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Effects of Different Pulsng Characterigtics on Transformetion Efficiency Via Electroporation
Sean Pham
Advisor: Dennis Manos and Margaret Saha

Abstract: Thisstudy will focus on how the different characteristics of the gpplied pulse,
including voltage, pulse length, frequency and multiple pulsing affect transformation
efficency of Topl0 E-cali cdls. 1t will be shown that transformation efficiency will be
maximal at optimum settings different from that suggested by dectroporator manufacturer.
Experimenta results will aso verify pore formation modd developed by Schoenbach et al.
I. Introduction

Electroporation(EP) is a phenomenon in eukaryotic and prokaryatic celsinvolving the
rearrangement of the phaspholipid bilayer membrane in response to an externd dectric fidd.
This rearrangement of the membrane leads to the formation of agueous pores, which increases
the conductivity of the cdll. The agueous pores are channds in the membrane that aid the
trangport of water-soluble molecules. As aresult, the membrane becomes permeable to
otherwise impermesble molecules. This has many sgnificant biologica gpplications
including direct transfer of genes, proteins, and drugsinto the cell interior. EP dso has
potentially ussful applications in medicine such as transdermd drug ddivery. Specificaly,
skin mdanomas, atype of skin cancer, have been successfully treated with low doses of
bleomycin delivered to the interior of cancerous cdlsvia EP. Bleomycin is apowerful drug
that binds to the DNA of the tumor cdll, preventing DNA replication and thus leading to the
eventud desth of the cdl without any further cell divisons (Neuman et d., 1998). Another

goplication of EP isthe sdlective killing of cdlls using pulsed dectric fied (Schoenbach et d.,

1999). This can be used in cancer treatment or decontamination of food and water.



I1. Background

The actuad mechanism of pore formation is not well understood. Numerous
experimenta studies have been amed a reveding the mechaniam of pore formation in
various types of membranes ranging from atificid lipid bilayers to red blood cellsto chick
myocyte monolayers. These studies investigated the properties of pore formation and
resedling using pulse charge techniques. The mgority of the studies have focused on lipid
bilayer membranes since they are more common in living organisms. The unique bilayer
dructure of the membrane is a consequence of the way lipid molecules behave in an agueous
environment (Alberts et d,. 1998). The most abundant membrane lipids are phospholipids.
Specificdly, phosphatidylcholine, found in most call membrane, conssts of a polar
hydrophilic head made up of a choline group, a phosphate group, and a glycerol group.
Attached to the polar head are two nonpolar hydrophobic tails made up of one saturated and
one unsaturated hydrocarbon chain. In an agueous environment, the polar heads form
electrogtatic and hydrogen bonds with the polar water molecules while the nonpolar tails repel
water molecules. To minimize chemica energy of the system, the two lipid layers rearrange
so that the hydrophobic tails cluster together in the inner space between the two layers, avay
from the water molecules. The polar heads are faced outward from both sides, chemicaly
interacting with water molecules, effectively shidding the hydrocarbon talls from the weter.
This arrangement gives the membrane a unique salf-sedling property. A tear in the membrane
crestes an open edge that exposes the hydrophobic region to water molecules resulting in an
unfavorable energy state of the system. If the opening isamdl, the membrane will quickly
rearrange to resed the tear diminating the free edge. Thisis the underlying concept for

reversible dectrica breakdown (REB) in an EP process. The membrane also acts asa barrier



to charged particles due to a difference in the didlectric congtant of weater and lipid. Thereis
an energy associated with moving charged particles from a high didlectric medium (weter) to
alow didectric medium (lipid) known as the Born energy (Weaver & Chismadzhev, 1996).
In anumerica gpproximation in which the lipid layer is represented as a planar sheet and an
ion as a point charge, the Born energy (energy required to move the point charge to the center
of the plane) is about 2.8 x 10° J. This suggests that under normal conditions, spontaneous
membrane transport of ionsis negligible.

EPin alipid bilayer membrane occurs under relatively mild biochemical conditions,
often with asmall change in temperature. It is believed that EP has a nonlinear dependence
on transmembrane voltage, denoted as U(t). If this voltage is maintained in the range
0.2<U <1V during apulse, the cdl undergoes REB and molecular transport occurs.
Although the most prominent effect of EP is a sgnificant increase in permesbility of the
membrane, other effectsinclude fusion of cdls and insertion of protein into the membrane
itsdf.

For amplicity, treating the cdll as a sphericd entity is often desired for modeling
purposes. For asphericd cell subjected to asmal dectric field, the transmembrane potentia

U(t), can be andyticaly estimated as follows (Weaver & Chismadzhev, 1996):

1.5Er
u() = cell 1- i t/t )
X 1+r,,G(r  +05r ) [ exp( cell )] cosq )

out

where req; istheradius of the cdl, r i, and r o are the resstivities of the intracdlular and
intercellular medium respectively, G isthe congtant average membrane conductance, g is
angle between the eectric fidld E and the Site of interest on the cell membraneandt isthe

time constant related to the charging of the cell. For amammadian cdll, reg) » 10° mandt »
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10 s assuming that conductance is uniform and constant throughout the cell (Weaver &
Chismadzhev, 1996). Thistransmembrane potentid islargely responsible for the sze and
number of pores that form during application of an dectric fidd.

There are severd competing theories for the mechanism of EP. The most prominent
oneisthe transent agueous pore theory. This theory suggests that pore formation is caused
by a combination of therma fluctuations and loca dectric fields across the membrane. This
theory involves the estimation of the free energy change, DW(r,U), due to the formation of
aqueous pores (large didectric constant) within alipid membrane (small digectric constant);

DW(r,U) = 2pgr - pGr2 — CLwU?pr? 2@
inwhich gisthe linear energy dendty at the circumference of the pore, r is the radius of the
pore, Gisthe surface energy dengty of the lipid bilayer membrane, and C,  isthe difference
in specific capacitance when water replaces the lipid at the pores. When the transmembrane
voltage is zero, the free energy equation reduces to the first two terms. Thefirst term (2pgr)
represents the energy gain due to edge formation of the pore and the second term (pGr?) is
associated with the energy lost by cutting out alipid areathe Size of the pore. Inliving cels,
the presence of a transmembrane voltage brings the third term into the free energy; the bilayer
membrane acts like a cgpacitor. When aporeisformed, water fills the cylindrical region
formerly occupied by lipid. Exchanging the didlectric congtant of the membrane for that of
water effectively changes the specific capacitance in the pore region and yields the change in
eectrica energy asindicated by the third term. When compared to experimenta behaviors,
this modd performed fairly well, but was not able to yield completely accurate values of
transmembrane voltage and membrane conductance. This maybe due to failure to account for

membrane recovery during areversible eectrical breakdown.



Recent studies have focused more on the resedling process of the membrane after
pulsng. This process has a Sgnificant effect on the number of molecules exchanged between
the intracelular fluid and the surrounding medium.  The viahility of the cdll is aso dependent
on the membrane' s ability to resed following EP. Cdlsthat experienceirreversible eectrica
breskdown can burgt from a sudden influx of externd fluid into intracellular space.
Experimenta data have shown that irreversble breskdowns are frequently caused by longer
pulses or high voltage pulses. At high voltage, pore dengity increases sgnificantly. Therefore
interaction between different pores has to be taken into account in mathematica modeling of
the cdl membrane.

The Joshi and Schoenbach modd investigates both expansion and resealing of pores
by studying the digtribution of radii pore and the influence of transmembrane potentia on this
digtribution. The Joshi and Schoenbach equation for the transmembrane potentid is smilar to
Equation 2 with an additiona term to account for the steric repulsion between the polar lipid

heads a ong the pores edge (Joshi & Schoenbach, 2000):

2

E(r,t):2plr-psr2+§aé—:9 - pa,Vr? (3
erg

The third term is the steric repulson term and C is experimentaly determined to be
9.67 X 10™*® 3?m. Furthermore, a, is a coefficient representing the property of the membrane
in water and is expressed in terms of membrane thickness h and permitivity e as a, = e/2h.
The transmembrane potentid was caculated using alumped equivaent circuit (Appendix A
Fig.1). Inthelumped circuit, Ry and Cp, are the resistance and the capacitance of the

membrane, while Rsand Cs are the resistance and capacitance of the cell suspension



repectively. The variable R. denotes the resistance of intracelular fluid. Thislumped circuit
disregards the nucleus on the grounds that the nucleus is sgnificantly smdler than that of the
cdl. Itisfound that the membrane resstanceis inversely proportiond to the size of the pore
as expected since alarger pore leads to a higher flow of ions through the membrane, thus
decreasing resistance.

The Joshi and Schoenbach modd providesingght into pore dynamics, specificaly the
behavior of r. The mode shows the existence of a critica pore radiusrgi; (18 nm for the case
of zero transmembrane voltage). Energeticdly, pores with radius below the criticd radius will
tend to drift to asmaller Sze over time, while those with aradius above the critical value will
increase in Sze indefinitely. This provides atestable criteriafor irreversible dectrical
breakdown. Although the modd does not yield detailed dynamics, Joshi and Shchoenbach
argues that a high voltage pulse may not be sufficient to cause irreversible eectrica bresk
down if the duration of the pulseis short. These short pulse lengths do not alow enough time
to reach the threshold radius beyond which the pores will grow indefinitely.

This project is mainly concerned with trangporting molecular DNA into bacterid cdls
viadectricd pulsing. This process is known as eectrotransfection. Thisisardatively new
fidd in science. Thefirg successful dectrotransfection (ET) was reported in the early 1980s.
Researchersfelt that ET had great potentia in human gene therapy because it was mainly a
physica phenomenon, which meant the procedure would not be sengtive to the usud
problems, which attend biochemical sdlectivity. There are two waysthat ET can be applied in
gene thergpy namely, invitro and in vivo. Invitro ET requiresthat the cdll be isolated from
the organiam prior to transformation while in vivo ET engblesthe cdll to remain in its naturd

environment during transformation. The mechanism by which the DNA travels through the



cdl membraneis dill undear. Studies have diminated passive diffuson and osmotic

pressure as possible driving forces for the transfer of DNA. Experiment with plasmid DNA
containing the B-galactos dase gene has suggested that eectrophoresis may be the driving
force behind DNA flow. It isbelieved that loca dectric fields drive the negatively charged
DNA particle through the pores, widening the pores in the process (Weaver & Chismadzhev,
1996).

There have been recent sudies, primarily done on mice, regarding in vivo ET. One
study on dectrochemotherapy of tumor cells on mice showed a correlation between fidd
digtribution and growth of tumors (Miklavcic et d. 1998). Tumors cells that were exposed to
stronger dectric field experienced alonger delay in growth than other tumor cells.

Most studies on eectroporation have focused on transforming different types of cells
ranging from mammalian cdlsto plant cdls (Lin 1994). The am of these studies have been
mainly biologica consequences such as getting cdls to express different types of gene. In
this study of dectroporation, the focus will be placed on the physica aspects of EP. The god
Isto optimize transformation efficiency by varying physca factors such as applied voltage,
pulse length, number of pulses, and frequency of pulses. The response of the cdlls to variation

in these factors will provide vauable ingghtsinto the mechanism of EP.

[11. Experimental designsand procedures

The centrd experiment of this project is the transformation of Escherichia-coli
becteriawith Ampicillin-resistant DNA plasmid. Intheinitid stage of this experiment DH5a,
asafe strand of E-coli was used for transformation. The cdlls have to undergo a series of

preparation stepsin order for them to be ready for eectroporation. An overnight cultureis



prepared from a stock supply of DH5a. The cdlls are washed with a solution if HEPES-buffer
and resuspended in glycerol stabilizing solution. A detailed protocol for this procedureis
included in Appendix B (protocol 1). E-competent cdlls are divided into 50 m diquots and
stored at —80°C ready for electroporation.

A solution of Amp-resistiant plasmid DNA was prepared using the Quantum Prep
plasmid midiprep kit. Essentialy, plasmid DNA isisolated from plasmid containing bacteria
by lysing the cdls and through a series of centrifugation, separating plasmid DNA via
molecular weights (Appendix B: Protocol 2). The amount and size of DNA is determined
using a procedure caled agarose gel eectrophoresis. The basic principle of eectrophoresisis
that when DNA, a negatively charged molecule, is placed in an eectric fidd, it will move
towards the anode. In the agarose medium, the rate of migration of the DNA moleculeis
determined by its Sze, assuming DNA molecules have equa charge. The DNA is dained
with ethidium bromide and isimaged by its fluorescence under ultraviolet light. The band of
migrated DNA inthe gd is compared to a standard 1 Kilobase ladder to yied a quantitative
measurement as a function of size (number of nucleic acid base pairing in the double helix
strand).

The transformation is induced by dectroporation using aBTX Square-wave
electroporator (model ECM 830), which generates square-wave pulses of varying voltage and
pulse length. This dectroporator has a voltage range of 5-500 Volts (LV mode) or 30-3000
Volts (HV mode). Pulselength ranges from 10 is— 10 s (LV mode) and 10 is—600 is (HV
mode). The ECM 830 isadso cgpable of multiple pulsing (1-99 pulses) at adjustable intervals
from 100 ms—10s. The ECM 830 conssts of a centra pulsing unit and an externd

electroporating chamber containing the anode and cathode connected to the central unit.
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During application of a pulse, a cuvette containing E-coli cdlls and the DNA mixture is placed
in contact between the anode and cathode. The cuvette hasa 1 mm gap between electrodes to
provide liner fields of 5x 10° Voltsm—3x 10° Voltsm.

Prior to eectroporation, aliquid LB growth medium must be prepared and kept a
37°C. TheLB growth medium conssts of tryptone (10 g), yeast extract (5 @), and sodium
chloride (10 g) diluted to 1 L with delonized water. The medium is autoclaved a high
temperature for twenty minutes to serilize the medium. To create an ampicillin plate, one
adds agar (10 g) prior to autoclaving and 2 ml of pre-mixed ampicillin dilute (20 mg/ml) after
autocdlaving.

The eectroporation step is described in the (Appendix B: Protocol 3). The voltage
and pulse length are st to the desired vaues, which are diolayed on the centrd pulsng unit.
1il of diluted plasmid DNA, of a predetermined concentration, is added to 50 il of cell
solution. The mixture istrandferred to a1 mm gep in the cuvette. Oncethe cuvetteis
secured in the EP chamber between the dectrodes, pulsing isinitiated. Immediately
following pulsing, 1ml of liquid LB growth medium is added to the mixture to to promote
growth of viable cdls. The solution isincubated at 37° C with moderate shaking for one hour.
Approximately 100 il of the cell solution is spread uniformly on LB AMP-plate and incubate
at 37°C for 15 hours. Transformation efficiency is determined by colony counts. If AMP
resstant plasmid DNA has been successfully transferred into the cell and is expressed, the
cdlswill show resdivity to the antibiotic ampicillin. Such cdlswill grow into visble
colonies on the AMP plate.

This study sought to examine the effectiveness of various choices of pulse conditions.

To provide a benchmark, and to determine basdline standards for our protocols, severa
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experiments were conducted at the BTX factory-suggested settings of 500 V and 8 ms pulse
length. Severd different dilutions of DNA aso were used to determine the optimal amount.
For the purpose of this project, it was determined that 1ng of plasmid DNA is optimum,
yielding a gaidicaly sgnificant number of cdl colonies, without creeting SO many thet

counting them would have been too difficult. The same type of experiment was performed to
determine the optimum number of eectroporated cellsto be plated. AMP-plates where plated
with different amount of cdl solution ranging from 101l to 500 1l. It was determined that

100 il yielded an acceptable number of colonies.

In this project, experimenta designs were developed with the aid of a computer
module known as Design of Experiments (DOE) (Ref. Statsoft). DOE offers awide range of
experimentd designs that are aimed at reducing the number of runs, saving time and cods, yet
at the same time optimizing data for andysis yielded by these runs. For the purpose of this
project, which requires the variation of the two independent variables, voltage and pulse
length, the central composite design was used. The central composite design ensuresreliable
representation of the independent contributions of the two factors (voltage and pulse length)
to the dependent factor, which in our case is the transformation efficiency. Thisis achieved
by making the columns of the design matrix orthogond (Box, Hunter & Hunter, 1978),
meaning that the sum of the products of their dements within each row isequd to zero. In
centra composite designs, the eements of the design matrix are either 1 or -1 corresponding
to high levels and low levels of both factors respectively. It is generdly true that the closer to
orthogonad the columns are, the more independent information can be extracted from the

design, and thus, the better the design (Statsoft, 1984).
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The centra composite designs were carried out using carefully controlled culture of
cdls known as the “ Top10 dectrocomp kit” prepared by Invitrogen (Ref. Invitrogen). This
kit consisted of 20 X 50 m diquots of highly eectrocompetent E-coli cdls. Thekit dso
included 100 ng of supercoiled pUC18 DNA strand. Each such strand contains about 2.6
kilo-base pairs weighing 660 Datons each. Due to the super eectrocompetent nature of the
Topl0 cdls, some dight changes in the eectroporation protocol were necessary (Appendix B:
Protocol 4). Specificdly, the amount of DNA used was decreased from 1 ng to either 10 pg
or 20 pg. Thisisensured that bacteria colonies were not too dense to be counted. With
aufficient Topl0 celsfor forty runs, we decided that two central composite design
experiments (10 runs each), determining the independent contributions of voltage and pulse
length to transformation efficiency, would be performed with increasing resol ution selected
by varying the range of variation. The resolution of the desgns would be 1/10 of the
difference between the maximum and minimum vaues specified for each independent factor.

For centra composite design 1, the specified voltage range was 200 V(min)-500
V(max) and the pulse length rangewas 5 ms— 15 ms. In the second central composite design
the voltage range was from 350 V — 500 V and the pulse length rangewas 7 ms— 17 ms.
Andysis of results for the first design determined that 10 pg of DNA (as suggested by
Invitrogen Corp.) did not yield as many colonies as expected, making it necessary to double
the amount of DNA to achieve a sufficient number of bacteria colonies.

The third central composite design was geared toward testing transformation
efficiency a high voltage and short pulse length. The voltage range for this design was 600 V
— 700V and the pulse length range was 10 us— 20 us. The fourth and fina experiment was

designed without using the DOE module. This design tested the behavior of transformation

- 13-



efficiency due to multiple pulsng and variation in the frequency of the pulses. The voltage

and pulse length setting for dl ten runsin this experiment were set at V = 500 Valts, Pulse
Length = 8 ms as suggested by BTX corp. Five runs were made using 2 pulses separated by
different intervals namely 100 us, 300 ms, 500 ms, 700 msand 900 ms. Vaiation in intervas
corresponds to variation in frequencies of the pulses. Thetime intervasfor the other five

runs were held congtant at 500 ms with the number of pulses changing from 1 —5.

V. Results and Discussion

Standard Run Voltage (Valts) Pulse Length (ms) Bacterial Colonies
1 200 5 0
2 200 15 0
3 450 5 4
4 450 15 32
5 325 10 3
6 148 10 0
7 501 10 67
8 325 3 0
9 325 17 3

10 325 10 0

Table 1: Bacterid colony count for various e ectroporation pulses with pulse setting vaues
determined from Centrd Composite Design 1 (Voltage: 200 — 500 Volts, Pulse length: 5—15
ms)

The purpose of Experiments 1 and 2 was to obtain an optimum setting, specificaly the
voltage and the duration of the pulse, to achieve the highest transformation efficiency of
Topl0 E-coli cels by eectroporation. The transformation efficiency will be directly
correlaed to the number of bacteria colonies that thrive on the AMP plates. Resultsfor

experiment oneisreported in Table 1. The plate with the largest number of bacterid

colonies, 67, had apulse voltage of 501 Volts and a pulse length of 10 ms. These values were
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FIGURE 1 A response surfacefit to datafrom Table1 using Equation 4. This

shows the effects of voltage and pulse length on colony count in the electroporation
of Top10 E-cali cells.

very close to the factory suggested optimum setting of 500 Voltsand 8 ms. The drop off in
transformation efficiency as voltages or pulse lengths decreased was dramatic. To get a better
picture of the declinein transformation efficiency as well asto quantify its pesk vaue, the

data from experiment one was fitted to a response surface following the generd quadratic

surface equation:
y =0y 0%+ +BX F DX DX X B X X FhuX b (4)

wherey isthe dependent variable, which in this case is bacterid count, x; ... ¢ arethe
independent factors (for this experiment k = 2, and the independent factors are voltage and
pulse length), X1* X2 ... Xk.1* X, are the interaction between the independent factors and x;2....
x> are the quadratic components of those factors. The fitted response surface (Figure 1)
shows the decline as both the voltage and pulse length decrease. Large decreasesin pulse

length at congtant high voltage also have a sgnificant effect on transformation efficiency.
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FIGURE 2 A contour plot of colony counts for different settings of voltage and
pulse length. Colony count increases dramatically as voltage increases. The plot
predicts that a maximum colony count occursin the upper right region of the contour.

Thisisevident in the 450 Volts setting. At a pulse length of 15 ms, the bacterid colony count
was 32, gpproximately haf the maximum vaue. However, a 10 ms decrease in pulse length
caused the colony count to drop to gpproximately 1/8 the maximum vaue, consstent with the
behavior of pore radius with respect to time predicted by the Joshi and Schoenbach model
(Joshi & Schoenbach, 2000). Even though 450 Valtsis sufficient to initiate pore formation,
the pore radius and thus the its Sze will only grow at a specific rate. Therefore, the duration
of the gpplied pulse must provide enough time for the poresto increase in Sze. If the pulseis
shut down prematurely, pores size will not be adequate for plasmid DNA transport across the
membrane. Pore radii will not have reached the threshold value and thus will begin to resedl
after the gpplied pulseis discontinued. The minimum and maximum setting values were
obtained from the contour plot of Experiment 1 (Figure 2). The observed minimum for the

transformation efficiency occurs at a pulse setting of V ~ 148 Volts and pulse length ~ 3 ms.
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FIGURE 3 A Pareto chart of Standardized effects of voltage and pulse length on colony count in

Topl0 E-coli eectroporation. Effects are calculated using data from Fig. 1. Here, L indicates the
linear effects and Q indicates the quadratic effects. The vertical dotted line indicates the p = 0.05
threshold for statistical significance. The linear effect of voltage is the dominant effect.
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FIGURE 4 A norma probability of effects of voltage and pulse length on colony count in Top10 E-
coli eectroporation. Standard values of norma distribution (SVND) are computed from effect
estimates. The SVND are plotted on the left Y-axis and corresponding normal probabilities on the
right Y-axis. Pointsfall onto a straight line so actual estimates are normally distributed.
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The maximum occurs a V ~ 501 Volts and pulse length ~ 17 ms. The maximum voltage
vaueis as expected. However, thereis alarge discrepancy in the pulse length compared to
the norma 8 ms*optima” vaue. One reason for this difference is that the maximum vaue
was obtained from general quadratic estimated response curve, therefore the gpproximation
did not take into account the complex behavior of the pores. Specificdly, if astrong pulseis
gpplied for too long, the pore radius will exceed the threshold vaue and will be unable to
resedl, eventudly leading to cdl death. This maximum vaue was experimentaly tested in the
central composite Design 2 to assess the accuracy of the gpproximation.

Although it is gpparent that both voltage and duration of the pulse affect
trandformation efficiency, it is essentia to study their individua effects aswell astheir
combined effect. A Pareto chart of sandardized effectsindicates that the linear effect of
voltage is the most significant, while the quadratic effect of pulse length isthe least
sgnificant (Figure 3). In this chart, the verticd line indicates the p = 0.05 threshold for
datistical sgnificance. 1t should also be noted that the combined linear effects of voltage and
pulse length are stronger than pulse length done. A more technica graph, the norma
probability plot of effects (Figure 4), gives more information regarding the effects of the
independent variables. In thisplot, the effect estimates are rank ordered. From these ranks,
the standard values of normal distribution (SVND) is computed, assuming that the estimates
come from anormd digtribution with acommon mean. The SYND are plotted on the left Y-
axis and corresponding normal probabilities are plotted on the right Y-axis. The pointson
Figure 4 fdl onto agraight line so it may be assumed that the actud estimates are normally

digributed. Again, voltage has the Srongest effect on transformation efficiency with its linear
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FIGURE 5 A normal probability plot of residuals for datafrom Fig. 1. Residuals

are computed as the difference between the predicted value and the observed value of
colony count. The actual residual values are on the X-axis and expected normal values
areon the Y-axis. Residualsfalling onto astraight line indicates anormal distribution.

effect dominating its quadratic effect. Thisis dueto the fact that the voltage must be
aufficient to initiate pore formation.

To check the adequacy of the prediction model, a norma probability plot of the
resdudsis provided (Figure 5). The resdud vaues are computed as the difference between
the predicted value and the observed value for transformation efficiency. The actud resdud
vaues are plotted dong the X-axis and the expected normd vaues dong the Y-axis. Since
the resdua vauesfall approximately on a sraight line, one may assumed thet the resduas
follow the norma didribution. Therefore the prediction modd used in thisanayssis

confirmed to be reasonable.
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Standard Run Voltage (valts) Pulse Length (ms) Bacterid Colonies
1 350 7 2
2 350 17 6
3 500 7 28
4 500 17 121
5 319 10 1
6 531 10 61
7 425 3 2
8 425 17 4
9 425 10 7
10 425 10 9

Table 2: Bacterid colony count for various el ectroporation pulses with pulse setting vaues
determined from Central Composite Design 2 (Voltage: 350 — 500 Valts, Pulse length: 7-17
ms)

In Experiment 2, the range for voltage was decreased and the amount of plasmid DNA
was doubled to obtain a higher resolution in the resulting data. Furthermore, the upper limit
of the pulse length was extended to 17 msto test the prediction from Experiment 1. The
results for Experiment 2 are provided in Table 2. The result was somewhat surprising since it
confirmed the prediction of the modd from Experiment 1. The maximum colony count was
obtained at a setting of 500 Voltsand 17 ms, 7 ms longer in duration than the factory
suggested pulse length. This suggeststhat at a voltage of 500 Valts, the pore radii do not
exceed the threshold vaue within 17 ms, reseding is still possible and the transformation
efficiency isincreased because the pores are opened for alonger period of time. Thefitted
regponse surface plot of experiment 2 (Figure 6) is sSmilar to that of Experiment 1. The
contour plot (Figure 7) yidded a predicted minimum setting of 319 Voltsand 3 msand a
maximum setting of 530 Voltsand 17 ms. These are only estimations of the prediction mode
and need to be confirmed by experimenta data, but further increasesin voltage and pulse
length are not available within the boundaries provided by the ECM 830 Electroporator (see

the experimental design and procedure section).
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FIGURE 6 A response surface fit to data from Table 2 using Equation 4. This graph shows the
effects of voltage and pulse length on caony count in the electroporation of Topl10 E-coli cdls.
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FIGURE 7 A contour plot of colony counts for different settings of voltage and pulse length. Colony

count increases dramatically as voltage and pulse length increase. The plot predicts that a maximum
colony count occurs in the upper right region of the contour.
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p=.05

(1)VOLTAGE(L) 4.80483
1Lby2L 2.582732
(2)PULSELEN(L) [ 2.419761
VOLTAGE(Q) F 2.132032
PULSELEN(Q) [ 1.00212
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FIGURE 8 A Pareto chart of Standardized effects of voltage and pulse length on colony count in

Topl0 E-coli dectroporation. Effects are calculated using data from Fig. 6. Here, L indicates the
linear effects and Q indicates the quadratic effects. The vertical dotted line indicates the p = 0.05
threshold for statistical significance. The linear effect of voltage is the dominant effect.
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FIGURE 9 A normal probability of effects of voltage and pulse length on colony count in Topl0 E-
coli electroporation. Standard values of normal distribution (SVND) are computed from effect
estimates. The SVND are plotted on the left Y-axis and corresponding normal probabilities on the
right Y-axis. Pointsfall onto a straight line so actua estimates are normaly distributed.
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Both the Pareto chart of standardized effects (Figure 8) and the norma probability of effects
(Figure 9) show that the linear effect of voltage remains the dominant independent factor.
Changesin the order of the smdler effects, which would be inconsistent with results of
Experiment 1, are in the Pareto chart that the standardized vaues for these effectsto fall
below the p=0.05 threshold line for satistica sgnificance. The normad probakility plot of the
resduas (Figure 10) shows afairly good fit of the resdudsto the theoreticd norma

digribution line. It istherefore reasonable to accept the fitted model 2 as an adequate

prediction modd.
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FIGURE 10 A normal probability plot of residuals for datafrom Fig. 6. Residuals

are computed as the difference between the predicted value and the observed value of
colony count. The actual residual values are on the X-axis and expected normal values
areon the Y-axis. Residualsfalling onto astraight line indicates a normal distribution.
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Standard Run Voltage (volts) Pulse Length (1rs) Bacterial Colonies
1 600 10 0
2 600 20 0
3 700 10 0
4 700 20 0
5 579 15 0
6 720 15 0
7 650 8 0
8 650 22 0
9 650 15 0
10 650 15 0

Table 3: Bacterid colony count for short duration, high voltage eectroporation of Top10 E-
coli cdls. Pulse sttings were obtained from Centra Composite Design 3. (Voltage: 600 —
700 Valts, Pulse length: 10— 20 rs)

In experiment 3, none of the plates showed any sign of bacterid growth (Table 3).
Note that the values for pulse length were selected to reproduce those of previous studies of
high voltage pulsing (Schoenbach & AbouGhazala,1999). We suspect that even though the
voltages are adequate, the pulse length did not provide sufficient time for the pores to grow.
Asareault, the trangport of plasmid DNA through cell membrane did not occur. The cdisare
not resistant to the ampicillin antibiotic and thus died on the AMP plates. Future studies

should extend the range of pulse length to obtain more compelling evidence of short duration,

high voltage pulsng.

Experiment 4 yidded interesting results regarding the effects of multiple pulsng on
transformation efficiency (Table4). Thefird five runstested the effects of frequency using
only two pulses at standard setting of 500 Voltsand 8 ms. The entire range of time interva
between pulses available on the ECM 830 wastested. Results showed no cdlls survived two

pulses. This suggests that even at 900 msintervd, the pores are not given enough timeto
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decrease aufficiently before the addition of a second pulse caused the radii of the poresto
increase beyond the threshold value leading to cdll desth. With this data, the results for the
second et of five runs should not come asa surprise. Only the standard single pulse setting
of 500 Voltsand 8 msyidded bacterid colonies. Again, the other multiple pulse runs made
the pores too large for resedling, thus causing an irreversible electrica breakdown and certain
cdl desth. This Datawill be useful in dynamic andyss of the microscopic motions of the

cell membranes during EP.

Standard Run | Voltage (valts) Pulse Length #Pulse Time Bacterid
(ms) Interva Colonies
(ms)
1 500 8 2 100 0
2 500 8 2 300 0
3 500 8 2 500 0
4 500 8 2 700 0
5 500 8 2 900 0
6 500 8 1 500 52
7 500 8 2 500 0
8 500 8 3 500 0
9 500 8 4 500 0
10 500 8 5 500 0

Table 4: Bacterid colony count for multiple pulses dectroporation of Topl0 E-coli cdls.
Number of pulses varied from 1 — 5 pulses, while pulsing intervas varied from 100 — 900 ms.
V. Conclusion

The results from our |aboratory experiments suggest that pulsing characteristics such
as voltage and pulse length sgnificantly affect colony count in E-coli cell eectroporation.
The pulse length and the interaction between the pulse length and the voltage have a
ggnificantly smaler effect on colony count. Anadysisof the experimenta data shows that

voltage is the dominant effect on colony count. In our attempt to identify the optimum pulse

-25-



setting for E-coli eectroporation, we found that while the voltage is as recommended by BTX
(500 Volt), the pulse length should be set for alonger pulse (~ 17ms). This optimum setting
islimited to E-coli eectroporation using the BTX Square-wave eectroporator (model ECM
830). The resultsfor short duration, high voltage e ectroporation yielded zero colony count.
A possible explanation for this result is that the pulse lengths, ranging from 10 — 20 s, were
too short for adequate growth of pore radii. However, further experimentation is required to
test this hypothesis. The results for multiple-pul ses e ectroporation aso yielded zero colony
count. Sincethisisonly theinitid stage for multiple-pulses eectroporation, no definite

conclusion can be drawn from the results.

VI. FutureWork

In the future, studies on E-coli dectroporation should focus on developing more
versatile pulse generators. Specificaly, dectroporation should be done in the voltage range of
400 — 600 Valts with pulse length ranging from 10 — 25 msin order to further assess optimum
pulse setting as predicted by this project. Note that we used square-wave pulses exclusively
inthisproject. Experiments with different pulse shgpes may yidd interesting results. Ladtly,
more experiments should be done with short duration, high voltage and multiple- pulses
electroporation. We fed that these types of pulse setting have the potentid to yield

sgnificantly higher colony counts.
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