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Abstract

Electrotransfection has been widely used as a versatile, non-viral method for gene delivery. 

However, electrotransfection efficiency (eTE) is still low and unstable, compared to viral methods. 

To understand potential mechanisms of the unstable eTE, we investigated effects of electrode 

materials on eTE and viability of mammalian cells. Data from the study showed that commonly 

used metal electrodes generated a significant amount of particles during application of pulsed 

electric field, which could cause precipitation of plasmid DNA from solutions, thereby reducing 

eTE. For aluminum electrodes, the particles were composed of aluminum hydroxide and/or 

aluminum oxide, and their median sizes were 300 to 400 nm after the buffer being pulsed 4 to 8 

times at 400 V cm−1, 5 ms duration and 1 Hz frequency. The precipitation could be prevented by 

using carbon (graphite) electrodes in electrotransfection experiments. The use of carbon electrodes 

also increased cell viability. Taken together, the study suggested that electrodes made of inner 

materials were desirable for electrotransfection of cells in vitro.

Keywords

electrotransfection; electro-gene delivery; electroporation; carbon electrodes; DNA precipitation

Introduction

Pulsed electric field has been widely used for introduction of exogenous molecules into 

cells.27, 28 Particularly, it can facilitate transfection of cells with plasmid DNA (pDNA). The 

method, known as electroporation or electrotransfection, was first demonstrated in 1982 by 

Neumann and colleagues with mouse lyoma cells,18 and since then has been utilized to 

introduce a variety of genes into many different cell types both in vitro4, 20 and in vivo.9, 19 

Furthermore, electrotransfection has been explored for therapeutic 
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applications,1, 2, 5-7, 11, 26, 31 including recent Phase I/II clinical trials for cancer treatment 

and vaccination of infectious diseases.8

As a non-viral method, electrotransfection boasts the benefits of low cost, easy and safe to 

use, and independence of cell surface receptors. It is also capable to deliver a wide spectrum 

of genes with different sizes. However, the current method has two major limitations. One is 

low and unstable transfection efficiency; and the other is adverse effects on transfected cells. 

For example, electrotransfection can lead to cell-cycle arrest and apoptosis,14 and may cause 

damage of genomic DNA in cells,16 presumably due to reactive oxygen species (ROS) 

generated during pulse application.25 Another adverse effect is related to metal ions when 

metal electrodes are used for pulse application. When a large amount of these ions are 

introduced into cells, they can result in biochemical conversion of inositol phosphates into a 

form that catalyzes release of excess Ca2+, thereby disturbing intracellular signaling.15 In 

addition to the adverse effects on cells, the metal ions interact with various biological 

macromolecules, including nucleic acids and proteins, causing them to precipitate from 

solutions.13, 24 The precipitation will reduce the availability of pDNA for cell transfection. 

To reduce the undesired effects, we investigated the use of carbon electrodes for 

electrotransfection. Data from the study showed that carbon electrodes, as an inert and less 

reactive alternative to metal electrodes, could prevent pDNA from precipitation, and increase 

cell viability and electrotransfection efficiency (eTE) in vitro.

Materials and Methods

Cell culture and plasmid

B16F10, a murine melanoma cell line, was selected for the study. The cells were subcultured 

every 1-2 days, at 37°C with 5% CO2 in DMEM (Life Technologies, Gaithersburg, MD) 

supplemented with 10% FBS (Hyclone, Logan, UT) and penicillin/streptomycin (Life 

Technologies). The plasmid encoding enhanced green fluorescent protein (EGFP) (pEGFP-

N1, Clontech, Palo Alto, CA) was used for all electrotransfection experiments. For 

visualization, some pDNA molecules were covalently labeled with tetramethyl-rhodamine 

(LabelIT, Mirus, Madison, WI); and the labeled pDNA was purified through ethanol 

precipitation and resuspension in water before use.

Carbon and aluminum electrode assemblies

To directly compare electrodes with different materials, we constructed two types of cuvettes 

that were identical in all parts except for the materials of the plate electrodes (see Figure 1), 

which were either carbon (GraphiteStore.com, Inc., Buffalo Grove, IL) or aluminum. The 

aluminum plates were obtained through disassembling a commercial aluminum cuvette 

(Bio-Rad, Hercules, CA). The two parallel plates were separated by a spacer of 3 mm thick, 

placed on top of the polydimethylsiloxane (PDMS), and fixed on the cuvette after the entire 

assembly was baked at 65°C overnight. The spacer was removed before use.

Treatment of solutions with pulsed electric field

To investigate effects of electric pulse treatment on pDNA aggregation, we prepared pDNA 

(30 or 50 μg ml−1) and tetramethyl-rhodamine labeled pDNA (30 μg ml−1) solutions with 
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the HeBS buffer (20 mM HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 6 mM 

Dextrose) at pH 7.05. Some of these solutions were supplemented with a chelating reagent 

(citric acid (CA) at 1.875 mg ml−1 or EDTA at 1 mM). All solutions were placed on ice 

before use. In experiments, 100 μl of a solution was removed from the ice, placed in an 

aluminum cuvette (Bio-Rad, Hercules, CA), and immediately treated with electric pulses 

using a BTX ECM 830 Square Wave Electroporation System (Harvard Apparatus). The field 

strength, pulse duration, and pulse interval in all experiments were 400 V cm−1, 5 ms, and 1 

sec, respectively; and the number of pulses varied in experiments. After pulsing, the 

solutions were analyzed by electrophoresis. In addition, the solution with tetramethyl-

rhodamine labeled pDNA was centrifuged at 10,000 g for 10 min; and 90 μl supernatant was 

discarded. The remaining sample was imaged with a 20x objective under a fluorescence 

microscope.

Electrotransfection

Cultured cells at 70% confluency were collected after trypsinization to prepare single cell 

suspension with the pDNA solutions prepared above. Cell suspensions (106 cells per 100 μl) 

were transferred into aluminum or carbon cuvettes (see Figure 1) and incubated on ice for 5 

min. Then, the samples were pulsed under the same conditions as those described above. 

After pulsing, the samples were left in the cuvettes at room temperature for 10 min, allowing 

cell membrane to recover, transferred to 6-well plates, and cultured with 2 ml complete 

medium at 37°C with 5% CO2. The eTE and viability of the pulsed cells were further 

analyzed using flow cytometry.

Characterization of electric pulse induced precipitates

HeBS buffer without pDNA was pulsed 8 times in an aluminum cuvette (Bio-Rad, Hercules, 

CA) under the conditions described above. The solutions were centrifuged at 10,000 g for 10 

min; and the pellets were collected and washed 3 times with DI water to remove soluble 

salts from the HeBS buffer, and dried in oven at 65°C overnight. Completely dried samples 

were analyzed by x-ray photoelectron spectroscopy (XPS) in the Shared Materials 

Instrumentation Facility at Duke University. Chemical compositions were identified by 

comparing peak binding energies of the samples with the reference peak energies of known 

compounds.12 For size and concentration analyses, HeBS buffer with or without pDNA were 

pulsed 0, 4, or 8 times in aluminum cuvettes (Bio-Rad, Hercules, CA). After the samples 

were diluted 1:100 with non-pulsed HeBS buffer, concentration distribution of particles with 

different sizes (between 5 and 1005 nm) in a fixed volume was measured with a nanoparticle 

tracking system (NS 500, NanoSight, UK). The concentration distribution was integrated to 

determine the cumulative concentration Ck (k = 1, 2, ..., K) by , where ci is the 

concentration of particles with diameters between di-1 and di, d0 = 0, and K is the total 

number of concentration data in the distribution. The value of d at which C reached 50% of 

its maximum level was defined as the median particle size in the sample. It was determined 

by two surrounding pairs of data (dk vs. Ck) via linear interpolation. The concentration 

distribution data were also used to determine the size-weighted average concentration Cd by 
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. Three independent samples were analyzed, and for each sample, the 

measurements were repeated 5 times and the results were averaged for further analysis.

Flow cytometry for eTE and cell viability

After electrotransfection, cells were incubated for 4 or 24 hours, washed with PBS, and 

collected after trypsinization. The cell pellet was re-suspended in 300 μl complete medium 

supplement with 5 μg ml−1 propidium iodide (PI) to stain dead cells. The samples were 

analyzed with a BD FACSCanto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ) 

at the Duke Cancer Institute Core Research Facility, which was equipped with 488 and 633 

nm lasers for simultaneous detection of GFP and PI fluorescence. Forward and side light 

scatterings were used as independent variables to exclude debris and isolate the cell 

population of interest. Compensation was set according to the control sample to resolve 

spectral emission overlap between the two detection channels. For eTE, 10,000 events were 

collected for each sample. A single cell analysis software (FlowJo, Ashland, OR) was used 

for data acquisition and analysis. The apparent eTE was defined as the percentage of total 

viable cells (PI negative) that expressed GFP (PI negative, GFP positive). For cell viability 

measurement, flow cytometry signals were recorded for 30 sec to make sure that over 10,000 

events were collected for each sample. The viability was calculated as the ratio of viable cell 

(PI negative) numbers between pulsed sample and non-pulsed control because both groups 

started with the same number of cells. The actual eTE was defined as the percentage of 

viable cells expressing GFP (PI negative, GFP positive), relative to the total number of 

viable cells (PI negative) without pulsing. It was calculated as the product of the apparent 

eTE and the cell viability at 24 hours.

Statistics

Differences in cell viability and eTE between two electrode groups were evaluated with the 

Wilcoxon Signed Rank test (GraphPad Prism). The data in the two groups were paired 

because they shared the same cell samples. A difference was considered to be statistically 

significant if the p-value was less than 0.05.

Results

Electric pulsing-induced precipitates and pDNA aggregation

Application of electric pulses to HeBS buffer in aluminum cuvette caused formation of 

insoluble precipitates, which caused the buffer to become increasingly cloudy/opaque with 

increasing the number of applied pulses. The same phenomenon was also observed when 

different buffers (e.g., PBS) and metal electrodes (e.g., stainless steel, silver, and gold plated 

materials) were used in the study (data not shown). To focus the study, we only investigated 

the issue of precipitation in the HeBS buffer contained in aluminum cuvettes. When pDNA 

was added into the buffer prior to pulsing, it formed complexes with the precipitates that 

could be demonstrated through gel electrophoresis (Figure 2A). Two bands representing 

linear and supercoiled forms of pEGFP-N1, respectively, could be detected in the non-pulsed 

control samples. However, the amount of soluble pDNA in both forms decreased with 

increasing the pulse number from 3 to 12. The decrease was due to the formation of pDNA 
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aggregates that were too large to migrate through the agarose gel. To investigate if the 

precipitation was caused by Al3+ ions, we added chelating agents, citric acid (CA) and 

EDTA, to the HeBS buffer prior to pulsing, and observed that both CA and EDTA could 

significantly reduce precipitates in the buffer and thus formation of pDNA aggregates (see 

Figure 2B), indicating that Al3+ ions released from electrodes played a key role in the 

formation of insoluble compounds that caused pDNA aggregation in the buffer. To visualize 

the aggregates, tetramethyl-rhodamine-labeled pEGFP-N1 was pulsed 0-12 times using 

aluminum electrodes. Fluorescence images of pDNA obtained shortly after pulsing showed 

that the size of aggregates increased substantially with increasing the number of pulses (see 

Figure 2C).

Characterization of electric pulsing-induced precipitates

HeBS buffer was known to contain several elements, such as carbon, oxygen, nitrogen, 

sodium, and chloride. We confirmed this information with the XPS analysis. After the buffer 

was pulsed 8 times in aluminum cuvettes, the binding energy profile was analyzed again 

with the XPS method. We observed that the peak energy of the pulsed samples in the range 

between 68 and 88 eV occurred at 74.2 eV (Figure 3A), which was slightly higher than that 

of the metal form of aluminum, Al 2p (72.7 eV), indicating that the precipitate was Al-O 

and/or Al-OH.12

In addition to the chemical composition analysis, we quantified size distributions of the 

precipitates/particles containing aluminum compounds and pDNA. The cumulative 

concentration of particles without pDNA was close to zero in the non-pulsed group, but 

significantly increased after pulsing. The amount of increase was approximately 

proportional to the number of applied pulses (Figure 3B). When pDNA (50 μg ml−1) was 

added into the HeBS buffer prior to pulsing, it slightly increased the cumulative 

concentration in the non-pulsed group, but significantly decreased the difference between 

the 4- and the 8-pulse groups (Figure 3C). The size-weighted average concentrations of 

particles are shown in Figure 3D. In addition to the concentrations, we determined median 

sizes of the particles that were also increased after pulsing (see Figure 3E). It was consistent 

with the fluorescence images of pDNA aggregates shown in Figure 2C.

Prevention of pDNA precipitation with carbon electrodes

Data shown above indicated that supplementation of the buffer with chelating agents could 

block formation of precipitates. Although these agents were helpful in elucidating 

mechanisms of precipitate formation, they can reduce availability of critical ions, such as 

Ca2+, in cells, causing severe toxicity to pulsed cells. Another approach to blocking pDNA 

precipitation was to use electrochemically inert electrodes, such as carbon electrodes, for 

electrotransfection of cells. Using the newly designed carbon cuvette shown in Figure 1, we 

observed little pDNA aggregates in the samples (see Figure 4), suggesting that carbon 

electrode would not generate precipitates observed in buffers pulsed with metal electrodes 

(see Figures 2 and 3).
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Improving eTE and cell viability with carbon electrodes

To investigate if the carbon electrode was also less toxic to cells and more efficient for gene 

delivery, we compared it to aluminum electrode in terms of cell viability and 

electrotransfection efficiency (eTE). For fair comparisons, we designed and constructed two 

types of cuvettes with identical dimensions and configurations (see Figure 1). The only 

difference between the two cuvettes was the electrode materials, which was either carbon or 

aluminum. Using these cuvettes, we observed little difference in terms of the apparent eTE 

between the carbon and the aluminum electrodes (see Figure 5A). The cell viabilities in the 

carbon group, determined at 4 and 24 hours post electrotransfection, were approximately 

50% of the values in the non-pulsed controls, but were more than doubled, compared to 

those in the aluminum group (see Figure 5B). As a result, the actual eTE, calculated as the 

product of the cell viability and the apparent eTE, was 150% higher in the carbon group than 

in the aluminum group (see Figure 5C).

Discussion

Results from the study showed that electrotransfection with aluminum electrodes induced 

formation of precipitates consisting of Al-O and/or Al-OH. The precipitates could bind to 

pDNA that significantly reduced concentration of free pDNA molecules in the buffer 

available for transfection. To solve this problem, we designed and constructed a prototype 

carbon cuvette that could prevent precipitate formation, improve cell viability, and increase 

eTE.

Significant efforts have been made in previous studies to improve the efficiency of 

electrotransfection. Most of them are focused on optimization of pulse parameters7, 17 or 

pulsing buffers.10, 23 In this study, we showed that electrode materials could also be 

modified to enhance the efficiency in in vitro studies. Based on this study and those in the 

literature, metal electrodes, used currently in the majority of commercial products for 

electrotransfection, can reduce eTE through three potential mechanisms: (i) aggregation of 

pDNA that reduced the amount of free pDNA molecules available for transfecting cells , (ii) 

damage of molecular structures in pDNA that might affect transgene expression,25 and (iii) 

production of chemicals in the buffer that are toxic to cells.

DNA aggregation

Although the phenomenon of pDNA aggregation has been observed previously,13, 24 

mechanisms of the aggregation are still unknown. In the current study, we demonstrated that 

the aggregation was caused by Al-O and/or Al-OH released into the buffer during 

electrotransfection. It is well known that electrolytic reactions at the aluminum anode can 

release Al3+ ions into the buffer. Meanwhile, hydroxyl and oxide ions can be produced at the 

cathode. Since oxide ions have a relatively short half-life, most Al3+ ions would react with 

hydroxyl ions to produce aluminum hydroxides that were insoluble in water. The 

precipitates would grow in size to form large amorphous particles (see Figure 3), and bind to 

nucleotides to cause pDNA aggregation. Although the aggregated pDNA could be still 

internalized by cells through macropinocytosis,3, 22 transgenes expression in cells would not 
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happen if pDNA could not dissociate from the aggregates, escape from endosomes, and 

enter the nucleus. Therefore, pDNA aggregation alone could reduce eTE.

Cytotoxicity

The current study showed that the viability of cells pulsed with the aluminum electrodes was 

only half of that pulsed with the carbon electrodes (see Figure 5B). Although we do not 

know mechanisms of the toxicity, they are likely to be related to aluminum ions and 

compounds generated during electrotransfection. The ions can easily diffuse into cells via 

transient pores in plasma membrane created by electric pulses to disturb intracellular 

environment, which may adversely affect cell viability and transgene expression. The 

aluminum compounds could form insoluble nano- and micro-particles in the buffer, and be 

internalized by cells via endocytic pathways. Additionally, the precipitates were positively 

charged, which could bind to negative charged cell membrane3, 29. At high concentrations, 

these particles could destabilize plasma membrane and induce cell apoptosis.21, 30

The problems of pDNA aggregation and aluminum associated cytotoxicity could be 

circumvented by using carbon electrodes. Our data indicated that the carbon electrodes 

could successfully prevent pDNA from aggregation (Figure 4) and double the cell viability 

(Figure 5B), compared with the aluminum electrodes. As a result, the percent of cells that 

were transfected successfully, or the actual eTE, was improved by a factor of 2.5 (Figure 

5C). Taken together, our data demonstrated that electrode materials could be optimized for 

enhancing eTE.
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Figure 1. 
Schematic of the cuvette design. It consisted of two parallel-plate electrodes. Both plates 

were made of either graphite carbon or aluminum metal, and fixed in the plastic cuvettes 

with PDMS.
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Figure 2. 
pDNA aggregation after being pulsed in aluminum cuvettes. (A) Gel electrophoresis of 

pDNA samples after they were treated with electric pulses at 400 V cm−1, 5 ms duration and 

1 Hz frequency in the cuvettes. The number of pulses varied between zero (i.e., the control) 

and 12. (B) Gel electrophoresis of pDNA samples after they were pulsed in the same buffer 

supplemented with a chelating agent, citric acid (CA) or EDTA. Solid arrows in both Panels 

indicate pDNA aggregates in the loading wells. (C) Visualization of pulsed pDNA. 

Tetramethyl-rhodamine labeled pDNA solution was pulsed in aluminum cuvettes. The 

number of pulses varied between zero (i.e., the control) and 12 as indicated in the panels. 

The pulsed samples were imaged under a fluorescence microscope equipped with a 20x 

objective.
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Figure 3. 
Characterization of precipitates in the HeBS buffer after being pulsed in aluminum cuvettes. 

(A) High-resolution XPS spectrum of the precipitates near the peak of binding energy for Al 

2p. A dried pellet of precipitates was collected from pulsed buffer, and analyzed with XPS. 

The peak of the binding energy occurred at 74.2 eV. In Panels (B) through (E), the samples 

were pulsed 0, 4, or 8 times at 400 V cm−1, 5 ms duration and 1 Hz frequency, diluted 100 

times, and analyzed by the nanoparticle tracking system. All data presented these panels are 

the means from three repeated experiments. Cumulative concentrations of the particles 

without and with pDNA are shown in (B) and (C), respectively. The size-weighted average 

concentrations and the median sizes of the particles are shown in (D) and (E), respectively. 

Open and solid bars represent data without and with pDNA, respectively. The bar and error 

bar represent the mean and the standard error of the mean (n = 3), respectively.
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Figure 4. 
Prevention of pDNA aggregation using carbon cuvettes. Gel electrophoresis of pDNA after 

the samples were pulsed 0 to12 times at 400 V cm−1, 5 ms duration, and 1 Hz frequency in 

carbon cuvettes.
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Figure 5. 
Effects of electrode materials on cell viability and eTE. (A) Direct comparison of apparent 

eTE for aluminum (Al) and carbon (Cb) cuvettes. The data were collected at 24 hours after 

B16F10 cells were treated with 8 pulses at 400 V cm−1, 5 ms duration, and 1 Hz frequency 

in aluminum or carbon cuvettes. (B) Cell viability after electrotransfection. The data were 

collected at 4 or 24 hours after the cells were treated with electric pulses in aluminum or 

carbon cuvettes, and normalized by those in non-pulsed controls (NPC). (C) Actual eTE. It 

was calculated as the product of the apparent eTE and the cell viability. In each experiment, 

the average of triplicate measurements was determined; and the experiment was repeated 

seven times. The bar and error bar represent the mean and the standard error of the mean (n 

= 7), respectively. * P < 0.05.
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