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ABSTRACT   

Electroporation is the formation of reversible pores in cell membranes without rupturing the membrane using a high 
electric field. Electroporation is an important technique for various biomedical applications including drug delivery, 
gene transfection and therapeutic treatments. A microfluidic device was developed to investigate electroporation using 
single and multiple pulses. The device contained integrated electrodes inside microchannels. Stained cells were 
introduced inside the microchannels and excitation pulses were applied. Sequences of images were captured using an 
integrated-camera on an optical microscope in the bright-field mode. Stained pixel data from the sequences of images 
were extracted through image processing to detect and quantify electroporation. Flow Index of EP (FIEP) was computed 
from the normalized (wrt initial) stained pixel data. Multiple pulses increased FIEP when increased energy was 
delivered, but reduced FIEP when the same amount of energy was delivered. Mean FIEP using 20 V excitation for 1 
pulse of 1 ms was 0.256, 10 pulses of 1 ms was 0.329 and 1 pulse of 10 ms was 0.422. These experimental results show 
that a single pulse is more effective to induce higher FIEP compared to multiple pulses. FIEP enables quantitative and 
systematic study towards optimization of pulse parameters for electroporation-based applications. 
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1. INTRODUCTION  
When a cell is placed inside an electric field, charges accumulate along the cell membrane, inducing a potential across 
the membrane1. The induced membrane potential causes an electrical force on phospholipids, resulting in a stress for 
reorientation2. If the applied electric field is increased such that the induced membrane potential reaches a critical value, 
these phospholipids undergo conformal changes in membrane structure causing formation of a large number of 
hydrophilic pores (channels) through the cell membrane3–5. This phenomenon of a large number of reversible pore 
formation in the cell membrane due to a high electric field is known as electroporation (EP)3-7. EP causes a temporary 
loss of the semipermeability of cell membranes8, resulting in ion leakage, escape of metabolites, selective release of 
intracellular molecules, increased uptake by cells of drugs, molecular probes, and genetic materials9–13. Medical 
applications of EP include intracellular or transdermal drug delivery, gene, ocular and vascular therapies14, 15. 

Extent of EP is dependent on a number of parameters including the electrical excitation durations, electric field 
magnitudes, number of excitation pulses, frequency, orientations of the electric field, cell size and shape, as well as 
buffer properties16–20. A major challenge of studying and comparing outcomes of EP experiments is the lack of 
systematic quantitative metric to allow comparative analysis and improved ability of classification. Previous studies have 
quantified EP outcomes through the percentage of cells undergoing EP detected by flow cytometry21, 22 or fluorescence 
imaging23–26, the amounts of stains uptake/cell measured through cell lysis using a calibrated microscope27, the 
percentage of area coverage by stained cells after EP28, delivery rates29 and gene transfection rates30. An indirect 
approach utilized the increase in transmembrane conductance, as the conductance increases with higher extent of EP16.  

We have introduced a quantitative metric “Flow Index of electroporation” (FIEP) to quantify the extent of EP through a 
quantitative image analysis method with normalization31. FIEP is a numeric indicator of the severity of EP and relates to 
the probability of material/fluidic exchange between the cell and its environment through the cell membrane due to EP. 
Higher FIEP represents higher amounts of exchange. The minimum value of FIEP is 0 representing no occurrence of EP, 
and the maximum value is 1 representing complete loss of intracellular contents that occurs in the case of lysis. In this 
paper, we use this metric to quantitatively compare the effectiveness of multiple pulses compared to a single pulse.  
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