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Characterization of Cell Membrane
Permeability In Vitro Part I: Transport
Behavior Induced by Single-Pulse
Electric Fields*
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Abstract
Most experimental studies of electroporation focus on permeabilization of the outer cell membrane. Some experiments address
delivery of ions and molecules into cells that should survive; others focus on efficient killing of the cells with minimal temperature
rise. A basic method for quantifying electroporation effectiveness is measuring the membrane’s diffusive permeability. More
specifically, comparisons of membrane permeability between electroporation protocols often rely on relative fluorescence
measurements, which are not able to be directly connected to theoretical calculations and complicate comparisons between
studies. Here we present part I of a 2-part study: a research method for quantitatively determining the membrane diffusive
permeability for individual cells using fluorescence microscopy. We determine diffusive permeabilities of cell membranes to
propidium for electric field pulses with durations of 1 to 1000 ms and strengths of 170 to 400 kV/m and show that diffusive
permeabilities can reach 1.3+0.4�10�8 m/s. This leads to a correlation between increased membrane permeability and eventual
propidium uptake. We also identify a subpopulation of cells that exhibit a delayed and significant propidium uptake for relatively
small single pulses. Our results provide evidence that cells, especially those that uptake propidium more slowly, can achieve large
permeabilities with a single electrical pulse that may be quantitatively measured using standard fluorescence microscopy equip-
ment and techniques.
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Introduction

Pulsed electric fields (PEFs) are effective in overcoming the

transport barrier of the cell membrane by increasing its perme-

ability. When a cell is exposed to a sufficiently strong PEF,

nanoscale defects form in its membrane which allow low-

molecular-weight solutes to more readily flow into and out of

the cell.1,2 Termed electroporation (EP), this process has been

shown to affect cellular viability at even larger electric field

strengths. A specific motivation for the basic studies reported
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here is irreversible EP, a nonthermal ablation technique that

destabilizes a tissue’s constituent cells to directly induce cell

death.3-5 To this end, nuclear condensation, DNA fragmenta-

tion, and altered metabolism are evident in cells following EP

treatment,6,7 and increased transmembrane ionic currents have

also been observed electrically in electroporated cells.8 How-

ever, there is currently not a robust experimental method to

directly assess cellular permeability following EP treatments

beyond relative comparisons. The absence of such a metric has

impeded the direct validation of computational models with

experimental cellular permeability data.

Following PEF application, a cell membrane can gradually

reseal.9 The greater the duration of the permeability increase,

the less viable the local cell population will become.1,10 This

loss of viability is attributed to the formation of pores

within the cell membrane driven by a large transmembrane

potential.11,12 Pores decrease the membrane’s ability to inhibit

the flow of solutes into and out of the cell.13,14 The degree to

which molecules flow through a membrane following PEF

application is often due to the membrane’s enhanced diffusive

permeability. This quantity is widely used to study membrane

dynamics following PEF application.15-18 Small-molecule tra-

cers, including propidium (Pro), have been developed to emit a

strong fluorescence signal when metabolized or bound to intra-

cellular structures but are blocked by an intact membrane.

Through calibration, such molecules are used to measure mole-

cular flow into cells following PEF application.19-22 Measuring

the diffusive permeability of a cell has also been proposed as a

quantitative method of comparison between different PEF

applications.23 However, such measurements have not been

reported beyond recent estimates involving PEFs with thou-

sands of pulses.

In part I of our 2-part report, we quantify the increase in the

diffusive permeability of cell membranes following single-

pulse PEF application. In part II, we develop a computational

model of cellular EP using the data provided herein in part I.

Here, we show that the permeability of a cell membrane in the

minutes following the application of an electrical pulse is a

good indicator of the ultimate molecular uptake and that the

cell remains permeable to Pro ions for tens of minutes follow-

ing PEF application. This is, to our knowledge, the first report

to provide a method to quantitatively measure membrane per-

meability to small molecules using standardized fluorescence

microscopy techniques and equipment. We report the first of

such measurements from individual cells following the appli-

cation of a single electrical pulse within a microfluidic cham-

ber. Our chamber was designed to allow the observation of

cells exposed to different electric field strengths simultane-

ously. We also identify a subpopulation of cells that exhibit a

prolonged uptake of Pro at lower strengths and shorter pulse

durations than is generally required to elicit a larger, more rapid

uptake response. Our results further indicate that it may be

possible to effectively apply EP treatments with a single elec-

trical pulse, resulting in less thermal damage than would be

generated by longer pulse trains.

Materials and Methods

Microfluidic Chamber Design and Preparation

A microfluidic chamber was designed to allow cells within it to

be exposed to varying electric field strengths and imaged

simultaneously (Figure 1A and B). The geometry of the cham-

ber was designed to an electric field with a magnitude that

varies linearly along the length of the chamber (Figure 1C-F)

by tapering the chamber along its length according to the equa-

tion yðxÞ ¼ a=ðxþ bÞ, with appropriate boundary conditions

(yð0Þ ¼ 0:63 mm and yð10 mmÞ ¼ 0:13 mm; a ¼ 1:6 and

b ¼ 2:5).24 The height of the chamber was 0.1 mm. To solve

for the electric potential field within the chamber, Poisson

equation (�r � ðsruÞ ¼ 0, where u is the scalar electric

potential field and s is the buffer conductivity) was formulated

as a boundary value problem with homogenous conductivity in

the 3-dimensional, source-free chamber interior. A first-order

tetrahedral mesh was generated using GMSH (version 2.9.3)25

for analysis within the FEniCS finite element environment

(version 2016.2.0).26 Dirichlet boundary conditions were pre-

scribed for the cylindrical regions at either end of the chamber

that represent the electrode surfaces inserted into the chamber

and set to the steady state voltage obtained from the 10-, 100-,

and 1000-microsecond pulses (Supplemental Figure 1). No-

flux Neumann boundary conditions were prescribed to all other

chamber boundaries. The numerical error was calculated under

the L2 norm and the mesh of the chamber iteratively refined

until the relative error between 2 consecutive solution refine-

mentswere <5%. The electric field values reported were calcu-

lated from the voltage measured at the electrode after the

ringing on the rising edge had stabilized (ie, 170, 250, 320, and

400 kV/m; Figure 2). The same naming convention was fol-

lowed for the 1-microsecond pulse for consistency, recognizing

that ringing dominates its waveform and is not accurately

described by a single value. Using a scheme similar to the

applied electric field, the heat equation was solved within the

chamber using the electric field strength using FEniCS. The

temperature distribution T was determined by solving

qtT � ar2T ¼ sru � ru, where s is the conductivity of the

extracellular buffer and a ¼ 0:14� 10�6 m2/s is the thermal

diffusivity. Initially, the chamber temperature was uniformly

set to 22�C. A backward finite difference scheme was imple-

mented for temporal discretization, and the chamber domain

was spatially discretized using the same mesh used to solve for

the scalar electric potential field.

The physical chamber design was patterned on a silicon

wafer using deep reactive ion etching and then placed under

a vacuum for 1 hour. Polydimethylsiloxane (PDMS; Sylgard

184, Dow Corning, Midland, Michigan) was mixed in a ratio of

10:1 monomer to cross-linker, degassed under a vacuum,

poured over the silanized negative master mold, and heated

at 65�C. After 15 minutes, the temperature was increased to

100�C for at least an hour before the mold was allowed to cool

to room temperature. Once cool, the cured PDMS block con-

taining the master negative was removed from the mold. Holes
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were punched in both ends of the chamber (Figure 1A) using a

24 AWG biopsy punch (Integra LifeSciences, Plainsboro, New

Jersey) to allow access to the chip interior once assembled. The

surface of the cured PDMS containing the negative features of

the silicon master was then plasma bonded to a 1-mm thick

glass slide that served as the base of the chamber to complete

the fabrication process to enable imaging of the chamber con-

tents (Figure 1B). For confocal imaging, a 0.1-mm thick glass

slide was used. CHO-K1 cells (ATCC, Manassas, Virginia)

were cultured in Ham F12-K medium (Gibco, Grand Island,

New York) supplemented with 10% fetal bovine serum

(FBS; Atlanta Biologicals, Flowery Branch, Georgia) and

A B

C

D

E F

Figure 1. Microfluidic chamber for exposing cells to electric fields, E. A, The microdevice was comprised of a PDMS mold plasma bonded to a

glass slide. B, The microfluidic chamber was placed on a microscope stage with needle electrodes inserted into the inlets on both sides of the

chamber. C, The geometry of the microfluidic chamber is shown as well as the insertion locations for the stainless-steel electrodes (0.18 mm

OD) marked in red and blue. The depth of the chamber is 0.1 mm. D, The electric field strength increases linearly along the axial direction

(x-axis) of the tapered microfluidic chamber. Stainless steel electrodes are present at either end of the chamber to generate E during voltage

application. E, E is presented as a function of distance along the vertical axis of the chamber y at 2, 4, 6, and 8 mm along the horizontal (dotted

black lines in B). The dotted gray lines indicate the chamber boundaries. F, E is also presented as a function of the distance along the horizontal

axis of the chamber. The dotted gray lines indicate the positions within the chamber at which the cells were observed. PDMS indicates

polydimethylsiloxane.
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1% penicillin/streptomycin (penn/strep; Life Technologies,

ThermoFisher Scientific, Waltham, Massachusetts). At 70%
to 90% confluence, the cells were trypsinized; counted using

a ViCell cell counter (Beckman-Coulter, Indianapolis, Indi-

ana); resuspended in fresh medium containing 2 drops/mL of

NucBlue (Life Technologies), 10% FBS, and 1% penn/strep

with a concentration of cells 1� 106 cells/mL; and injected

into the microfluidic chamber using 24 AWG PTFE tubing

(Cole-Parmer, Vernon Hills, Illinois). At the time of injection,

the suspended cells had an average radius of 7.0 + 0.5 mm

(Supplemental Figure 2). The chamber was incubated over-

night (12-16 hours) at 37�C and 5% CO2 in a humidified

environment to allow the cells to become adherent to the base

of the chamber.

Fluorescence Microscopy

Widefield fluorescence imaging was performed on a DMI6000B

(Leica Microsystems, Bannockburn, Illinois) equipped with a

63�/0.7 HC PL Fluotar L objective and a 20�/0.4 HCX PL

FLUOTAR objective, L5 (Ex 480/40; Em 527/30) and Y3 (Ex

545/25; Em 605/70) filter cubes (all from Leica Microsystems),

and a CM-9100-02 EMCCD camera (Hamamatsu Photonics,

K.K. Shizuoka Pref, Japan). Confocal fluorescence imaging was

performed on an LSM 800 (Carl Zeiss Microscopy, LLC, Thorn-

wood, New York) using a 63�/1.4 Plan Apochromat M27 oil

immersion objective. 353 and 488 nm lasers were used for

excitation with detection wavelength bands of 400 nm to 490

nm for the NucBlue stain and 490 nm to 617 nm for the Cell-

Tracker stain, respectively. Z-stacks of confocal images of cells

adherent to the base of the chamber were obtained at a z reso-

lution of 0.37 mm, with each image measuring 100 mm� 100 mm

(1000 pixels � 1000 pixels).

Fluorescence Calibration

Microfluidic chambers seeded the night before in NucBlue-

containing medium as previously described were used to

characterize the relationship between Pro concentration and

fluorescence intensity. Chemical permeabilization experiments

were performed in microfluidic chambers using a solution of

0.1% (v/v) Triton-X100 (Sigma, St. Louis, Missouri) with Pro

(0, 1.5, 3, 7.5, 15, 30, 75, and 150 mmol/L; ThermoFisher

Scientific) in PBS introduced into the chamber using a 1-mL

syringe and 24 AWG PTFE tubing. Images were obtained using

the widefield fluorescence microscope described previously

5 minutes following permeabilization using a 20� objective

with exposures of 20 milliseconds, once the fluorescence inten-

sity in the chamber had stabilized (data not shown). Five

images were obtained at each Pro concentration and each expo-

sure using a 2� 2 binning scheme. Chemical permeabilization

treatments were performed 3 times for each treatment condition

and included more than 30 cells in each replicate for the

condition. These data indicated that an extracellular Pro

A B

C D

Figure 2. The E at each point in the chamber is estimated using voltage measurements at the 2 electrodes and the chamber geometry. Pulse

durations include waveforms of A, 1 ms, B, 10 ms, C, 100 ms, and D, 1000 ms applied to a chamber containing PBS. In each figure, E is presented

as a function of time t. Significant ringing exists on the rising and falling edges of each pulse and is consistently present between each pulse

waveform. E is estimated using voltage traces (Supplemental Figure 1) as the Dirichlet boundary conditions on the electrode surfaces and

solving for the static field inside the chamber. In these calculations, it is assumed that the medium in the chamber is purely ohmic. The labels

170, 250, 320, and 400 kV/m are derived from the E values at positions 2, 4, 6, and 8 mm along the long axis of the microfluidic chamber (Figure

1), simulated using an idealized square pulse in an ohmic environment. These values are indicated by the steady-state portions of the square

wave in this representation. For simplicity, each value of E is referenced using these labels. Oscillations are of similar magnitude and duration

for pulses applied to chambers containing each of the buffers. PBS indicates phosphate-buffered saline.
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concentration of 30 mmol/L at an exposure of 20 milliseconds

would allow free Pro ions to enter the cell, bind to double-

stranded nucleic acids, and remain below the saturation limit

of the imaging system (Supplemental Figure 3D). The fluores-

cence intensity–concentration calibration relationship was

determined to be I ¼ 700½Pro�, where I is the fluorescence

intensity and [Pro] is given in mmol/L, with a Pearson r value

of r ¼ 0:63 and corresponding p values of p ¼ 2:0� 107. This

calibration provides a correlation between the bound intracel-

lular concentration of Pro and the cytosolic concentration of

Pro at equilibrium.

Application of PEFs

Electric field pulses were applied to the cells in the microflui-

dic chamber through stainless steel electrodes (0.18 mm

diameter) inserted into the tubing at the inlet and outlet of the

chamber. Immediately prior to PEF application, cells were

immersed in 1 of 3 buffer solutions: phosphate-buffered saline

(PBS) containing 30 mmol/L Pro (ThermoFisher) with no cal-

cium and magnesium, phenol-free serum-free culture medium

(SFDF) 1:1 Dulbecco modified Eagle’s medium (DMEM)/F-

12 (Gibco) containing 1% penn/strep and 30 mmol/L Pro, or a

low-conductivity, calcium-free medium containing 10 mmol/L

HEPES (Sigma), 250 mmol/L sucrose (Fisher Scientific, Pitts-

burgh, Pennsylvania), 7.5 mmol/L NaCl (Fisher Scientific),

and 30 mmol/L Pro. The pH of each buffer was adjusted to

7.2 using HCl and NaOH. The electrical conductivities of the

buffers were 1.01, 0.93, and 0.08 S/m for the PBS, SFDF, and

HEPES, respectively, while their respective osmolarities were

278, 306, and 310 mOsmol/L. No significant cellular swelling

was immediately observed upon addition of any of the buffer

A D

B E

C F

Figure 3. The cell membrane permeability to Pro, Pm;Pro (log-scale), and the final Pro concentration 30 minutes following pulse application

[Pro]f (linear-scale) increase with increasing pulse duration and electric field strength in each buffer. The permeability immediately following

PEF application is calculated according to Equation 1 for 3 different medium compositions: (A) PBS, (B) SFDF, and (C) HEPES. The average

diffusive permeability of the cell membrane Pm;Pro is averaged over the first 3 minutes of observation and presented as a function of pulse

duration tp and amplitude. Error bars are shown in only the positive direction due to the logarithmic scale on the vertical axis and represent the

standard deviation. The total uptake of Pro 30 minutes following PEF application increases dramatically between pulse durations of 100 to 1000

ms and E � 320 kV/m for cells immersed in D, PBS, E, SFDF, and F, HEPES. The final concentration of intracellular Pro [Pro]f measured 30

minutes following PEF applications is presented as a function of pulse duration tp and amplitude. Error bars represent standard deviation.

Numerical values are given in Supplementary Tables 1 to 3. Pro indicates propidium; PEF, pulsed electric field; PBS, phosphate-buffered saline;

SFDF, serum-free DMEM/F12 medium.
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solutions in the absence of PEFs. An electrical amplifier based

on an H-bridge topology was used to deliver a 3 kV electrical

pulses across the length of the chamber. A function generator

(SDG 5082, Siglent, Solon, Ohio) was used to trigger the

amplifier, and the output voltage was monitored using a

high-voltage probe (BTX High-Voltage Probe, Harvard

Apparatus, Hollistion, Massachusetts) connected to an oscil-

loscope (DS1104, RIGOL Technologies Inc, Beaverton, Ore-

gon). The anode of the amplifier output was always positioned

at the wide inlet of the chamber. The PEFs were applied using

a single pulse with 4 durations. Electrical pulses were always

applied as a single 1-, 10-, 100-, or 1000-microsecond was

pulse (Supplemental Figure 1), as measured from the initiali-

zation of the rising edge of the pulse to the initialization of the

ringing on the falling edge of the pulse. Images following the

pulse application were obtained within 15 seconds of comple-

tion of the application and once every minute for the follow-

ing 30 minutes. Each electric field strength and pulse duration

was tested on subpopulations of cells (n ¼ 27-114 cells) in 3

individual chambers.

Worst-case analysis of the Joule heating concomitant with

pulse applications indicates that the Joule heating during a

1000-microsecond pulse in PBS and SFDF induced a >19�C
temperature increase above room temperature (22�C), neglect-

ing any thermal losses. For the experiments involving cells in

the HEPES buffer and the experiments involving cells in the

PBS and SFDF exposed to a 1-, 10-, and 100-microsecond

pulse, temperature increases of <5�C was observed, which is

well below the threshold of thermal damage for all other con-

ditions (Supplemental Figure 4).

The electric field strengths at each position in the chamber

were 170, 250, 320, and 400 kV/m as estimated from the cham-

ber position (Figure 1D-F). While the ringing shown in Figure

2 is shown for a chamber containing PBS, the ringing was of

amplitudes approximately +3 kV beyond the 3 kV set voltage

(Supplemental Figure 1) and durations on the order of a micro-

second for pulses applied to chambers containing each of the 3

buffers investigated. This ringing was unintended and thought

to be due to the high-voltage generator discharging through the

large resistance of the microdevice (>> 1 kO). It has been

previously shown that the length of time the transmembrane

potential exists beyond the strength–duration EP threshold gov-

erns permeabilization for cells exposed to PEFs, with a 10%
sinusoidal amplitude modulation having little impact on the

thresholds at which cells become permeabilized.17,27 The ring-

ing present on the rising and falling edges of each pulse in the

present case was present for �50% of the total pulse duration

for all but the 1-microsecond pulse, and therefore we anticipate

that this ringing will not dramatically impact these results.

These waveforms are functionally similar to a high-amplitude

pulse followed by a longer low-amplitude pulse, which has

been shown to enhance molecular delivery by first permeabi-

lizing the membrane then electrophoretically driving the

charged molecules into its interior.28 Therefore, we anticipate

any deviation of the data herein to overpredict the permeability

induced by a similar duration square pulse.

Image Processing

Image files were parsed using FIJI (version 2.0.0-rc-43/

1.51d).29 Batch image processing was performed on each stack

of images at each time point and each position with the cham-

ber using CellProfiler (v2.2.0).30 First, edge detection was per-

formed on the blue channel (NucBlue channel) of each image

set using a Sobel filter, and the nuclei in the resulting images

were identified and characterized, including its circularity and

area. The nuclear outlines generated from the blue channel

were mapped to the red channel (Pro channel), and the mean

intensity of the nuclei in the red channel was measured and

recorded at each point in time for each experimental condition.

Image stacks were reconstructed in 3-D Slicer (v4.6.2),31

imported into MeshLab (v2016.12),32 and cleaned to remove

isolated edges and vertices and close holes to make the mesh

watertight. All curve fitting was performed using the Scipy

module (v1.0.1) in Python 3.6.5. The surface area and volume

of each cell was then calculated from these reconstructions.

The mean and standard deviations of the cell surface area and

volume (n ¼ 56 cells) were plotted as histograms and against

each other (Supplemental Figure 3A and B). The Pearson’s r

for the best-fit regression line was r ¼ 0:71, corresponding to a

p value of p ¼ :049, indicating a good linear fit by the line

A ¼ k0V þ k1, where A and V are the cellular surface area and

volume, in mm2 and mm3, respectively, and k0 ¼ 1:2 mm�1 and

k1 ¼ �390 mm2 are the constants that describe the statistical

best-fit line (Supplemental Figure 3C).

Quantitative Calculation of Pro Uptake

Previously, the diffusive permeability of the cell (herein

referred to as permeability) has been shown to depend on the

duration and degree of permeabilization of the mem-

brane.10,17,27 To measure permeability, time lapse microscopy

was used to observe the fluorescence intensity of the nuclei of

CHO-K1 cells in a microfluidic chamber (Figure 1). To ensure

camera settings did not interfere with these correlations, cali-

brations were performed under imaging conditions under

which fluorescence intensity of fluorescence signals did not

saturate the camera sensor anywhere in the image.

The nucleus was selected for observation using Pro as its

fluorescence signal is brighter than the fluorescence signal

from Pro in the cytosol due to the abundance of nucleic acids

therein. In order to make our results quantitative, the average

cell volume and surface area were determined. We experimen-

tally established the relationship between the fluorescence of

bound Pro within a cell’s nucleus and the cytosolic Pro

(½Pro�cyt) by developing standard curves. To obtain these

curves, we chemically permeabilized cells in the presence of

increasing fixed extracellular concentrations of Pro. Extracel-

lular Pro concentrations were selected to be well below those

determined to saturate the binding sites in the nucleus (Supple-

mental Figure 3D). Therefore, our calibration provided an esti-

mate of intracellular Pro as a function of the fluorescence

intensity of the bound Pro in the nuclei of permeabilized cells,
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based on the expectation that their interiors are well mixed,33

and binding occurs rapidly.34

This assumption of a well-mixed intracellular space is sup-

ported by many previous reports, where the fluorescence of Pro

and similar molecules are used as surrogates to assess the dif-

fusive transport into the cells. It has been shown that Pro-

mediated intracellular fluorescence is able to reach its peak

intensity approximately 2 seconds following the delivery of

an electrical pulse 100-fold longer than the maximum used in

the present work.22 Furthermore, it was noted that Pro is able to

enter the cell, bind to nucleic acids in the cytosol, and become

fluorescent in 60 microseconds, indicating that the binding

process alone requires <60 microseconds to occur.35 Similarly

sized molecules have also been shown to readily and rapidly

diffuse throughout the cell and cross the nuclear membrane

after being microinjected into the cytoplasm.36,37 These

measurements indicate that Pro is able to enter the cell, bind

to nucleic acids, and become fluorescent within a time

period tens- to thousands-fold shorter than the timescale of the

60-second interval between consecutive images we employ

here. Furthermore, the fluorescence intensity of the Pro-

bound nucleic acids outside the nucleus contributes a negligi-

ble integrated fluorescence intensity compared to those within

due to the larger concentration of double-stranded nucleic

acids it contains.2,23,38 We assume that the cell interior is well

mixed and the bound Pro is close to equilibrium with cytosolic

Pro, and we therefore approximate the fluorescence intensity

of the nucleus as reflective of the unbound Pro within the cell.

For the present study, a negligible pressure gradient existed

across the cells in the microfluidic chamber.15,20,21 Electrophore-

tic forces were neglected, and the total flux of free Pro was con-

sidered purely diffusive JProðtÞ 	 DðV ½ProðtÞ�Þ=ðADtÞ,23,37,39

where [Pro] refers to the concentration of intracellular unbound

Pro. By determining the intracellular change in unbound Pro con-

centration over time ðD½Pro�=Dt) and treating the cell area and

volume as constants, the permeability of the cell membrane

Pm;ProðtÞ may be estimated as:

Pm;ProðtÞ ¼
V

ADt

� �
½Proðt þ DtÞ� � ½ProðtÞ�
½Pro�ext � ½ProðtÞ�

� �
; ð1Þ

where Pm;ProðtÞ is the membrane permeability, V and A are the

volume and surface area of an average cell, respectively, and

½Pro�ext ¼ 30 mmol/L is the external concentration of Pro.

D½Pro� ¼ ½Proðt þ DtÞ� � ½ProðtÞ� and Dt are the change in Pro

concentration and time, respectively, between 2 consecutive

images in a time series. The slope D½ProðtÞ�=Dt was calculated

numerically using a forward finite difference scheme between

an image and the one immediately after it. The fluorescence

intensity of the nuclei in each image was averaged, and

Pm;ProðtÞ was calculated using the image and the subsequent

image in the series. A linear fit was performed for the first

3 minutes of each ½ProðtÞ� curve, and the slope of this line was

used to approximate its initial slope D½ProðtÞ�=Dt. Then, the

permeability of the cell membrane to Pro was calculated using

Equation 1 (Supplemental Tables 1-3).

To ensure that our calculations are consistent with these

assumptions, the mass transfer Biot number Bim was used to

characterize the ratio of fluidic resistance of Pro across the cell

membrane compared to the fluidic resistance Pro in the

aqueous intracellular and extracellular environments.

Bim ¼ LPm;Pro=DPro, where L ¼ V=A 	 1 mm is the character-

istic length of the cell expressed as the ratio of the volume of a

cell V to its surface area A and DPro 	 5:3� 10�13 m2/s is the

diffusion coefficient of Pro and similarly sized solutes inside

the cell.21,33,36,40-42 Imposing Bim � 1 indicates that the trans-

port across the cellular membrane is slow compared to the

diffusion on its interior and exterior. From this calculation,

Pm;Pro < 5:3� 10�7 m/s in order to make the well-mixed

approximation. The maximum values we estimate for Pm;Pro

are as high as 1:3+0:4� 10�8 m/s (Supplemental Tables

1-3), indicating that this assumption is valid, and we consider

the intracellular space well mixed and close to diffusive

equilibrium.

Although we have presented quantitative estimates of the

cell membrane’s diffusive permeability to Pro (Pm;Pro), we

must specify the appropriate context and scope of our analysis.

The resolution limit of the 14-bit camera is approximately

0:001 mmol/L under these conditions. To quantify the reliable

resolution for our measurements using Equation 1, we set the

smallest possible value between 2 consecutive time point mea-

surements (on the order of minutes) and selected the concen-

tration ½Pro�ðt*0Þ ¼ 0 to give the worst-case resolution of

our diffusive permeability calculation as approximately

Pm;Pro 	 1� 10�12 m/s during the first few seconds to minutes

following PEF application. We note that the low resolution of

our determination at later time points made it difficult to quan-

tify the membrane permeability at these times. Below these

limits, it is possible that a membrane had become permeable,

but to a degree less than the resolution of our analysis would

allow and would be considered impermeable. Further, the

untreated controls are all at or below the resolution threshold

in all measurements, indicating that they are below the thresh-

old for reliable quantification of Pro uptake.

Results

Total Pro Uptake and Permeability Increase With Applied
Energy

To efficiently measure membrane permeability, our microflui-

dic chamber was designed to enable simultaneous measure-

ments of the cellular response to 4 electric field strengths. By

acquiring images at 2, 4, 6, and 8 mm along the long axis of the

chamber (Figure 1), cells exposed to 4 electric field strengths

could be monitored in a single experiment. We emphasize that

the electric field strengths presented are approximate represen-

tations of the applied electric field, obtained under electrostatic

assumptions and modeled using an idealized square waveform.

In order to ensure that our observations were robust to varia-

bility in medium composition, we performed experiments in

PBS, SFDF, and a low-conductivity HEPES buffer containing
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sucrose to balance its osmolarity to a physiological range

(approximately 300 mOsm/L). The intracellular–extracellular

concentration gradient of Pro persists beyond 30 minutes fol-

lowing application for all experimental conditions.

In Figure 3, it is clear that the 100- and 1000-microsecond

pulses greatly increased the permeability for cells in each appli-

cation buffer. Additionally, the molecular uptake of Pro 30 min-

utes after application was greatly enhanced over the controls

(Figure 3D-F). The initial permeabilities showed little difference

between PBS and SFDF (Figure 3A and B). However, cells in

HEPES became permeabilized at lower strength–duration

thresholds (Figure 3C). The population response of cells treated

in the low-conductivity HEPES buffer was more uniform at each

electric field strength and across pulse durations (Figure 3). We

conclude that membrane resealing governs the decrease in mole-

cular uptake over the minutes following PEF application before

diffusive equilibrium is established (Figure 3).

Our data suggest a strong correlation between the logarithm

of the final concentration of Pro for cells and the logarithm of

the applied energy for each of the buffers (Figure 4A). This is

in good agreement with the previous literature,43-46 which sug-

gests that membrane permeability increases according to power

relationships between pulse duration and number and the

induced membrane permeability (Figure 4B). In order to quan-

tify these relationships, intracellular Pro, membrane permeabil-

ity, and applied energy were normalized. The energy applied

through electrical pulses (stpE2) was normalized to the Boltz-

mann constant (kB) and the ambient temperature (T ¼ 295 K).

Membrane permeability was normalized to the permeability

of the untreated controls (P0 ¼ 4:7� 10�12 m/s), and the con-

centration of Pro within the cells 30 minutes following treat-

ment was normalized to the external Pro concentration

(½Pro�ext ¼ 30 mmol/L). The base-10 logarithms of each of

these parameters were fit using a linear fit for each of the

buffers with Pearson r used to quantify linearity. The logarithm

of the Pro uptake was found to be linearly related to the loga-

rithm of the applied energy with a slope of 0.5 and an intercept

of �3.0 for cells in PBS (p < :001), a slope of 0.74 and an

intercept of �3.9 for cells in SFDF (p < :001), and a slope of

0.68 and an intercept of �2.7 for cells in HEPES (p < :001;

(Figure 4A). The logarithm of permeability was found to be

linearly related to the logarithm of the applied energy with a

slope of 0.66 and an intercept of �0.9 for cells in PBS

(p < :001), a slope of 0.68 and an intercept of �1.3 for cells

in SFDF (p < :001), and a slope of 0.68 and an intercept of 0.2

for cells in HEPES (p < :001; Figure 4B). Interestingly, the

slope of the best-fit lines appears to be parallel, with a slope

of approximately 0.7.

Slow Uptake Rates Correlate With Smaller Pulse
Strengths

Following PEF application, we observed a subpopulation of

cells exhibiting a prolonged uptake of Pro sufficient to achieve

an intracellular concentration of 25% of the external Pro con-

centration after 30 minutes (Figure 5A). This is an important

A B

Figure 4. The log of the final concentration of Pro inside a cell after pulse application (A) and the initial membrane permeability (B) are strongly

correlated to the log of the applied energy. A, The ratio of the intracellular Pro concentration 30 minutes after treatment to the extracellular Pro

concentration (30 mmol/L) is plotted against the log of the applied energy stpE2, normalized to the product of the Boltzmann constant and the

ambient temperature (22�C). The best-fit lines are y ¼ 0:5x� 3:0 for PBS (p < :001), y ¼ 0:74x� 3:9 for SFDF (p < :001), and

y ¼ 0:68x� 2:7 for HEPES (p < :001), where y is the vertical coordinate and x is the horizontal coordinate. B, The log of the membrane

permeability within the first 3 minutes following pulse application (Pm;Pro), relative to the untreated control membrane permeability

(P0 ¼ 4:7� 10�12 m/s), is plotted against the log of the applied energy normalized to the Boltzmann constant and the ambient temperature

(22�C). The best-fit lines are y ¼ 0:66x� 0:9 for PBS (p < :001), y ¼ 0:68x� 1:3 for SFDF (p < :001), and y ¼ 0:68xþ 0:2 for HEPES

(p < :001), where y is the vertical coordinate and x is the horizontal coordinate. For each linear fit, Pearson r was determined for each correlation

and the P values reported apply to each of the traces individually. Pro indicates propidium; PEF, pulsed electric field; PBS, phosphate-buffered

saline; SFDF, serum-free DMEM/F12 medium.
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basic finding. To identify this subpopulation, we calculated the

final concentration of Pro inside the cell after 30 minutes

(½Pro�f ) and the time at which the intracellular concentration

reached half this value (t1=2). For each cell, (t1=2, ½Pro�f ) was

determined and plotted for each pulse duration and electric

field strength combination (Figure 5). Previous reports

indicate that a delay of approximately 300 seconds may

exist between the time of PEF application and significant

permeabilization.20,21,47 Therefore, the cutoff of 5 minutes was

used to discriminate between cells with overall slow rates of

Pro uptake and those with more rapid uptake rates. Upon

inspection, a threshold of 25% of the extracellular Pro concen-

tration ð½Pro�ext=4 ¼ 7:5 mmol/L) was selected to discriminate

between cells allowing large or small quantities of Pro through

the membrane.

This analytical scheme created 4 quadrants in the (t1=2,
½Pro�f ) space (Figure 6). The lower left quadrant is labeled

Q1 and corresponds to subpopulation of cells that reach their

½Pro�f quickly but ultimately have ½Pro�f < ½Pro�
ext=4. The

lower right quadrant is labeled Q2 and corresponds to the sub-

population of cells for which ½Pro�f < ½Pro�
ext=4 and t1=2 � 5

minutes. The upper right quadrant is labeled Q3 and corre-

sponds to the subpopulation of cells for which

½Pro�f � ½Pro�
ext=4 and t1=2 � 5 minutes. The upper left

quadrant is labeled Q4 and corresponds to the subpopula-

tion of cells for which ½Pro�f � 7:5 mmol/L and reached

t1=2 < 5 minutes. At high electric field strengths and long

pulse durations, cellular behavior is relatively homoge-

neous, with Pro rapidly entering nearly all cells rapidly

after PEF application. Q1 and Q2 describe the behavior of

A

B
t (minutes)

t (minutes)

Figure 5. The intracellular concentration of Pro ([Pro]) is presented as a function of time t for each image during the imaging period

(30 minutes). A, Time series images show uptake responses of single cells to a single electrical pulse as Pro enters cells at different rates. Nuclei

are shown stained with NucBlue (Nuc; 10 mm scale bar) and Pro in the pre-treatment images and Pro alone in the remainder of the images.

Control images are indicated by Ctrl. B, A cell’s behavior is shown as 1 of 4 responses based on the time when the Pro fluorescence in the

nucleus reached its half-maximal concentration and the final concentration of intracellular Pro. A cell was classified as Q1 if t1/2 < 5 minutes

and [Pro]f < 7.5 mM. The Q2 subpopulation is based on t1/2� 5 minutes. Q3 is based on [Pro]f � 7.5 mM and t1/2 � 5 minutes. Q4 corresponds to

[Pro]f� 7.5 mM and t1/2 < 5 minutes. Uptake profiles are derived from the individual cells in (A) and show their individual Pro uptake responses

over time. Untreated control data are indicated by Ctrl. Pro indicates propidium.
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cells exhibiting minimal Pro uptake, regardless of whether

the response is rapid (Q1) or prolonged (Q2). Cells in the Q3

subpopulation, t1=2 � 5 min but eventually reach relatively

large intracellular Pro concentrations compared to Q1 and

Q2 cells ð½Pro�f � ½Pro�
ext=4). Q3 cells exhibit a large tran-

sient Pro uptake or experience a delay before becoming

significantly permeabilized. The Q4 subpopulation experi-

ences a large, rapid influx of Pro. Across PEF application

parameters and buffers, the Q2 and Q3 subpopulations

appear to be intermediate responses between no EP and

EP (Figure 7). Many of the cells exhibiting a prolonged Pro

uptake (Q3) have a similar ½Pro�f compared with the subpo-

pulation in Q4 but with slower uptake rates and occur at

lower strength–duration PEF thresholds. At the largest elec-

tric field strengths and longest pulse durations, the Q3 sub-

population decreases and cells become more concentrated in

the Q4 subpopulation (Figure 6).

Discussion

Microfluidic devices have been long used to investigate cellu-

lar EP and enable the interrogation of single cells using electric

fields in a tightly controlled environment.48 Here, the develop-

ment of a microfluidic chamber that enables the effects of PEFs

on many cells to be studied simultaneously was instrumental in

efficiently performing the experiments presented. By simulta-

neously exposing cells in different locations along the length of

the chamber to different electric field strengths, we were able to

observe 4 groups of cells exposed to different electric field

strengths at the same time. Technologies such as flow cytome-

try are able to assay a larger population of cells but require

them to be suspended and do not allow the same cells to be

tracked between consecutive time points. Our microdevice

design provided a more time-efficient method for studying the

cellular response to EP than in conventional setups that use

2 parallel plate or needle electrodes. The chamber design was

integrated with standard fluorescence microscopy equipment

A B

C D

E F

(minutes)

(minutes)

(minutes) (minutes)

(minutes)

(minutes)

Figure 6. As the electric field strength increases, the fraction of cells in the Q1 and Q2 subpopulations decrease. Subsequently, a

subpopulation with slow but more Pro uptake emerges (Q3; upper right quadrant). At even larger E, most cells are part of the

subpopulation exhibiting rapid Pro uptake (Q4; upper left quadrant). A, Cellular response was quantified based on the final concentration

of Pro 30 minutes postapplication ([Pro]f :¼ [Pro](t ¼ 30 minutes)) and the time at which each cell reached its half-final concentration

([Pro](t1/2) :¼ [Pro]f/2). B, Criteria for each quadrant are based on whether the Pro uptake of a cell 30 minutes following PEF treatment

is [Pro]f � [Pro]ext/4 (horizontal lines) and whether the cell achieved [Pro]f/2 within 5 minutes of PEF treatment (t1/2 < 5 minutes). The

data shown are for a single 1000 ms pulse at C, 170 kV/m, D, 250 kV/m, E, 320 kV/m, and F, 400 kV/m. Pro indicates propidium; PEF,

pulsed electric field.
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and allowed adherent cells to be tracked and analyzed indivi-

dually over time.

We present estimates of the cell membrane permeability

to Pro using measurements of the uptake rate into the cell

using our microfluidic chamber. We show that a single

1000-microsecond electrical pulse at 400 kV/m can induce

permeabilities of 1:3+0:4� 10�8 m/s to Pro, which is sim-

ilar in size to adenosine triphosphate (ATP) but has a larger

charge magnitude. Comparable permeabilities ð*6� 10�9

m/s assuming a similar V=A ratio) have been induced for

ATP by ten 100-microsecond or ten 1000-microsecond

pulses in the same cell line and result in an ATP loss of

0.050 to 0.80 nmol/min with 120 to 400 nmol total ATP

leakage.1 Eight-pulse PEFs with amplitudes 80 to 120 kV/m

have been shown to deplete cells of 50% to 95% of their

intracellular ATP49-51 and lead to a 25% to 50% decrease in

cell viability in the presence of 1 to 3 mmol/L extracellular

calcium.

At least 2 mechanisms could drive this loss of cell viability:

ATP leakage and ATP depletion, although other physical and

biochemical mechanisms could very well be implicated.7,52

Toward the former, approximately 5� 10�6 nmol ATP is pres-

ent within a typical mammalian cell.53-55 With similar perme-

abilities of the cell membrane to ATP as those observed here

for Pro, it may be possible to deplete cells within a given

treatment volume of more than 25% of their intracellular ATP

using a single electrical pulse.

With regard to the ATP depletion, it has been hypothesized

that the entry of exogenous calcium requires a cell to expend

more ATP on calcium pumps to reestablish cellular homeos-

tasis, potentially leading to its demise.49-51,56 Although these

estimates of ATP depletion and calcium leakage occur on

A

B

C

Figure 7. At electric field strengths and durations below the threshold for rapid Pro uptake, cells exhibit a prolonged uptake response that renders

them sufficiently permeable to allow significant molecular transport. Data are shown for cells immersed in each experimental buffer: A, PBS, B,

SFDF, and C, HEPES. Each of the cell populations treated at a given pulse duration are split into 4 classifications: Q1, Q2, Q3, and Q4. At shorter

pulse durations (1-100 microseconds), the majority of cells contain relatively little Pro (Q1 and Q2 subpopulations). Larger Q3 subpopulations

are generated at intermediate pulse durations and strengths (320-400 kV/m with a 100 ms pulse; 170-400 kV/m with a 1000 ms pulse) and begin to

become detectably permeabilized with ½Pro� � ½Pro�ext=4 30 minutes after PEF application, but with a slower, more gradual uptake rate (t1/2� 5

minutes). Finally, at the longest pulse durations and largest electric field strengths, the Q4 subpopulation contains the majority of the cells that

facilitate fast rates of significant Pro uptake (½Pro�f � ½Pro�
ext=4; t1=2 � 5 minutes) through large cell membrane permeabilities up to

1:3+0:4� 10�8 m/s. The total cell population is presented as a sum of the fractional contributions from the Q1, Q2, Q3, and Q4 subpopulations.

Error bars represent standard error and each column represents between 27 and 114 cells (62 average). Pro indicates propidium; PBS, phosphate-

buffered saline; PEF, pulsed electric field; SFDF, serum-free DMEM/F12 medium.
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different timescales with different pulse parameters in previous

reports, the estimates of Pm;ProðtÞ provided in part I of this

report serve as a lower bound for quantitative estimates of

calcium permeability, which has a similar charge and a diffu-

sion coefficient approximately 2.5 times greater than that of

Pro in water.57 These estimates provide a heuristic context for

the present work and indicate that it may be possible to take

advantage of both of these mechanisms using single-pulse PEF

application with a calcium adjuvant in order to decrease intra-

cellular ATP and inhibit cellular recovery.

Other potential mechanisms of cellular damage have been

reported, including lipid peroxidation, the formation of reactive

oxygen species, and metabolic thermal damage.58 We note that

bleb formation along the cell membrane and inflection points in

the Pro uptake profile20,21,47 were observed (data not shown).

These observations and the prolonged Pro uptake of the sub-

population of cells in Q3 could implicate the presence of reac-

tive oxygen species in the mechanism driving membrane

injury.59 Permeabilization is no doubt impacted by the tem-

perature increase of greater than 19�C of the solution within

the chambers containing PBS and SFDF for the 1000-

microsecond pulse case (Supplemental Figure 4). It is likely

our observations still hold in the presence of such effects as

these temperatures must be sustained for minutes for observa-

ble damage to occur.58 However, further investigations will be

required to elucidate the quantitative relationship between

membrane permeability and cell viability.

Our data show a subpopulation of cells that experience sig-

nificant Pro uptake at lower electric field strength–duration

thresholds than the general population (Q3, Figure 7). Due to

the relatively long delay (3-10 minutes) between PEF applica-

tion and the increase in Pro uptake, this phenomenon may be a

biological or biochemical response. The Q3 subpopulation

appeared at strength–duration thresholds lower than required

to produce large Q4 subpopulations (Figure 6). At larger elec-

tric field strengths and durations, this Q3 subpopulation ulti-

mately blends into the rest as Pro enters the cells more rapidly

Q4 subpopulation).20,21

For PEF applications with pulse durations of nanoseconds to

tens of microseconds, it has been shown that cells exhibit

increasing delays of �5 minutes between application and a

rapid influx of Pro.21,38,47 In the present case, this transition

would fall into the Q3 subpopulation, which was observed to

increase in cells exposed to applications of 100 to 1000 micro-

seconds at 170 to 400 kV/m (Figure 7). However, this lower

strength–duration threshold still allows for the uptake of 25%
of the external concentration of Pro (Figure 5). While our data

indicate that as many as 40% of a population of cells exposed to

a single pulse are in the Q3 subpopulation, others have sug-

gested that this fraction could be as high as 83% for nanosecond

pulses delivered in rapid succession.47 These schemes induce

delays on the order of 1000 seconds prior to appreciable mem-

brane permeabilization. It was also observed that the fraction of

cells in this state decreased when the time period over which

the application was delivered increased.47 These data are con-

sistent with our results and implicate a transitional region in the

electric field strength–pulse duration space (Q3) that emerges

for parameters that are insufficient to outright cause immediate

permeabilization. During our study, PBS, SFDF, and HEPES

buffers were used to provide a more thorough investigation into

post-PEF cell behaviors. Interestingly, cells immersed in the

HEPES buffer appear to exhibit a homogenous response, com-

pared to cells treated in PBS or SFDF. While similar trends

exist in the appearance and disappearance of the Q3 subpopula-

tion with increasing PEF strengths and durations for each

medium, the Q4 subpopulation begins to contain the majority

cells at lower strengths and durations for the cells treated in the

HEPES buffer (Figure 7). One explanation could be that the

increased permittivity due to zwitterions60,61 and the decreased

conductivity due to the sucrose45,62 in the HEPES buffer

increases the electrical relaxation time of the membrane. In

this way, effects of small variations in the capacitance of indi-

vidual cell membranes could be reduced and therefore effec-

tively reduce the variation in cellular response to PEFs. The

increased permittivity of the HEPES buffer could also enhance

the electrical force on the cell membrane and lower the

strength–duration threshold at which appreciable EP is

observed.60,62 This delay is present in cells treated in each

buffer and therefore may be the result of an osmotic pressure

difference. Cells that experience a prolonged permeabilization

may be more efficiently killed by an increased osmotic pres-

sure difference change postpulse, thereby minimizing thermal

damage and improving tumor ablation protocols.63 Regardless

of the mechanism, cells belonging to the Q3 subpopulation

exhibit a prolonged Pro uptake and ultimately yield significant

intracellular Pro concentrations (½Pro�f � ½Pro�
ext=4; Figure 6).

If such a mechanism could be exploited to affect cells in vivo,

EP-based applications and therapies could involve lower elec-

tric field strengths, resulting in significantly less thermal dam-

age than present application paradigms.

Several complexities are inherent in the data we present

here. First, during the chemical permeabilization, the Triton

X-100 concentration was above the critical micelle concentra-

tion, which could influence the effective concentration of Pro

in the extracellular buffer during the calibration experiments.

We do not anticipate this affecting our permeability measure-

ments as the correlation between fluorescence intensity and Pro

concentration is linear (Supplemental Figure 3) and appears in

both the numerator and denominator of Equation 1. However,

the Pro uptake measurements may be overestimates in the

presence of micelles–Pro interactions in the calibration buffer.

Second, the ringing on the rising and falling edges of the

pulses we use in our experiments could complicate the inter-

pretation of the cellular response to PEF applications. How-

ever, our data for 1-microseconds pulse applications differ little

from the untreated controls, indicating minimal permeabiliza-

tion of the cell membrane (Figure 3), while similar peak elec-

tric field strengths are achieved during the rising and falling

edges of longer duration waveform. The difference between

these waveforms is consequently the duration between the ring-

ing on the rising edge and the falling edge, and therefore we

expect this component of the waveform to dominate the
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cellular EP response. For this reason, we do not anticipate these

oscillations to have a significant impact on the membrane per-

meabilization following a single pulse and consider further

analysis of the effects of these waveforms to be outside the

scope of the present study.

Conclusion

We report a research method for quantitatively determining a

membrane’s diffusive permeability to Pro using fluorescence

microscopy. We determine the diffusive permeability to Pro

for pulse durations of 1 to 1000 microseconds and electric

field strengths of 170 to 400 kV/m in 3 buffers and find that

the cell membrane permeability to Pro ions can reach

1:3+0:4� 10�8 m/s. We also show that the increased per-

meability persists for at least 30 minutes. Further, for Pro, the

initial influx rate is a strong predictor of a cell’s final intra-

cellular Pro concentration. Finally, we identify a subpopula-

tion of cells that have larger concentrations of Pro after a

prolonged uptake (100 seconds) than cells exposed to smaller

fields. Our results both technically enable and experimentally

provide a basis for future quantitative investigations that (1)

determine lethal permeabilities, (2) examine transitions in Pro

uptake kinetics, and (3) provide experimental uptake rates for

comparison with predictions of cell-level computational

models.

Acknowledgments

The authors would like to acknowledge the ICTAS Center for Engi-

neered Health for their gracious financial support of this work.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest

with respect to the research, authorship, and/or publication of this

article: D. C. Sweeney, J. C. Weaver, and R. V. Davalos have filed

a patent application related to this work.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: Funding for

this work was graciously provided for DCS and RVD by the NSF

CAREER Award CBET-1055913, the NSF IGERT DGE-09661, and

the NIH P01-CA207206. Funding for JCW was graciously provided

by AFOSR MURI Grant FA9550-15-1-0517.

ORCID iD

Daniel C. Sweeney http://orcid.org/0000-0002-1289-1627

Supplemental Material

Supplemental material for this article is available online.

References
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