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Abstract 

The Use of a Microelectroporator to Study Poration of Jurkat 
Cells 

by 

Daniel Joshua Benedict Stark 

A microelectroporation system was built to provide a well-controlled and defined 

environment for quantitative studies of electroporation, a method to permeabilize cell 

membranes for delivery of normally impermeable biomolecules, of an immortalized 

line of T cells. Studying electroporation in a low ionic-strength solution, onset of 

poration was found to occur at an externally applied field of 700 V/cm, corresponding 

to a threshold transmembrane potential of 0.83±0.34V. A finite element model was 

used to estimate the effect of solution conductivity on the applied electric field, which 

dominates the uncertainty in this measurement. Furthermore, increased forward light-

scattering signal, as measured using flow cytometry, correlated strongly to successful 

poration. Using forward light-scattering as an indicator identifies a population of 

cells that is over 90% porated and viable. Quantitative characterization with flow 

cytometry could serve as a non-invasive assay of microelectroporation in T-cells that 

can be applied without fluorescent markers. 
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Chapter 1 

Introduction 

Electropermeabilization is the increase in conductance across a lipid bilayer, such 

as a cell membrane, through the application of an external electric field [1]. The first 

model proposed to explain electropermeabilization invoked the formation of pores in 

the lipid bilayer [2, 3]. While this model has limitations [4], it has been accepted to 

an extent that electroporation is commonly used synonymously with electropermeabi

lization [2], as shall also be done in this thesis. Molecules, such as those required for 

certain medical therapies, that normally would not enter the cell cannot pass through 

the pores. Electroporation in bulk to deliver these therapeutic molecules has been 

used for many years to conduct non-viral gene therapy in a wide variety of target cells 

[5, 6]. Bulk poration requires large voltages and often produces spatially inhomoge-

neous electric fields and poration efficiencies, complicating optimization of the process 

and study of the underlying biophysics [7]. The open pores also allow intracellular 

ions and other biomolecules to leave the cell, which may cause cell death. As such, 

a balance between efficacy and viability must be found. Additionally, bulk methods 

often require the transfected cell population to be expanded for many generations in 

order to compensate for this low efficacy and viability that often accompanies pora

tion [8]. For these reasons, bulk electroporation can be prohibitively expensive and 

slow for the treatment of a disease. Increasing efficacy, viability, and time-to-delivery 
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to a patient can make electroporation a viable treatment option for more people. 

In an effort to improve upon bulk electroporation, Lundqvist et al. developed 

microelectroporation [9], and a multitude of porators [10] have since been developed 

including designs based upon geometric constriction [11, 12, 13, 14], saw-tooth elec

trodes [15], and flat electrodes [16, 17, 18]. 

Many of these designs also make use of microfluidic lab-on-a-chip technology be

cause it is parallelizable, relatively cheap, requires small volumes of sample [19, 20, 18], 

and offers the possibility of real-time poration monitoring [11, 12]. Micro elect ropo-

rators have made use of microfluidic designs, among other things, to look at the 

impedance response of cells for real-time poration monitoring [11, 12], to concentrate 

fields at an electrode tip for determining frequency and field strength dependence of 

poration [15], and to transfect cells under various flow conditions [18]. Moreover, to 

study the dependence of poration on electric field, most groups have looked at either 

the uptake of fluorescent dye in a few cells [11, 12, 13] or the efficacy of transfection 

of cells with genetic material [18], which does not allow for immediate analysis of 

large numbers of cells. Some also note seeing a volume response to electroporation, 

enabling it to be used to monitor poration efficiency, without showing a one-to-one 

correlation between the two [14, 15, 16, 21]. None, however, use changes in scattering 

properties as a method to select for porated cells. 

The microelectroporator described in this thesis takes advantage of the uniform 

electric field offered by flat parallel electrodes to quantify the dependence of elec-
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(a) Geometry of device (b) Finished device 

Figure 1.1 : The fabricated microelectroporator. (1.1a) The diagram shows a cross-

section representation of the device taken at an electrode pair. The pogo pins connect 

to computer-controlled voltages. The conductive epoxy connects a contact pad to the 

gold electrode on the top wafer, which is electrically isolated from the corresponding 

electrode on the bottom wafer. The flow of the solution containing cells is into 

the page. Dimensions are not to scale. (1.1b) The picture shows the finished device, 

including the multiple accessible electrodes and ports. Green food coloring was flowed 

through the channel to emphasize the channel's location. 

troporation efficiency on the electric field in a microfluidic system. This work uses 

a fluorescent-activated cell sorter (FACS) to monitor poration efficiency and also to 

study the effect of poration on cell forward scatter signal. This allows us to cor

relate poration with forward scatter signal changes [14, 15, 16, 22] and show that 

forward scatter can be used as a surrogate monitor of successful poration. Using the 

cell-sorting capabilities of the FACS, a population of cells with up to 90% poration 

efficiency can be selected. 
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Figure 1.1 depicts a schematic of the electroporator and the device. Cells enter 

the device through a port at the edge of the device, as can be seen in Figure 1.1b. 

The cells flow through the microfluidic channel between two wafers. Upon passing 

a pair of electrodes that have a sufficiently large potential gradient established, the 

cells porate and take up material in solution, such as dye or mRNA. When no longer 

exposed to a potential gradient, the cells reseal, encapsulating what was taken up, 

and flow out of the device to be collected and analyzed. 

This thesis studies poration in Jurkat cells, a lymphocyte cell line, which are of 

interest because they are closely related to T-cells, whose immunoresponse to specific 

antigens, such as tumor antigens, may be directed through delivery of genetic material 

by poration [8]. Electroporation of Jurkat cells had previously been studied only in 

single-cell experiments [23, 24], but we worked with large numbers of cells to obtain 

good statistics with the microelectroporator design shown in Figure 1.1. 

A region of a cell membrane porates in a stochastic fashion when the magnitude 

of its transmembrane potential passes above a threshold voltage [1, 25] that depends 

upon the lipid and protein composition of the membrane [1]. Examining when sig

nificant poration occurred in Jurkat cells, we were able to determine their threshold 

voltage to be Vt = 0.83±0.34V. As higher applied electric fields cause more cell 

death, knowing the threshold voltage allows the optimization of both the efficacy of 

electroporation and the viability of cells after exposure to electric fields. Further, 

the effect of solution and membrane composition on the threshold voltage provides 
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insights into the interactions of lipids within the membrane (such discussion, however, 

will not be presented in this work). 

This work begins with Chapter 2 providing the current understanding of the the

oretical basis behind electroporation. Chapter 3 catalogs the experimental protocols 

used and the reasoning behind the cell selection method used. Chapter 4 expounds 

upon experimental results. Chapter 5 summarizes the work, and the Appendices A-?? 

go into detail on fabrication of the microelectroporator and modeling of the system. 



Chapter 2 

Background 

The Background section will develop electroporation theory to provide a thermo-

dynamical basis for electroporation. The section will also detail the effect of electric 

field on the transmembrane potential and the rate of pore formation. 

2.1 Source of electroporation 

Electroporation is a complex process whose basic physical mechanism is still debated. 

According to Tryfona and Bustard [26], there are five main theories of electroporation: 

1. the applied electric field affects pores that spontaneously form by transforming 

them from hydrophobic to hydrophilic pores, 

2. the applied field causes material flow relating to membrane-submembrane cy-

toskeletal interactions, 

3. the applied field leads to the denaturing of membrane protein channels either 

through Joule heating as high currents electrophorese across the cell or through 

conformal changes due to charge interactions, 

4. the applied field induces a hydrodynamic flow across the membrane poles through 

interactions of an electrical double layer at the membrane/solution interface, 

and 
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5. the applied field reduces and reorients the structured water layers around the 

membrane through alteration of the membrane. 

Most theoretical work on electroporation focuses on the model that an applied electric 

field transforms pores from hydrophobic to hydrophilic [27, 2, 4]. There are several 

reasons for this [1]: the simplicity of the model; the ability to predict red blood cell 

stability in the presence of thermal fluctuations in the membrane, since pores only 

form once overcoming the high energy barrier [28]; the correct order-of-magnitude 

estimates of the time it takes membranes to rupture [29]; and the shorter poration 

lifetimes seen when lipids with an inverse-cone-shaped molecular geometry are in 

higher concentrations [30]. While there is still much debate over the limitations of 

the hydrophobic-to-hydrophilic model and the validity of other models [2, 4], only the 

hydrophobic-to-hydrophilic model will be discussed here due to its prevalence. 

2.2 Energetics 

Cell membranes are chiefly composed of amphiphilic molecules known as phospho

lipids or lipids. In order to increase entropy by reducing the amount of bound wa

ter, lipids form bilayer structures-the cell membrane-with hydrophilic heads facing 

the aqueous environment and hydrophobic tails sandwiched between the heads (see 

Figure 2.1). Almost no polar molecules pass through the membrane due to the hy

drophobic nature of the center. Hydrophobic pores form through thermal fluctuations 

of the lipid membrane (see Figure 2.1). Little water passes through the hydrophobic 
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(a) (b) (c) 

Figure 2.1 : Pore formation. Cell membranes (2.1a) naturally form hydrophobic 

pores (2.1b) through thermal fluctuations. Once V^ exceeds a threshold voltage, 

hydrophobic pores form hydrophilic pores (2.1c) which water can pass through more 

freely. Figure adapted from Bockmann [31]. 

pores as the hydrophobic tails are exposed. When an external potential is applied to 

raise the transmembrane voltage above a threshold voltage, Vt, it becomes energeti

cally favorable for the hydrophobic pores to form into hydrophilic pores which pass 

significantly more water and water-soluble molecules than do hydrophobic pores, and 

range from l n m (the majority of pores) to several hundred nanometers [27]. 

The free energy of a pore has two regimes: the non-conducting (hydrophobic) pore 

and the conducting (hydrophilic) pore. The energy of a non-conducting pore, u(r), 

can be approximated quadratically at small values of r by 

« ( r ) « £ * ( ! - ) , (2.1) 

where E* and r* are the energy and radius, respectively, when the non-conducting 

and conducting energies meet [32]. The energy of a conducting pore, w (r), takes on 



9 

a more involved form: 

w (r) = 2-ir-fr - irar2 + ( — ) , (2.2) 

where 7 is the energy per unit length of the pore circumference, a the energy per 

area of a flat, pore-free membrane, and C is a constant related to steric repulsion 

of the lipid headgroups [32, 1]. The first term is the energy needed to maintain the 

line tension of a pore, while the second term is the energy of the membrane that has 

been removed. The third term involves the repulsion of the lipids from each other. 

The energy of the pore is then E (r) = min(u,-u;), with r* forming the boundary 

between the two regimes or the minimum radius of hydrophilic pores. E (r) can be 

visualized in Figure 2.2a, where values given by Neu and Krassowska were used [32]. 

The minimum of energy in Figure 2.2a is at Onm. While there is a local minima at 

room temperature at r > r*, the pores are small [27]. Additionally, with an energy 

barrier approaching 50kBT, very few hydrophobic pores will form. 

To take into account the transmembrane potential, an additional energy term 

modifies E (r) by 

E (r, V) = E(r)-^ {nw - Km) {V^ r2, (2.3) 

where £0 is the permittivity of free space, h is the thickness of the membrane, KW and 

the dielectric constants of water and the membrane, respectively, and V^ is 

the transmembrane potential [32, 1]. As KW > nm, increasing V^ reduces the energy 

of the system (for r ^ 0), as can be seen in Figure 2.2b. The reduction in energy not 

only lowers the magnitude of the energy but also broadens the energy well at r > r*. 
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Figure 2.2 : Energetics of pore formation. (2.2a) The minimum of u (r) and w (r) form 

the pore energy. The energy minimum at 0 V is at r = Onm. (2.2b) As the trans

membrane potential increases, the minimum of energy shifts towards higher radii. 

(2.2c) Energy curves expected phenomenologically with the hydrophilic-hydrophobic 

pore model. Figure adapted from Weaver and Chizmadzhev [1]. 
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As V^ increases, the position of the energy minimum shifts to large r and eventually 

to oo. It appears that either no pores form or for sufficiently high voltage, pores form 

but increase in diameter until the cells die. 

One possible explanation for the failure of this model is that while phenomenolog-

ically correct, the parameters used did not model a true biological cell as they were a 

conglomerate of values taken from several cell types [32]. A more accurate collection 

of parameters may have resulted in curves that were suggested by Weaver and Chiz-

madzhev, as shown in Figure 2.2c [1]. With a sufficiently large Vj^, the energy at the 

local minima at r > r* lowers to below that at r = 0. Therefore, pores with nonzero 

radii become energetically favorable. The energy barrier also lowers, making pore 

formation more likely. Additionally, as the magnitude of V^ grows even further, and 

the energy lowers at r away from r = 0, the pores' radii will grow until the cells die. 

This phenomenologically reproduces the dependence of electroporation on increased 

transmembrane voltage. 

Another explanation is that the external electric field is not continuously applied. 

Once it is removed, V^ again lowers. Any pores that were growing but were not too 

large (< 17 fim in Figure 2.2a) would decrease in size until reaching the local minimum 

at r > r* once the field was removed. This would allow for the formation of large 

pores that then seal. This is also consistent with the observation that the fraction of 

cells that die increases as the duration of exposure to an electric field increases [33]. 

The hydrophobic-hydrophilic pore model is neither a complete nor universally agreed 
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upon model. It nonetheless provides a possible explanation of pore formation that is 

commonly accepted. 

2.3 Transmembrane potential evolution 

This section was developed based on the work of Krassowska and Filev [27]. A 

spherical cell of radius a in a conductive medium exposed to an electric field E, 

which could result from an applied potential pulse, will have its intracellular, $*, and 

extracellular, $ e , potentials governed by Laplace's equation: 

V 2$i = 0, (inside cell) 

V 2 $ e = 0, (outside cell) (2.4) 

and a spatial condition on the extracellular potential: 

$ e (£, p, 6) — — Ep cos 9 as p —» oo, (2.5) 

where p is the distance from the center of the cell and 9 is the angle measured with 

respect to the direction of the applied electric field. Additionally, the potentials have 

initial conditions for a given rest potential Vrest given by 

$i(0,p,6) = Vrest, (inside cell) 

$e(O,p,0) = 0, (outside cell) (2.6) 

A membrane is not a perfect insulator; it allows a small amount of current across 

it. The current density across the membrane for a normal unit vector, h, and con-
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ductance, s, is 

dVe 

- h • ( s i V ^ ) = -h • (s eV* e ) = Cm-^ + 9i (Vm - VTest) + Ip, (2.7) 

where V^ (t, 9) = <&; (t, r, 9) — <£>e (£, r, 9) is the transmembrane potential, and Cm 

is the surface capacitance of the membrane, giving the capacitive charging of the 

membrane, gi is the surface conductance of the membrane, such as current through 

protein channels. Additionally, Ip is the current through electropores, and is zero 

until the formation of the first pore. Solving Eqs. 2.4-2.7 yields: 

Ve
m = =^Eacose{l-e-t'T)+Vrest, (2.8) 

where r = aCm ( £ + £ ) [27]. 

Experiments typically report a distinct threshold electric field for poration, which 

can be understood by examining Equation 2.8 and recalling that hydrophilic pore 

formation becomes energetically favorable when |V^| is greater than Vt- Equation 2.8 

shows that for a specific electric field, |V^| is greater at the hyperpolarized pole, where 

9 « TV, as Vrest < 0 in mammalian cells. Therefore, the hyperpolarized pole will form 

pores first as the membrane capacitively charges. Further, once the hyperpolarized 

pole passes threshold, a large area of the cell at both poles quickly follows, giving a 

distinct sign of the turn-on of pore formation. This occurs because Vrest <C Ea for 

typical values for a cell and because cos 9 is a slowly varying function at its extrema. 

Modeling this threshold effect of the field on the region of the cell at which V^ > Vt, 

the active area (Figure 2.3), the rapid increase in area due to the insensitivity of 
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the cos# in Equation 2.8 is evident. The active area becomes less sensitive to the 

strength of the field as the electric field magnitude increases, again because of the 

angular dependence of V^. The area also plateaus, physically, because the cell, itself, 

has a surface area of 720 fim2. It should be noted that the model does not take into 

account that as the voltage increases, the number of pores and the cell conductance 

also increase [27]. All these factors lead not only to increased poration, but also to 

greater cell death as more cells are unable to recover from electric field exposure. 

2.4 Nucleation of pores 

A theory for the rate of pore formation and resealing has been developed that includes 

under what conditions an equilibrium is achieved [27]. The pore density, N(t,9), 

varies with time according to the rate equation: 

^ = ae(v^T (l - N ) (2 9) 

where a is the creation rate coefficient and the equilibrium pore density is Neq (Vm) = 

iVoe9^™/^ . N0 is the equilibrium pore density at V^ = 0 and q is the square of 

the ratio of the minimum energy radius at V^ = 0, r*, and the minimum radius of 

hydrophobic pores. Equation 2.9 governs both pore creation and resealing. When 

N < Neq,
 dN/dt > 1, yielding pore formation until N = Neq. Likewise, pores reseal 

when N > Neq. 

Krassowska and Filev predicted that a 50-/im diameter cell exposed to a 400 V/cm 

external electric field for 1ms will passively charge for the first 0.5//s before a pore 
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forms on the hyperpolarized pole, or the pole with a greater magnitude transmem

brane voltage, up to a density of ~ 1013 pores/m2 [27]. A few hundreds of nanosec

onds later, pores begin to form on the depolarized pole with a similar pore density. 

The furthest extent of poration on the hyperpolarized region of the cell is reached 

within 1.5 /is, while it takes 320 [is for the depolarized region with pore densities of 

~ 109 pores/m2 reached. However, over 99% of pores nucleate within 1.5 [is, with the 

majority being small pores (radii < 2nm) at the poles and a few large ones of up to 

400 nm that are away from the poles. 

The greatest conductance is also reached at 1.5//s, approaching 105 S/m2 at the 

poles. Conductances remain ~ 104 S/m2 even out to 1 ms. This corresponds to 

a charge transfer of about 10~8 C or 109 bp of DNA. Thus, if at all possible, the 

concentration of species that one desires to enter the cell should be such that at the 

poles it can maintain a conductance of ~ 104 S/m2. 

While Jurkat cells will behave differently than the cells modeled by Krassowska 

and Filev due to their different parameters, the model does provide a phenomenolog-

ical understanding of how poration may evolve in time [27]. 



Chapter 3 

Experiment 

The Experimental section will describe the experimental protocols used in the 

studies detailed in this thesis. It will also explain how cell populations were selected 

and categorized. 

3.1 Cell culture protocol 

M.D. Anderson Cancer Center (MDACC) provided Jurkat cells, of which approx

imately 50% had been previously modified by design to express green fluorescent 

protein (GFP) constitutively. GFP(+) cells were used to gauge membrane integrity, 

and GFP(—) cells were used as a negative control for fluorescence compensation in 

the flow cytometer. The Jurkat cells were cultured using standard techniques with 

Roswell Park Memorial Institute-1640 (RPMI-1640) medium modified with 10% fetal 

bovine serum and glutamate [34]. The day before an experiment, the cells' popula

tion density was reduced by half and the medium replaced in order to ensure health 

and experimental reproducibility. To prepare the cells, they were washed twice with 

250 mM sucrose (at 300-g for 5 min) and kept in sucrose solution at a concentration 

of about 106 cells/mL. A PI live/dead assay showed that greater than 95% of the 

cells were alive after two hours after suspension in the sucrose solution with no other 

stimuli (data not shown). Immediately after washing, 2/^g/mL of the membrane im-
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permeable dye 7-Aminoactinomycin D (7-AAD from Invitrogen, Carlsbad, CA, USA) 

was added as a probe that would fluoresce when intercalated between double-stranded 

DNA bases within the cell after an incubation time on the order of tens of minutes. 

Further, given 7-AAD's smaller size compared to DNA or RNA, formation of only 

smaller pores were still detectable. The solution was subsequently flowed through the 

device. For studies of solution conductivity, either propidium iodide (PI) at a 1:10 

(v/v) ratio in RPMI-1640 medium or the 7-AAD/sucrose solution was used. 

3.2 Experimental protocol 

3.2.1 Cells 

For a particular experimental assay, cells were flowed through the channel at a rate 

of ~ l /7mL/min at a concentration of 105 cells/mL, and ~ 1 mL was collected in an 

outlet vial containing 5 mL of RPMI medium. To clear the device of cells between 

assays, the channel and tubing were rinsed with sucrose solution before connecting 

a new collection vial. Several assays with varying conditions were run in series, 

after which the cells were concentrated, and most of the supernatant removed. As 

no further incubation time was necessary, the resulting sample was analyzed using 

flow cytometry within two hours of being suspended in the sucrose solution. A PI 

live/dead assay showed that greater than 95% of the cells were alive after two hours 

after suspension in the sucrose solution with no other stimuli and greater than 90% 

were still viable after twenty hours (see Figure 3.1). 
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Figure 3.1 : Viability of Jurkat cells in 250 mM sucrose solution. Less than 20% of 

cells have died, even after 20 hr. 

3.2.2 Pressure 

A negative pressure of 6 kPa was typically applied to the outlet port using a custom-

built siphon pump. This pressure corresponded to a flow speed of 6mm/s for the 

cells. The flow speed was selected to keep the device from clogging while ensuring 

the cells received a set number of electrical pulses, on the order of ten. 

3.2.3 Electrical 

A computer-controlled digital-to-analog converter was used to apply adjustable volt

ages to the electrodes, as shown in Figure 3.2. Throughout this work, symmetrical 

bipolar square wave pulses with tw;dth = 1 ms were applied, which minimized the effect 

of electrolysis. Only the applied voltage AV or the time delay tjeiay were varied in 

^ 
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Figure 3.2 : Sample voltage applied to the electrodes. In this sample, AV = 4 V, 

^delay 10 ms, and twidth = 1 rns. Only AV or t̂ eiay were varied during experiments 

described here. 
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these experiments. The applied and monitor voltages were compared to ensure that 

the solution in the channel had a resistance of at least 2000 fi and did not undergo 

electrolysis. 

3.2.4 Flow cytometry 

Flow cytometry is a technique for examining and enumerating microscopic particles, 

generally cells, by collecting fluorescence and scattering information about the par

ticles. Typically, the particles are flowed single-file past a series of lasers that excite 

fluorescent responses in the particles, and then the scattered and emitted light is an

alyzed. Forward scatter (FSC) collection measures the forward small-angle scattering 

of light off the cell, which is positively correlated to cell volume [35]. Detailed analy

sis shows that FSC also depends on the difference in the index of refraction between 

the inside and the outside of the cell [36], although this fact is often neglected in 

interpretation of flow cytometry data. The side scatter (SSC) likewise measures the 

90° scattering, which increases with membrane roughness or inhomogeneity within 

the cells, such as organelles [37, 36, 38]. Finally, collected fluorescence indicates the 

presence of a marker molecule, such as 7-AAD or green fluorescent protein. 

The cells in this study were analyzed using a FACScalibur flow cytometer (BD, 

Franklin Lakes, NJ, USA). The FSC, SSC, fluorescence-1 (Green, 530±30 nm), and 

fluorescence-3 (Red, 670-nm long-pass filter) channels were sampled to distinguish 

cell populations. To provide statistical comparison, each flow cytometry analysis 
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consisted of around 10,000 gated events. 

3.3 Categorization of cell populations 

3.3.1 Qualitative look at cell separation with applied voltage 

When looking at the FSC/SSC plots of the Jurkat cells after electroporation, an 

additional population was found to form upon the application of a sufficiently high 

electric field. To analyze the populations, sub-populations based upon a region were 

selected. Figure 3.3 depicts the FSC/SSC plots of several runs with tdeiay = 10 ms 

and AV= 0, 2, 5, and 10 V. The cells show characteristic shifts in FSC that correlate 

with the electric field experienced by the cells and with the success of poration. In 

Figure 3.3a, at 0 V (OV/cm), all cells have similar FSC/SSC values. They are well 

within the region of Rl , which we define following convention as the region of healthy 

cells before undergoing electroporation (as determined by their fluorescence profiles). 

Events with higher SSC correspond to dead cells that have lost their shape. Lower 

FSC corresponds to cellular debris deriving from lysis. 

At a low applied voltage of 2 V (400 V/cm), as seen in Figure 3.3b, the cells have 

a slightly lower average FSC value (0.81) when normalized to control, although they 

are still in one population. Conventionally, a change in FSC value is attributed to a 

change in the volume, although it also depends upon the index of refraction of the 

cell [37]. As discussed below, 2 V (400 V/cm) is below the threshold of poration, so 

we do not expect any transport of material across the membrane that would modify 
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(a) 0 V control (b) 2 V 
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(c) 5 V and both regions (d) 10 V and both regions 

Figure 3.3 : FSC/SSC plots showing definition of the swelled region. (3.3a) A plot 

for a control sample showing a population of cells unaffected by electric field. Rl 

designates the region selected as all cellular events. The events outside Rl are cellular 

debris. (3.3b) A sample plot for a cell population exposed to an applied electric field 

of 2 V (400 V/cm). The main body of cells is slightly lower in FSC values even before 

poration or cell death has significantly set in. (3.3c) A plot for the sample with an 

applied field of 5 V (1000 V/cm). A population, denoted by R2, is separate from 

the main body of cells. (3.3d) A plot of samples with an applied field of 10 V (2000 

V/cm). Very few cells are in either Rl or R2. Rather, a significant portion have died, 

losing membrane integrity. The unaffected population was taken in all samples to be 

those events in Rl and not in R2. 
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the cell's index of refraction. The biophysical mechanisms that lead to cell shrinkage 

are unknown, but could involve electrical activation of membrane transport proteins 

and should be investigated further. 

When the applied voltage was raised to 5 V, the population of cells within Rl split 

into two populations with different average FSC values (0.83 and 1.1), indicating ei

ther a volume or index of refraction change, see Figure 3.3c. This is also accompanied 

by a small amount of cell lysis. The population of cells with a higher average FSC 

value are selected by R2, which we will call the swelled region. This population 

splitting corresponds to electroporation as will be shown later in this work. At 10 V 

(2000 V/cm, Figure 3.3d) the population of cells in the swelled region, R2, has van

ished, and overall, there are fewer cells within Rl , indicating massive cell death and 

lysis. 

3.3.2 Categorizing cells into unaffected, porated, and dead populations 

The fluorescence intensities of those cells found in region Rl were also examined, 

and Figure 3.4 shows two sample 7-AAD-versus-GFP plots. Figure 3.4a depicts data 

for no applied voltage (OV/cm). As can be seen, almost all cells are located in 

what we designate the unporated region. As half the cell population constitutively 

expresses GFP, two populations within the unporated region are present: GFP(+) and 

GFP(—). The GFP(—) population provides a negative control to which to compare 

GFP(+) cells. A GFP(+) cell with a permanently compromised membrane would 
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(a) Almost no poration and death (b) Significant poration and death 

Figure 3.4 : Identification of various cell populations. The fluorescence data are for 

cells that had scatter values within Rl, as designated in Figure 3.3. The unporated 

region encompasses cells that did not take up any 7-AAD. The porated region contains 

cells that have taken up a moderate amount of 7-AAD, but do not have their GFP 

expression altered. The dead region selects the cells that died from exposure to the 

electric field. (3.4a) For an applied voltage of 0 V (E = 0 V/cm), there are few 

porated or dead cells. (3.4b) At 5 V (E = 1000 V/cm), a significant number of cells 

are porated or dead. When the populations that would normally be separated in the 

dead and porated regions overlapped, appropriate adjustments were made to remove 

double counting. 
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lose GFP signal since the concentration of GFP would decrease as it diffused through 

permanently open pores. The lack of 7-AAD uptake indicates poration did not occur. 

For 5 V (1000 V/cm) of applied voltage (Figure 3.4b), cells transiently porate and 

uptake 7-AAD, thus shifting to the porated region. Two roughly equal populations 

along the GFP axis are still present in the porated region, however, indicating porated 

cells are viable even up to 2 hr after being suspended in the sucrose solution and no 

more than 30min after being porated. Some cells up-take more 7-AAD than in 

the porated case with disrupted cell conditions sufficient to eliminate GFP signal, 

indicative of permanent membrane permeabilization. This creates a low GFP/high 

7-AAD population that we denote as the dead region, which corresponded to the 

fluorescence profile of cells that had been killed via heat bath (data not shown). 



Chapter 4 

Results and Discussion 

The Results and Discussion section discusses the effect a solution may have on 

the electrical properties of an electroporation system. It further goes into the effect 

that the strength and frequency of an applied field have on the properties, such as 

FSC and viability, of cell populations. 

4.1 Effect of solution choice on the electrical properties of the 

system 

The conductivity of RPMI-1640 medium and propidium iodide (PI), a common nucleic 

acid stain used in poration experiments, was measured to be at least 1.466 S/m, 

leading to a resistance of 5.5 Q in the fluid channel between electrodes. This resistance 

was less than that of the gold and conductive epoxy leads (20 Q,). The equivalent 

circuit diagram is shown in Figure 4.1a. The low channel resistance resulted in a 

significant voltage drop across the leads and smaller voltage difference across the 

channel (between monitors) than intended (Figure 4.1b). The charging time was 

also affected, changing the shape of the waveform. These effects interfered with 

quantitative study of the poration process. Furthermore, the high conductivity of the 

medium led to a large current when a voltage was applied and to electrolysis of water, 

which created bubbles that clogged the device. 
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Figure 4.1 : Effect of charge in solution on applied voltage. (4.1a) An equivalent 

circuit diagram for the device showing voltage applied to the top electrode while the 

bottom electrode is held at ground. Note that the voltage difference between the 

monitors equals the voltage across the channel. (4.1b) With 10% (v/v) PI in RPMI, 

the voltage between the monitors (green dashed line) is less than the applied voltage 

charging (blue solid line). (4.1c) With 106 cells / mL in 250 mM sucrose with 7-AAD, 

the signal across the monitors equals the applied voltage, indicating the solution was 

very resistive and that the full voltage drop was across the channel. 
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To address these issues, instead of using RPMI medium with PI, a 250 mM sucrose 

solution with 2^g/mL 7-AAD was used. Figure 4.1c shows that with the sucrose 

solution, which has no external charge, the charging time and voltage drop in the 

leads became negligible, and the voltage across the channel was equal to that applied 

to the device as a whole. The resistance of the channel was > 2000 fl, limiting current 

flowing through the system and electrolysis. Sukhorukov, et al. [22] have noted that 

a solution whose primary solute is a disaccharide, such as sucrose, improves uptake 

during poration due to the transient electrodeformation force. Additionally, 250 mM 

sucrose is near the osmolarity of Jurkat cells of 280 mM [39] and so will not osmotically 

shock the cells. 

To understand the effects of solution conductivity on electric field, we numerically 

modeled the electric field and charge distribution during a typical pulse sequence 

for the sucrose solution used in the experiment using the finite element method on 

the diffusion equation with one spatial dimension, electrically driven flow, and a grid 

spacing of Ax = 50nm and At = 1 ns (see Appendix B for details). The equations of 

motion governing charged species were modified at the boundary to take into account 

the Neumann boundary conditions that species may not enter or leave the system. 

The plate at x = 0 /im (the bottom plate in the experiment) is held at 0 V throughout 

the simulation, as in the experiment. The top plate, at x = 50//m, is initially at 0 V. 

At t = 0 s, this plate's potential is raised to AV^ = 5 V. At t = 500 /is, the potential 

is lowered to —5 V, and after t = 1000 fis, the potential is returned to 0 V for the 
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duration of the simulation. The simulation is halted at t = 1500 fis. 

As can be seen in Figure 4.2, the field is uniform at —1000 V/cm when the top 

plate's potential is initially raised to 5 V, as would be expected for a dielectric par

allel plate capacitor. The electric field causes the predominant charge carriers, H + 

and O H - , to flow asymmetrically and accumulate near the electrodes and dissipate 

elsewhere. By 500 fxs, the field is slightly past —2000 V/cm within 14/zm of the top 

plate. At the onset of the second half of the bipolar waveform (501 /xs), fields increase 

2000 V/cm with values of up to 1400 V/cm expected within the central region. Re

versed charge flow eventually establishes a similar field pattern as in the first half of 

the bipolar pulse, but with the opposite sign. The potential on the top plate is set to 

0 V at 1000/zs, and the field magnitude drops to OV/cm on a 500 zis time scale. Be

cause most of the cells experience the electric field within the central uniform region 

due to hydrodynamic focusing of the cells from the laminar flow profile, we take the 

uncertainty in field to be that of the variation of the field within the central region. 

The variation of electric fields due to charge flow creates up to a 40% systematic 

uncertainty in measurements of the poration threshold and other voltage dependent 

quantities. For example, the uncertainty in the threshold voltage can be determined 

to first order by 

As the uncertainty in radius is about 10%, we can estimate a 41% systematic uncer

tainty in the poration threshold that a cell will see in a given experiment. Practically, 
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Figure 4.2 : Numerical model of the electric field in sucrose solution for a bipolar pulse 

applied to the top plate. Initially, there is no field between the plates. Once a voltage 

is applied to the top plate the electric field drops to —AV/d and is uniform across the 

channel. Immediately before the top plate's potential is negated, the electric field is 

no longer uniform but has built up at the plate edges due to charge separation. When 

the pulse polarity switches, the field increases by 2AV/d, but maintains the same field 

distribution. Charge flows away from the plate to which it was concentrated near, 

again raising the field near the plates and lowering it in the central region of the 

channel. Once the potential on the top plates is set to 0 V, the field drops to OV/m 

over the course of hundreds of microseconds. 
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though, this does not correspond to similar uncertainty in what electric field must be 

applied to obtain poration. As will be shown below (see Figures 4.3a, 4.4, and 4.5b), 

the onset of poration occurs with an applied voltage AV = 3.5 ± 0.5 V. This is only 

a 14% variation. Much of the uncertainty comes from not knowing the true field that 

the cells experience. 

4.2 Quantitative analysis of the separation of populations with 

applied voltage 

To analyze the populations designated in the previous section, their FSC values and 

poration rates were determined when the applied voltage across the channel was 

ranged between 0 V and 7 V. Figure 4.3a shows that porated cells have a higher av

erage FSC value than unporated or dead cells. This is a robust result, as the data 

in Figure 4.3a were taken under a variety of experimental conditions including dif

fering time delays (5-20ms), number of pulses (2-4), and flow speeds (6-12mm/s). 

Additionally, if the field profile experienced by the cells was kept constant, no notice

able effect on poration rates due to the pressure change resulting from increased flow 

speed was observed (data not shown). Hence, there was no apparent flow-induced 

poration observed at the applied pressure, which has been mentioned by Le Gac, et al. 

[40] Further, when there is significant poration, which occurs around 4 V (800V/cm, 

Figure 4.4), the majority of porated cells are in the swelled region (Figure 4.3b). 

The increase in average FSC value of the porated cells could be explained by an 
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Figure 4.3 : The effect of applied voltage on FSC and poration rates. Data are aver

aged values of runs taken under a variety of different parameters, including number of 

pulses and flow speed, with the error bars the standard deviation of the runs. (4.3a) 

The three populations-dead, porated, and unaffected-as determined by fluorescence 

in Figure 3.4 can also be identified by their mean FSC values. Particularly noticeable 

is the greater average FSC value of porated cells. Values were normalized to the FSC 

mean of the 0 V unaffected population for each run. (4.3b) A plot of the fraction 

of porated cells that are porated shows that a large fraction of porated cells are in 

the swelled region (R2), as designated in Figure 3.4. Data points with a low fraction 

swelled also correspond to a lower poration fraction overall. For 0 to 3 V, there was a 

constant fraction (a few percent) of cells displaying 7-AAD and falling in the porated 

region (Figure 3.4a). We suspect these spurious counts reflect a different process than 

electroporation and do not plot them as porated in this figure. 
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increase in cell volume. Such an increase has previously been seen in porated cells, 

and was attributed to solute uptake [14, 41]. However, these studies only reported 

the volume increase within one second after application of the applied field, and as 

Jurkats are known to regulate their volume over the course of minutes in the pres

ence of osmotic shock [22], a volume increase after half-an-hour was unexpected. The 

increase in average FSC value could also be due to osmolarity differences between 

intracellular and extracellular media during poration. The cells are porated in a 

250 mM sucrose solution, so the porated cells could take up sucrose, a membrane im

permeable molecule. After resealing, the cells are then transferred to RPMI medium, 

and water may diffuse into the cells to compensate for the higher internal concen

tration of sucrose. We cannot exclude the possibility that some of the FSC increase 

results from change in relative index of refraction since a 250 mM sucrose solution 

has a lower index of refraction (1.345 [42]) than Jurkat cells (1.390 [43]), leading to 

increasing FSC. 

The dead cells tend to have a lower average FSC value, while unporated cells 

have a slightly lower or unchanged average value. The dead cells may have a lower 

average FSC value due to leakage of RPMI medium into the cell affecting its relative 

index of refraction, while unporated cells may have a lower average FSC value due to 

activation of transport proteins as the transmembrane voltage changes, releasing ions 

and affecting the relative index of refraction. The lower average FSC value is likely 

not due to a decrease in cell size as cells with permanently ruptured membranes are 



known to swell, not shrink [5]. 
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4.3 Effect of voltage on the distribution of cells 

The electric field's duration, strength, and frequency may also affect the poration 

efficiency [33, 44, 45, 46], and the wide variability of parameters at the microscale 

theoretically allows for the optimization of electroporation [47, 10, 33]. In this study, 

the electric field's strength was varied in order to determine the onset of poration for 

our system. 

We can extract Vt, the threshold voltage, by applying Equation 2.8 to the results 

shown in Figure 4.4, namely that below 3 V (600 V/cm) the fraction of porated cells is 

negligible and increases to 10% at 4 V (800 V/cm). In spite of the angular dependence 

of the transmembrane potential (V^) in an external electric field, it is reasonable 

to expect a threshold-like behavior in observed poration. The resting potential for 

Jurkats, Vrest = —35±7mV [23], is small compared to expected values of threshold 

voltage [1, 27], so |V^| will exceed Vt and initiate poration at both the hyperpolarized 

(8 = 7r) and depolarized (6 = 0) poles at essentially the same applied field. In 

addition, cos (9) is fairly insensitive to angle at its extrema. So a large area of a 

cell will cross from below to above threshold in a small range of electric field. We 

take Et = 700±250V/cm ± 100 V/cm, where the first uncertainty reflects that of 

the electric field arising from solution conductivity, as explained in the finite-element 

model above, and the second arises from determination of the applied voltage at 
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Figure 4.4 : Effect of voltage on fraction of cells in porated or dead sub-populations. 

The number of pulses was kept at 8 for the samples shown. (4.4a) The porated 

fraction of cells in Rl gradually increases up to 20% as the voltage increases until 

7 V (1400 V/cm). The fraction of porated cells in Rl then drops as all cells are dead. 

(4.4b) The fraction of dead cells trends monotonically to 100% at 10 V (2000 V/cm) 

with respect to voltage. 
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which poration occurs*. A measured cell radius of a = 7.6±0.8/^m in 250 niM sucrose 

(data not shown) in addition to the threshold field yields Vt = 0.83±0.34V, where 

the uncertainty in Vt results from uncertainty in field and size. This falls well within 

expectations for the threshold voltage of a mammalian cell of between 200 mV and 

I V [1, 48, 27], and the threshold field matches well with the 600V/cm determined 

by Sukhorukov et al. for Jurkats [22]. 

Our results indicate that while cells can be effectively porated in a microfluidic 

device, they are also prone to irreversible damage at voltages near or exceeding the 

threshold voltage. While suspension of cells in sucrose may have contributed to 

decreased cell viability in our study, the trend in Figure 4.4b clearly indicates a 

correlation between cell death and applied voltage, and more research is needed to 

investigate the conditions which optimize both reversible electroporation and cell 

viability. 

Beyond just a determination of threshold voltage, greater understanding of the 

effect of voltage can be gained by examining the amount of death due to poration. 

Figure 4.4 shows that at 4 V (800V/cm), roughly half of all cells die as a result of 

poration, and almost all cells are dead by 10 V (2000V/cm). At higher voltages, 

the extent of poration, the number of pores, and the cell conductance all increase 

[27]. These factors lead to greater cell death as more cells are unable to recover from 

electric field exposure. Scrutinizing the above fractions of dead and porated cells in 

*A11 subsequent errors for the electric field and derived quantities will derived through quadrature. 
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Figure 4.5 : Voltage dependence of the fraction of cells in various populations com

pared to total number of cells. The number of pulses was kept at 8 for the samples 

shown. (4.5a) As the voltage increases, the population of dead cells increases for both 

unswelled (open red squares) and swelled (solid blue circles) regions. The fraction 

of dead cells in the swelled region remains near or below 10%. (4.5b) The cells in 

the swelled region maintain over 70% poration at 3 V (600 V/cm) and above. In the 

unswelled region, the fraction of porated cells gradually increases but remains small. 

the swelled and unswelled regions of Rl (shown in Figure 4.5 for various voltages 

with tdelay — 10ms and each cell exposed to eight pulses*), one observes that the 

fraction of cells that are dead (Figure 4.5a) increases with voltage in the unswelled 

region, gradually approaching a fraction of 1. This shows that as the electric field 

strength goes up, the field becomes too disruptive, irreversibly porating membranes. 

t Eight pulses showed the highest poration/dead cell fraction of pulse conditions examined (data 

not shown). 
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Figure 4.6 : Sample fluorescence data for the swelled region at 5 V. In agreement 

with Figure 4.5b, a large fraction of swelled cells are porated. 

However, few swelled cells are dead. Additionally, as Figure 4.5b shows, the fractions 

of swelled and unswelled cells that are porated also increase with increasing applied 

voltage. But for cells in the swelled sub-region above 3 V (600V/cm), the fraction 

porated consistently reaches over 70% and reaches a maximum of 90% (a sample of 

which can be seen in Figure 4.6), which compares favorably to other published values 

for selected populations [21]. 

While total poration efficacy is less than that obtained in conventional bulk elec-

troporators [8], Figure 4.5b shows that a population with a high fraction of porated 

cells can be sorted from the main body based upon cell FSC/SSC signal. Figure 4.3b 

shows that this population also represents the majority of porated cells. The correla

tion of FSC and poration suggests the possibility of using FACS in conjunction with 
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Figure 4.7 : Number of pulses dependence of the fraction of cells in various populations 

compared to total number of cells. All samples were taken at 4 V (~800 V/cm). 

(4.7a) As the number of pulses decreases, more cells in the unswelled region (open 

red squares) appear dead. Interestingly, for the most part, the fraction dead in the 

swelled region (solid blue circles) decreases with number of pulses. (4.7b) As the 

number of pulses decreases, more cells in either region appear porated. 

microelectroporators [21, 49, 41, 14] to obtain populations of healthy cells with high 

poration fraction. Further, such correlations may be general as they have been seen 

in at least two cell types: Jurkats in this work and in red blood cells [21]. 

4.4 Effect of the number of pulses on the distribution of cells 

An increase in the number of pulses of an electric field causes an increase in cell death 

(Figure 4.7a) in the unaffected region of a cell population from close to a fraction of 
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0.2 at ~ 3 pulses to a fraction of 0.5 at ~17 pulses. However, over the same span, 

there is not an equivalent increase in the swelled region. The increase in cell death 

in the unswelled region is due to the cell membrane being perturbed less by 3 pulses 

than by 17 pulses. The swelled cell subpopulation does not follow the same trend 

because as will be seen, the proportion of porated cells within the swelled region 

greatly increases with increased number of pulses. 

In agreement with the claim made by Gehl [48], fewer applied pulses lead to a 

lower poration fraction (Figure 4.7b). Again, as an applied field is present for less 

time, fewer cells form pores and pores that do form are large less long. Hence, fewer 

cells uptake 7-AAD and appear porated. Of particular note is that within the swelled 

region, over 90% of the cells are porated and selection of this region would yield high 

poration rates. 



Chapter 5 

Conclusions 

In this work, we report on the electroporation of Jurkat cells using a microflu-

idic microelectroporator and its subsequent analysis using a fluorescence-activated 

cell-sorter. The Jurkat cells were observed to porate significantly above a field of 

700±269 V/cm. Using this value, the transmembrane potential at which Jurkat cells 

begin porating was estimated to be Vt = 0.83±0.34V. The uncertainty in the value 

of the electric field due to solution conductivity contributed to the majority of the un

certainty in the threshold voltage. Interestingly, the porated cell population displayed 

an increased average FSC signal, which separates it from the general cell population. 

Selecting this population showed efficacy of up to 90%. The ability to efficiently 

select a population of porated cells based solely upon FSC could prove useful as a 

non-invasive and simple measure of poration with no inherent incubation time or 

cytotoxicity that can be applied independent of the electro-transfer of dyes and the 

expression of transgenes. 

Use of the microelectroporator could be improved with a few changes. First, 

the error in determining threshold voltages could be greatly reduced if the electric 

field within the channel was better understood. Establishing a more detailed model 

including edge effects, the dissociation of water, and the amount of charge leaking 

from the cells could further such understanding. Alternatively, separating the bipolar 
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pulse into alternatively-signed unipolar pulses would reduce the size of the error as 

any voltage change would be at most AV/d as opposed to 2AV/d. The change in the 

strength in the electric field could also be compensated for by applying an appropriate 

pulse profile. 

Further improvements could be accomplished by connecting a flow cytometer di

rectly to the microelectroporator, providing quicker results with more consistency. 

Samples would show less variation in 7-AAD expression and only cell necrosis would 

be measured. Finally, a redesign of the shape of the ports or finding a more perma

nent surface coating would keep the channel from becoming clogged by cellular debris 

as quickly, thus making the device usable for a longer period of time without the need 

to clean or to fabricate a new device. 

An immediate next step with this work would be to electroporate mRNA into 

Jurkat cells and determine the efficacy and viability at 24, 48, and 72 hr of cells 

selected from the Porated Region. If the electroporation is successful, then using 

a FSC/SSC method of selecting cells could be implemented for genetically relevant 

materials. 

With the new selection technique and an estimate of the threshold, further work 

may also be conducted to determine which combination of pulse length, strength, 

duration, and form obtains the most efficient poration rate. Such a study can then 

lead to similar work being conducted for primary T-cells, which would ultimately be 

used for improved gene therapy treatments. 
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The microelectroporator in combination with the flow cytometer may also be 

used to help elucidate how biomolecules, such as salicylate or cholesterol, may effect 

membrane stability. One would suspect that these disruptions to the membrane 

would allow pore formation to begin at a lower threshold voltage. Additionally, a 

multiple level pulse protocol, where one or several pulses were used to form pores 

while others were used to stabilize them, could be used to study the thermodynamics 

of the system more fully. Finally, further work could be done to illuminate the role of 

proteins in electroporation. This could be accomplished by passing vesicles through 

the microelectroporator with varying compositions of transport proteins of proteins 

that affect membrane mechanical properties that have been resuscitated within the 

vesicle. Proteins that affect the energetics, such as N-Bar proteins or prestin, could 

be used to illuminate the role of proteins in electroporation. 
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Appendix A 

Fabrication 

A.l Device fabrication 

Several criteria determined the design of the microfabricated microelectroporator. 

First, large parallel-plate electrodes were used to generate a uniform electric field. 

Second, a precise control of the voltages was maintained using a custom-built Labview-

controlled electronics system. Third, the small separation between electrodes kept 

required voltages small, reducing the cost of the device and reducing the concern 

over electrolysis. Fourth, the device contained multiple electrodes that allow multiple 

waveforms to be applied to the cells. This capability was not exploited in this work 

but shall be in the future. Finally, a flow channel enables large samples to be handled 

continuously. These five criteria guided the device design. 

A. 1.1 Mate r i a l s 

A.1.1.1 Res is t s 

Developing a microfluidic microelectroporator requires the use of several resists: S1813, 

SU-8 2015, and SU-8 10. S1813 and SU-8 2015 require the most fabrication expertise, 

and so shall be discussed; SU-8 10 will not be. 

S1813 (Microchem, Newton, MA) is a positive photoresist; the resulting pattern 
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matches the mask used during UV exposure. Typically 1.3 //m of S1813 were spun. 

Further, S1813 requires no priming coat on the substrate in order to bond to the 

substrate. One to three milliliters of S1813 were poured onto the substrate, and as 

it is not viscous, no spreading cycle during spinning is necessary. As only a few 

milliliters are used each time, the bulk resist in storage generally expires before it 

has been used. As it ages, it thickens. Finally, S1813 reacts with certain plastics, so 

long-term storage in plastic flasks is not advised. 

SU-8 2015 (Microchem, Newton, MA) is a negative photoresist; the resulting 

pattern is the inverse of the mask used. The SU-8 2015 is spun to 40 fim. Again, one 

to three milliliters were poured to cover the substrate, and so supplies last several 

months. However, SU-8 2015 is more viscous and requires a spreading cycle when 

spinning. To date, no degradation of plastic flasks due to SU-8 2015 has been seen. 

The reader should also be aware that a variety of other resists are available. Other 

variants in the SU-8 series (such as SU-8 2, 25, and 50) are commonly used in the 

Rice University clean room. Additionally, the AZ series from Microchemicals is often 

used for very fine features. 

All resists can be removed with long enough exposure to acetone and agitation 

from an ultrasound. Toluene and acid etches (such as piranha) can also remove resists; 

however, they are much more aggressive towards other materials, such as plastics or 

metals. 
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A. 1.1.2 Substrate 

A substrate was required that is optically transparent, electrically insulated, inex

pensive, and could be manufactured with holes going through it. Pyrex or soda-lime 

wafers (from either Precision Glass and Optics or Marks Optics) satisfied these cri

teria. Each device consisted of one 4 in wafer with no holes and one 3 in wafer with 

holes. The holes in the 3 in wafer allowed for subsequent access to the flow channel. 

The discrepancy in size allowed for access to the electrode pads on the 4 in wafer. 

There are also several other materials available to use as a substrate. Sapphire 

is optically transparent, is electrically insulated, is thermally conducting, is optically 

polishable, does not maintain light polarization, and is not susceptible to fracture 

upon local heating [50]. However, sapphire is more expensive than Pyrex. Aluminum 

Nitride (A1N) has a thermal conductivity that is about 4.5 times higher than that 

of sapphire and may be cleaved with a diamond scorer. However, it is optically 

opaque and is slightly more expensive than sapphire. Silicon is also commonly used 

as a substrate for microfabricated electronic devices. It is uncommonly used for 

microfluidics due to its opacity and cost. 

A.1.1.3 Metals 

The clean room at Rice University uses titanium as an adhesive in the evaporator. 

This titanium is provided for free by the clean room. Without its use as an intermedi

ary between the Pyrex substrate and the gold layer, the gold layer is easily scratched 



54 

off. Chromium is also a common intermediary in clean rooms; however, due to con

cern of contamination of magnetically sensitive samples that other groups prepare, 

chromium is not used at Rice. 

Gold was used to form electrodes because of its high electrical conductivity. It is 

also biologically compatible while inert to most solutions. 99.999% pure gold suitable 

for the evaporator (vap. dep. grade) is available from Cerac (Milwaukee, WI). Glassy 

carbon crucible liners, necessary for holding the gold within the evaporator, may be 

purchased from Kamis (Mahopac Falls, NY). 

A.1.1.4 Photolithographic mask 

Chrome masks, necessary for defining the pattern in photoresists, were obtained from 

Fineline Imaging (Colorado Spring, CO) with care taken to get a positive mask for use 

with S1813 and a negative for SU-8 2015. Transparency masks may also be obtained 

from Fineline or another print shop for lower cost than a chrome mask. However, 

the quality of structure was not found to be as high. Chrome masks may also be 

manufactured in the Rice clean room but was cost prohibitive due to the cost for the 

large patterns desired. 

A.1.1.5 Fluid connections 

An inlet and outlet ports to the wafer were created using polydimethylsiloxane (PDMS) 

from Dow Corning (Midland, MI). 1/8" tubing and T-junctions (Upchurch Scientific, 

Oak Harbor, WA) were used to connect the ports to vials dealing with a cell sample, 
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a sucrose cleaning solution, waste, and sample collection. 

A. 1.1.6 Electrical connections 

70-J spring probe pins in R70-3 solder-cup receptacles (Test Connections, Upland, 

CA) held in a custom-designed Teflon mount were used to connect electrically to the 

contact pads on the bottom wafer. Other alternatives to probe pins were considered 

but were found to be too expensive (indium-based solder), too corrosive to gold 

(tin/lead-based solder), or too prone to spread without much mechanical strength 

(silver-based conductive epoxy). 

A. l .1 .7 P E G 

To reduce the clogging of biological material in the channel, 1 mM polyethylene 

glycol (PEG)-thiol (mPEG-thiol 5000 from Laysan Bio), 3/100 (v/v) PEG-silane (2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane from Gelest) solution in deionized 

water was used. Incubating for at least 8 hr allows the PEG to adhere to the gold or 

glass, providing a buffer between it and cells or cellular debris. 

A. 1.2 Methods 

Two methods are needed to fabricate a microelectroporator. To pattern the elec

trodes, S1813 is used due to its ease of use and sharp features. SU-8 resists are used 

to form the channel due to their ability to pattern structures tens of microns tall and 

due to its mechanical strength once fully cured. While the two methods differ, many 
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of the steps are similar, including spinning, baking, aligning, and developing. Each 

step is discussed below and is based upon the datasheets provided by Microchem for 

S1813 and SU-8 2015 [51, 52]. 

A.1.2.1 Cleaning the substrate 

In order for a layer of either titanium or photoresist to adhere to the sapphire sub

strate, the substrate must be cleaned of any particulate or organic matter. A 10:1 

(v/v) H2S04:H202 (otherwise known as piranha etch) cleaning for five minutes at 

100°C eats away most organic residue and several inorganic compounds [53]. One 

should be wary when using a piranha etch as it is very reactive and exothermic. One 

should use appropriate masks, gowns, glassware, and gloves when working with pi

ranha. Further, it should be disposed of in an appropriate waste container. After 

this strong clean, heating the substrate in acetone for 5 minutes at 100°C removes 

any remaining organic residue on the substrate. Spraying the substrate for thirty sec

onds with IPA removes acetone residue; spraying for thirty seconds, thereafter, with 

methanol removes the IPA residue. Finally, blowing the methanol off the substrate 

with nitrogen gas, placing the gas stream parallel to the substrate, leaves the sub

strate sufficiently dry and clean for further use. Baking the substrate at 100°C for 30 

min after cleaning may also be necessary to remove water adhered to the substrate 

surface. 
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A.1.2.2 E v a p o r a t i n g 

To evaporate metal onto the wafer to form electrodes, a Sharon electron-beam evap

orator was used. The Sharon electron-beam evaporator consists of three main units: 

the vacuum chamber, the high voltage supply, and the control unit. The vacuum 

chamber is where the substrate and gold source are placed and where the evaporation 

takes place. The high voltage supply provides several kilovolts in order to accelerate 

electrons from the electron gun*. The electrons strike the source material, giving 

their energy to a metal atom, which then evaporates. The evaporated atom then 

condenses on the sapphire substrate, forming the thin film. Finally, the control unit 

contains the software for setting the evaporation program, the source being used, and 

the shutters. 

As the metal evaporates, it not only coats the sapphire substrate, but also the 

inside of the vacuum chamber. Therefore, much of the source material is wasted. For 

example, assume one evaporates 500 A of gold (molecular weight 19.3 g/cm3) onto a 

substrate. Then, since the area of the evaporation chamber that is evaporator upon 

is about 1 square meter, each run uses 500 A * 1 m2 * 19.3 g/cm3 = 0.965 g of material. 

As a 25 gram source is typically used, 10-20 runs can be done conservatively. 

During a general run on the evaporator, 100 A of titanium was put down at 1 A/s 

followed by 1000 A of gold at 2.0 A/s. 100 A of titanium provides a very strong 

adhesion layer for the gold. A thinner layer often leads to gold flaking or scratching 

*Care should be taken to not touch the high voltage leads. 
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off at unwanted times. Putting on 100 A ensures that the deposition rate steadies at 

1 A/s, ensuring a more uniform-and lower resistance-layer. The thick gold, as noted 

above, provides a low resistance layer. 

There are a variety of issues one should be aware of when using the evaporator. 

First, the evaporator costs $10 per use during main hours plus cost of materials. Also 

concerning costs, as many pieces as possible should be put in the vacuum chamber 

during one run. Thus, less material is wasted. Always ensure that the substrate 

shutter does not hit the substrate or substrate support plate. If hit, the substrate 

may fall during the middle of the run. In addition to causing possible damage to 

the evaporator, a fallen substrate needs to be removed and possibly put back into 

place, necessitating waiting for several more hours while the vacuum chamber pumps 

down. Finally, the clips holding the substrate onto the substrate support plate create 

shadows on the substrate, or areas where the evaporated metals do not fall. Any 

designs should allow for shadows. 

A.1.2.3 Spinning 

In order for a mask to form a pattern in photoresist with uniform exposure, the pho

toresist must be uniform in thickness. Uncured photoresist is a solution of monomers 

and solvent resulting in a certain viscosity. If spun at a certain velocity for a certain 

amount of time, the resist spreads uniformly reproducibly. A spinner accomplishes 

this by spinning the substrate with photoresist atop at predetermined high speeds for 
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SU-8 2015 To form a 40-micron-thick film, first three milliliters of SU-8 2015 are 

poured onto a substrate centered in the spinner. As SU-8 2015 is much more viscous 

than S1813, one should ensure that the entire substrate is covered before spinning. 

Despite this precaution, SU-8 2015 still requires a spreading cycle of 500 rpm for 5 

seconds with a 100 rpm/s ramp. The spinning cycle is 1600 rpm for thirty seconds 

with a 300 rpm/s ramp, and if the substrate is not completely covered, one may clean 

the substrate with acetone, IPA, and methanol and spin again. 

S1813 For a 1.3-micron-thick film of S1813, a very similar procedure as for SU-8 

2015 may be followed. However, as S1813 is not as viscous, a spreading cycle is not 

necessary as long as the entire substrate is covered before spinning. A spinning cycle 

of 2000 rpm for 30 seconds with a 500 rpm/s ramp will form the necessary film. If 

the film is not completely covered, one may clean the substrate and spin again. 

While seemingly simple, spinning does require some care. First, photoresist may 

accumulate on the substrate edge-particularly for non-circular substrates-as the extra 

resist is not flung off the substrate but sticks. A bead may be up to a few hundred 

microns thick, leading to a gap between the resist and the mask during aligning and 

exposing. Extra space between the resist and mask can lead to improper exposure 

of resist at pattern boundaries, causing structures to not form properly. The bead 

edge may be removed using either bead edge remover (Microchem) or by carefully 
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wiping the resist with a clean room cloth soaked with acetone. Another concern is if a 

substrate is not clean, the resist may not stick or be evenly spread. If this occurs, the 

substrate may simply be cleaned using a 20-minute acetone bath in an ultrasound, 

followed by residue removal with isopropyl alcohol and deionized water or methanol. 

Baking the substrate may be required to remove adherent water. Thereafter, the resist 

may be reapplied. Further, if S1813 does not adhere, and cleaning the substrate as 

already described is not sufficient, applying a coat of MCC Primer acts as an adhesion 

layer for S1813. Additionally, Omnicoat may likewise be used for SU-8. Omnicoat 

does provide a good adhesion layer, but can be difficult to remove. And as should be 

noted for every fabrication step, times and temperatures of any step vary depending 

on desired thickness. 

A. 1.2.4 Soft-baking 

After spinning the resist, it still is not photosensitive. To make the resist photosen

sitive, the solvent within the resist must be removed. To remove the solvent, the 

substrate must be heated, evaporating the solvent. This procedure is called soft-

baking. 

SU-8 2015 To softbake SU-8 2015, heat the substrate to 65°C for two minutes. 

Then heat to 95°C for five min and allow it to cool to room temperature. Gradually 

raising and lowering the temperature reduces forming stress on resist due to heat 

shock. 
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S1813 Soft-baking S1813 consists of heating the substrate to 115°C for one minute. 

When heating, resist can withdraw from the edges of the substrate as the solvent 

evaporates away. If it does so, then either clean the resist off the substrate, spin 

again, and softbake again, or use the pattern as it is and accept some portions of the 

pattern will not be present. Also, the Georgia Tech clean room manual [54] states: 

Oversoft-baking will degrade the photosensitivity of resists by either re

ducing the developer solubility or actually destroying a portion of the sen

sitizer. Undersoft-baking will prevent light from reaching the sensitizer. 

Positive resists are incompletely exposed if considerable solvent remains 

in the coating. This undersoft-baked positive resist is then readily at

tacked by the developer in both exposed and unexposed areas, causing 

less etching resistance. 

A.1.2.5 Exposing 

Once the photoresist has become photosensitive, one can expose it to ultra-violet 

light (365 nm for the Suss aligner in the Rice Clean Room) to destroy bonds in the 

resist polymer (leading to eventual crosslinking). These exposed areas are thus the 

transferred pattern from the mask to the photoresist. The Suss aligner comes with a 

manual, so only tips and concerns shall be covered here. 

Alignment marks In order to ensure a pattern is aligned correctly over the sub

strate, make sure the pattern has several widely-spaced alignment marks. Then use 
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both of the attached objectives on the microscope on the Suss aligner to see both 

alignment marks simultaneously. By adjusting the x-y position and rotation angle of 

the piece to align the marks, the substrate across the entire pattern will be aligned. 

W E C The Weight Error Correction (WEC) setting adjusts for the varying weights 

of substrates used in the aligner. If adjusting the WEC setting is skipped, the sub

strate will be too far from the mask and finer features will not come out. Further, 

larger features may be of different dimensions than designed. If the WEC setting 

was not skipped, but fine features still do not come out, then do not turn the WEC 

knob the full two rotations counterclockwise as directed when bringing it flush to the 

substrate. The aligner may give an error, but finer features may come out. 

Exposure t ime Different resists and different resist thicknesses require diverse 

amounts of UV exposure in order to break all necessary bonds within the resist. 

Given the reflectivity coefficient aTefi of the surface of a substrate, the power flux 

P/A emitted by the UV source, and the exposure dose E/A needed, the exposure 

time r can be estimated by 

- — f£ (A.1) 
For example, the reflectivity coefficient for gold is two. The exposure dose for 

SU-8 2015 at 40 microns is about 250mJ/cm2 , and the power flux is usually around 

20mW/cm2 . These values yield a r of about 6.25 seconds. The exposure time may 
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need to be adjusted if features are over- or undercut but generally does not need to 

be. 

Over- and underexposure When the exposure time is too short or too long, the 

sides of the pattern wall will not be normal to the substrate surface; they will be 

slanted. If the pattern is wider at the bottom than at the top, it is undercut. If it 

is thinner, it is overcut. Being over- or undercut can lead to structures with widths 

that differ than expected. Additionally, depending upon resist, improper exposure 

can cause cracking or keep resist from fully developing. 

Alignment If the substrate is too close to the mask, it may stick. While stuck, the 

substrate will not move in a smooth manner but will rather move jaggedly, making 

aligning difficult. 

Unevenness If the substrate is not parallel to the mask, then the resist will not 

be uniformly exposed. The resulting pattern will not properly develop. Unevenness 

of the substrate will result from tape, resist, or other material on the mask or from 

uneven coverage of the O-ring underneath the substrate. 

A.1.2.6 Post-exposure bake 

Some resists, such as SU-8 2015, require a bake after exposure in order to drive 

an acid-catalyzed reaction to alter the solubility of the polymer in developer. The 

post-exposure bake (PEB) also causes some slight diffusion of the resist to lower 
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interference effects. 

A PEB is not needed for S1813. However, for a 25-micron-thick film of SU-8 2015, 

a bake at 65° C for two minutes followed by a one minute bake at 95° C activates the 

acid-catalyzed reaction enough for proper development. 

Underbaking may lead to the resist not solubilizing enough for proper developing 

while overbaking may lead to it becoming too soluble. 

A. 1.2.7 Developing 

After crosslinking, developing solubilizes non-crosslinked resist. Thus, for S1813, 

exposed resist dissolves, leaving a positive pattern. And for SU-8 2015, unexposed 

resist dissolves, leaving a negative pattern. 

S1813 The substrate should be swirled for thirty seconds in MF-319 (Microchem). 

The substrate should then be washed for one minute in DI water. 

SU-8 2015 Developing away SU-8 2015 is more involved than with S1813. The 

substrate should be put in SU-8 Developer (Microchem) in an ultrasound sonicator 

(U/S) for three minutes. Immediately thereafter it should be put into fresh SU-8 

Developer, again for three minutes in the U/S. Afterwards the Developer should be 

cleaned off with a rinse with IPA and then methanol or deionized water. 

If resist had been improperly exposed, then the developer will eat away an im

proper amount of resist. This likewise occurs when under- or overdeveloping. One 
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should also be aware that while the development rate for cross-linked resist is low 

compared to that for non-cross-lined resist, it is nonetheless non-zero. 

A. l .2 .8 Lift-off 

After electroplating or evaporation, the resist should be removed, leaving just the 

wafer, metal, and/or microfluidic. To remove the resist, it must be solubilized, known 

as lifting off. 

S1813 S1813 is simple to remove. Setting the substrate for five minutes in acetone 

removes the resist. If the resist is still not removed, put the substrate in a sonicator 

with acetone for a further five minutes. To remove the acetone, clean the substrate 

with IPA, DI water, and N2. 

SU-8 2015 No lift-off procedure is needed for SU-8 2015 to make the microelectro-

porator discussed in this work. However, in general, SU-8 2015 may be lifted-off if 

there is a coating of Omnicoat between it and the substrate. A substrate with SU-8 

2015 and Omnicoat may be removed by placing it in Remover PG (Microchem) at 

80°C for five minutes. The Remover PG eats away the Omnicoat, leaving beads of 

SU-8 2015. Cleaning with IPA, DI water, and N2 finishes the stripping procedure. 

Due to harshness on the remaining pattern, sonicating should not be used while 

removing resist except as a last resort. Sonicating too long may remove metal in 

addition to resist. 
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A.1.2.9 Finger-bonding 

After an SU-8 2015 microfluidic channel has been formed on the 4 in substrate, the 

3 in substrate is used to cap the channel. First, 10 ^m of SU-8 10 should be spun onto 

the 3 in substrate and soft-baked for one minute at 55° C. This ensures the resist is firm 

but still adhesive. Then, the SU-8 10 that would cover the channel should be removed 

with a razor, with the residue being wiped away with acetone three times. The SU-8 

10 must be removed here to ensure that the potential difference across the channel 

falls completely across the solution as opposed to photoresist. Next the 3 in substrate 

should be placed on the hot plate with the temperature set to 65°C. Immediately 

thereafter, align the 4 in substrate to the 3 in substrate and press down gently. Using 

the Newton's rings as a guide, gently but firmly press around the channel until the 

channel is sealed. Continue baking the microelectroporator for a further five minutes 

to solidify the resists and their bond. 

A.2 Microfabricated microelectroporator 

Figure 1.1 depicts a schematic of the electroporator and the final device. The pattern 

consisted of electrodes that ran perpendicular to the flow of the channel while within 

1 mm of the channel, but fanned out radially otherwise. They were also 500 fim wide 

unless otherwise noted. Conductive epoxy connected the electrodes on the top wafer 

to contacts on the bottom wafer. Further, a monitor electrically connected to each 

electrode (close to the flow channel) allowed for a measurement of applied voltage that 
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was independent of voltage drops in the leads and electrodes. SU-8 2015 formed the 

boundary of a 40-/xm-thick, ~8-mm-wide channel which was patterned on the bottom 

wafer. The top wafer was coated with 10 jim of SU-8 10 and had the resist around 

the channel removed. The two wafers were then finger-bonded together with care 

taken to align the upper and lower electrodes. After bonding, polydimethylsiloxane 

(PDMS) ports were added to two diametrically opposed holes in the top wafer that 

allowed access to the channel. The PEG solution was then allowed to coat the channel 

overnight. 

A.3 Electrical supply for device 

To power the microelectroporator, an NI-6713 (National Instruments) was controlled 

with Labview. A flow diagram showing the progression of the program can be seen 

in Figure A.l. Essentially, the program generates a waveform based upon user input 

and passes it to the board. The board outputs the waveform each time it is triggered 

(automatically done at a user-defined frequency until told to quit). When told to stop 

triggering, the program clears all buffers and stops all associated hardware. Using 

the NI-6713 and associated Labview program, a wide variety of waveform properties 

are addressable by the user. This includes: 

1. waveform amplitude (< ±10V), 

2. waveform shape (square, exponential, sinusoidal, constant), 

3. waveform frequency ( < 100 kHz), 



68 

Initialize 
Hardware >H 

M Set-up Trigger 

Generate 
Waveform Load Waveform 

Waveform 
Criteria 7 

Figure A.l : The flow diagram of the Labview program controlling the NI-6713 output. 

4. time delay between pulses (> 0.1 ms), and 

5. total number of pulses (< 212). 



Appendix B 

Modeling Electroporation 

B.l The model 

To model the evolution of the electric field during a pulse in the microfluidic, we used 

the diffusion equation in 1-D with electric-field driven flow. Modeling in 1-D is valid 

as the channel width and electrode length are at least one order of magnitude larger 

than either a cell's radius or the channel's height. 

In a diffusive system with field driven flow, the diffusion equation takes on the 

form: 

dc± (x, t) , ^d2c±(x,t) , d ( dcf>(x,t) 
KB-L 7T-z ± e— c± (B.l) 

dx2 dx \ dx 

where c± is the concentration of positively or negatively charged particles, and <f> is 

the electric potential [55]. The first term on the right hand side is due to diffusion, 

while the second term results from an applied potential gradient. 

In addition to the time evolution of the charged species concentration, the response 

of the electric potential to the charges motion, namely the Poisson equation, must be 

taken into account: 

e ^ ^ - = e(c+(x,t)-c_(x,t)). (B.2) 
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Quantity 

Height of channel 

Spatial grid spacing 

Temporal grid spacing 

Applied voltage 

Dielectric constant 

Mobility of positively charged species 

Mobility of negatively charged species 

Initial concentration of charged species 

Value 

L — 50 jiva. 

Ax = 50 nm 

At = 1 ns 

AV = 5V 

e = 80e0 

^+ = 9.33x 10-9 m2/s/kBT 

/z_ = 5.27x 10- 9 m 2 / s 

V* c°x,+ = c ° , - = 10~7M = 6.022 x 1019/m3 

Table B.l : Constants used in simulation 

The analytical equations above were explicitly discretized by evaluating the time 

and spatial coordinates on a grid of values labelled by t and n, respectively, with grid 

spacing given in Table B.l, resulting in a set of equations that evolve the concentration 

from one time step to the next: 

C„ 4- — C„ _|_ S 1 + "n,± "n,± 
(i±At 

Ax2 -2kBT ± - (0*n+1 + ^ - 2 ^ ) 

+ 
[i±At 

Ax2 {^4 kBT±- t-l t) + d t 
n+l,± 

kRT± 

(B.3) 

,Jn+l t)]} 

and 

'n+1 + ^n-1 + 7 A X " (Cn,+ " < - ) (B.4) 
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To a first approximation, charge may not leave or enter the system. As such, the 

boundaries (at x = 0 and x = L) follow Neumann boundary conditions. To express 

these spatial boundary conditions, terms are removed from the evolution equations 

at the spatial boundaries that correspond to flow into or out of external grid points: 

-o,± 
fi±At 

= C0,± 1 1 + Ax2 - f c B r ± - ( # - $ ) 

+ 
A*±At 
Ax .2 °1>± kBT± 

and 

-L,± = C •L,± 1 + 
fJL±At 

Ax2 -kBT ± - ( 0 ^ 

/x±Af 

Ax2 ' -L-l,± kBT±-(cf>t
L_1-(j>

t
L) 

(B.5) 

(B.6) 

With these changes, positive and negative charge are conserved. 

All numerical methods have grid spacings for which they are stable given a suitably 

analytical system. In the case of a diffusive system, the stability criterion is 

2D±At 

(Ax)2 < 1, (B.7) 

where D±, the diffusion constant, is fi±ksT [56]. Given the value of D and Ax (see 

Table B.l), At must be no more than 13.4 //s. As At is many orders of magnitude 

less than 13.4 //s, the system is stable. 
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Figure B.l : Potential on the plates. At 0/um, the potential is always kept at 0V. 

The potential at 50 ^m, however, is increased from 0 V to 5 V. 

B.2 Temporal evolution 

B.2.1 Initial application of potential difference 

B.2.1.1 Overview 

The system begins with an electrically neutral uniform distribution of charge (taken 

to be 10~7 M for both the positive and negative species as we assume a pH of 7, there 

are no other species present in the system, and that the dissociation of water does 

not take place). The voltage is also set to zero for all x. 

At t = 0/iS, the voltage at x = 50/im is stepped to 5 V over the course of 

1/xs (10000 At, the rise time of the NI-6713), as seen in Fig. B.l. The system 

is then allowed to propagate without modification of the boundary conditions until 
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(a) Potential (b) Electric field 

Figure B.2 : Potential and E-field as the voltage goes from 0 V to 5 V at 50 pm. (B.2a) 

The potential within the channel increases linearly immediately after the voltage on 

the plate at 50 //m is raised to 5 V. Screening begins to take place, but does not reach 

equilibrium before the end of the pulse. (B.2b) The electric field is uniform before 

any charge movement. As charge moves, the field near the electrodes builds, while 

that between the electrodes decreases. 

t = 500 /j,s. 

B.2.1.2 Results and discussion 

Potential Once 5 V is applied, the potential increases linearly, as expected for a 

parallel plate capacitor, as can be seen at 5 fis (see Figure B.2a). The voltage begins 

to screen as charges move, with the potential near the 5 V plate decreasing and that 

near the 0 V plate increasing, which corresponds to the movement of the positive 

and negative charges, respectively. Note that the asymmetry is due to the mobility 
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differences of the charge species. As can be seen for the 500 [is curve, the greatest 

change occurs around 35 //m. In the steady state, the potential drops within a micron 

(the Debye length, which is 1 /im for pure water) of the plates, and is equipotential 

between these screening layers. The potential, however, only falls by no more than 

33% after 500 //s. The system, as such, has not yet reached equilibrium. 

Electric field When 5 V is applied to the 50 fim plate, before 5 /is, a field of 1 

kV/cm is established, which is intuitively expected assuming a simple parallel plate 

capacitor (see Figure B.2b). The field distribution begins to grow near the plates as 

the charge builds up near the plates, as seen at 250 and 500 /is, but like the potential, 

is asymmetric. The electric field in the central region, however, must necessarily be 

lower as / 0 ^ E • d I = 5 V. Therefore, if the field has a larger magnitude in one 

region, it must be compensated for in another region. 

Positive charge The positive concentration is initially uniform at 6 x 1019/m3 

(Figure B.3a) but is repulsed from the 5 V plate and attracted to the 0 V plate as 

seen at 5 //s. There is a high energy cost for the positive charge to be near the 5 V 

plate, so the charge is repelled. Likewise, there is low energy cost for the charge to be 

near the 0 V plate. The region of depletion around the 5 V plate continues to expand 

as time progresses, as seen with the larger region at 250 //s and yet larger region at 500 

lis. The charge takes time to respond to the new boundary conditions as the charges 

have a finite mobility. Even with the non-instantaneous electrophoretic response, the 
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Figure B.3 : Concentration as the voltage goes from 0 V to 5 V at 50 /im. (B.3a) 

Positive charges are expelled from the positively charged plate and attracted to the 

plate at 0 V, leaving regions of depleted charge since adjacent charges cannot flow 

quickly enough to maintain monotonicity. (B.3b) Negative charges mirror positive 

charges, but due to a different mobility, flow at a different time scale. 
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electric energy prevails as it is much larger (e (5 V) = 8.01xl0 -19 J) than the thermal 

energy (&B (300 K) = 4.11a;10~21 J) within the channel, save for a small section near 

the 0 V plate. The concentration of positive charge directly next to the plate at x = 

0 /im continues to grow as time passes (not shown). The concentration near the 0 V 

plate at x = 0 /im, but not directly next to it, is depleted. The positive charge near 

the 0 V plate is greatly attracted to it, and so flows towards it. However, the charge 

next to that takes time to replenish the lost charge as the mobility is finite. The 

fluctuations at 250 and 500 //s are due to a grid spacing issue when the concentration 

is high. 

Negative charge The negative charges behave oppositely as the positive charges, 

which is to be expected as the electric force on the negative charges would be opposite 

in direction (see Figure B.3b). The depletion region of the negative charge is smaller 

than that of the positive charge. This is due to the lower mobility of the negative 

species, and as such, it flows less quickly. 

B.2.2 Applied voltage negated 

B.2.2.1 Overview 

At a system time of t = 500 fis, the sign of the voltage is negated over the course 

of 1/zs, so that AV = — 5 V at x = 50 //m, as seen in Fig. B.l. The system is 

then allowed to propagate without modification of the boundary conditions until 

t= 1000/zs. 
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B.2.2.2 Results and discussion 

Potential The voltage at 0 LIS after the potential has been negated is essentially a 

straight line with a slope of 1 kV/cm with perturbation. As can be seen at 5 LIS, the 

slope has been changed to -1 kV/cm, but the same perturbations are still present (see 

Figure B.4a). By 250 /us, the perturbations have reversed from those seen directly 

after the potential negation, which is to be expected given the electrophoretic flow of 

charge. 

Electric field At 5 LIS, one can see a translation of -2 kV/cm in the electric field 

compared to 0 LIS. The voltage flip essentially superimposed the previous electric 

field with the field difference between that before the flip with that after the flip (see 

Figure B.4b). Between about 5 LLVO. and 35 LOR, the field immediately after the flip (5 

LIS) has a magnitude larger than 1 kV/cm. The maximum magnitude is -1365 V/cm. 

At 250 lis, the field is near AV/d in the central region again, while screening has 

begun to take place at the -5 V plate. At 500 //s, screening has also begun to take 

place at the 0 V plate. 

Positive charges Positive charge flows away from the 0 V plate and towards the 

-5 V plate, as can be readily seen when comparing the 250 /is to 0 LIS curves. The 

flow is due to the high-magnitude electric field pointing in the +x-direction (see 

Figure B.4c). The positive charge concentration accumulates significantly by the -5 

V plate, establishing the screening discussed above. The large fluctuations at low 
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Figure B.4 : E-field and concentration as the voltage sign is negated. Over the course 

of 1 /is, the voltage at 50 /iin is brought to -5 V. (B.4a) The potential shifts from 

following a 1 kV/cm line to a -1 kV/cm line. (B.4b) The electric field changes by 2 

kV/cm, bringing the field magnitude in the central region up to 1365 V/crn. (B.4c) 

The positive charges previously concentrated at the 0 /im plate flow to the 50 zim 

plate. (B.4d) Negative charge flow mirrors positive charge flow once taking different 

mobilities into account. 
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times at the 0 V plate are due to the large grid size. Ax = 500 nm is too large to 

handle the high magnitudes of concentration at the 0 V plate. Setting Ax = 50 nm 

eliminated this issue before (when using a different potential smoothing algorithm), 

but is computationally intensive (at least 10 days computation time). As such, the 

results with the large grid spacing are presented. As the concentration is conserved, 

and the fluctuations are only at the first few points, the physics should be not affected 

to an appreciable extent in the rest of the region. At 500 /xs, the beginnings of 

fluctuations at the -5 V edge can be seen. Again, this should not affect the essential 

physics. 

Negative charges The negative charges mirror the positive charge (see Figure B.4d) 

At 250 yus, there is still a low charge population at the 0 V plate. With the lower 

mobility of the negatively charged species, more time is needed for it to migrate. 

Fluctuations are much less for the negative species than for the positive. As the mo

bility is less, fewer charges have accumulated directly next to the plate. As such, the 

large grid spacing is more appropriate. 

B.2.3 Discharging of plates 

B.2.3.1 Overview 

At a system time of t = 1000 /xs, the voltage on both plates is set to 0 V at x = 50 /im, 

as seen in Figure B.l. The system is then allowed to propagate without modification 

of the boundary conditions until t = 1500 /zs, at which time the simulation stops. 
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B.2.3.2 Results and discussion 

Potential The potential drops significantly as the potential at the 50 fim plate 

goes to 0 V. The residual potential is the perturbation due to the non-uniform charge 

distribution (see Figure B.5a). The potential has dropped to at most a few hundred 

millivolts by 250 //s after AV has been set to 0 and even further by 500 //s. 

Electric field The field is no longer centered around -1 kV/cm (0 fis), but rather 

0 kV/cm (5 ^s) as there is no longer an externally applied field (see Figure B.5b). 

The field throughout the region is at least a factor of two lower by 250 /is compared 

to that at 5 /JS and continues to heads towards 0 V/cm at 500 /is. The field dies off 

to under 100 V/cm except near the plate at 50 //m. The field remnant at this plate 

is due to the much larger accumulation of positive charge. 

Positive charge The charge gradually equilibrates near the 0 //m plate, as com

parison of the charge at 500 /is to that at 0 fis shows (see Figure B.5c). The charge 

near the 50 //m plate goes down, with charge flowing very slowly. Even simulating 

5 ms past the turn-off (data not shown) shows little charge movement. With the 

diffusion constants given, it would take 268 ms for a charge to flow from one edge 

of the channel to the other. As such, full equilibrium is expected on the same time 

scale. Even with such a slow diffusion time, a very low electric field is obtained within 

hundreds of microseconds. 



81 

ov 
2 

1 

> ° 
1-1 c 

° -> 

- 3 

- 4 

± 5 V 

Ops 

- - 5 ps 

250 |J5 

500 ps 

OV 

500 

-500 

-1000 

-1500 

-2000 

/ " " " • - - - -

A ^ ^ — 

-

±5 V 

\ % v 

\ ' 

\ 

Ops 

- - 5 ps 

250 |J5 

500 ps 

10 20 30 40 
Position within channel (pm) 

(a) Potential 

0 10 20 30 40 
Position within channel (jjm) 

(b) Electric field 

10 20 30 40 50 
Position within channel (pm) 

10 20 30 40 
Position within channel (u.m) 

( c ) C 4 ( d ) C . 

Figure B.5 : E-fleld and concentration flows for the turn-off. All plates are set to 

0 V. (B.5a) The potential is centered around 0 V. (B.5b) The electric field drops 

to less than 500 V/cm within a few hundred microseconds. (B.5c) Positive charge 

equilibrates, slowly. (B.5d) Negative charge equilibrates, but slower than the positive 

charge. 
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Negative charge The flow is much slower than the positive charges, but diffusion 

can still be seen when comparing the long times to 0 //s (see Figure B.5d). 


