micropipettes

In the micropipette method the electrode close to the cell is a solute-filled micropipette
with a metal electrode inside. Another electrode couples with this micropipette electrode to carry
current through the target cells. The small tip size of the micropipettes enables the insertion of
compounds in selected regions of single cells.

Single-cell electroporation using micropipette technology was first demonstrated by
Karlsson et al.®* They combined electroporation and pressure-driven microinjection method to
load biopolymers and colloidal particles into single-cell unilamellar liposomes. Single liposomes
were positioned between a ~2 pm tip diameter solute-filled glass micropipet, equipped with a Pt
electrode, and a 5 um-diameter carbon fiber electrode. A transient, 1-10 ms, rectangular
waveform dc voltage pulse (10-40 V/cm) was applied between the electrodes, thus focusing the
electric field over the liposome. The induced dielectric membrane breakdown facilitated the
penetration of micropipet tip into the liposome, thus injecting a small volume of the loading

agent. This method was also applied to load single PC12 cells.
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Haas et al. used micropipette technology to permeabilize single neurons and glia in the
brain of intact Xenopus tadpoles and rat hippocampal slices to deliver DNA and other
macromolecules.®® Transfection was performed using a micropipette with a tip diameter of 0.6-
1.0 um. A silver wire (0.25 mm diameter) was placed inside the micropipette. VVoltage pulses
(10-80 V), with single and multiple pulses of 1-150 ms were delivered between the micropipette
electrode and the silver wire ground electrode. Transfection efficiency was tested for a range of
stimulation parameters such as amplitude, duration, and shape of pulse. They obtained highest
transfection efficiency (30%) with 200 Hz trains of 1 ms square pulses at 50V.

Rae and Levis improved the transfection efficiency of single-cell electroporation with
micropipettes by employing patch-clamp technology and more precise positioning of the
micropipette and better visualization of the cells.®® Cultured cell were indented by a micropipet
with a pulled tip ~ 0.5 um which led to an increase in resistance of 25% due to the indention.
Rectangular pulses (2-10 V) from 20 ps to 300 ms durations were used. With optimal
parameters, transfection efficiency of more than 80% was achieved. Moreover, small tips
electroporated only a limited area and so did little cell damage. Rathenberg et al. also achieved
high efficiency of 80 % by using two-photon microscopy for real-time visualization at the
cellular level by electroporating single cells in neurons using fluorescently labeled
oligonucleotides and plasmid DNA.®® In their setup, micropipettes with a tip diameter of about 1-
2 um and with resistances of 10-20 MQ were used. The most efficient electroporation pulse
parameter was a single train of 200 square pulses with duration of 1 ms and a 4 ms delay with

amplitude of 10 V.
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1.6.2.2 Electrolyte-filled Capillary (EFC)

The main differences between the EFC and micropipette are that in case of EFC there is
no electrode or filament fused into the wall of the capillary. EFCs are typically placed several
microns away from the target cells. The main advantage of the capillaries is that the same EFC
can be used for electroporation as well as cell analysis. However, some disadvantages of
capillaries are that longer pulse durations and higher voltages are required because of the high
resistance inside the EFC.

Single-cell electroporation using EFC was first demonstrated by Nolkrantz et al.” & A
typical electroporation setup is shown in Figure 1.6. A 30 cm long capillary (30 pm inner
diameter, 375 pum outer diameter tapered to an outer tip diameter of 50 um) was placed at a ~5
pm distance from the cells. A large-voltage pulse (2-10 kV, duration 5 s) applied across the EFC
was used to produce a small electric field outside the terminus of the EFC causing pore
formation in cell membranes. The electroporation was used to deliver fluorogenic dyes into
single NG108-15 cells and small populations of cells in organotypic hippocampal cultures in
vitro and in vivo. The magnitude of the electric field along the axis of symmetry of the EFC

lumen extending out into the solution was given by the following equation:

EZw) =1 £ 4

=L@yl (110)

where Wis the applied potential in volts, L is the length of the EFC, Z is the dimensionless
distance from the tip of the EFC, z/a, where z is distance from the EFC tip and a is the EFC

lumen radius.
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power supply

Figure 1.5. Single-cell electroporation using electrolyte-filled capillary.

(Reprinted from reference,®” with permission from American Chemical Society).

In another set of experiments, Olofsson et al. used larger capillaries (0.4-1.0 mm inner
diameter) but lower voltage and shorter duration (gap height 50-100 um, 200-225 V pulses of
10-25 ms) for a computer-controlled scanning electroporation method.®® The capillary was
scanned over a cell culture to locally deliver both electric field and electroporation agent to the
target area without affecting surrounding cells. The instantaneous size of the targeted area was
determined by the dimensions of the capillary. Also, they used finite element method simulations
to study the spatial distributions of the electric field, concentration of the electroporation agent at
the capillary outlet, and fluid dynamics related to the flow of electroporation agent from the
capillary.”® This method was validated for transfection by introduction of a 9-base-pair-long

randomized oligonucleotide into PC12, CHO and WSS cells.

1.6.3 Single-Cell Electroporation with Microfabricated Chips

Single-cell electroporation using microchips is growing rapidly as it has many merits: (1)
integration with separation and detection and single-cell analysis thereof, (2) small sample

amount, (3) high surface/volume ratio that decreases the heat effect, (4) facility to automate
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single-cell electroporation with high efficiency and throughput, (5) selectively trap specific target
cells. The disadvantages are time-consuming fabrication process and high-cost.

Huang and Rubinsky first developed the microelectroporation chip technology to study
and control single-cell electroporation.”” The chip consists of a three-layer device fabricated
using the standard silicon microfabrication technology. The chips were glued together using a
high dielectric strength adhesive. A micron-size hole connected the fluid chambers. In a typical
experimental setup, cells were introduced into the upper chamber, a negative pressure difference
was generated between the bottom and the top chamber to capture individual cell of interest.
Once the cell was set in the hole, electric pulse was applied. The individual cells were uploaded
with exogenous compounds, and released to be replaced by the next cell. Measurement of current
flowing between the electrodes gave information about cell trapping and electroporation status as
well as the breakdown voltage. Later they presented a new microchip that uses microfluidic
structures that precisely handles cells in a flow through manner, and performs electroporation
facilitated gene transfer in each cell consecutively.”? Membrane impermeable nucleic acid stain
YOYO-1 and enhanced green fluorescent protein (EGFP) were loaded into ND-1 cells with a
100% gene transfer rate under controller electroporation. In the experiments performed in flow-
through channel micro-electroporation system using conventional DC electrical pulses, it was
found that when using large volume of cells, DC pulses caused electrolysis of the solution
carrying the cells, thereby resulting in gas bubbles being generated near the electrodes. The gas
bubbles migrated towards the micro-channel and causing electrical disconnection in the system.
In order to overcome the electrolysis problem, Ziv et al. successfully performed micro-
electroporation on mesenchymal stem cells using AC electrical pulses.” The effect of AC micro-

electroporation on electrolysis was found to be dependent on the AC frequency used.
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Khine et al. developed a polydimethylsiloxane (PDMS) microfluidic device to trap
individual cells laterally and locally electroporated them in parallel.”* ™ The advantage of this
chip is that it can manipulate an array of cells such that a plurality of cells can be electroporated.
Also, it is an easy-to-use chip, which uses low voltages for electroporation (~0.76 V), and has the
electrodes placed at a distance from the cell therefore eliminating the potential of adverse
products from electrode reactions. Ag/AgCl electrodes and patch clamp amplifier were used to
monitor accurate current traces.

Wang and Lu have developed a microfluidic method with high throughput for real-time
studies of single-cell electroporation.”® ” A continuous DC voltage instead of electrical pulses
was applied to produce the electroporation field in the microfluidic channel. The microfluidic
channel was geometrically modified in a way that localized high field was created only in the
defined section and only this high field section induced electroporation. The exposure time of the
cells to this high field was determined by the velocity of the cells and the length of the section.
Chinese hamster ovary cells were electroporated reversibly and irreversibly using this technique
and the correlation between the swelling rate and cell size for various buffer osmolarities was
studied. In a recent study, Wang and Lu used the microfluidics-based electroporation technique
to deliver small molecules and genes into Chinese hamster ovary cells.”

He et al. developed a new micro pulsed radio-frequency electroporation (UPREP) chip
which was fabricated using micro electro-mechanical system (MEMS) technology.” A big
advantage of this technique is that extensive statistical data can be quickly obtained as large
number of cells can be electroporated at different pulse conditions at the same time. They studied
the variations of fluorescent intensity and cell viability as functions of the electric pulse

amplitude and duration during the electroporation process at the single-cell level. The results of
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the parametric study were presented in the “phase diagram”, from which the critical electric field
for inducing single-cell electroporation under different conditions could be clearly determined.

MEMS-based micro electroporation chip can greatly shorten the experimental time.

1.7 OUTLINE

Single-cell electroporation is not as well developed as bulk electroporation. In single-cell
electroporation electric field is focused on one single cell at a time which enables selective
permeabilization of the targeted cell without affecting its neighbors. Electroporation of a single
cell with a locally applied electric field should not be confused with bulk electroporation of cells
cultured on substrates and looked at individually. In the latter case of bulk electroporation, where
the cells are exposed to uniform or homogeneous electric fields, the potential drop across the cell
membrane is well described by the Schwan equation. According to the Schwan equation, the
potential drop across the membrane depends on the magnitude of the homogeneous electric field,
the cell size, and the polar angle on the cell surface. In single-cell electroporation on the other
hand where a highly focused or an inhomogeneous field is applied to one single cell at a time,
there is no model analogous to the Schwan equation, and therefore analytical solutions for
calculation of the transmembrane potential for single-cell electroporation experiments are
generally not possible. In our lab, we performed single-cell electroporation on fluorescently
labeled lung carcinoma A549 cells using electrolyte-filled capillaries. Single, adherent A549
cells were exposed to short electric field pulses (500 V across 15 cm capillary) created at the tip

of an electrolyte-filled capillary. We sought to determine experimentally and through numerical
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simulations, how experimental and cell parameters influence cell permeabilization and cell

viability in single-cell electroporation experiments.
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20 SIMULTANEOUS MAXIMIZATION OF CELL PERMEABILIZATION AND
VIABILITY IN SINGLE-CELL ELECTROPORATION USING AN ELECTROLYTE-

FILLED CAPILLARY

This work has been published in Analytical Chemistry, 2007, 79, 161-167. Reproduced with

permission from Analytical Chemistry. Copyright by American Chemical Society.

21  ABSTRACT

A549 cells were briefly exposed to Thioglo -1 which converts thiols to fluorescent
adducts. The fluorescent cells were exposed to short (50 - 300 ms) electric field pulses (500 V
across a 15 cm capillary) created at the tip of an electrolyte - filled capillary. Fluorescence
microscopy revealed varying degrees of cell permeabilization depending on conditions. Longer
pulses and shorter cell - capillary tip distance led to a greater decrease in a cell’s fluorescence.
Live/dead (calcein AM and propidium iodide) testing revealed that a certain fraction of cells
died. Longer pulses and shorter cell — capillary tip distances were more deadly. An optimum
condition exists at a cell — capillary tip distance of 3.5 um — 4.5 um and a pulse duration of 120

ms - 150 ms. At these conditions > 90 % of the cells are permeabilized and 80 — 90% survive.
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2.2 INTRODUCTION

Electroporation uses electric field pulses to temporarily permeabilize the cell membrane.
13 When the membrane potential reaches a critical value which is around 0.2 - 1.5 V/* dielectric
membrane breakdown occurs resulting in the formation of transient pores.>’ Electroporation is
most frequently used to introduce charged, polar molecules such as DNA, dyes, drugs or proteins
into the interior of the cell. This technique is now used in many fields such as in cellular biology

12,13

and biotechnology for gene transfer,®** and in medical applications for gene therapy,** ** cancer

chemotherapy,** and transdermal drug delivery.* *°

Traditionally, electroporation has been done in batch or bulk mode on cells in
suspension.* ® 22 |n the bulk mode, a whole population of cells is subjected to homogeneous
fields of a few kilovolts per centimeter which results in permeabilization of numerous cells at the
same time. Data collected from such bulk electroporation gives a statistical distribution of
cellular states.?® In other areas of research, single cell analysis is now gaining considerable
significance as it allows an understanding of complex cellular heterogeneity within a population
of cells. Data collected from single cells generates unique information about cell - to - cell
variations and avoids information loss due to averaging across the population of cells.?*?’

Lundqgvist et al. (1998) developed the first single cell electroporation method by using
carbon fiber microelectrodes?® to produce highly localized fields on single adherent cells in
confluent cultures. Since then, other single cell electroporation techniques have been developed
31-34

such as electrolyte-filled capillaries® and micropipettes,*® and microfabricated chip systems.

These techniques require either an isolation of a cell or a fine focus of the electric field to target a

particular cell.*® A few other high resolution techniques such as optoporation,® 3 micro-
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electroinjection,® and microinjection®® exist to control and manipulate the biochemical
machinery of single cells.

The efficiency of electroporation for a given molecule depends on controlling and
optimizing the parameters that lead to cell permeabilization. For example, electric field
parameters such as pulse amplitude, pulse duration, number of delivered pulses, and conditions
such as temperature, osmotic pressure, and the presence of co-factors such as facilitators of
nuclear transfer, edge-actants and cellular characteristics all play a part in electroporation.*®*®
With proper values of electric field parameters, electroporation can be made reversible so that
the cells can return to their normal physiological state following permeabilization. However, if
these experimental conditions exceed certain values, e.g., amplitude of pulses is too high or pulse
duration is too long, cells can be irreversibly electroporated which leads to cell death.*

Ultimately, the influence of the electrical parameters is on the transmembrane potential.
The transmembrane potential is easily predicted for spherical cells in the homogeneous electric
field of bulk electroporation.* * Electrolyte filled capillaries produce highly focused and
inhomogeneous electric fields. The shape of the electric field in solution depends on the
geometry. Olofsson et al. has developed a method to create highly focused electric field gradients
in the washer-shaped layer of solution existing between the wall of a capillary’s butt end and the
surface of the cell-containing dish.* By using finite element method simulations, they
demonstrated that the field and its distribution could be controlled by varying the inner and outer
diameters of the capillary, the height between the capillary end and the surface, or the applied
current density. For the pulled capillaries used in this work, in which the capillary-substrate
distance is greater than the lumen opening, and in which the tip is cone-like, the same sort of

distribution does not exist. Rather, the field decays away from the tip with a characteristic

35



distance related to the diameter of the lumen.? In this technique, therefore, the cell — tip distance
is a simple way to control the field at the membrane. The electrolyte-filled capillary is fairly
resistive, thus the electrical response time is not as short as in bulk electroporation, so another
important parameter, pulse length, needs to be longer than is normally used in bulk
electroporation. Therefore, the range of useful pulse lengths is somewhat different than the range
used in bulk electroporation. For these reasons, we have explored the influence of pulse length
and tip — cell distance on electroporation and cell death.

In this study, we developed an assay based on diffusion of fluorescently labeled thiol
adducts from preloaded cells through pores induced by transient electric fields. The diffusion of
these fluorescently labeled thiol adducts was monitored in real time. In contrast to assays that
rely on internalization of dyes, the escape of dyes allows for direct quantification of translocated
species by fluorescence microscopy. Direct observation has many advantages, only some of
which are realized in this report, namely: observation of mass transport dynamics both inside and
outside the cell, immediate feedback to the experimenter on success/failure, it is less demanding
than using, e.g., transfection in that there is no need to keep track of where individual cells are on
a plate (though assay of live/dead requires this). Furthermore, watching the effect of
electroporation in real time does not preclude transfection being done at the same time. Single-
cell electroporation was performed using small-sized electrolyte-filled capillaries. Due to the
small size of these electrolyte-filled capillaries, high spatial resolution could be achieved with
this technique. Furthermore, variability in electroporation led to cell death to some extent in
almost all experimental conditions. However, in spite of variability, there are optimal conditions

that lead to cell permeabilization and cell survivability.
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2.3 EXPERIMENTAL SECTION

Materials. The chemicals used for buffer preparations were all analytical grade and were
purchased from Sigma (St. Louis, MO). Thioglo-1 was purchased from Covalent Associates
(Woburn, MA). Propidium iodide and calcein AM were purchased from Invitogen/Molecular
probes (Eugene, OR). A549 cell lines were obtained from American Type Culture Association
(Manassas, VA). Basal medium Eagle (BME), Trypsin-EDTA, fetal bovine serum (FBS), L-
glutamine and penicillin were all obtained from Gibco-BRL (Carlsbad, CA). Milli-Q (Millipore
Synthesis A 10, Billerica, MA) water was used. Intracellular buffer consisted of NaCl, 5 mM,;
KCI, 140 mM; MgCl,, 1.5 mM; D-glucose, 10 mM; HEPES, 20 mM; pH adjusted to 7.4.

Cell culture. Basal medium Eagle, supplemented with 10 % fetal bovine serum, and 1 %
antibiotic was used to culture human lung cancer A549 cells. Cells were grown in 75 ml cell
culture flasks in a CO; cell culture incubator (HERA cell incubator, Newtown, CT) at 37° C and
5 % CO, to about 80 % confluency. Before the experiments, cells were plated on 35 mm glass
bottom cell-culture dishes (MatTek Corporation, Ashland, MA) and were grown for 1-3 days.
Experiments were performed on the 2" and 3" day following the cell plating.

Cell staining. Prior to the experiments, the cells were stained with the dye Thioglo-1 (2 uM in
intracellular buffer) for 30 seconds at room temperature. Thioglo-1 is a cell permeable
maleimide-based reagent which gives a highly fluorescent product upon its reaction with active —
SH groups in proteins, enzymes, and small peptides.*® *® To remove excess uncaptured dye, the
cells were washed in intracellular buffer. Cells were bathed in the buffer and mounted on the cell
chamber (DH 35i culture dish incubator, Warner Instruments, Holliston, MA) and transferred to

the stage of the microscope.
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Probe preparation. To perform electroporation experiments, fused-silica capillaries from
Polymicro Technology (Phoenix, AZ) were used as a probe. The dimensions of the fused-silica
capillary were: outer diameter (0.d.): 367 pum, inner diameter (i.d.): 100 um. Capillaries were
pulled at one end by using a CO; laser puller (Sutter Instruments Co. P-2000, Novato, CA).
Before pulling the capillaries, 40 cm long capillaries were flushed with filtered Milli-Q water
followed by burning of a 2 cm center section of the capillary to remove the protective coating.
These capillaries were pulled using a one line program i.e., Heat: 260; Filament: 0; Velocity: 30;
Delay: 128; Pull: 0. This one line program created reproducible capillaries with a short pulled tip
with an inner diameter of 5 pum. The final length of the capillaries was 15 cm. Before
experiments, capillaries were filled with the intracellular buffer.

Electroporation Setup. Single cell electroporation was performed using the electrolyte filled

fused-silica capillaries. The experimental setup is depicted in Figure 2.1.

500V

N
i

Figure 2.1. Schematic picture of the experimental setup.

A high-graduation micromanipulator (Narishige, NMN-21, Tokyo, Japan) was used to
position the capillary close to the cell. The capillary was first positioned at about a 45° angle
with respect to the cell dish normal a few micrometers above the surface (h=5 um) A single
fluorescent cell was brought into focus by observing the cells under the microscope. The
capillary tip was placed at a desired distance from the cell. The observed distance between the
capillary tip and the cell (dy,) was the projection of the capillary image in the horizontal imaging
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plane (cell dish surface). These distances (dy) were 2.0 um, 3.5 pm, 5.0 um, 7.0 um, and 10.0
pm. The actual tip-cell distances are somewhat longer. The other end of the capillary was placed
in a vial filled with intracellular buffer. The height of the vial was adjusted to avoid siphoning of
the solution. A platinum electrode placed in this vial was connected to the electroporator (ECM
830, BTX Instruments, San Diego, CA) and the electrical circuit was completed with a grounded
platinum electrode placed in the cell dish.

Fluorescence Imaging. Cells were observed through a 40X 1.3 NA oil immersion objective
using an inverted microscope (Olympus, IX 71, Melville, NY) equipped with an HBO 100-W
mercury lamp as the excitation source. For Thioglo-1, an Omega fluorescence cube (especially
built, Omega, Brattleboro, VT) was used with filters for excitation at 378 nm and emission at
480 nm. For live/dead imaging, a triple band ‘Pinkel’ filter set from Semrock (Rochester, NY)
was used (exciter 1 387 nm, exciter 2 494 nm; exciter 3 575 nm; dichroic mirror: 394— 414 nm,
484 — 504 nm, 566 — 586 nm, emitter: 457, 530, 628 nm). A CCD camera (Hamamatsu, ORCA-
285, Bridgewater, NJ) imaged cells. The image collection frequency was 1 frame/s. Image
processing was performed by the image acquisition software Simple PCI (Compix, Inc.,
Sewickley, PA). All the data were corrected for bleaching by extrapolating the first 25 points
(time before pulse was applied) for each cell into a straight line and adding to the data, at each
time point, the difference between the baseline of the cell and the extrapolated line.
Electroporation. Cells were exposed to single pulses of 500 V of various pulse durations
ranging from 50 ms-300 ms. This will be referred as ‘pulsing’ of the cells. The pulse shape was
monitored by differentially connecting a high voltage differential probe (Tektronix, P-5205,
Richardson, TX) and a 2 channel digital oscilloscope (Tektronix, P-3052, Richardson, TX) to the

output of the power supply. For all these pulsing conditions the distance between the tip of the
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capillary and the cell varied from 2.0 um-10 pum. The pulse was applied at 25.0 seconds from the
start of the acquisition. Diffusive loss of fluorescent thiol adducts from the cell interior was
determined quantitatively with Simple PCI software (Compix). The smallest distinguishable
intensity change was about 4% of the signal. This was chosen as a threshold value for
determination of electroporation success. For a cell to be considered permeabilized it had to
loose 4% or more of its fluorescence intensity within 90 s of electroporation.

Cell Viability Assay. Following electroporation experiments, the buffer in the cell dish was
replaced by 2 mL of fresh growth medium. The cells were allowed 5-6 hours of recovery in the
37° C incubator with 5% CO,. Following the recovery period, the growth medium was replaced
by 2 uM calcein AM and 2 uM propidium iodide. The cells were incubated for 30 min at 37° C
and washed in intracellular buffer. Fluorescence microscopy was used for cell imaging. Cell
survival percentage was calculated for each experimental condition based on this live/dead assay.
It is important to note that a measurement of cell viability was made on each cell that was

electroporated.

24  RESULTS

Visualization of electroporation. Table 2.1 summarizes the total number of cells tested in
different cell dishes at each condition of pulse duration and cell-capillary tip distance. Figure
2.2A is an overlay of fluorescence and differential interference contrast image. The scale bar
shows that the capillary is positioned at a distance d»,=5 um from the cell. This cell was pulsed
for 200 ms. A sequence of fluorescence micrographs obtained before and after the application of

the pulse can be seen in Figure 2.2B. The images demonstrate that the cell becomes darker with
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time due to the release of fluorescent thiol adducts from the cell interior to the surrounding
medium through the nano-scale pores* formed upon electroporation. Figure 2.2D illustrates
analysis of the change in average fluorescence intensity with time for the region selected inside
the cell (Figure 2.2C, region 1). The analysis shows that application of the pulse results in a
decrease in fluorescence intensity inside the cell.

Figure 2.2E is a plot of change with time of the average fluorescence intensity for the five
regions outside the cell (Figure 2.2C, regions 2 to 6). The plot demonstrates that at the time of
application of the pulse, region 2, which is closest to the cell, shows a sharp increase in
fluorescence intensity followed by a gradual decrease. Regions 3 to 6 show a delay in the change
of the fluorescence intensity, the delay increasing with the distance from the cell. Furthermore,
peak of the fluorescence intensity decreases as the distance from the cell increases. These results
are consistent with the previous graphs that fluorescent thiol adducts are being released upon
permeabilization of the cell membrane and rapidly diffusing away from the cell into the

surrounding medium.

Table 2.1. Total number of cells electroporated in each condition of pulse duration and cell-capillary tip distance. *n

refers to the total number of cells electroporated in m separate experiments.

Distance between cell and the capillary tip (um)

Pulse Duration (ms) 2.0 3.5 5.0 7.0 10.0

50 n=18 n=15 n=15 n=15 n=15

m=3 m=2 m=2 m=3 m=2

100 n=23 n=20 n=36 n=15 n=15

m=3 m=2 m=4 m=2 m=2

200 n=18 n=15 n=20 n=15 n=15

m=2 m=2 m=2 m=2 m=2

300 n=15 n=16 n=22 n=15 n=15

m=2 m=2 m=3 m=2 m=2
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Figure 2.2. Visualization of single cell electroporation. (A) Photomicrograph produced by an overlay of
fluorescence and differential interference contrast images. The image shows the placement of the capillary at a
distance of 5 um from the cell. (B) Fluorescence images before pulsation (0 s), and after pulsation (30 s and 3 min
from the start of acquisition). (D) Change in average fluorescence intensity for region 1 (C) against time. (E) Change
in average fluorescence intensity for regions 2-6 (C) outside the cell against time. All the data were corrected for

bleaching.

Spatial resolution. Spatial resolution, or the ability to permeabilize selectively a targeted cell
without affecting neighboring cells, can be demonstrated by placing the electrolyte-filled
capillary closer to one cell than the others in a group. Figure 2.3A shows two adjacent cells
before and after the application of the pulse. In this example, the distance between cells is 10
pum, the probe is 2.0 um away from cell A (about 24 um from cell B), and a 200 ms pulse was
applied. Upon application of the pulse, Cell A becomes darker as is evidenced by micrographs at
30 s and 2 min. On the other hand, no apparent change in fluorescence intensity other than from
photobleaching is seen for cell B. Measurement of average fluorescence intensity presented in

Figure 2.3B supports these observations.
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Figure 2.3. High spatial resolution achieved with single cell electroporation. (A) Fluorescence micrograph
of 2 fluorescent cells ~ 10 pum from each other. The arrow shows the approximate position of the capillary. The
images were taken before pulsation (0 s), and after pulsation (30 s, and 2 min after the start of the acquisition). (C)
Normalized average fluorescence intensity for cells A and B (B) against time. All the data were corrected for

bleaching.

Cell-capillary tip distance. Experiments were carried out by controlling the distance between
the cell and the capillary tip. Figure 2.4A shows change in the average fluorescence intensity
with time for all cells pulsed for 200 ms, and cell-capillary tip distance ranging from 2.0 um to
10 um. As the cell-to-tip distance increases, the fluorescence decreases to a smaller degree
suggesting less permeabilization.

Pulse duration. Electroporation experiments were also conducted for various pulse durations
(50 ms to 300 ms). Figure 2.4B shows the change in average fluorescence intensity with time for
all cells pulsed for various durations and at a constant cell-capillary tip distance of 3.5 um. The
data show that longer pulse duration results in a larger change in the fluorescence intensity

thereby implying greater permeabilization of the cell membrane.
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Figure 2.4. Effect of cell-capillary tip distance and pulse duration. (A) Average fluorescence intensity
(normalized) vs. time plotted for all cells electroporated with a single pulse of 200 ms and cell-capillary tip distance
of 2.0-10.0 um at 500 V. (B) Average fluorescence intensity (normalized) vs. time plotted for all cell electroporated

with a single pulse of varying pulse durations (50 ms to 300 ms), and cell-capillary tip distance of 3.5 um at 500 V.

Contour Plots. Figure 2.5 is a contour plot of cell survival percentage as a function of pulse
duration and cell-capillary tip distance. In this contour plot, lighter shades delineate areas with a
larger fraction of live cells whereas darker shades represent a larger fraction of dead cells. Not
only is it important to know what fraction of cells survived in these experimental conditions, but
also the fraction of cells that were electroporated. A contour plot of the fraction of cells
electroporated is superimposed on the contour plot of cell survivability in Figure 2.5. From this
figure it can be seen that both the fraction of electroporated cells and the fraction of dead cells
increases with a decrease in cell-capillary tip distance and increases with an increase in pulse

duration.
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Figure 2.5. Determination of optimal parameters to achieve maximum cell survivability and

electroporation. Contour plot of fraction of electroporated cells superimposed on contour plot of cell survivability.

2.5 DISCUSSION

In this work, we varied conditions for single cell electroporation using an electrolyte
filled capillary. The diffusion of fluorescent thiol adducts from the cell interior revealed the
permeabilization of the membrane by the decrease in fluorescence intensity with time.
Permeabilization of the cell membrane is also confirmed by the sharp increase in fluorescence
intensity at the time of application of the pulse for the regions outside the cell (Figure 2.2E).
Electroporation has been quantified in previous research by studying the uptake and release of

molecules and factors that influence this transport in bulk electroporation.®® >

Quantitation of
ATP by bioluminescence from a cell suspension has also been studied previously.>® Our results
differ from these observations as we monitor directly the real time release of fluorescent thiol

adducts from the single cells. In contrast to transfection done via electroporation, which takes
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hours to produce proteins by expressing transfected genes,> we were able to visualize
electroporation within seconds after the application of the pulse.

Electroporation of the cell membrane can be split into two different phases. One is the
permeabilization phase that takes place during the pulse and the other is the resealing phase that
takes place after the pulse.” * There are three mechanisms by which molecules can be
transported through the pores: electrophoresis, electroosmosis, and diffusion. During the pulse
application, the pulse length, amplitude, and molecular properties contribute to the transport rate
of molecules. After the end of the pulse application, transport can take place by diffusion and
migration until the membrane reseals completely. Migration may occur from the establishment
of local diffusion potential gradients within the solution.”> To minimize diffusion potentials
arising from ion concentration gradients, we have used an intracellular buffer. Thus, our results
primarily reflect diffusion. During this post-shock period pores are gradually resealing. This
process causes the average permeability of the membrane to decrease over time. The
characteristic intensity decay curve with time thus is a combination of the diffusion and pore
resealing processes. Various models have been developed to quantitatively describe these
processes. For example, Puc et al. developed an analytical expression (called a pharmacokinetic
model) relating pulse parameters to uptake (or release) of small molecules from a cell. In this
model pore resealing is an exponential (first order) process with a rate constant o. = 0.0038 s™.

One of the major advantages of single cell electroporation is that high spatial resolution
can be achieved. The resolution can be controlled by controlling the tip diameter of the capillary.
Previous studies from Orwar using electrolyte filled capillaries achieved a resolution of > 15

um.? In our experiments capillary tips were typically smaller than 5 pm in diameter and because

A 549 cells are on average 20 um in diameter we easily achieved single cell electroporation. In
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fact, a resolution of 10 um (see Figure 2.3) or better (data not shown) was achieved with this
technique.

A number of electric field parameters such as field strength, pulse duration, number of
pulses and delay between the pulses can be controlled simultaneously. All these parameters
control the extent of electroporation in a certain way. In our experiments, we studied the effect of
field strength and pulse duration on electroporation keeping other parameters constant.

Experiments were performed where the electric field was controlled by changing the cell
to capillary tip distance. The results in Figure 2.4A show that an increase in the cell-capillary tip
distance results in a decrease in the fluorescence intensity indicating less permeabilization of the
cell membrane. This suggests that increasing cell-capillary tip distance decreases the field
strength experienced by the cell. Previous research has proven that the field strength controls the
area of the cell that is electroporated.®® The higher the field strength applied, the greater the
electroporated area of the cell surface. Therefore it can be hypothesized that increasing the cell-
capillary tip distance results in decrease of electric field strength which thus results in a smaller
area of the cell being permeabilized.

Experiments were also performed where cells were pulsed for various durations keeping
other parameters constant. Results, in Figure 2.4B, exhibit that increasing pulse duration results
in an increase in the fluorescence intensity change indicating in greater permeabilization. This
could be because the pulse duration controls the increase in size of these pores.**

As seen in the standard deviation values of fluorescence intensity at 90 seconds in Table
2.2, a large variability exists in cell response at particular conditions. This diverse response in
fluorescence intensity and cell viability has been observed before in single cells, both

electroporated in a chip,® and with an electrolyte-filled capillary.?® Variability has also been
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observed in bulk electroporation. An example of this can be seen in Teissie et al.*®

They showed
that there was a significant variability in cell permeation under constant conditions and even
larger variability in long term cell survival abilities at the same conditions. For bulk
electroporation the variability has been attributed to the cell size distribution around the mean.*®
We assume that this is in part true also for single cell experiments. In bulk electroporation all
cells are pulsed simultaneously and therefore experience very similar conditions. In single cell
electroporation, the electric field strength variation from experiment to experiment is possible
due to cell shape uncertainties (they are rarely perfectly hemispherical) and capillary-to-cell
distance measurements. We considered variations of the capillary resistance but variation in the
permeabilization level was large even among experiments performed with the same capillary and
therefore we ruled out this as significant factor.

Table 2.2. Mean and standard deviation values of fluorescence intensity at 90 seconds from the start of

acquisition by pulsing parameters.

Distance between cell and the capillary tip (um)

Pulse Duration (ms) 2.0 35 5.0 7.0 10.0
50 055 0.29 096 006 098 001 099 001 1.00 0.00
100 0.68 0.26 0.67 024 077 017 099 0.01 1.00 0.00
200 035 0.12 045 022 076 016 099 001 1.00 0.00
300 034 0.23 038 027 048 021 100 0.00 1.00 0.00

Even though a large variability exists in the response of individual cells, we were able to
find optimum conditions for electroporation and cell viability. The contour plot (Figure 2.5)
shows two surfaces. One is the percentage of permeabilized cells, while the other is the percent
of cells surviving electroporation. It can be deduced from this plot that at fixed pulse duration,

cell survivability increases as the cell-capillary tip distance increases, and at fixed cell-capillary
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tip distance cell survivability increases as the pulse duration decreases. The superimposition
shows that when the cell-capillary tip distance is between 3.5 pm and 5.0 pum and the pulse
duration is between 120 ms to 150 ms, 80 - 90% of cells survive and > 90% of the cells are
electroporated. While optimum conditions may differ with different cells, recent work on single-
cell electroporation has indicated the similarity of four different sort of cells.>* We anticipate at
least that these optimum conditions are a very good starting point for other cell types. Therefore,
even with the variability of single cells, our results provide guidance to experimental conditions

to achieve maximum probability of electroporation with minimal probability of cell death.
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3.0 EFFECT OF CELL SIZE AND SHAPE ON SINGLE-CELL

ELECTROPORATION

This work has been published in Analytical Chemistry, 2007, 79, 3589-3596. Reproduced

with permission from Analytical Chemistry. Copyright by American Chemical Society.

3.1 ABSTRACT

Single cell electroporation was performed using electrolyte-filled capillaries on
fluorescently labeled A549 cells. Cells were exposed to brief pulses (50 — 300 ms) at various
cell-capillary tip distances. Cell viability and electroporation success were measured. In order to
understand the variability in single cell electroporation, logistic regression was used to determine
whether the probabilities of cell survival and electroporation depend on experimental conditions
and cell properties. Both experimental conditions and cell properties (size and shape) have a
significant effect on the outcome. Finite element simulations were used to compare bulk
electroporation to single-cell electroporation in terms of cell size and shape. Cells are more
readily permeabilized and are more likely to survive if they are large and hemispherical as
opposed to small and ellipsoidal with a high aspect ratio. The dependence of the maximum
transmembrane potential across the cell membrane on cell size is much weaker than it is for bulk

electroporation. Observed survival probabilities are related to the calculated fraction of the cell's
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surface area that is electroporated. Observed success of electroporation is related to the

maximum transmembrane potential achieved.

3.2 INTRODUCTION

The cell membrane acts as a barrier to the free diffusion of molecules and ions such as
DNA, RNA, proteins, drugs, etc. between the cytoplasm and the external medium.

Electroporation'™

is a technique that uses electric fields to temporarily permeabilize the cell
membrane by inducing a transmembrane potential. When the transmembrane potential reaches a
critical value of about 250 mV, transient pores appear in the membrane. During the effective
pore open time, impermeable molecules can freely diffuse into the cell interior. It is now
routinely used in cell biology and biotechnology for gene transfection,> ®® and in medical
applications for gene therapy® and cancer chemotherapy.™

A biological cell placed in a uniform electric field results in a local distortion of the field
near the cell. As the conductivity of the cell membrane is several orders of magnitude lower than
the cytoplasm and the extracellular medium, most of the field is concentrated across the
membrane. Analytical solutions exist for the transmembrane potential for spherical cells in a

uniform electric field. The most general form of the steady-state transmembrane potential

induced on the spherical cells is given by the Schwan equation **:
3
ACD=§Erc036’ (3.1)

where A® is the induced transmembrane potential, E is the external electric field, r is the radius

of the cell, and @ is the polar angle measured from the center of the cell with respect to the
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direction of the field. The steady state, to which Eq. 3.1 applies, is reached on the microsecond
timescale.'® Schwan’s equation shows that at a given electric field transmembrane potential
depends on the cell size. Schwan’s equation has now been further extended to calculate the

transmembrane potential on prolate and oblate spheroidal cells. Kotnik et al.*®

have proposed an
analytical solution of transmembrane potential on spheroidal cells in homogeneous electric fields
with the polar radius parallel to the electric field vector. Further, Gimsa et al.** ** have calculated
the transmembrane potential on arbitrarily oriented spheroidal cells in an electric field. However,
all these calculations apply for a uniform electric field.

Single-cell electroporation has been performed using modified patch clamp techniques,*®
micropipettes,’” and electrolyte-filled capillary.® Unlike bulk electroporation,™ *° fields
produced in single-cell electroporation are highly focused and inhomogeneous. The
inhomogeneity is particularly evident when the tip opening diameter is smaller than the cell
diameter, and the tip is near the cell. The Schwan equation does not apply if the electric field is
inhomogeneous.

The analysis of the cytoplasmic contents of single cells using microfluidics and
separations (capillary electrophoresis) is a burgeoning field.*?° Typically, the single cells are
destroyed in the process of analysis. While we do not realize this goal in the present paper, we do
look forward to the analysis of single, adherent (i.e., in a ‘natural’ state) cells without killing
them in the process. Recent reports using nanoelectrodes® and chemical permeabilizing agents
to introduce enzyme substrates into single cells®® justify our optimism. Single-cell
electroporation has the capability to open a ‘window’ onto the cell’s contents permitting (in

principle) analysis of cytoplasmic effluent. However, as an approach to single-cell sampling, it
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must be reproducible, and the dependence of the outcome on experimental and cellular
parameters must be known.

Thus, we performed single-cell electroporation using an electrolyte-filled capillary at
various pulse durations and dn,. From these experiments we determined the electroporation
success and cell viability. Logistic regression was carried out on cell viability and electroporation
success. From the regression results it was found that both the experimentally controlled
parameters and the cell attributes (size and shape) play a significant role in cell permeabilization
(p < 0.05). Further, finite element method simulations were performed to compare the single-cell

electroporation results with bulk electroporation.

3.3 EXPERIMENTAL SECTION

Materials. The chemicals used for buffer preparations were all analytical grade and were
purchased from Sigma (St. Louis, MO). Thioglo-1 was purchased from Covalent Associates
(Woburn, MA). Propidium iodide and calcein AM were purchased from Invitrogen/Molecular
probes (Eugene, OR). A549 cell lines were obtained from American Type Culture Collection
(Manassas, VA). Basal medium Eagle (BME), Trypsin-EDTA, fetal bovine serum (FBS), L-
glutamine and penicillin were all obtained from Gibco-BRL (Carlsbad, CA). Milli-Q (Millipore
Synthesis A 10, Billerica, MA) water was used. Intracellular buffer consisted of NaCl, 5 mM;
KCI, 140 mM; MgClz, 1.5 mM; D-glucose, 10 mM; HEPES, 20 mM; pH adjusted to 7.4.

Cell culture. Human lung cancer A549 cells were cultured in BME supplemented with 10 %
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were grown as a

monolayer in 75-mL cell culture flasks at 37 °C and 95% air/5% CO, (HERA cell incubator,
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Newtown, CT). Before the experiments, cells were plated on 35-mm, glass-bottom cell culture
dishes (MatTek Corp., Ashland, MA) and were grown for up to 3 days. Experiments were
performed on the second and third days following the cell plating. Details of single-cell
electroporation can be found elsewhere.

Cell staining. The cells were stained with cell-permeable dye Thioglo-1 (2 uM in intracellular
buffer) for 30 seconds at room temperature. Thioglo-1 is a maleimide-based reagent that gives a
highly fluorescent product upon its reaction with active —SH groups in proteins, enzymes, and
small peptides.®* * Cells were washed and bathed in the intracellular buffer and mounted on the
cell chamber (DH 35i culture dish incubator, Warner Instruments, Holliston, MA) and
transferred to the stage of the microscope.

Probe preparation. To perform electroporation experiments, fused-silica capillaries from
Polymicro Technology (Phoenix, AZ) were used as a probe. Capillaries were pulled with a CO2
laser puller (Sutter Instruments Co. P-2000, Novato, CA) using a one line program, i.e., Heat:
260; Filament: 0; Velocity: 30; Delay: 128; Pull: 0. This one line program created reproducible
capillaries with a short pulled tip with an inner diameter of about 5 um. The final length of the
capillaries was 15 cm.

Electroporation Setup. The experimental setup is depicted in Figure 3.1. The 15-cm long pulled
capillary with a tip about 5 um in diameter was positioned using a high-graduation
micromanipulator (Narishige, NMN-21, Tokyo, Japan). The observed distance between the
capillary tip and the cell (dm) was the projection of the capillary image in the horizontal imaging
plane (cell dish surface). These dm were 2.0 um, 3.5 um, 5.0 pm, 7.0 um, and 10.0 um. The other
end of the capillary was placed in a vial filled with intracellular buffer. A platinum electrode

placed in this vial was connected to the electroporator (ECM 830, BTX Instruments, San Diego,
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CA) and the electrical circuit was completed with a grounded platinum electrode placed in the
cell dish. For elongated cells the capillary tip was always positioned near the ‘long’ side of the
cell, thus the major axis of the hemispheroidal cell and the symmetry axis of the capillary are

perpendicular.

t

Figure 3.1. Schematic diagram of the experimental setup.

Electroporation. Cells were exposed to single pulses of 500 V with pulse durations ranging
from 50 ms-300 ms. This will be referred as ‘pulsing’ of the cells. For all these pulsing
conditions the dn varied from 2.0 um-10 pum. The pulse was applied at 25.0 seconds from the
start of the acquisition. Diffusive loss of fluorescent thiol adducts from the cell interior was
determined quantitatively with Simple PCI software (Compix, Inc., Sewickley, PA). The
smallest distinguishable intensity change was about 4% of the signal. This was chosen as a
threshold value for determination of electroporation success. For a cell to be considered
permeabilized it had to loose 4% or more of its fluorescence intensity within 90 s of
electroporation.

Fluorescence Imaging. Cells were observed through a 40X 1.3 NA oil immersion objective
using an inverted microscope (Olympus, IX 71, Melville, NY) equipped with an HBO 100-W
mercury lamp as the excitation source. For Thioglo-1, an Omega fluorescence cube (specially

built, Omega, Brattleboro, VT) was used with filters for excitation at 378 nm and emission at
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480 nm. For live/dead imaging, a triple band ‘Pinkel’ filter set from Semrock (Rochester, NY)
was used (exciter 1 387 nm, exciter 2 494 nm; exciter 3 575 nm; dichroic mirror: 394— 414 nm,
484 — 504 nm, 566 — 586 nm, emitter: 457, 530, 628 nm). A CCD camera (Hamamatsu, ORCA-
285, Bridgewater, NJ) imaged cells. The image collection frequency was 1 frame/s. Image
processing was performed by the image acquisition software Simple PCl (Compix, Inc.,
Sewickley, PA). All the data were corrected for photobleaching.

Cell Viability Assay. Following electroporation experiments, live/dead analysis was performed
on the cells using calcein AM and propidium iodide.*> Cell survival percentage was calculated
for each experimental condition based on this live/dead assay. It is important to note that a
measurement of cell viability was made on each cell that was electroporated.

Cell properties. The cell properties were obtained by using the Compix software. A macro file
was set to a certain critical value. The cell measurements were then done according to the cell
size, cell shape and intensity. The cell size factors used were area, diameter, perimeter, breadth
and width. The shape factor used was the aspect ratio (maximum length/maximum breadth). The
intensity factors used were grey-level and standard deviation of the grey level. The parameter
‘grey-level’ is the average of the grey-level intensity of each pixel in the object corresponding to
the average fluorescence intensity.

Simulation. The finite element method was used to compute the potential distribution in the
experimental system using Comsol 3.2a (Comsol Inc., Burlington, MA). This enables the
calculation of a transmembrane potential for cells. The transmembrane potential varies across the
cell surface. Electroporation occurs when transmembrane potential is greater than some critical
value, TMP. which is often given as 0.25 V. The area of the cell membrane over which the

transmembrane potential is greater than TMP; is called A*. The fraction of the hemispherical
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cell’s area corresponding to A* will be called F*. The capillary is positioned 45 degrees with
respect to surface normal (Figure 3.1). The center of the tip opening in all calculations is
positioned 5 pum above the surface and at the specified distance from the cell. In comparison to
prior computational work on electroporation from the top (capillary 90 °C to the surface) in
which cylindrical symmetry could be invoked,*® a full, three-dimensional simulation was
performed. In single-cell electroporation simulations, a realistic model of the capillary tip shape
was used. For the simulation geometries, the equation V(oVV) =0 was solved to determine the
potential inside and outside the cell, with appropriate boundary conditions. Here V is the
potential and o is the conductivity. A steady state condition was assumed. It is important,
especially in 3-D simulations, to avoid simulating unnecessary parts of the experiment. One such
part is the potential inside the capillary — it is very reproducible in the cylindrically symmetrical
calculations as, e.g., dyn changes. Thus, a boundary condition was specified a mere 2.0 um up
into the capillary lumen from the tip. When that potential (which is independent of radius) is 6.76
V it corresponds to the experimental situation in which we apply 500 V at the distal end of the
capillary 15 cm away from the tip. The ground electrode was a 90 degree section of the
simulated cylindrical bath (0.5 mm radius, 0.5 mm height) opposite the tip opening. Parameters
of the solutions and membrane used in the simulations are in Zudans et al.*

3-D simulations were performed for hemispherical cells of three sizes: small, median, and
large cell with diameters 19 um, 25 pm, and 39 pm respectively (corresponding to the 5, 50"
and 95™ %ile of our cells). 3-D simulations were also performed for hemispheroidal cells of
three sizes: small, median, and large cell with an aspect ratio of 3. The major and minor axes of
the spheroidal cells were set so that the projected area was independent of aspect ratio. This

allows us to separate the variables of 'size’ and 'shape’. The projected area is the apparent area
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under the microscope. Simulations were performed for the real conditions where the major axis
of the spheroidal cell was perpendicular to the symmetry axis of the capillary. Results of the
simulations of the hemispheroidal cells are shown in Figure 3.5.

Statistical analysis. Data from 226 cells from the electroporation experiments were used for
statistical analysis. As the outcomes, cell survivability (live/dead) and electroporation success,
are binary, logistic regression was used for analysis using the program STATA (Intercooled 9.0).
The dependent variables used for logistic regression were the cell properties and the
experimental conditions. In the logistic ‘model’, the effects of the parameters are independent of
each other. The cell properties were first transformed in order to get a normal distribution. The
logistic regression was run on transformed values of cell properties. These transformed variables
were then later untransformed to get the probabilities of cell survivability and electroporation
success. The experimental parameters used for logistic regression were pulse duration (50 — 300

ms) and dp, (2-10 pum).

3.4 RESULTS

Logistic Regression. Table 3.1 gives the correlation matrix of the cell properties. It can be seen
from the table, and as was expected, that the cell size parameters: area, diameter, perimeter,
width are highly correlated. Factor analysis (maximum likelihood estimation with varimax
rotation) was performed on all the cell properties to determine the number of factors that
explained most of the variance. Also, data were transformed to create near normal distributions
for a function of the variables. Three factors explained virtually all of the variance (Table 3.2).

Factor loadings greater than or equal to 0.60 are highlighted in the Table. The factors correspond
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to ‘size’ (factor 1), ‘shape’ (factor 2), and ‘intensity’ (factor 3). Factor 1 explains 66% of the

variance, factor 2 explains 21% of the variance, and factor 3 explains 13% of the variance.

Table 3.1. Correlation matrix of cell properties.

Aspect Stdev Grey-
Area Diameter Perimeter  Breadth Width Pe grey- y
Ratio level
level
Area 1.00
Diameter 0.99 1.00
Perimeter 0.92 0.92 1.00
Breadth 0.68 0.70 0.47 1.00
Width 0.82 0.81 0.82 0.47 1.00
Aspect 0.36 0.36 0.62 -0.02 0.38 1.00
Ratio
Stdevgrey- g 44 -0.47 -0.37 -0.46 043 -0.07 1.00
level
Grey-level -0.42 -0.42 -0.52 -0.18 -0.45 -0.43 0.47 1.00
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Table 3.2. Factor loadings and unique variances. The shaded areas represent absolute values of the factor

loading greater than or equal to 0.6.

Variable Factor 1 Factor 2 Factor 3 Uniqueness
Area 0.97 0.15 -0.14 0.01
Diameter 0.97 0.14 -0.17 0.00
Perimeter 0.84 0.51 -0.13 0.01
Breadth 0.72 -0.34 -0.25 0.30
Width 0.76 0.26 -0.24 0.30
Aspect Ratio 0.25 0.80 -0.04 0.29
Sty grey- 0.38 0.03 0.60 051
Grey-level -0.29 -0.40 0.52 0.50

Ultimately, based on these factor analysis results, the most significant uncorrelated
variables were taken. These variables were area, aspect ratio and standard deviation of grey-
level. Logistic regression was performed to study the cell survivability and electroporation
success based on these cell properties and experimental conditions.

In logistic regression, the following model is used;

P
OR=—— 3.2
1-P (3.2)

OR = e(b0+b1x1+b2x2+...) (3.3)
where the odds ratio, OR, is related to the probability of the event, P, as shown in Eg. 3.2. The

regression determines the coefficients, bj, corresponding to independent variables x;. This sort of

regression is applied to problems with a binary outcome (e.g., live/dead, on/off).3” A linear
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regression of “probability” on the variables is not appropriate, as there is nothing inherent in
linear regression limiting the outcome to the range of 0 to 1. As Eg. 3.4 shows, the probability is
a sigmoidal function of the variables.

e(b0+blx1+...)
p=

14 b0+ +..) (3.4)

The results from logistic regression analysis on cell survivability are listed in Table 3.3.
There are results from two separate regressions. The left three columns correspond to regression
on the untransformed, unscaled variables. The right three columns correspond to regression on
transformed, scaled variables. Transformation was described above. Scaling is used to yield
regression coefficients near unity for convenience. The results indicate that there is a significant
(p < 0.05) relationship between cell survivability and experimental conditions: pulse duration.,
dm, and cell properties: area, and aspect ratio. The standard deviation of the grey-level showed a
borderline significance (p = 0.097). The results from logistic regression on electroporation
success are listed in Table 3.4. The results show that there is significant relationship between
electroporation success and experimental conditions: pulse duration, d, and cell parameter: area.
The logistic regression was also carried out to study the effect of cell survivability and
electroporation success on the interaction terms between cell properties and experimental
conditions. Interaction terms were generated by taking the products of experimental conditions
(pulse duration and dn) and cell properties (area, aspect ratio and standard deviation of grey
level). None of the interaction terms showed any effect on cell survivability (p > 0.05) and

electroporation success (p > 0.05).
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Table 3.3. Results of logistic regression analysis of cell survivability (Alive) as a function of experimental

conditions and cell properties.

Odds Variables

Alive Ratio p value (transformed) Odds Ratio p value
PulseDuration  0.987 0.000 —P“'Segg ration 0.50 0.000
Distance 2.27 0.000 Distance 2.30 0.000
1000
Area 1.00 0.036 0.41 0.005
Area
. 10
Aspect Ratio 0.458 0.030 AspeciRatio 1.37 0.005
Stdev grey- 5 79410’ 0.166 1000(stdevgreylevel | 1.21 0.097

level

Table 3.4. Results of logistic regression analysis of electroporation success as a function of experimental

conditions and cell properties.

Electroporation Odds Ratio p value Variables Odds Ratio p value
Success (transformed)
PulseDuration 1.01 0.000 W 1.87 0.00
Distance 0.289 0.000 Distance 0.29 0.00
1000
Area 1.00 0.001 0.32 0.001
Area

After the logistic regression analysis was carried out, probabilities of cell survivability

and electroporation success were computed using Eq. 3.4. The probabilities were computed at

the following experimental condition values: pulse duration 50-300 ms and dy, 2-10 um. For all

these experimental conditions, probabilities were computed for three cell sizes: small (5"

percentile; diameter: 19 um), median (50" percentile; diameter: 25 pm), and a large (95"

percentile; diameter 39 pum). The aspect ratio for these cell sizes ranged from 1-3. The median

value of standard deviation of grey-level was taken. In the 3X3 matrix of contour plots in Figure
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3.2, the cell size changes from left to right, and the aspect ratio changes in the vertical direction.
In these contour plots, the red grid marks the area where the cell survivability is between 0-50
percent. The black grid marks the area where the electroporation success is between 0-50
percent. The green grid is the good area where there is a greater than 50 percent chance of cell
survivability and greater than 50 percent chance of electroporation success. The blue grid which
can only be seen in contour plots B, C, F and I, is the area where there is greater than 90 percent

chance of both cell survival and electroporation success.

o
100 150 200 250 300 50 100 150 200 250 300 0 100 150 200 250 300

Distance, um

Pulse Duration, ms

Figure 3.2. Contour plots of probabilities of cell survivability and electroporation success as a function of
pulse duration , d,, and cell properties. The cell size changes in the horizontal direction. Aspect ratio changes in the
vertical direction. Black grid marks the area of 0-50 % electroporation success. Red grid marks the area of 0-50 %
cell survivability. Green grid marks the area of > 50 % electroporation success and > 50% cell survivability. Blue

grid marks the area of > 90 % electroporation success and > 90 % cell survivability.

Simulation. Figure 3.3 is a false color image of the transmembrane potential for the three cell

sizes.
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Figure 3.3. Simulated transmembrane potential for three cell sizes (side view): small (5™ percentile;

diameter: 19 um), median (50™ percentile; diameter: 25 pm), and large (95" percentile; diameter: 39 pm).

Figure 3.4A-C show the maximum transmembrane potential, the area permeabilized (A"),

and the fraction of the cell’s surface area permeabilized (F’) vs. distance.
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Figure 3.4. (A) TMP« plotted as a function of distance for a large, median, and a small cell.(B) Cell area
above the TMP, (A") plotted as a function of distance for a large, median, and a small cell. (C) Fraction of the cell

area above a TMP, (F") plotted as a function of distance for a large, median, and a small cell.

False color, TMP,.x vs. d,, and F vs. distance for cells varying in aspect ratio are qualitatively

similar (Figure 3.5A-C).
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Figure 3.5. (A) Simulated transmembrane potential for three median cells (50" percentile; diameter 25 um
when aspect ratio is 1), with aspect ratio 1, 2, and 3. (B) TMPpa as a function of d,, for a median cell (50"
percentile; diameter 25 pm when aspect ratio is 1), with aspect ratio 1, 2, and 3 (projected area is constant). (C) F~ as
a function of d,, (50" percentile; diameter 25 um when aspect ratio is 1), with aspect ratio 1, 2, and 3 (projected area

is constant).

3.5 DISCUSSION

Variability within a set of experimental conditions is a big issue in bulk and single-cell
electroporation. An example of variability in bulk electroporation can be seen in Gabriel and

|.38

Teissie et a in which they showed significant variability in cell permeation and cell

survivability under constant conditions. Significant variability in electroporation and cell
viability under constant conditions is also observed in single-cell electroporation in a chip,® *°
and with an electrolyte-filled capillary.® In this paper, we have used statistical analysis to
understand the variability in single-cell electroporation. We used several cell properties and
experimental conditions and studied their effect on cell survivability and electroporation success.

The cell properties were area, aspect ratio and standard deviation of the gray level. The

experimental variables were pulse duration and dn,. From the results of factor analysis (Table 3.2)
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and logistic regression (Tables 3.3 and 3.4), two cell properties were significant (p < 0.05); cell
size (area) and cell shape (aspect ratio). The intensity factor had borderline significance. More
experiments could perhaps resolve whether it is a significant factor or not. Pulse duration and dp,
were also highly significant (p <0.05). We have shown in a previous paper? that pulse duration
and dy, affect cell survivability and electroporation success. Cell survivability decreases, but
electroporation success increases as we go from shorter to longer pulses. Upon increasing the dn,
the cell survivability increases, but electroporation success decreases. In this work, our main aim
was to understand how the cell properties and experimental conditions influence cell
survivability and electroporation success. Analysis was also performed to study the interaction
terms between the experimental conditions and the cell properties (for example, regression was
run on the product of dy, and cell diameter). The interaction terms did not prove to be significant,
thus the prediction of ‘success’ or ‘viability’ is not improved by their inclusion.

Figure 3.2 shows how the variables (cell properties and experimental conditions)
influence the outcome (cell survivability and electroporation success). It can be seen that the cell
properties have a considerable effect on the outcome. The green (‘good’) area increases from left
to right, i.e., as the cell size increases. Furthermore, on moving vertically, the green area
increases as the cells become more spherical. From these contour plots we can conclude that a
wide range of values of pulse duration and d., give good results for a large spherical cell (plot C).
A small cell with a high aspect ratio (plot G) has the lowest probability of cell survival and
electroporation success and there is a narrow range of pulse duration and dy, over which modest
success can be expected.

Two cell-based factors are important: size and shape. In bulk electroporation, variability

in cell permeabilization has been explained to some extent in terms of cell size. Puc et al.* in a
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bulk electroporation experiment with 448 cells measured the size distribution of a cell population
with flow cytometry. They determined experimentally that cell permeabilization and survival as
a function of pulse amplitude can be explained to a large extent by cell size distribution about the
mean. In bulk electroporation it is well established from the Schwan equation (Eq. 3.1) that the
transmembrane potential for a spherical cell depends linearly on the cell size. A doubling of the
cell’s diameter leads to a doubling of the transmembrane potential. Higher transmembrane
potential is related to greater permeabilization of the cell membrane.

In order to compare our results from single cell experiments with bulk electroporation
and their dependence on cell size, we performed 3D simulations on hemispherical cells (Figure
3.3) using the finite element method with diameters corresponding to the 95", 50", and 5"
percentiles of our cells (39, 25, 19 um), and for tip-cell distances spanning the critical range (1 —
10 um). The equation used to calculate the dependence (n) of transmembrane potential on cell

radius at various dn, is the slope of a log-log plot:

TMP,
log(" "’ )
n= % MP, (3.4)

log(r, /r,)

where TMP; and TMP, are the transmembrane potentials at radii r; and r, of two different sized
cells at a given dp. The value of n is near 0.3. In bulk electroporation, n = 1. This can be inferred
from Eq. 3.1. Thus, in single-cell electroporation the dependence of a cell’s response on its size
is significantly weaker than for bulk electroporation. The reason for this low dependence on cell
size has to do with the relative dimensions of the tip opening diameter and the cell. When the tip
opening is smaller than the cell, the field weakens considerably along the ‘z’ axis (the symmetry
axis of the capillary). Thus, the magnitude of the total potential across the cell is dictated

primarily by the potential at the cell surface proximal to the tip. A similar analysis comparing
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values of A* in the single-cell experiment to the bulk experiment gives a similar picture. The
value of n (Eq. 3.4 with the ratio A*;/A*, rather than TMP) is ~ 1 from the single cell
simulations, but it is 2 for the bulk experiment.

Although simulation results (Figure 3.3 and Figure 3.4) show that the cell size
dependence of transmembrane potential in single-cell electroporation is not very strong, it still
helps us in understanding the variability in single-cell electroporation. Figure 3.4 A-C show that
the maximum transmembrane potential, A" and F~ for a small, median and a large cell are
different at various cell-capillary tip distances. So, for example, if several cells were
electroporated at identical conditions, a large cell would have for example, a smaller F~ than a
small cell. This would therefore lead to considerable variability in the results.

Our results from the logistic regression analysis (Table 3.3 and Table 3.4) and the contour
plots (Figure 3.2) show that a large, spherical cell has the maximum probability of cell survival
and electroporation success. Simulation results (Figure 3.4 A and C) show that a large cell has a
larger transmembrane potential but a smaller F than a small cell for dp, < 7 um. We infer that the
higher transmembrane potential of a large cell is responsible for the higher probability of
electroporation success. Furthermore, as large cell has a smaller F~ than a small cell, this could
mean that there is a smaller relative efflux of molecules from the cell, hence the probability of its
cell survival would be higher. It is also possible that the differing values of transmembrane
potential in the three sizes of cells lead to variations in pore size and resealing rates, which leads
to differing mass transport rates and viability. However, the effect of transmembrane potential on
pore size and kinetics is not very well known and is difficult to determine. It is also clear from
the results that smaller cells require more investigation to determine under what conditions the

probabilities of success and viability are higher.
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The second important factor in our analysis is the shape factor. A recent report on bulk
electroporation of cells under a microscope in the presence of a voltage-sensitive dye measured
how transmembrane potential varied on irregularly shaped cells.* It has also been shown
experimentally and numerically that for a spheroidal cell in suspension, the orientation of the cell
with respect to a homogeneous field is an important parameter.** However, there are no reports
that study experimentally the effect of a change in shape of the cell from spherical to spheroidal
on cell permeabilization. Gimsa and Wachner* have given an analytical solution to calculate
transmembrane potential induced by homogeneous fields on arbitrarily oriented cells of
ellipsoidal shape. Using this mathematical framework for a homogeneous field, our calculations
show that cells with the same projected area, and for the field perpendicular to the major axis, the
transmembrane potential decreases as the aspect ratio of the cell increases. Also, our calculations
show that at constant aspect ratio, the transmembrane potential increases as the size of the cell
increases. In our single-cell electroporation experiments, where we have an inhomogeneous field
as opposed to the homogeneous field in bulk electroporation, the change in aspect ratio of the
cell shows a slightly different trend. From our 3D simulations (Figure 3.5B), we observed that at
a constant projected area, changing the aspect ratio of the cell from 1 to 3 changed TMP,ax less
than 10% at all distances. These simulation results show that in single cell electroporation,
transmembrane potential is almost independent of aspect ratio. These simulation results agree
well with our logistic regression results (Table 3.4). Logistic regression results (Table 3.4) and
also the contour plots (Figure 3.2) show that electroporation success, which is related to
transmembrane potential is independent of aspect ratio of the cell as long as the projected area is
kept constant. Our simulation results also show that when the aspect ratio of the cell is changed

from 1 to 3 (projected area is kept constant), the fraction of cell (F") electroporated increases
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(Figure 3.5C). This could mean that the cell with a large aspect ratio would have a larger efflux
of molecules from the cell, and hence its probability of survival would be lower than a cell with a
small aspect ratio. Our results from the contour plots (Figure 3.2) show a similar trend. When the
aspect ratio of the cell is increased, but the projected area is kept constant, cell survivability is
decreased.

Therefore, cell size and shape are significant parameters in cell permeabilization and
inducing variability in electroporation. It is likely that success of electroporation is related to

TMPrax, and survival is related to the fraction of the surface electroporated.
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4.0 CONTROL OF THE RELEASE OF FREELY DIFFUSING MOLECULES IN

SINGLE-CELL ELECTROPORATION

This work has been submitted to Biophysical Journal

41  ABSTRACT

Single-cell electroporation using an electrolyte-filled capillary is an emerging technique
for transient pore formation in adherent cells. Because adherent cells do not have a simple and
consistent shape, and because the electric field emanating from the tip of the capillary is
inhomogeneous, the Schwan equation based on spherical cells in homogeneous electrical fields
does not apply. We sought to determine experimental and cell parameters that influence the
outcome of a single-cell electroporation experiment. A549 cells were exposed to the thiol-
reactive dye Thioglo-1, leading to green fluorescence from intracellular thiol adducts.
Electroporation causes a decrease in intracellular fluorescence intensity of Thioglo-1-loaded cells
that can be measured as a function of time. The transient curves thus obtained are well-described
by a simple model originally developed by Puc et al. We find that the steady-state fluorescence
following electroporation is related to the capillary tip-to-cell distance and cell size (specifically,

2(A/m)Y? where A is the area of the cell’s image in pixels. This quantity is the diameter if the
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image is a circle). In separate experiments, the relationship obtained can be used to control the
steady state fluorescence following electroporation by adjusting the tip-to-cell distance based on
cell size. The relationship was applied successfully to A549 as well as DU 145, and PC-3 cells.
Finally, F-tests show that the variability in the steady state fluorescence (following
electroporation) is decreased when the tip-to-cell distance is controlled according to the derived
relationship in comparison to experiments in which the tip-cell distance is a constant irrespective

of cell size.

4.2 INTRODUCTION

Electroporation * is a technique that uses electric fields to create transient nanopores in a
cell’s membrane, dramatically increasing its permeability. This technique has been studied and
applied for almost three decades. Over that time, it has been used to transport molecules, chiefly
DNA, across cell membranes for a wide range of applications such as gene therapy,®
molecular biology,* *? and clinical chemotherapy.*®

There are two types of electroporation, namely bulk electroporation and single-cell
electroporation. In bulk electroporation, a batch of cells in suspension is exposed to a
macroscopically uniform electric field of a few kilovolts per centimeter resulting in the
permeabilization of many cells at the same time.” ® **® Neumann et al. in the early 1980s
demonstrated gene transfection by bulk electroporation of mammalian cells.* Ever since, bulk

electroporation has become a standard method for introduction of DNA into cells. However, bulk

electroporation results in a distribution of outcomes among the cells in the suspension. It would
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be preferable, especially to study the membrane biophysics of cell permeabilization, to
electroporate at the single-cell level.

Single-cell electroporation has shown promise, especially for application to natural,
adherent cells, but is not as well studied as bulk electroporation. Single-cell electroporation
should not be confused with bulk electroporation in which numerous cells are permeabilized, but
only individual cells are studied.*”?° In single-cell electroporation, a localized field is applied to
a single adherent cell or a cell in suspension flowing through a microfabricated device, while the
neighboring cells are exposed to very low or no field.?*?” Lundqvist et al. first demonstrated
single-cell electroporation using carbon-fiber microelectrodes in 1998.%% Since then, numerous

24,29

other single-cell electroporation techniques using electrolyte-filled capillaries, micropipettes,

$1-%3 and multi-walled carbon nanotubes* have been developed.

% microfabricated chips,

In bulk electroporation experiments, several workers have determined how to increase
transport of DNA, dyes, and drugs across the cell membrane.*®*" Normally, optimizing
conditions for gene transfection in bulk electroporation has been the focus of studies.* ***°
Although transfection is of practical importance, it does not give a direct measure of transport
across the membrane because transcription and translation involve many steps in addition to the
transport of DNA such as DNA/membrane interaction, the translocation and migration of the
plasmid into the cytoplasm, its passage into the nucleus and the activation of expression. Other
bulk electroporation studies have measured dye uptake to determine the effect of conditions on
the success of electroporation.®® A few bulk electroporation studies have quantified uptake of

small fluorescent molecules using flow cytometry following bulk electroporation.® * Small

molecule uptake in bulk electroporation depends on electroporation parameters such as field

41-43 8

strength, pulse length, number of pulses, cell size and shape,'® and other experimental
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conditions such as temperature, buffer,** etc. However, significant variability both in the
observed result and in viability under constant conditions is generally observed in bulk
electroporation.*® * Prausnitz and Canatella® used a statistical approach to predict the uptake of
calcein and cell viability following bulk electroporation. Their prediction is based on a nonlinear
regression approach to an empirical equation. Based on data for a single cell type, the
experimental parameters important to permeabilization and viability were field strength, pulse
length, and number of pulses. The empirical expression was useful for sixty different cell types.
This rather impressive result solidifies the idea that it is the lipid bilayer’s response to an electric
field that controls bulk electroporation. We note that the model predicts the average behavior of a
large population of cells. It is a telling measure of the inherent variability in the experiment that
predictions within a factor of two of the observed result were considered satisfactory. To
summarize, there are abundant quantitative studies of the electrical response of a cell in a
homogeneous electric field and of the mass transport of molecules into an electroporated cell in
bulk electroporation.

There are no experimental reports on a quantitative treatment of single-cell
electroporation. An advantage of single-cell electroporation is the ability to relate a result to
properties of the cell, not only to experimenter-controlled parameters. However, this dependence
is hard to predict because single-cell electroporation lacks the symmetry of bulk electroporation.
In the present work, we investigate single cell electroporation quantitatively for the first time.
The experimental method is based on first labeling thiols inside the cell with a maleimide-based
fluorogenic reagent, Thioglo-1. Loss of fluorescence from diffusion of Thioglo-1 conjugates out
of the cell was measured as a function of time. In a first set of experiments, which we will call

Set 1, the steady state fluorescence following electroporation was correlated with experimental
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variables and parameters of the cell. In a second set of experiments, which we will call Set 2,
information from the first set was used to control the steady-state fluorescence following
electroporation. We show that a simple model developed for bulk electroporation describing the
uptake of small molecules of cells in suspension®® applies, following suitable modification, to the
release of molecules from single, adherent cells. We show that for constant experimental
conditions (Set 1), there is considerable variability in the extent of freely diffusing molecule
release in single-cell electroporation. Finally, we show that, with statistical significance, we can
control the magnitude of molecular flux from single cells, and decrease the variability of the
outcome if the size of the individual, adherent cell is taken into account in establishing the

electroporation conditions (Set 2).

43 EXPERIMENTAL SECTION

Materials. The chemicals used for buffer preparation were all analytical grade and were
purchased from Sigma (St. Louis, MO). Thioglo-1 was purchased from Covalent Associates
(Woburn, MA). Propidium iodide and calcein AM were purchased from Invitrogen/Molecular
Probes (Eugene, OR). The cell lines A549, DU 145, and PC-3 were obtained from ATCC
(Manassas, VA). Basal medium Eagle (BME), RPMI-1640, trypsin-EDTA, fetal bovine serum,
L-glutamine, penicillin, and streptomycin were all obtained from Gibco-BRL (Carlsbad, CA).
Milli-Q (Millipore Synthesis A 10, Billerica, MA) water was used. Extracellular buffer consisted
of (mM) NaCl, 140.0; KCI, 5.0; MgCl,, 2.0; CaCl,, 2.0; D-glucose, 10; HEPES, 10.0; pH

adjusted to 7.40 with NaOH.
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Cell Culture and Staining. Human lung cancer A549 cells were cultured in BME supplemented
with 10 % fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin. DU 145 and
PC-3 cells were grown in RPMI-1640 medium with 0.3 g/L L-glutamine, 10 % fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were grown as a monolayer in
75-mL cell culture flasks at 37 °C and 95% air/5% CO, (HERA cell incubator, Newtown, CT).
Before the experiments, cells were plated on 35-mm, glass-bottom cell culture dishes (MatTek
Corp., Ashland, MA) and were grown for up to 3 days. Experiments were performed on the
second and third days following the cell plating. Before the experiments, the cells were stained
with cell-permeable dye Thioglo-1 (2 uM in extracellular buffer) for 30 s at room temperature,
then washed with extracellular buffer twice. Thioglo-1 is a maleimide-based reagent that gives a
highly fluorescent product upon its reaction with active SH groups.*” *® Cell dishes were
mounted on the cell chamber (DH 35i culture dish incubator, Warner Instruments, Holliston,
MA), and transferred to the stage of the microscope.

Probe Preparation. Fused-silica capillaries from Polymicro Technology (Phoenix, AZ) were
used as a probe to perform electroporation experiments. Capillaries were pulled with a CO, laser
puller (Sutter Instruments Co. P-2000, Novato, CA) to create reproducible capillaries with a
short pulled tip having an inner diameter of ~ 5 um. The final length of the capillaries was 15
cm.

Electroporation setup. To electroporate a cell (Figure 4.1), the pulled tip of the capillary was
submerged in the cell dish containing extracellular buffer. The other end of the capillary was
placed in a vial filled with extracellular buffer. A platinum electrode placed in this vial was
connected to the electroporator (ECM 830, BTX Instruments, San Diego, CA), and the electrical

circuit was completed with a grounded platinum electrode placed in the cell dish. The capillary
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resistance was measured immediately prior to electroporation. The resistance determining circuit
consisted of a synthesized function generator (SRS Model DS 340, Stanford Research Systems,
Inc., Sunnyvale, CA) and a lock-in amplifier (SRS Model SR 830 DSP) which has an internal
current-to-voltage converter. The function generator applied a continuous 2 V sine wave AC
signal at 100 Hz across the aforementioned Pt electrodes with the electrolyte-filled capillary in
place. The current resulting from the 2V across the resistance of the capillary was measured by
the lock-in amplifier. The resistance informed us about the status of the tip. Tips with an opening
of 5 um that are not clogged have a resistance of about 1.4 x 10’ Q. The test circuit is switched

off during electroporation.

Figure 4.1. Schematic diagram of the experimental setup.

Fluorescence Imaging. Cells were observed through a 40X 1.3 NA oil immersion objective
using an inverted microscope (Olympus, IX 71, Melville, NY) equipped with an HBO 100-W
mercury lamp as the excitation source. For Thioglo-1, an Omega fluorescence cube (specially
built, Omega, Brattleboro, VT) was used with filters for excitation at 378 nm and emission at
480 nm. For live/dead imaging, a triple band ‘Pinkel’ filter set from Semrock (Rochester, NY)

was used (exciter 1 387 nm, exciter 2 494 nm; exciter 3 575 nm; dichroic mirror: 394— 414 nm,
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484 — 504 nm, 566 — 586 nm, emitter: 457, 530, 628 nm). A CCD camera (Hamamatsu, ORCA-
285, Bridgewater, NJ) imaged cells. The image collection frequency was 1 frame/s. Image
processing was performed by the image acquisition software Simple PCI (Compix, Inc.,
Sewickley, PA).
Electroporation. There were two sets of experiments. In ‘Set 1°, A549 cells were exposed to
single pulses of 500 V. This will be referred as ‘pulsing’ of the cells. The pulse duration ranged
from 300-500 ms, while the tip-cell distance, dn, (see Figure 4.1) was set at 2.0, 3.5 or 5.0 um.
The pulse was applied 25 s from the start of the acquisition of images. Diffusive loss of
fluorescent thiol (chiefly reduced glutathione) adducts from the cell was determined
quantitatively with Simple PCI software. Further details of single-cell electroporation can be
found elsewhere.”® *°

In the second set (‘Set 2”), A549, PC-3, and DU 145 cells were used. Information from
Set 1 experiments was used to determine what value of dy, to use for a given cell, based on its
size (the average diameters of the cells were A549: 25 um, DU 145: 23.5 um, and PC-3: 23 um),
to achieve a particular steady state fluorescence.
Cell Parameters. Cell parameters representing size, shape, and intensity were obtained by
Simple PCI software. The size factors used were area, diameter, perimeter and breadth. The area,

A, is the total number of pixels in a cell, the diameter is computed as 2 (A/x) 2

, the perimeter is
the distance traveled around the boundary of the cell, the breadth is the average width of the
cell’s image. The shape factor is the aspect ratio (maximum length/maximum breadth). Intensity
is the average gray level of the pixels in the object.

Measurement of tip-cell distance. A 15-cm-long pulled capillary with a tip of ~ 5 pm in

diameter was positioned near a cell using an MP-285 motorized micromanipulator from Sutter
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(Novato, CA).The capillary was first positioned at about a 45° angle with respect to the cell dish
normal 5 micrometers above the surface (Figure 4.1). The distance between the capillary tip and
the cell (dn) was taken to be from the closest approach of the cell and the projection of the
capillary image in the horizontal imaging plane.

Statistical Analysis. Fluorescence decay data from 130 cells comprise the Set 1 data. Stepwise
forward and backward linear regression analyses were performed using the program STATA
(Intercooled 9.0). The dependent variable was K, the ratio of mass transport rate constant to pore
resealing rate constant (see below, Eq. 4.2). K is also related to the long-time (steady-state or

limiting) fluorescence intensity as shown in Eq. 4.1.

FO
K=l (4.1)

s
where F° is the fluorescence intensity at the time of the application of the pulse and F is the
steady fluorescence at long times. The independent variables used in the regression were the cell
parameters area, diameter, perimeter, breadth, aspect ratio, intensity; and the experimental
conditions: dy and pulse duration. The cell parameters were transformed to get a normal
distribution. The transformations are shown in Table 4.1. Regression analysis was based on the

transformed variables.
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Table 4.1. Cell variables and their transformations

Variable (X) Transformation
1
area X
1
diameter X
1
perimeter Jx
breadth \/;
Jx

aspect ratio

N

intensity

Predictive electroporation experiments. In order to validate the regression results, Set 2
electroporation experiments were performed again on the A549 cell line. Further, to validate our
results for different cell lines, experiments were performed on two more cell lines: prostate
adenocarcinoma cell lines PC-3 and DU 145. For this set of experiments we fixed the percent
fluorescence intensity loss 100 (1- Fs/F°), which we will call AF%. For example, in the case of
PC-3 cell line, cells were pulsed to achieve a 50% loss. In order to do so, the diameter of the cell
to be pulsed was first measured using the Simple PCI software, then according to Eq. 4.4 the dp,
at which the cell should be pulsed was determined. Similarly, experiments were performed on
A549 cells to obtain AF% equal to 20 %, and 40 %, and on cell line DU 145 to obtain AF% equal
to 40 %.

Cell Viability Assay. Following electroporation experiments, live/dead analysis was performed
on the cells. The buffer in the cell dish was replaced by 2 mL of fresh growth medium. The cells

were allowed 5-6 h of recovery in the 37 °C incubator with 95% air/5% CO,, followed by a 30
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minute staining with 2 uM (each) calcein AM and propidium iodide. Cell survival percentage
was calculated for each experimental condition based on this live/dead assay. It is important to

note that a measurement of cell viability was made on each cell that was electroporated.

44  RESULTS

In the present work, extracellular buffer (high Na*) was used to perform the experiments
as opposed to intracellular buffer (high K*) used in our previous work.?® *° The range of pulse
durations used in the previous experiments performed with intracellular buffer was 50-300 ms at
500 V. The range of pulse durations used in the current work with extracellular buffer was 300-
500 ms at 500 V. When using extracellular buffer at pulse durations below 300 ms the
electroporation success for A549 cells was very low (< 20 %). Moreover, we found that the
survival rate was higher with extracellular buffer as compared to intracellular buffer under the
same set of experimental conditions. For example, at pulsing conditions of 300 ms and dy, 2 um,
the survival rate with intracellular buffer was only ~0-5 %, whereas in the case of extracellular
buffer, the survival rate was ~ 65 %. At longer distance, e.g. at pulse duration of 300 ms and dp, 5
pum, the survival rate with intracellular buffer was 60 %, whereas in the case of extracellular
buffer, it was 95 %. Thus, we have used only extracellular buffer in this work.

In both Set 1 and Set 2 experiments, the function given in Eq. 4.2 was fitted to

fluorescence intensity vs. time curves.

E= Foe(—kt)e[K(e’mfl)] (4.2)

93



Here F is the fluorescence intensity at time t, F° is the fluorescence intensity at time zero when

the pulse is applied, k is the photobleaching rate constant, K = M where M is the first order rate
a

constant for transport of Thioglo-1 labeled molecules out of the cell and « is the first order pore
resealing rate constant. This equation results from incorporating a photobleaching term into the

equation from Puc et al.*®

A program written in Mathcad (Mathsoft, Cambridge, MA) was used
to fit decay curves, to estimate the parameters k, K, and a, and provide a goodness of fit R.
Figure 4.2 gives an example of Eq. 4.2 fitted to a set of data. Here, the circles represent the data
from a cell that was pulsed for 300 ms with cell-to-capillary tip distance of 3.5 um. The solid

line is the best fit that was obtained using the Mathcad program. Table 4.2 gives a list of

parameter definitions.

Table 4.2. List of parameter definitions.

Parameter Definition

k photobleaching rate constant, s

ratio of mass transport rate
K constant to pore resealing rate
constant, unitless

a pore resealing rate constant, s

cell diameter, mm

distance between the capillary tip
and the cell, taken from the closest
approach of the cell and the
projection of the capillary image in
the horizontal imaging plane, mm
(See Fig. 4.1)
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Figure 4.2. A representative curve-fitting of the experimental data (Set 1). Circles represent the

experimental data (normalized fluorescence intensity).

In initial explorations of the curve-fitting procedure, we used Eq. 4.3.

F= F°e("“)e[%(97m_1)}

(4.3)
which, except for the photobleaching term, directly reflects the derivation of Puc et al. *°. It was
found that M, and a were somewhat correlated (pmy = 0.48). When replacing the ratio M/a by the
parameter K, we found no correlation between the fit parameters K and a (pkq = -0.06). By
minimizing the correlation between these two fit parameters, the error in the result is also
minimized. We should mention that K and o are not ‘adjusted’ to compensate for
photobleaching. Rather, the photobleaching rate constant is one of the parameters determined
along with K and a. It turns out that the parameter K is useful in its own right. It is related to the

fraction of the cell’s fluorescent contents remaining at steady state, as shown above in Eq. 4.1.

The value of K is important because it is a time-independent result of electroporation, the
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variability of which we seek to control. Our goal is to explain the variability (Set 1 experiments)
and then use that understanding to control the result (Set 2 experiments).
Set 1 experiments

Recall that Set 1 experiments represent a survey of AF% for a set of cells of various sizes
and shapes, and of various tip-cell distances and pulse times. In this set of experiments, the tip-
cell distance was set arbitrarily for any given cell. A histogram of AF% for all the cells pulsed at
2 um dp, is shown in Figure 4.3. The average AF% for these cells was 53 %, with a standard
deviation of percent loss in intensity (AF%) of 24 %. The wide distribution AF% shows that there

is a large variability in the outcome even when the tip-cell distance is constant.
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Figure 4.3. Histogram of AF% for all the cells electroporated at 2 um d,, in Set 1 experiments. For the x-
axis labeling, the second number which defines the interval is exclusive, whereas the first number is inclusive. e.g.,

for AF of 5-10 %, the interval goes from 5.000 to 9.999.

In order to understand what variables affect K, we did multiple linear regression of K on
the transformed independent variables pulse duration, tip-cell distance dy and the cell
parameters in Table 4.1. The ‘size’ (parameters area, diameter, perimeter and breadth) are all
highly correlated, but we do not know which is a better predictor (if any) of K. Thus, we used
stepwise regression. The results from stepwise forward and backward linear regression of K on
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the transformed variables (Table 4.1) are shown in Table 4.3 and Eq. 4.4. There is significant
relationship (r* = 0.30, p < 0.001 for the coefficients of dy, and d.*, p=0.694 for the constant)
between dependent variable K and independent variables d,, and cell diameter d. (um).

K =-0.175d, +?+0.122 (4.4)

Cc
The fact that cell-size parameters other than diameter do not appear in the regression should not

be taken to mean that they are not important.

Table 4.3. Results of linear regression analysis of K on experimental conditions and cell parameters.

Values of d,, and d. are in um.

Coefficient Standard Error p value

d, (a) -0.18 0.036 <0.001

1/d, (b) 28 6.8 <0.001
Constant (c) 0.12 0.31 0.69

The regression results were used to make a contour plot of AF% as a function of d,, and
dc (Figure 4.4). The contour plot shows that at a given dn,, a smaller cell has a larger AF% than a
larger cell. It is instructive to consider the likely spread of values of AF% for a fixed d., given the
cell size distribution shown in the Box plot in Figure 4.4. The Box plot in Figure 4.4 represents
the distribution of cell sizes in percentiles: 5", 25", 50", 75™, and 95" (12, 19, 22, 27, and 36 um
respectively). It is apparent that the median cell is predicted to lose 50% of its fluorescence at a

dm of about 3.9 um. The spread of expected values (5 to 95 %ile) of fluorescence loss is fairly
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high at any value of dy,. It is clear that fixing the capillary tip-cell distance, dy, is not sufficient to

control tightly the field strength at the cell and thus the outcome of electroporation.
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Figure 4.4. Contour plot of AF% as a function of cell diameter and cell-capillary tip distance. The box plot
gives the 5™, 25" 50" 75" and 95th percentile of cell sizes corresponding to d. 12, 19, 22, 27, and 36 pum.

Set 2 experiments

Recall that in Set 2, the tip-cell distance was adjusted for each cell to achieve a particular
AF%. We performed additional electroporation experiments on A549 cells, and also on PC-3,
and DU 145 cells. In these experiments, we sought to control AF%. Using Eq. 4.1 and Eq. 4.4 we
could relate AF% to d, and d.. A table was created with d, and d. that yield a particular AF%.
The dn, was chosen from this table for each individual cell based on its diameter, d.. Each cell’s
transient was recorded, Eq. 4.2 was fit to the data, and a value of AF% was obtained. Results are
shown in Table 4.4 for three cell types and for several predicted values of AF%. For example, the
top row shows results from our attempt to obtain a AF% of 20 % from A549 cells. The 95 %
confidence interval for AF% for these cells was [15, 22]. As Table 4.4 shows, the other

experiments showed similarly accurate predictions.
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Table 4.4. Expected AF%, average AF% observed, standard error of the mean 95 % confidence interval of

the mean, and survival % for cell lines A549, PC-3, and DU 145.

95 %
Cell Line Average Standard
Expected confidence
(number of AF% error of the Survival %
AF% interval for the
cells) observed mean
mean
A549
20 18 1.9 [15, 22] 100
(15)
A549
40 41 2.4 [36, 45] 95
(21)
DU 145
40 38 2.1 [34, 42] 100
(15)
PC-3
50 52 3.8 [44, 59] 86
(15)

Figure 4.5 is a histogram of AF% for A549 cells electroporated in Set 1 (dn = 2 um) and
Set 2 experiments. The large spread in Set 1 experiments shows that there is a large variance in
the results (histogram A). Histograms B and C in Figure 4.5 show that we were able to reduce
this variance by taking d. into account (Eq. 4.4) when setting dn. To further verify this reduction
in the variance between Set 1 and Set 2 experiments, an F-test was performed between Set 1 and

each of the Set 2 intensity loss observations. The results are shown in Table 4.5. The F-test
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results show that the variances in Set 2 experiments were reduced significantly (p < 0.05) for all

cell types.
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Figure 4.5. Histogram of AF% for A549 cells electroporated in set 1 (d, = 2 pm) (A) and set 2 experiments

(B, C) Histogram B represents cells electroporated to achieve AF% = 20%, and C represents AF% = 40%.
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Table 4.5. F-test results on variance in AF% between set 1 and set 2 experiments. ("df is degrees of

freedom).
Expected p value
Cell Line df,” df, F

AF% (<)

A549 20 44 14 9.77 0.001
A549 40 44 20 4.22 0.001
DU 145 40 44 14 8.34 0.001

PC-3 50 44 14 2.43 0.05

45  DISCUSSION

The issue of variability in electroporation is not new. Large variability in bulk and single-
cell electroporation has been observed before.? “* Our aim in the present work is to understand
what experimental and cell-based parameters control the release of freely diffusing molecules
from single cells following electroporation, and use that understanding to increase predictability
and reduce the variability in our experiments. In these experiments, the cells were labeled with a
thiol-reactive dye Thioglo-1. As the most abundant thiol in the cell is reduced glutathione, GSH,
we can say that the decrease in fluorescence intensity inside the cell following application of the
pulse is predominantly due to the efflux of labeled glutathione from the cell. As the GSH-
ThioGlo-1 conjugate has a formula weight of 684.7 Da, we view it as an indicator of the flux of

freely diffusing molecules.
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It is hard to predict membrane permeability upon the exposure to an electric field for
adherent cells. For spherical cells exposed to uniform electric fields (bulk electroporation), the
potential drop across the membrane is dictated by the Schwan equation.® Bulk electroporation of
adherent, hemispherical cells would form the same dependence by symmetry as long as the field
is parallel to the insulating surface. The potential drop across the membrane depends on the
magnitude of the homogeneous electric field, the cell size, and the polar angle on the cell
surface. Therefore, part of the variability in bulk electroporation can be attributed to the cell size
distribution about the mean.* In single-cell experiments, where a highly focused or an
inhomogeneous field is applied, there is no simple model analogous to the Schwan equation.™
Numerical simulations* show that the transmembrane potential depends on the tip-cell distance,
the polar angle from the long axis of the capillary, and the cell size. The cell-size dependence of
the fraction of the cell’s surface area that is electroporated is smaller in single-cell

933) than in the bulk experiment (< d.*%).*° In the single-cell experiment,

electroporation (oc d¢
the most critical variable is dp, as it governs the electric field at the cell for a given applied
voltage and capillary length. Thus, it is not surprising to find that both d. and d., are significant
predictors. Equation 4.4 can be used to estimate the right tip-to-cell distance for a desired
concentration decrease (or increase if diffusive flux is inward rather than outward). If, for
example, a fluorescence decrease of 50% is desired and the cell diameter is 22 pum, then the
equation directs us to use a dy of 3.9 um. The prediction of d, in relation to d. in controlling
release of small molecules is useful also in order to find the right distance for loading cells with
small molecules.

The results (Table 4.4) show that for all cell lines (A549, DU 145, and PC-3), the

predicted AF% lies within the 95 % confidence interval of the observed AF%. Further, F-tests
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(Table 4.5) show that the variance in Set 2 was significantly reduced compared to Set 1. This is
strong evidence that we can control AF% by controlling dy, in accordance with Eq. 4.4. To our
knowledge, this is the first time that control over small molecule release has been achieved for
single-cell electroporation. In our previous research (using high K* buffer) we investigated
conditions leading to successful electroporation and cell viability. The observations were binary
in nature, i.e., either a cell was electroporated or it was not. In those experiments, we observed a
large variability (e.g., the average AF% for all cells electroporated at 2 um dn, was 55 % with a
standard deviation of 30 %) in success and survivability at a given set of conditions.? *° We
found that cell size and shape were significant factors in controlling success and survivability.
Thus, at constant experimental conditions, the natural variability of the cells led to variability in
the outcome. Nonetheless, we found conditions (experimental and cell parameters) at which we
could maximize cell permeabilization and survivability. The present work goes one step beyond
that. We have quantified the degree of electroporation. Also, we have not only found one of the
factors that induces variability in the experiments, but have also been able to reduce this
variability by controlling the d, according to Eqg. 4.4. We note also, see Table 4.4, that the
survival rate for the Set 2 experiments is quite acceptable.

The statistical results in Tables 4.4 and 4.5 show two things. Table 4.4 demonstrates that
taking into account the cell size in setting the tip-cell distance is critical to achieving a particular
AF% on average. Table 4.5 demonstrates that taking into account the cell size in setting the tip-
cell distance significantly reduces the variability of the outcome of electroporation (in terms of
AF%). The experimental significance of the reduction in variance is a decrease in the number of
experiments required to achieve a particular standard error of the mean given a particular

experimental variability. Thus, with statistical rigor, we have demonstrated the advantage of
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distance control based on cell size in single-cell electroporation. However, it is also true that the
variability is still rather large. At this point, we do not know the cause of the variability, although
it is by now well-known that cell-to-cell variability is to be expected in single-cell experiments
of any sort. It is very likely that the parameter K depends on aspects of cell physiology that we
do not now control.

It is interesting to pursue the origin of Eq. 4.4 from a causal rather than an observational
(regression) perspective. Transient permeabilization in an electric field results when the
transmembrane potential exceeds a critical value. Estimates of the critical value vary, but we
have found that the value established by Teissie and Rols>® of 250 mV is consistent with our
observations.® We have also previously determined the fraction of a hemispherical cell’s
exposed area (nd.*/2) that has a transmembrane potential greater than the critical value in single-
cell electroporation with an electrolyte-filled capillary.?® We define f, as the fraction of the cell’s
surface area that has a transmembrane potential greater than or equal to the critical value at t=0
(i.e., before the electrical conductance of the membrane increases because of the increased
porosity. This permeabilized fraction, f, is a function of tip-cell distance and of cell diameter.*®
The area of a cell that is permeabilized contributes to the efflux of a chemical species through the

membrane.*? A simple first order rate constant for the loss of material from a cell can be given as

M=2p (4.5)
14

where A is the permeabilized area of the cell, V is the cell’s volume and P is the permeability of

the solute through the (porated) membrane. The permeabilized area, A, is equal to the product of

the cell’s surface area, md./2 and the fraction of the area that is permeabilized. The
permeabilized area is thus = f,dZ. The cell’s volume is ndc*/12.

We can thus write
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__6fpP
= a

M (4.6)

This mass transport coefficient is the same as that in Puc et al. mentioned above. It is the mass
transport coefficient in the presence of the field, assumed constant. Recall from Eq. 4.3 that the
time dependent part of the dynamics (pore resealing) is embodied in the time variable — the
parameters M, «, and K are time-independent. We also assume here that the mass transport
occurs solely by diffusion (e.g., not by electrophoresis) because we do not see experimentally a
rapid drop in fluorescence at the time the pulse is applied (called ‘g’ in Puc et al.). The computed

values of f, (called FEA in Figure 6 of Agarwal®

) fit well to second order polynomials in dp,
(See Supplementary Material, Table S4.1). Using these polynomials, we calculated values of the
term 6f,/dc. This term is well-described by Eq. 4.7 (r* = 0.87, p values for coefficients of dy, and

d.* are <0.0001, for the constant, p = 0.24, see Supplementary Material, Table S4.2).

%
dc

0.6228
dc

= —2.16 x 1073d,,, + —0.00262 4.7)

This dependence is remarkably similar to the dependence seen for K (Eq. 4.4 and Table 4.3).
The magnitudes of the parameters cannot be compared directly for the two equations, however
the relative parameter values can be. We note that in both equations the coefficient of dy, is
negative, the coefficient of d.™ is positive and the constant term is statistically indistinguishable
from zero (See Supplementary Material, Table S4.2 for regression statistics for Eq. 4.7). Further,
the ratios of the coefficients of d.* to the coefficients of d, are similar, on the order of 102,

It is possible to make an inference about the electroporation process from this similarity.
The functional similarity of Eqs. 4.4 and 4.7 means that the ratio of the two equations is
approximately constant (not dependent on the independent variables). Explicit computation of
the ratio show that the ratio is approximately constant except for large cells and long distances -
cases in which there is little or no fluorescence loss. Algebraically, the ratio of the two quantities
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on the left-hand sides of Eqgs. 4.4 and 4.7 is equal to P/«. We infer that this ratio is approximately
constant.

Krassowska’s group has developed a pore formation and closure model based on energies
and measured or estimated parameters.>® In this model, after the electric pulse is removed all
pores rapidly shrink to same pore area, i.e., the minimum-energy radius, rn,. Hence, after removal
of electric field, cells reseal from the same minimum-energy radius r,>> ** Thus, the pore
resealing rate is considered to be a constant. Indeed, while our measured values vary over a range
of values (~0.1 — 1 s™) values of « were not correlated with any experimental or cell parameter.
If the pore resealing rate is approximately constant and the ratio P/« is approximately constant
for all cells then we can conclude that, under the conditions of our experiments, the permeability
of the cell immediately after the potential is returned to zero (P) is approximately independent of
electroporation and cell-based parameters. Further, as we know the ratio P/a, and «, we can
estimate P. This is necessarily highly approximate, so only an order of magnitude estimate is
justified. We define P as the ratio of diffusion coefficient to membrane thickness, D/I, multiplied
by a porosity, ¢. The porosity ¢ refers to the effective fraction of the electroporated area (itself a
fraction of the cell’s surface area) through which molecules pass. Using D ~ 10 m*%s™, 1 ~ 4
nm, ¢~ 0.1s"', we obtain ¢~ 10, a reasonable value.?* *

One important application of our present work of controlled release of small molecules
from single cells is in single-cell analysis. The analysis of cytoplasmic contents of single cells
using microfluidics and separations has become an important research area.>®*° This is because
highly efficient and sensitive detection of the components in a single cell will explain important
physiological processes and therefore improve our understanding of basic cellular processes.

Generally, in the process of single-cell analysis, the cell is destroyed. It would be helpful to be
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able to sample a cell’s cytoplasm over time. Our present work is a major step in this direction as
the ability to predict/control small molecular release will provide better handle at reproducibility

in single-cell small molecular release experiments.
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4.7  SUPPLEMENTARY MATERIAL

Table S4.1.

Fits for f, vs tip-cell distance over the range 1-7 um (input data from (49))

Distance/um fp for 39 um cells
1 0.038
2 0.039
3 0.038
4 0.035
5 0.031
6 0.026
7 0.020

Model: Parabola
Equation: y = A + Bx + Cx?
v2ldf r?

Parameter Value Error

A 0.03678 0.00066
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0.00228

-0.00067

0.00038

0.00005

Distance/um

1

2

6

7

fp for 19 um cells

0.101

0.096

0.086

0.074

0.059

0.043

0.025

Model: Parabola

Equation: y = A + Bx + Cx?

v2ldf

r2

0.10629

-0.00327

-0.0012

0.00137

0.00079

0.0001
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Distance/um
1

2

6

7

fp for 25 um cells

0.073

0.071

0.066

0.059

0.049

0.038

0.026

Model: Parabola

Equation: y = A + Bx + Cx°

v2ldf r2

4.1667 x 107 0.99911

Parameter Value Error

A 0.07429 0.00101
B 0.00019 0.00058
C -0.00102 0.00007
Table S4.2.

Fit for 6f,/d. vs d and d.™ (Eq. 7)
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Param Value Error t-Value Prob>|t|
Y-Int -0.00261 0.0031 -0.84 0.41002
dm -0.00216 0.00037 -5.86 <0.0001
d* 0623 0.067 9.32 <0.0001
R-Square(COD) Adj. R-Square Root-MSE(SD)
0 0.85635 0.00338
ANOVA Table:
Degrees of ~ Sum of Mean
Item Freedom Squares Square F Statistic
Model 2 0.00138 0.00069 60.61
Error 18 2.05x10* 1.1x10°
Total 20 0.00159
Prob>F
<0.0001
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5.0 CELL VIABILITY IN SINGLE-CELL ELECTROPORATION

5.1 ABSTRACT

Electroporation is now routinely used in cell and molecular biology and in clinical
applications. It is therefore important to preserve cell viability following permeabilization of the
cells. Single-cell electroporation using electrolyte-filled capillaries was performed on
fluorescently labeled A549 cells. Cells were subjected to brief pulses (300-500 ms) at various
cell-capillary tip distances followed by survivability assay on each cell. The loss of fluorescence
intensity due to release of Thioglo-1 conjugates from the cell as a result of electroporation was
measured as a function of time. A significant relationship exists between cell survival and
intensity loss at steady state. It was found that cell survivability could be retained by controlling
the magnitude of molecular efflux from single cells. This result was used to control cell
survivability of A549, DU 145, and PC-3 cells in a separate set of experiments. It was also found
that across the three cell lines, there is a 100 % chance of cell survival by controlling the

molecular efflux from single cells at 55 % or less.
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5.2 INTRODUCTION

Electroporation is a technique that uses electric fields to induce nanometer-sized pores in
the cell membrane thereby allowing impermeable molecules such as DNA, dyes, and drugs to
enter a cell."*® Pores are formed in the cell membrane when the transmembrane potential exceeds
the dielectric breakdown voltage of the cell membrane (0.2 — 1.0 V).** 2 The subsequent growth
of the pores is governed by various factors such as pulse duration, number of pulses or the ionic
strength of the medium.** Depending upon the conditions used for electroporation, the pores can
either be transient or short lived in reversible electroporation or long lived in irreversible
electroporation. Cell viability is maintained in reversible electroporation as the pores reseal in this
case, whereas cell death occurs in irreversible electroporation as the pores do not reseal. The
lifetime of the pores in reversible electroporation has been reported to be on the order of seconds
to minutes.*

One of the important aspects of electroporation is to optimize experimental conditions to
achieve reversible electroporation so that the cells can return to their normal physiological state
following permeabilization. As electroporation is now routinely being used in cell and molecular
biology, and clinical applications such as gene therapy, gene transfection, and drug delivery, there
is a need to design protocols such that the cell viability is preserved. Studies have shown that cell

viability in both bulk and single-cell electroporation depends on electric field parameters such as

15-17 17,18 19,20
h, d,

field strengt pulse duration, number of pulses delivere cell characteristics such as

21-23

size and shape, medium of electroporation, and temperature. One of the most comprehensive

studies of understanding the dependence of cell viability on experimental conditions was carried

out by Canatella et al.”®

They used flow cytometry to study viability of prostate cancer DU 145
cells for more than 200 different combinations of experimental conditions. Their results showed
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that viability has a complex dependence on field strength, pulse length, and number of pulses.
Gabriel and Teissie™ evaluated the role of electric field parameters in short-term and long-term
death of Chinese hamster ovary cells following electropermeabilization. Short-term cell death was
evaluated in the minute range after electropulsation, and the long-term death was evaluated 24
hours after electropulsation. Their results showed that the cell death (short-term and long-term)
was linearly related to the fraction of the membrane area brought to the permeabilized state. Also,
their results showed that high survival rate was obtained with single pulse with high intensity than
with repetitive pulses with small intensity.

Although studies have been performed to optimize experimental conditions to achieve
reversible electroporation, cell survivability is typically reported as a measure of percentage of
cell survival at various conditions of electroporation.’® ?* 2> % The aim of the present work is to
determine the relation between molecular efflux from single cells and cell survivability,
irrespective of the conditions of electroporation. Such results will be a useful guide in
understanding the biochemical processes leading to cell death. In the present work, we studied the
diffusion of fluorescently labeled thiol adducts from single cells through pores induced by
transient electric fields in real time.?> ' In contrast to transfection, which involves a complex
multistep DNA transfer into cells, the escape of dyes allows for direct quantification of
translocated species by fluorescence microscopy. In the first set of experiments (Set 1), single
fluorescent A549 cells were pulsed at various conditions (pulse duration: 300-500 ms, cell-
capillary tip distance: 2.0-5.0 um) followed by cell survivability assay on each cell. The results
showed that there is a significant relationship (p < 0.05) between cell survivability and intensity
loss at steady state. In a separate set of experiments (Set 2), the information from Set 1

experiments was used to successfully control cell viability in A549 and two more cell lines DU
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145 and PC-3. Further, combined results from Set 1 and Set 2 experiments showed that cell
survivability can be preserved across the three cell lines A549, DU 145, and PC-3 cells by

controlling the magnitude of molecular efflux from single cells at 55 % or less.

5.3 EXPERIMENTAL SECTION

Materials. The chemicals used for buffer preparation were all analytical grade and were
purchased from Sigma (St. Louis, MO). Thioglo-1 was purchased from Covalent Associates
(Woburn, MA). Propidium iodide and calcein AM were purchased from Invitrogen/Molecular
Probes (Eugene, OR). The cell lines A549, DU 145, and PC-3 were obtained from ATCC
(Manassas, VA). Basal medium Eagle (BME), RPMI-1640, trypsin-EDTA, fetal bovine serum, L-
glutamine, penicillin, and streptomycin were all obtained from Gibco-BRL (Carlsbad, CA). Milli-
Q (Millipore Synthesis A 10, Billerica, MA) water was used. Extracellular buffer consisted of
NaCl, 140.0 mM; KCI, 5.0 mM; MgCl,, 2.0 mM; CaCl,, 2.0 mM; D-glucose, 10 mM; HEPES,
10.0 mM; pH adjusted to 7.40 with NaOH.

Cell Culture and Staining. A549, DU 145, and PC-3 cells were cultured as previously
described.’” 2 27 Cells were plated on 35-mm, glass-bottom cell culture dishes (MatTek Corp.,
Ashland, MA) and were grown for 1-3 days. Experiments were performed on the second and third
days following the cell plating. The cells were stained with a cell-permeable dye Thioglo-1 (2 uM
in extracellular buffer) for 30 s at room temperature. Thioglo-1 is a maleimide-based reagent that
gives a highly fluorescent product upon its reaction with active SH groups.?®° Cells were washed
and bathed in the extracellular buffer, mounted on the cell chamber (DH 35i culture dish

incubator, Warner Instruments, Holliston, MA), and transferred to the stage of the microscope.
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Electroporation Setup. Details of single-cell electroporation can be found elsewhere.!’” % 2/

Briefly, the experimental setup consists of two switchable circuits, the electroporation circuit and
the test circuit. The electroporation circuit is depicted in Figure 5.1. A 15-cm-long pulled
capillary (prepared in-house)'” with a tip of ~ 5 pm in diameter was used to perform single-cell
electroporation experiments. The capillary was positioned near a single cell at about a 45° angle
with respect to the cell dish normal 5 um above the surface using an MP-285 motorized
micromanipulator from Sutter (Novato, CA). The distance between the capillary tip and the cell
(dm) was taken to be from the closest approach of the cell and the projection of the capillary image
in the horizontal imaging plane. The other end of the capillary was placed in a vial filled with
extracellular buffer. A platinum electrode placed in this vial was connected to the electroporator
(ECM 830, BTX Instruments, San Diego, CA), and the electrical circuit was completed with a
grounded platinum electrode placed in the cell dish. The test circuit was used to determine the
resistance of the capillary prior to electroporation thereby giving information about the status of
tip. The test circuit consisted of a synthesized function generator (SRS Model DS 340, Stanford
Research Systems, Inc., Sunnyvale, CA) and a lock-in amplifier (SRS Model SR 830 DSP) with
an internal current-to-voltage converter. The function generator applied a continuous 2 V sine
wave AC signal at 100 Hz across the platinum electrodes with the electrolyte-filled capillary in
place. The current resulting from the 2V across the resistance of the capillary was measured by
the lock-in amplifier. Tips with an opening of 5 um that are not clogged have a resistance of about

1.4 x 107 Q. The test circuit is switched off during electroporation.
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Figure 5.1. Schematic diagram of the experimental setup.

Electroporation. Two sets (Set 1 and Set 2) of electroporation experiments were performed in
this study. In Set 1 experiments, fluorescently labeled A549 cells were pulsed at 500V, pulse
duration ranging from 300-500 ms, while the tip-cell distance, dn, was set at 2.0, 3.5 or 5.0 um.
Simple PCI software was used to determine diffusive loss of fluorescent thiol (chiefly reduced
glutathione) from the cell.”

In the second set (Set 2), electroporation experiments were performed again on A549, and
two more cell lines: prostate adenocarcinoma cell line PC-3, and prostate cancer cell line DU 145.
In performing Set 2 experiments, the percent fluorescence intensity loss at steady state, which we
will call AF% was fixed to values at which 100 % cell survival would be expected based upon the
information from Set 1 experiments. For example, in the case of PC-3 cell line, cells were pulsed
to achieve a 50% loss. In order to do so, the diameter (d.) of the cell to be pulsed was first
measured using the Simple PCI software, then according to the regression equation (Eg. 4 in
Agarwal et al.)*’ the dy, at which the cell should be pulsed was determined. Similarly, experiments

were performed on A549 cells to obtain AF% equal to 20 %, and 40 %, and on cell line DU 145 to

obtain AF% equal to 40 %.
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Imaging. An inverted fluorescent microscope (Olympus, IX 71, Melville, NY) with a 40X 1.3
NA oil immersion objective imaged the cell experiments using a CCD camera (Hamamatsu,
ORCA-285, Bridgewater, NJ). The images were collected at a frequency of 1 frame/s. Depending
on the fluorescent properties, an appropriate cube was chosen. For Thioglo-1, an Omega
fluorescence cube (especially built, Omega, Brattleboro, VT) was used with filters for excitation
at 378 nm and emission at 480 nm. For live/dead imaging, a triple band ‘Pinkel’ filter set from
Semrock (Rochester, NY) was used (exciter 1 387 nm, exciter 2 494 nm; exciter 3 575 nm;
dichroic mirror: 394— 414 nm, 484 — 504 nm, 566 — 586 nm, emitter: 457, 530, 628 nm). Image
acquisition software Simple PCI (Compix, Inc., Sewickley, PA) was used to perform image
processing.

Cell Viability Assay. Following electroporation experiments, live/dead analysis was performed
on the cells using calcein AM and propidium iodide as described in detail before.’” Briefly, the
buffer in the cell dish was replaced by 2 mL of fresh growth medium. The cells were allowed 5-6
h of recovery in the 37 °C incubator with 95 % air/5% CO,, followed by a 30 min of 2 uM each
of calcein AM and propidium iodide staining. It is important to note that a measurement of the
cell viability was made on each cell that was electroporated.

Statistical Analysis. A549 cells electroporated in Set 1 and Set 2 experiments were used for
statistical analysis. Logistic regression was performed using the program STATA (Intercooled
9.0) on the outcome cell survivability (live/dead). Logistic regression was done as the outcome

cell survivability is binary. The independent variable used was the parameter K (described below).
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54  RESULTS

Figure 5.2 is a contour plot of cell survival percentage of A549 cells in Set 1
electroporation experiments as a function of dy, and pulse duration. In this contour plot, lighter
shades represent areas with a larger fraction of live cells, whereas darker shades represent areas
with a larger fraction of dead cells. The plot shows that at a given pulse duration, cell survival
increases with dy,. As an example, at pulse duration of 400 ms, the cell survivability goes from 75
% at dn=2.5 pm to 90 % at dn=4.5 pm. The plot shows that the pulse duration does not have as
much of a significant effect on cell survivability as dn. For example, at d,=2.25 pum the cell
survivability is 70 % for all pulse durations. At d»,=3.5 pum cell survivability is 85 % for pulse
durations from 300-430 ms, after which the cell survivability increases to 100 % for 500 ms
pulse. Our results (Figure 5.2) also indicate that the cell survival rate with extracellular buffer
(high Na*) is higher than the cell survival rate achieved with intracellular buffer (high K*).!’
Under similar pulsing conditions (500 V, 300 ms, 2 um dy,), cell survivability was 65 % with
extracellular buffer, whereas it was only 20 % with intracellular buffer. Also pulse duration had a

larger influence on cell survivability in intracellular buffer than in extracellular buffer.
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Figure 5.2. Contour plot of percentage of cell survivability of A549 cells electroporated in Set 1

experiments as a function of d,, and pulse duration.

The fluorescence intensity vs. time curves from Set 1 and Set 2 experiments were fitted to
a function given in Eq. 5.1.
E = poe-kglkl 1) (5.1)
|.22

This equation results from incorporating a photobleaching term into the equation from Puc et a

Here F is the fluorescence intensity at time t, F° is the fluorescence intensity at time zero when

the pulse is applied, k is the photobleaching rate constant, K = M where M is the first order rate
(04

constant for transport of Thioglo-1 labeled molecules out of the cell, and « is the first order pore
resealing rate constant. It should be noted here that the fluorescence intensity versus time data
were not corrected for photobleaching. The photobleaching rate constant (k) was one of the
parameters determined along with the parameters K and a. A program written in Mathcad

(Mathsoft, Cambridge, MA) was used to fit decay curves and to estimate parameters k, K, and «,
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and goodness of fit R%.*" The parameter K is a useful parameter as it is also related to the fraction

of cell’s fluorescent contents remaining at steady state as shown in Eq. 5.2.

0
K = |nFF— (5.2)

Here F° is the fluorescence intensity at the time of the application of pulse, and F is the steady
state fluorescence at long times. Our goal in this work is to determine the relationship between K
or AF % (100 (1- Fs/F°) which are the parameters referring to the efflux of freely diffusing
molecules from the cells following electroporation and cell survivability.

Figure 5.3 is a plot of computed probabilities of cell survival percentage overlaid over the
observed cell survival percentage following electroporation as a function of K for all the A549
cells in Set 1 experiments. The green bars represent live cells, and red bars represent dead cells.
Figure 5.3 shows that all the cells subjected to electroporation (500 V, pulse duration: 300-500
ms, and dn: 2.0-5.0 pum) survived for values of K < 1.0 (AF % = 63 %). The cell survival
percentage decreases rapidly at higher values of K. The cell survival decreases from 100 % to 20
% at K values ranging in 1.0-1.4. At higher K values (>1.4) which corresponds to AF % > 75 %,

all cells die at the given conditions of electroporation.
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Figure 5.3. Computed probabilities of cell survival (black curve) overlaid over plot of cell survival
percentage as a function of K for A549 cells electroporated in Set 1 experiments. Green bars represent live cells and

red bars represent dead cells.

The black curve in Figure 5.3 shows the computed probabilities of cell survival as a
function of K. Logistic regression was done to compute the probabilities of cell survival based on
K. Logistic regression is used when there is a binary outcome (e.g., live/dead). The probability P
is computed using the following equation:

eb0+b1K

by +b, K

P =
l+e

(5.3)

The coefficients in the above model were determined using logistic regression. The estimated
values were by = 19.56, and b; = -17.39 corresponding to the independent variable K. The results
indicated a significant relationship (p < 0.05) between cell survivability and K. The curve shows
that at K = 1 there is a 90 % chance of cell survival. The curve rapidly decays as a function of K.
At K = 1.1 there is a 50 % chance of cell survival which sharply goes down to 18 % chance of cell
survival at K = 1.2. The overlay of computed probabilities of cell survival over the observed cell

survival shows that the logistic regression model tracks the experimental values closely. For
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example, at K = 0.7 probability of cell survival from both the experimental data and model is 1, at
K = 1.1 observed probability is 0.61 whereas the model-predicted probability of cell survival is
0.60. Further, at K =1.5 both the model predicted and the observed probabilities of cell survival
are 0.

Figure 5.4 is a contour plot of AF % and cell survivability as a function of d, and d. for
all the A549 cells electroporated in Set 1 experiments. The box plot represents the distribution of
cell sizes in percentiles: 5", 25" 50", 75" and 95" corresponding to d 12, 19, 22, 27, and 36
pm respectively. It should be mentioned here that a stepwise forward and backward linear
regression was done on parameter K and experimental controlled variables dy, and pulse duration
and the cell variables. The results from multiple linear regression of K showed a significant
relationship (r? = 0.30, p < 0.001 for the coefficients of d,, and d.™*) between dependent variable
K and independent variables dy, and cell diameter d. (um).?” The regression results (Eq. 4,
Agarwal et al.)*" were used to make the contour plot. The contour lines indicate AF %. The plot
shows that at a given dn, a smaller cell has a larger AF% than a larger cell. As an example, at dn,
= 3.5 um, a median cell (d.= 22 um) loses 54 % fluorescence, whereas a larger cell with a d; =
27 um loses 42 % of its fluorescence. The plot is further extended to include cell survivability
results from Figure 5.3. The green region represents the area of 100 % cell survivability
following electroporation, whereas red region represents the area of 100 % cell death following
electroporation. The blue region represents the area where cell survivability decreases rapidly
from 100 % to 20 %. The plot shows that at a given dn, a larger cell has higher chance of cell
survival than a smaller cell. For example a median cell (22 um) pulsed at a dn, = 3.9 pm is
predicted to lose 50 % of its fluorescence. As this lies in the green region, the median cell pulsed

at 3.9 um will retain its cell viability. A smaller cell with a d; = 12 um pulsed at 3.9 pum would
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lose 83 % of its fluorescence. As this lies in the red region, a 12 pum pulsed at 3.9 pum will die.
The plot (Figure 5.4) gives a complete guide to predicting the outcome of electroporation as a
function of dn,, and d. while preserving cell viability. This is an extension to our previous work
where we showed that the AF % can be controlled by dn, and d.. In the present work we show

that not just the outcome of electroporation but cell survivability can also be predicted based

upon experimenter controlled variable dy, and cell variable d..
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Figure 5.4. Contour plot of percent fluorescence intensity loss and cell survivability as a function of d,, and
d.. Contour lines represent percent fluorescent intensity loss. Green area represents live cells, red area represents
dead cells, and blue area represents cell survival between 100 % — 20 %. The box plot gives the 5", 25" 50" 75"
and 95th percentile of cell diameters corresponding to 12, 19, 22, 27, and 36 um.

In Set 2, we performed additional electroporation experiments on A549 and two more cell
lines DU 145 and PC-3. The Set 1 results showed that all the A549 cells pulsed survived at AF %
<63 %, therefore in Set 2 experiments, we fixed the AF % at < 63 % for all the three cell lines to
see if high cell survivability could be achieved. The results (Table 5.1) show the expected,
observed (average) and standard error of the mean values for the three cell lines (A549, DU 145,

and PC-3) with various values of AF %. The survival percentage column shows that high survival
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percentage (as high as 100 %) was achieved for all the three cell lines by controlling AF %. The
results show that cell survivability can be retained for not only A549 cells but also DU 145 and

PC-3 cells as long as efflux can be controlled to < 63 %.

Table 5.1. Expected AF%, average AF% observed, standard error of the mean, and survival % for cell lines

Ab549, PC-3, and DU 145 from Set 2 experiments.

Cell Line Average Standard
Expected
(number of AF% error of the Survival %
AF%
cells) observed mean
A549
20 18 1.9 100
(15)
A549
40 41 2.4 95
(21)
DU 145
40 38 2.1 100
(15)
PC-3
50 52 3.8 86
(15)

Figure 5.5 is plot of computed probabilities of cell survival percentage overlaid over the
observed cell survival percentage following electroporation as a function of K for the A549, DU
145, and PC-3 cells electroporated in Set 1 and Set 2 experiments. The green bars represent live
cells and the red bars represent dead cells. The combined results from Set 1 and Set 2 data show

that all the cells subjected to electroporation remain alive at K < 0.8 (AF % < 55%). The cell
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model-predicted probability of cell survival is 0.98. At K = 1.1 observed probability is 0.5
whereas the model-predicted probability of cell survival is 0.46. Further, at K =1.5 both the model

predicted and the observed probabilities of cell survival are 0.

5.5 DISCUSSION

It is important to preserve cell viability following electroporation. In the present work, our
goal is to determine the relation between the release of freely diffusing molecules from single
cells following electroporation and cell survivability. Our results from Set 1 (Figure 5.3)
experiments show that all the A549 cells remain alive following electroporation till they lose 63
% or less of their intensity. Logistic regression results showed that there is a significant (p < 0.05)
relationship between cell survivability and the parameter K. We were able to preserve cell
viability to a good degree (> 86 %, Table 5.1) for not only A549 but two more cell lines; DU 145
and PC-3, by fixing the percentage release of freely diffusing molecule values at less than 63 %.
Further, it was found that across the cell lines (A549, DU 15, and PC-3 from Set 1 and Set 2
experiments, Figure 5.5), all the cells remained alive at a loss of 55 % or less of their intensity.
We also showed that the relationship between cell survivability and K can be modeled using
logistic regression (Figure 5.3 and Figure 5.5). Our findings indicate that in single cell
electroporation, the amount of freely diffusing molecule release can guide us to make estimates of
cell survivability (Figure 5.4). One application of our current work is the analysis of the
cytoplasmic contents in single living cells.*>*® Our findings will help design protocols which will

allow sampling from single cells by using experimental and cell parameters (d, and d¢) such that
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K is large enough and the cell viability is preserved. In other words K will give us information
about both the probability of cell survival and the efflux we can expect to get from the cell.

Numerous studies have been performed to determine the fraction of cell survival under
various conditions of cell permeabilization. Although this approach helps in developing protocols
for optimizing experimental conditions of electroporation, it would be useful to know the fraction
of small molecules a cell can release/ uptake before losing its viability. Such results would not
only help in gaining better control over electroporation but also help in understanding the
biochemical pathways leading to cell death. In this study, the cells were labeled with a cell
permeable, thiol-reactive dye Thioglo-1. As reduced glutathione, GSH, is the most abundant thiol
in the cells, we can say that the decrease in fluorescence intensity inside the cell following
application of the pulse is predominantly due to the efflux of labeled glutathione from the cell. In
a cell, glutathione is mainly present in its reduced form, GSH, however under oxidative stress, it
is converted into its oxidized form GSSG. The redox status of the GSSG/2GSH couple is an
indicator of oxidative stress in the cell and controls various cell processes such as proliferation,
differentiation and cell death.** The intracellular depletion of GSH ultimately leads to cell death.
Gaetjens et al. performed a study on L1210(A) mouse lymphoma cells, in which they depleted the
cells of more than 90 % of cellular glutathione content by using the compound L-buthionine-S-R-
sulfoximine.®* Their results showed that cells depleted of glutathione (> 90 %) demonstrated
long-term proliferation and no loss in viability. As compared to our results from A549, PC-3, and
DU 145 cells that lose cell viability after 60 % efflux, we can say that there are other species the
loss of which is more damaging than that of GSH.

Based on the above argument, we can speculate what molecules leak from

electropermeabilized cells that lead to cell death. NAD, NADP, and ATP are important
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biological molecules that play a major role in mediating cell death. NAD is mostly present in its
oxidized form NAD*. Under physiological conditions, the ratio of cytosolic free NAD*/NADH is
~ 700 to 1.** Alteration of this ratio under oxidative stress or pathological conditions can affect
numerous enzymatic activities which may further lead to cell death. . As an example, poly(ADP-
ribose) polymerase-1 (PARP-1) is a nuclear enzyme whose excessive activation by DNA damage
leads to cell death. Ying et al. have shown that NAD" depletion is a key intermediate step in
mediating PARP-1 activated cell death.® In contrast to NAD*/NADH, the levels of NADPH are
higher than those of NADP* (~100:1). One of the prominent functions of NADPH is to maintain
a pool of reducing equivalents for metabolic systems such that the cells are protected from
oxidative stress. Most importantly, NADPH is essential for regeneration of glutathione,
thioredoxin, and peroxyredoxins in cells, which are the major oxidative defense systems.* % 3’
Therefore, depletion of NADPH, would lead to oxidative stress in the cells, further leading to
cell death. Intracellular ATP levels have been implicated as a determinant of the cell’s pathway
to die by apoptosis which is a programmed cell death or necrosis which is unnatural death.
Eguchi et al. showed that cells treated with a calcium ionophore induced apoptosis under ATP-

supplying conditions but necrotic cell death under ATP-depleting conditions, indicating that ATP

levels were a determinant of how cell death was manifested.®®
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APPENDIX A

REGRESSION ANALYSIS

Data Screening

Open Intercooled Stata 9.

Import data saved in excel format into stata.

a) Goto File > Import ASCII data created by a spreadsheet.

Start a log file.

b) Goto File > Log - Begin—>Save

Screen the data for outliers.

c) Goto Graphics = box plot (Univariate outliers)

d) Goto Graphics - Two way graphs = scatterplot (Multivariate outliers)

i) The extreme data points detected from box plots and scatterplots can be potential
outliers. These data points should be examined for error in data entry, or experimental
error.

Check the data for normality.
e) Command: gladder <variable>
i) Histograms of the variable by transformations with the normal curve superimposed

will be created. Select the transformation that is the most normal.

142



6)

7)

f) Command: ladder <variable>
iii) A table of suggested transformations and their chi squared values will be given.
Select the transformation with the lowest chi square value.
Create a new transformed variable.
g) Command: newvariable=transformation*(variable)
iv) Example. variable: diameter, new variable: tdiameter, transformation: log
Command - tdiameter = log*(diameter)
Check for Correlation between variables.
h) Command: scatterplot matrix
v) If any pair of variables gives high correlation, then to avoid multicollinearity only one
of the two variables should be selected.
Regression Analysis
Logistic Regression.
a) Command: Logit <dependent variable> <independent variables>
i) Example: Dependent variable: success, Independent variables: pulse length
(pIslength), distance, and area

i) Command: Logit success plslength distance area

iii) Output
Number
226
of Obs®
LR chi2(3)@ 76.26
Prob > chi2®) 0.00
Pseudo R2(4) 0.39 Log likelihood®) -57.6
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Standard

Success®  Coefficient® Error® ZO P>|z|10) [95% Conf. Interval]tY)

plslength 0.01 0.00 3.68 0.00 0.01 0.02

distance -1 0.21 -5.78 0.00 -1 -0.8
area 0.01 0.00 3.27 0.00 0.00 0.01
cons 3 0.96 3.08 0.00 1 5

iv) Interpretation of Results.

(1) Number of observations being analyzed.

(2) Likelihood ratio chi-square with degrees of freedom. One degree of freedom is
used for each predictor variable in the logistic regression model.

(3) p-value associated the chi-square. The value of 0.00 indicates that the model as a
whole is statistically significant.

(4) Technically, R* cannot be computed the same way in logistic regression as it is in
OLS regression. The pseudo-R?, in logistic regression, is defined as (1 - L1)/Lo,
where L represents the log likelihood for the "constant-only™ model and L, is the
log likelihood for the full model with constant and predictors.

(5) Values of the log likelihood for the model including the constant and all of the
predictors (independent variables) that are computed using the maximum-
likelihood logit model.

(6) This column starts with the name of the dependent variable (success) and then
lists the names of the predictor variables (pulse duration, distance, area).

(7) The coefficient column gives the values for the logistic regression coefficients.

These coefficients indicate the amount of change expected in the log odds when
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there is a one unit change in the predictor variable with all of the other variables
in the model held constant. A coefficient close to 0 suggests that there is no
change due to the predictor variable.
(8) This column contains the standard error for the logistic regression coefficient
which is used to compute the z-test for the coefficient.
(9) This column contains the z-statistic testing the logistic coefficient. In the case of
the logit command, z = (coef.)/ (Std. Err).
(10) This column contains the two-tail p-value for the z-test.
(11) This column contains the 95% confidence intervals for the logistic regression
coefficients. Significant effects are suggested when confidence intervals do not
contain 0.
2) Stepwise forward and backward linear regression.
a) Command: Forward selection: sw, pe(0.05): regress <dependent variable><independent
variables>
b) Command: backward elimination: sw, pr(0.05): regress <dependent variable>
<independent variables>
i) Example: dependent variable: K, Independent variables: diameter, breadth, width,
aspect-ratio, grey-level (grlev), standard deviation grey-level (sdgrlev), pulse length
(pldlength), and distance.
i) Command: sw, pe(0.05): regress K diameter breadth width aspect ratio grlev sdgrlev
plslength distance

iii) Output
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Number of Obs® 106

Coefficient(19

Dt MS® F( 2, 103)© 20.22
2 3.6 Prob > F© 0.00
103 0.18 R-squared( 0.30
105 0.24 Root MSE®) 0.42
Standard
Error( P>|t|12) [95% Conf. Interval](3)
0.036 0.00 -0.25 -0.10
6.8 0.00 14 41
0.31 0.69 -0.49 0.74

Iv) Interpretation of the results

(1) Source of variance; Model, Residual, and Total. The Total variance is partitioned
into the variance which can be explained by the independent variables (Model)
and the variance which is not explained by the independent variables (Residual,

sometimes called Error). The Sums of Squares for the Model and Residual add up

to the Total Variance.

(2) Sum of Squares associated with the three sources of variance, Total, Model and

(3) Degrees of freedom associated with the sources of variance. The total variance
has N-1 degrees of freedom. The model degrees of freedom correspond to the

number of predictors minus 1. The Residual degrees of freedom is the DF total

minus the DF model.
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(4) Mean Squares, the Sum of Squares divided by their respective DF. These are
computed to compute the F ratio (Mean Square Model/Mean Square Residual ) to
test the significance of the predictors in the model.

(5) Number of observations used in the regression analysis.

(6) The F-value is the Mean Square Model divided by the Mean Square Residual.
These values tell us whether the independent variables reliably predict the
dependent variable. If p < 0.05, then it can be concluded that the independent
variables reliably predict the dependent variable. If the p > 0.05, then the group of
independent variables does not show a statistically significant relationship with
the dependent variable, or that the group of independent variables does not
reliably predict the dependent variable. This is an overall significance test
assessing whether the group of independent variables when used together reliably
predict the dependent variable, and does not address the ability of any of the
particular independent variables to predict the dependent variable.

(7) R-Squared is the proportion of variance in the dependent variable which can be
predicted from the independent variables. This is an overall measure of the
strength of association, and does not reflect the extent to which any particular
independent variable is associated with the dependent variable.

(8) Root MSE is the standard deviation of the error term, and is the square root of the
Mean Square Residual.

(9) This column shows the dependent variable at the top with the independent

variables below it.
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(10) These are the parameter estimates for the regression equation for predicting the
dependent variable from the independent variable.

(11) The standard error is used in t-test for the significance of regression parameter
estimates. The standard errors can also be used to form a confidence interval for
the parameter, as shown in the last two columns of this table.

(12) p-value used in testing the null hypothesis that the parameter is zero. p-value is
the probability that in the repeated experiments null hypotheses will not be
rejected. Hence, a small p-value such as p < 0.05 implies that null hypotheses will
be rejected 95% of times.

(13) The confidence intervals are related to the p-values such that the coefficient will

not be statistically significant if the confidence interval includes 0.
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APPENDIX B

MATHCAD PROGRAM

A program was written in Mathcad to get the values of k, K, and alpha.

_k —o(X) _
KK, o) = e X-eK[e 1]}

process (Data) := | for i1€0..24
i« i1-2

i+l
<jj>) = 0,submatrix(Data<jj> ,0,submatrix(match(0,Data<jj>),0,0,0,0)0 - 1,0,0),Data<jj>J
G

Y « if|:(Data<jj>)|aSt(Data

Data<jj>) = 0, submatrix (Data<ii> ,0, submatrix (match(o, Data

X « if|:(Data<jj>)|ast(
0.001
guess « | 0.2
0.1

2z « genfit (X,Y,guess ,f)

)’0’0’0’0)0 - 1,0,0),Data<ii>]

Zil, 0 <~ ZZ0

Zi «— 7z

1,1 1

Zil, 2 <« 222

-z, 5(X)
i1,2
g« L— Zil,O‘X‘eZi1,1|ie —1ﬂ

rr <« corr(q,Y)

Zi1,3 <« IT
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APPENDIX C

C.1 TIPS IN EXPERIMENTAL SECTION

C.1.1 Pulling Capillaries

It is important to maintain reproducibility of the pulled capillaries. There are certain necessary

steps and precaution to be taken so that the reproducibility of the capillary can maintained for

long periods of time.

A. Sutter P-2000 Puller

1.

The retro mirror of the P-2000 Sutter puller should be cleaned with absolute ethanol and

lens paper every couple of months.

2.

3.

4.

B.

1.

The puller should be kept on a hard flat base in a clean room.

Always keep the hood of the puller open when turning the power on.
Leave the puller on for 15 minutes before starting to pull the capillaries.
Fused-silica capillaries

The protective layer of the fused silica capillary where the laser hits should be burned off

using an ethanol burner.

2.

The capillaries should be flushed with 2-4 ml filtered Mili-Q water before pulling.
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C.1.2 Cell Culturing

1) Clean Room. Cell culturing should be performed in a clean room.

2) Incubator. The incubator where the cells are stored should be cleaned regularly. Especially
the water tray should be cleaned regularly and replaced with mili-Q water.

3) Cross-contamination. Cross-contamination between cells and tissue cultures should be
avoided. As an example, mammalian cells and bacterial cells should not be stored in separate
incubators.

4) Backups. Cell backups should be prepared in early cell passages e.g. 5-10. Also new batch of

cells should be started after ~40 cell passages.
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