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Abstract

Plasmid DNA (pDNA) has been widely used for non-viral gene delivery. After pDNA molecules 

enter a mammalian cell, they may be trapped in subcellular structures or degraded by nucleases. 

Only a fraction of them can function as templates for transcription in the nucleus. Thus, an 

important question is, what is the minimal amount of pDNA molecules that need to be delivered 

into a cell for transgene expression? At present, it is technically a challenge to experimentally 

answer the question. To this end, we developed a statistical framework to establish the relationship 

between two experimentally quantifiable factors — average copy number of pDNA per cell among 

a group of cells after transfection and percent of the cells with transgene expression. The 

framework was applied to the analysis of electrotransfection under different experimental 

conditions in vitro. We experimentally varied the average copy number per cell and the 

electrotransfection efficiency through changes in extracellular pDNA dose, electric field strength, 

and pulse number. The experimental data could be explained or predicted quantitatively by the 

statistical framework. Based on the data and the framework, we could predict that the minimal 

number of pDNA molecules in the nucleus for transgene expression was on the order of 10. 

Although the prediction was dependent on the cell and experimental conditions used in the study, 

the framework may be generally applied to analysis of non-viral gene delivery.
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1. Introduction

Electrotransfection can be used to deliver nucleic acids into cells both in vitro and in vivo 
[1-5]. For gene delivery, the electrotransfection efficiency, measured by the extent of 

transgene expression, depends on the rates of intracellular transport, DNA degradation by 

nucleases, transcription, and translation as well as the amount of DNA being delivered into 

cells. As a result, the efficiency can be influenced by a large number of factors in cells and 

experimental conditions [6-12]. To optimize electrotransfection, it is critical to understand 

how each factor affects the efficiency. At present, it is possible to establish empirical 

relationships between the efficiency and the key factors if other factors can be controlled 

experimentally. Furthermore, enabling techniques have been developed to measure DNA 

concentrations in the cytoplasm and the nucleus, providing quantitative information on rate 

limiting steps in intracellular gene delivery.

Transport of plasmid DNA (pDNA) in cells has been investigated in previous studies of non-

viral gene delivery facilitated by synthetic materials, such as lipids and polymers [13-18], or 

pulsed electric field [1, 3, 19-22]. One important question in non-viral gene delivery is, what 

is the minimal number of pDNA molecules that need to be delivered into a cell for transgene 

expression? Different approaches may be used to answer the question. One is to directly 

quantify the initial pDNA copy number and the transgene expression in the same cell. Since 

the copy number has to be measured within a period post transfection to avoid pDNA 

degradation by intracellular nucleases, which is generally much shorter than the period 

required for transgene protein production, a technical challenge to this approach is whether 

the copy number measurement can be achieved without destruction of cells. Alternatively, 

different cells can be used to separately quantify the copy number and the transgene 

expression. However, these quantities distribute heterogeneously among different cells 

within the same sample. As a result, the experimental data cannot be directly used to 

establish the relationship between the initial pDNA copy number and the transgene 

expression in a cell. To circumvent this problem, we developed a statistical framework for 

determination of the relationship between two experimentally quantifiable factors — the 

average copy number of pDNA per cell among a group of cells after transfection and the 

percent of the cells with the transgene expression. To demonstrate the framework, we 

applied it to the analysis of electrotransfection. Based on the experimental data and the 

framework, we could predict the minimal number of pDNA molecules in a cell required for 

transgene expression.

2. Materials and Methods

2.1. Cell culture and DNA preparation

HCT116 cells (human colorectal carcinoma, ATCC, Manassas, VA, USA) were incubated in 

McCoy's 5a Medium (GIBCO) with 10% bovine calf serum and 1% penicillin-streptomycin 

(GIBCO) at 37°C in 5% CO2 and 95% air, and passaged every 2-3 days. pDNA encoding 

enhanced green fluorescence protein (EGFP) (pEGFP-N1) was purchased from Clontech 

(Mountain View, CA, USA), amplified using DH5α E.Coli, and purified from single 

colonies using Maxi DNA purification kits (QIAGEN) according to the manufacturer’s 
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instruction. In some experiments, pDNA was labeled with rhodamine (Rho-pDNA), a 

fluorescent marker, using Label IT® CX-Rhodamine Labeling kit (Mirus Bio) according to 

the manufacturer’s instruction.

2.2. Degradation of extracellular DNA

To remove extracellular pDNA after electrotransfection, all samples were treated with a 

DNA removal product (DRP) (iQ-Check Free DNA Removal Solution, Bio-Rad). To 

determine its optimal concentration, the mixture was added to 1 ml of a pDNA solution 

prepared with the complete culture medium (1 μg/ml) at the volume ratios of 1:40, 1:80, 

1:160, 1:320, and 1:640, respectively. In control groups, the pDNA solution was prepared 

with either pure water or complete culture medium without the DRP. After the samples were 

treated for 30 min, 10 μl of each sample was mixed with 2 μl loading dye containing 10x 

SYBR™ green I (ThermoFisher Scientific, Waltham, MA, USA), and loaded onto the 1% 

agarose gel prepared with 1x Tris-Acetate-EDTA buffer for electrophoresis of DNA. 

Thereafter, bands of DNA in the gel were analyzed for determining the optimal dilution 

factor for the DRP.

2.3. Electrotransfection

The cultured cells were collected by trypsinization, and 106 cells were counted and re-

suspended in 100 μl of the pulsing buffer M1 (5 mM KCl, 15 mM MgCl2, 120 mM sodium 

phosphate, 50 mM mannitol, pH7.2), containing 1 μg pDNA unless indicated in Results 

section. The sample was loaded into disposable 2-mm gap aluminum cuvette (Bio-Rad), and 

treated with either one electric pulse (650 V and 400 μs) or two to three pulses (650 V, 400 

μs, and 2 s interval) (BTX ECM830 Square Wave Electroporation System, Harvard 

Apparatus), unless indicated in Results section. In the 2- and 3-pulse groups, the buffer was 

supplemented with 0.2% type B gelatin (Sigma) that could significantly increase the cell 

viability by reducing electrotransfection-induced plasma membrane damage [23]. To verify 

the effect of gelatin on cell viability in the current study, we electrotransfected 1 μg pDNA 

into cells with 1 or 3 pulses, and measured the viability with the Trypan Blue Exclusion 

assay. Our data showed that the supplementation increased the viability (mean±SD) from 

81.0%±0.8% to 90.8%±0.6% (n = 3) in the 3-pulse group, but had little effects on the 

viability in the 1-pulse group (91.8%±0.7% vs 92.4%±1.4%, n = 3), presumably because the 

latter was already high without the supplementation.

After pulsing, 1 ml of fresh complete medium pre-warmed at 37°C was added into the 

cuvette; and the cells were centrifuged to remove free pDNA in the medium, resuspended in 

1 ml of the pre-warmed medium, and incubated at 37°C for 30 min. To further remove 

extracellular pDNA, 1 ml sample was treated with 10 μl solution of the DRP (1:100 dilution) 

for 30 min at 37°C. In control groups, the samples were treated with fresh medium without 

the DRP. After treatment, the medium was removed by centrifugation; and the cells were 

resuspended in 1 ml fresh medium for subsequent analysis.

As mentioned above, the electrotransfection was achieved with one to three pulses. For 

samples treated with one pulse, the analysis was performed immediately. For samples treated 

with two to three pulses, the cells were cultured prior to the analysis for 3 hours in 6-well 
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plates at 37°C to allow cell recovery from pulsing-induced damages. The analysis included 

visual examination of samples under a light microscope, and quantitative measurement of 

cell viability and pDNA copy numbers in cells. The electrotransfection efficiency in all 

groups was quantified at 24 hours post pulsing.

2.4. Plasmid and genomic DNA extraction

DNA extraction from cells was performed for measurement of their copy numbers. In the 

experiment, cell suspension prepared after electrotransfection was washed twice with cold 

PBS. Intracellular pDNA and genomic DNA were extracted using the E.Z.N.A. tissue DNA 

kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instruction for 

cultured cells. Briefly, BL buffer and proteinase K were added to cell suspension. After 

heated at 70°C for 10 min, the sample was mixed with pure ethanol (1:1, v/v), and loaded 

into the HiBind® DNA Mini column. After washing the column with different buffers, DNA 

molecules bound to the column were eluted twice using an elution buffer. For PCR analysis, 

the DNA solution might be diluted with the EB buffer if necessary.

To quantify the percent loss of DNA due the processes above, 105 untreated cells were lysed 

using the E.Z.N.A. tissue DNA kit, and mixed with 1 μl pDNA solution (1 μg/μl) before the 

sample was loaded into the purification column for DNA extraction. DNA sample eluted 

from the column was used to quantify GAPDH (for genomic DNA) and EGFP (for pDNA) 

copy numbers, using the qPCR technique. Data were compared with the known copy 

number of DNA in the sample for calculation of the percent loss of DNA.

2.5. Quantitative real-time PCR (qPCR)

It was performed with the CFX Connect™ Real-Time PCR Detection System (Bio-Rad), 

and the DNA amplification was determined, based on the SYBR® Green I detection 

chemistry. To quantify the copy number of the pDNA, the forward and the reverse primer 

sequences for EGFP were TGAACCGTCAGATCCGCTAG and 

GCTGAACTTGTGGCCGTTTA, respectively. To quantify the genomic DNA, we measured 

the copy number of a housekeeping gene, GAPDH. Its primer sequences were 

ACATCATCCCTGCCTCTAC and TCAAAGGTGGAGGAGTGG, respectively. All primers 

were purchased from Integrated DNA Technologies. In each PCR reaction, 18 μl of a 

solution containing 1x SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and the 

two primers at 300 nM for each type, was mixed with 2 μl of the sample in a PCR tube. The 

sequences for EGFP and GAPDH were amplified in different tubes. The thermal cycle 

protocol was 3 min at 98°C followed by 45 cycles for amplification (98°C for 10 s, 60°C for 

30 s). After the PCR reaction, the cycle threshold was converted to the copy number of 

pDNA or the number of cells, based on the standard curves (see below), for calculation of 

the copy number per cell. To minimize system errors, the melting curve analysis was 

performed for all samples (65-95°C at 0.5°C increment); the sample PCR data and the 

standard curves for both pDNA and genomic DNA were generated on the same PCR plate, 

and the PCR efficiency was determined for each plate with the standard curve data. If the 

efficiency was outside the range between 91% and 96%, all sample data for the plate would 

be discarded. Each reported PCR data was the mean of triplicates.
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2.6. Standard curves of DNA

Mass concentration of DNA in the stock solution was determined with NanoDrop 

spectrophotometer (ThermoFisher Scientific). The stock solutions of pEGFP-N1 and human 

genomic DNA (EMD Millipore, Burlington, MA, USA) were diluted serially with pure 

water on the day of measurement, and loaded into different PCR tubes. After the PCR 

reaction (see above), the mass concentration of DNA was plotted as a function of the cycle 

threshold to generate the standard curves. The mass concentration was converted to the copy 

number of pDNA per unit volume based on its molecular weight, or to the number of cells 

per unit volume assuming that DNA loss during the extraction was negligible, and that each 

genome contained two copies of GAPDH.

2.7. Fluorescence microscopy and image analysis

Cells were maintained on ice after electrotransfection, and preloaded with CellTracker™ 

Green CMFDA Dye (ThermoFisher Scientific) before imaging. Fluorescence images of cells 

were acquired using a Revolution XD spinning disk confocal microscope (Andor 

Technology, Concord, MA) equipped with a 60x/NA1.2W corr UPlanApo objective. Super 

resolution images were obtained, using the super-resolution radial fluctuations (SRRF) 

method implemented in a Dragonfly spinning disk confocal microscope (Andor Technology) 

equipped with a 63X/1.47 TIRF HC PL APO corr oil objective. To count the number of 

Rho-pDNA molecules per cell, we converted the 3-D image stack to a 2-D image through 

maximum intensity projection, and segmented the cells in the image using CellProfiler. A 

manual threshold was set on the rhodamine channel (red) and the total number of pixels 

above this threshold was measured. Red objects in the image were identified as any group of 

pixels above this threshold with a diameter of 2-15 pixels (set to encompass the smallest and 

the largest punctate structures observed).

2.8. Electrotransfection efficiency measured with flow cytometry

Flow cytometry analysis was performed as previously described [3]. In brief, cells were 

trypsinized and resuspended in 350 μl of medium containing 5 μg/ml propidium iodide (PI). 

The sample was load into a flow cytometer (BD FACSCanto II, Becton Dickinson, Franklin 

Lakes, NJ). For each sample, 10,000 events were collected. Data analysis was performed 

using FlowJo. Electrotransfection efficiency was characterized by three parameters. One was 

electrotransfection effectiveness (eTE) defined as the percent of viable (PI−) cells that are 

EGFP+; the second parameter was average EGFP expression level, or the geometric mean 

(GM) of the fluorescence intensity (arbitrary unit) among EGFP+ cells; and third parameter 

was the apparent expression level per viable cell calculated as eTE*GM.

2.9. Mathematical model of non-viral gene delivery

The number of pDNA molecules transfected into individual cells is non-uniform. Some cells 

have more pDNA molecules than others, due to variations in different factors, such as cell 

and pDNA locations in the transfection buffer and activities of subcellular structures. To 

model the non-uniformity, we assume that the pDNA copy number per cell has a log-normal 

distribution within a short period post transfection when pDNA degradation is negligible,
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f(Dc) = 1
σDc 2πexp − 1

2
ln (Dc) − μ

σ
2

(1)

where f is the probability density function, σ and μ are the shape and the location 

parameters, respectively, Dc is the number of pDNA molecules in a cell. We had also tested 

other functions (e.g., Poisson and half-normal) that satisfied the requirement — Dc ≥ 0 since 

the number of pDNA molecules in a cell cannot be negative, and observed that the log-

normal function was the best choice under the current experimental conditions. After pDNA 

molecules are internalized by cells, a fraction of them will be degraded by intracellular 

nucleases. Therefore, only a small fraction of pDNA molecules can reach the nucleus for 

transgene expression, suggesting that Dc has to be greater than a threshold level, D0, to 

achieve successful transfection. Integration of Equation (1) from 0 to D0 yields the 

cumulative distribution function, F,

F (D0) = ∫
0

D0
fdDc = 1

2 1 + erf ln (D0) − μ
σ 2

(2)

where erf is the error function. Since F is also the probability that the pDNA copy number in 

a cell is less than or equal to D0, the eTE can be calculated by,

eTE = 1 − F (D0) (3)

and the average copy number per cells, E[Dc], can be calculated by,

E[Dc] = exp μ + σ2

2 (4)

To determine copy numbers of pDNA in different subcellular compartments, we developed a 

mathematical model of intracellular pDNA transport based on those reported in previous 

studies [17, 18] (see Fig. 1). The model assumes that cellular uptake and intracellular 

transport of pDNA are mediated by endocytosis, which is a common mechanism involved in 

most non-viral gene delivery approaches including electrotransfection [1, 3, 11, 22].

The kinetic equations of the model are as follows.

d(Dendosome)
dt = − k1 × Dendosome (5)

d(Dcytosol)
dt = k1 × Dendosome − k2 × Dcytosol − k3 × Dcytosol (6)

d(DIcytosol)
dt = k2 × Dcytosol − k4 × DIcytosol (7)
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d(DINPC)
dt = k4 × DIcytosol − k5 × DINPC (8)

d(DInucleus)
dt = k5 × DINPC − k6 × DInucleus (9)

d(Dnucleus)
dt = k6 × DInucleus − k3 × Dnucleus (10)

d(P )
dt = k7 × Dnucleus − k8 × P (11)

where D and DI denote the numbers of pDNA and the complex formed by pDNA and 

nuclear import protein (NIP), respectively; the subscripts of D and DI indicate different 

compartments (see Fig. 1); NPC is the abbreviation of nuclear pore complex; and P denotes 

transgene protein. ki (i = 1,2,…,8) are rate constants; and their baseline values are listed in 

Table 1. Furthermore, the model assumes that pDNA molecules are transfected into cells 

within a short period, within which pDNA degradation in cells is negligible. Therefore, the 

initial value of Dendosome is equal to the total number of pDNA molecules delivered into the 

cell (i.e., Dc); and there are no pDNA molecules in other subcellular compartments at time 

zero. With these initial conditions, Equations (5) through (11) can be solved simultaneously 

using MATLAB® to calculate the values of P and D in each compartment as functions of 

time.

2.10. Statistical analysis of experimental data

Difference among different experimental groups was compared using the Kruskal-Wallis test 

followed by Dunn’s post-hoc analysis (GraphPad Prism). A difference was considered to be 

statistically significant if the p-value was < 0.05.

3. Results

3.1. Quantitative measurement of average pDNA copy number per cell

Different techniques are available for measurement of DNA copy numbers in aqueous 

solutions. They include Southern blot [25], qPCR [13, 15, 16, 26], and droplet digital PCR 

[27]. We chose to use qPCR because its measurement is accurate over at least 5 orders of 

magnitude. In addition to the large dynamic range, qPCR allows to simultaneously quantify 

both pDNA and genomic DNA in the same sample for calculation of the average pDNA 

copy number per cell. However, two technical issues need to be addressed first before the 

technique could be used reliably in the study. The first was DNA loss during sample 

preparation that could cause underestimation of the copy number. To determine the percent 

loss, we lysed 105 untreated cells and mixed the lysate with 1 μg pDNA. The copy numbers 

of genomic DNA and pDNA in the mixture were then measured with qPCR (see the 

Materials and Methods section). Our data from 3 independent samples showed that the 
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percent loss (mean±SD) was 10.1±1.7% for genomic DNA and 4.4±3.1% for pDNA, 

indicating that the DNA loss during extraction from cell lysates was insignificant.

The second issue was the large amount of extracellular pDNA in experimental samples after 

electrotransfection that could cause a significant overestimation of pDNA copy number in 

cells. To remove extracellular pDNA, we washed the cells with PBS twice prior to DNA 

extraction. The process could remove the majority of free pDNA molecules in the medium, 

but the amount of pDNA left in the medium was still higher than that in cells, especially 

when the electrotransfection efficiency was low. Additionally, the washing step could not 

effectively remove pDNA aggregates in the medium and pDNA bound to cell membrane. To 

solve the problem, we treated the washed cells with different reagents, such as trypsin and 

different DNase, and found that the DRP from Bio-Rad was the most efficient reagent for 

elimination of both membrane-bound and extracellular pDNA.

To determine the optimal concentration of the DRP, the stock solution was diluted at 

different times before being used to treat pDNA, and the fragmented DNA was subjected to 

gel electrophoresis after treatment. The results shown in Fig. 2A indicated that untreated 

pDNA in the complete medium migrated slower than that in pure water, presumably due to 

changes in pDNA conformation or partial neutralization of pDNA charge by chemicals in 

the medium. In the treated groups, a non-specific band of DNA was noticed in each lane 

near the 5000 bp location. They were unlikely to be DNA fragments because the intensity 

and the size of the bands were independent of the concentration of the DRP. They were 

likely to be the gel loading dye. In other regions of the gel, no significant bands were visible 

in the lanes of 1:40 and 1:160, indicating that all DNA fragments were smaller than 100 bp 

after the treatment at these concentrations of the DRP. When the stock solution of the DRP 

was diluted by a factor of 320, an extra DNA band was observed at 200 bp (Fig. 2A), and the 

band at the same location were larger and darker in the lane of 1:640, indicating that the 

DRP at low concentrations were ineffective for complete DNA degradation. Based on the 

data, we chose to use the DRP at the dilution factor of 1:100 to treat all samples after 

electrotransfection. At this concentration, the DRP treatment for 30 min caused insignificant 

changes in cell viability as determined with the Trypan Blue exclusion assay (data no 

shown).

To visualize effects of the DRP on extracellular DNA, cell suspensions were treated with the 

DRP for 30 min after electrotransfection of Rho-pDNA. Thereafter, the cytoplasm was 

labeled with CellTracker™ Green dye; and the samples were examined under a confocal 

microscope (Fig.2B through K). We observed that compared with the untreated controls, the 

DRP treatment significantly reduced signals from extracellular Rho-pDNA in the non-pulsed 

controls (Fig. 2B, D, F, H), and in samples treated with 1 pulse (Fig. 2C, E). Similarly, we 

observed that the treatment of samples with the DRP could reduce signals from extracellular 

Rho-pDNA in samples treated with 3 pulses (Fig. 2G, I) although the reduction was less 

significant compared with those in samples treated with none or 1 pulse, presumably due to 

pDNA aggregation caused by pulsing [28]. The aggregated DNA is more resistant to 

enzymatic degradation than free DNA molecules.

Wang et al. Page 8

Bioelectrochemistry. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An increase in the pulse number also created large structures with red fluorescence (Fig 2J, 

K), which could be pDNA aggregates [28] or pDNA complexed with debris of cell 

membrane [2, 29-32]. The number of these structures was dramatically reduced after the 

DRP treatment (Fig. 2K). Quantitatively, we observed that the treatment could reduce the 

total copy number of pDNA in individual samples by 6 to 13 folds, indicating that the 

treatment could effectively remove extracellular and membrane bound pDNA. In subsequent 

experiments, all cell samples were treated with the DRP prior to DNA extraction from cells 

for qPCR analysis.

It is well-known that electrotransfection can induce cell apoptosis [33-35]. In the current 

study, the number of apoptotic cells in samples treated with 3 pulses was observed to be 

higher than those in the non-pulsed and 1-pulse groups. One concern was that a large 

amount of pDNA could accumulate in dead cells, causing overestimation of average pDNA 

copy number in samples. To address it, we examined the whole cell population after 

electrotransfection, and observed no cells (live or dead) containing a large amount of pDNA 

in the cytoplasm either before or after the DRP treatment (Fig. 2J, K).

3.2. Effects of pulsing conditions on average copy number of pDNA per cell

The effects were analyzed by varying DNA dose or concentration in the pulsing buffer, and 

electric pulse parameters (voltage and number). We observed that the average DNA copy 

number per cell at 1 h post electrotransfection (3250 V/cm, 400 μs, 1 pulse) increased with 

increasing the dose from 1 μg to 4 μg, which was equivalent to 1.96x1011 to 7.83x1011 

copies of pDNA (Fig. 3A). The relationship was nearly linear, indicating that the ratio of 

intracellular vs extracellular copy numbers was dose-independent. Since the number of cells 

in each group was 106, the data indicated that only 0.1% of pDNA in the buffer was 

delivered into cells.

To quantify the dependence of pDNA copy number on pulse number and magnitude, 1 μg 

DNA was electrotransfected into cells with 1 to 3 pulses (at 650 V, 400 μs duration, and 2 s 

interval) in the buffer supplemented with 0.2% type B gelatin, and the cells were analyzed at 

4 h after pulsing. The data showed that the average pDNA copy number per cell increased 

with increasing the pulse number (Fig. 3B). Interestingly, an increase in pulse number from 

1 to 3 resulted in a similar increase in the pDNA copy number, compared with those 

achieved by increasing the DNA dose from 1 to 4 μg while the pulse number was fixed at 

unity (Fig. 3A). In a similar experiment, the pulse number was fixed at 3, but the pulse 

magnitude was increased from 350 to 650 V. We observed that the pDNA copy number per 

cell increased with increasing the pulse magnitude (Fig. 3C). To directly visualize individual 

pDNA molecules in cells, 1 μg of Rho-pDNA was electrotransfected into cells with one 

pulse; the sample was treated with the DRP, followed by fluorescence imaging with super-

resolution confocal microscopy. The 3-D image stack was converted to a 2-D image through 

maximum intensity projection. A representative image is shown in Fig. 3D, E. Each red spot 

or object in the image could be a single or a small group of pDNA molecules, depending on 

the size of the spots. Through 2-D image analysis, the numbers of red pixel and red object 

per cell (mean ± SD, n = 9) were observed to be 1596 ± 835 and 60 ± 20, respectively.
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3.3. Dependence of transgene expression on pDNA dose

One application of the method developed in the study was to determine the minimal pDNA 

copy number in a mammalian cell required for transgene expression. Viral vectors are 

known to be highly efficient in gene delivery. Some viral vectors can achieve transgene 

expression in certain mammalian cells with just one viral particle per cell [36-38]. However, 

the minimum copy number per cell is still unknown for electrotransfected pDNA. To 

estimate the number, we serially diluted pDNA solution so that its concentration in the 

pulsing buffer ranged from 15.625 ng to 500 ng. At 1 h post electrotransfection (650 V, 400 

μs, 1 pulse), data from qPCR analysis showed that intracellular pDNA copy number 

increased linearly with increasing the pDNA dose (Fig. 4A). The data were consistent with 

those shown in Fig. 3A, where the pDNA dose was increased from 1 and 4 μg. When the 

DNA dose was 15.625 ng, which is equivalent to 3.06x109 copies of pDNA, the average 

copy number of pDNA was 3.5 per cell. Under the same experimental condition, we 

quantified the electrotransfection efficiency with three parameters defined in Section 2.8: (i) 

the eTE or the percent of viable cells that are EGFP+, (ii) the average EGFP expression level 

or the geometric mean (GM) of the fluorescence intensity (arbitrary unit) among EGFP+ 

cells; and (iii) the apparent expression level per viable cell calculated as eTE*GM. The eTE 

increased with increasing the dose (Fig. 4B), but the GM was insensitive to the dose (Fig. 

4C). As a result, the apparent expression level increased with increasing the dose (Fig. 4D).

3.4. Numerical simulation of electrotransfection

Experimental data shown in Fig. 4 indicated that the copy number of pDNA per cell could 

significantly affect the eTE but had minor effects on the geometric mean of the transgene 

expression level. To explain the observations quantitatively, we developed a statistical 

framework for analyzing pDNA transfection (see the Materials and Methods section). Based 

on Equations (3) and (4) in the model, we performed regression analysis of the combined 

experimental data shown in Fig. 4A, B to determine the values of σ and D0. Result of the 

analysis is shown in Fig. 5A, which required σ and D0 to be equal to 2.184 and 172, 

respectively.

The transgene expression level or the geometric mean of fluorescence intensity per cell 

(GM) was simulated by solving the kinetic equations described in the Materials and 

Methods section. The model predicted that the EGFP concentration at 24 hours post 

electrotransfection was a linear function of the amount of pDNA delivered into a cell (data 

not shown). Assuming the fluorescence intensity to be proportional to the EGFP 

concentration, the relative GM was calculated based on the simulated data (Fig. 5B). The 

model predictions were slightly lower than the normalized experimental data shown in Fig. 

4C although both results demonstrated that the GM was less sensitive to changes in the 

pDNA copy number than the eTE. Furthermore, the kinetic model predicted that the copy 

number of pDNA in the nucleus was time-dependent (Fig. 6A) and increased linearly with 

increasing the number of pDNA molecules (Dc) delivered into cells; and that the value of Dc 

had minor effects on the time at which the peak level was reached, they were all close to 9.1 

hours post electrotransfection. The peak copy number was approximately equal to 11 if Dc = 

D0, the threshold level above which the transgene expression becomes detectable 

experimentally.
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We discovered in a previous study that pretreatment of cells with a non-degradable sugar 

(e.g., sucrose) could inhibit pDNA degradation in cells [39]. To simulate the inhibition, we 

reduced the value of k3 by 50%, and re-calculated the profiles of pDNA copy number in the 

nucleus. Results shown in Fig. 6B indicated that the reduction in k3 increased the peak time 

from 9.1 to 12.4 hours although the shape of the profiles was still similar to that shown in 

Fig.6A. The inhibition of pDNA degradation would also increase the copy number in the 

nucleus and decrease the threshold, D0, thereby increasing the electrotransfection efficiency. 

For example, Equations (2)-(4) predicted that a decrease in D0 by 50% (i.e., from 172 to 86) 

could lead to 79% increase in the eTE if the average copy number per cells, E[Dc], was 65.4, 

which could be achieved experimentally at the pDNA dose of 500 ng (Fig.4A)

4. Discussion

We developed a statistical framework to explain the observations in electrotransfection 

experiments. The experimental data demonstrated that increasing pDNA dose, pulse 

strength, and pulse number could increase the average copy number of electrotransfected 

pDNA per cell. Under the experimental conditions used in the study, the eTE was 

approximately a linear function of the dose varying from 15.6 ng to 4 μg, , but the ratio in 

pDNA copy numbers between intracellular and extracellular spaces ( ≈ 0.001) was nearly 

independent of the dose. The ratio could be increased significantly by increasing the pulse 

magnitude or the pulse number. Based on the experimental data and the statistical 

framework, we could predict the minimal number of pDNA molecules required to be 

electrotransfected into a cell for transgene expression.

4.1. Error analysis in quantitative measurement of pDNA copy numbers

qPCR technique is currently the most sensitive approach to measurement of pDNA copy 

numbers, but it is also prone to overestimation when used to measure the intracellular copy 

number, due to the contamination by extracellular and cell membrane bound pDNA. 

Meanwhile, the copy number can be underestimated because the efficiency of pDNA 

extraction from cells is less than 100%. Therefore, the qPCR data need to be validated with 

different control experiments. In the current study, the first control experiment was to 

determine the efficiency of DNA extraction from cell samples. We lysed 105 cells and mixed 

the lysate with 1 μg pDNA, followed by DNA extraction from the mixture. Our data 

indicated that the extraction efficiency was 89.9% for genomic DNA and 95.6% for pDNA, 

indicating that the relative error in the pDNA copy number per cell, caused by incomplete 

extraction, was 5.7%.

The second control experiment was to determine if extracellular pDNA, including those 

bound to cell membrane, could be removed post electrotransfection. The majority of 

extracellular pDNA could be removed by simply washing the cells with PBS, but the amount 

of pDNA removed was still inadequate because only ~0.1% pDNA molecules were 

internalized by cells. To further remove the extracellular pDNA, we treated the washed cells 

with the DRP prior to cell lysing. The treatment could reduce the amount of pDNA in 

samples by 6 to 13 folds, presumably due to the degradation of extracellular DNA since the 

DRP could not enter the cells. To confirm the reduction, we examined the samples under a 
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fluorescence microscope after electrotransfection of Rho-pDNA. It was observed that the 

fluorescence signal was significantly reduced after the DRP treatment. For samples where 

the electrotransfection was achieved with a single electric pulse, no red fluorescence was 

detectable in the extracellular medium (see Fig. 2E). To our knowledge, this is the first time 

that extracellular pDNA could be effectively removed for quantitative analysis of 

intracellular copy number of electrotransfected pDNA. However, the red fluorescent 

aggregates were still detectable in the medium after the DRP treatment if the 

electrotransfection was performed with 3 pulses, indicating that the DRP was less effective 

to degrade pDNA aggregates [28] or pDNA complexed with membrane debris from dead 

cells [30-32]. The observation suggested that the reported pDNA copy number per cell could 

be overestimated in experimental groups where 2 to 3 pulses were used for 

electrotransfection (see Fig. 3B). New techniques are needed in future studies to completely 

remove extracellular and membrane bound pDNA after multiple pulses are applied to 

samples for electrotransfection.

Advances in fluorescence microscopy have allowed for direct visualization of pDNA in live 

cells. In the third experiment for the validation of qPCR data, we used a state-of-the-art 

super resolution microscope to image Rho-pDNA molecules in live cells. The microscope 

with a 63x objective can resolve objects ~100 nm apart, which is adequate for detection of 

pDNA at the single molecule level. In the current study, we compared the pixel number, the 

object number, and the pDNA copy number in cells after electrotransfection with 1 pulse. 

They were approximately 1600, 60, and 180, respectively, which were consistent with the 

expectation. Generally, the number of pixels with red fluorescence should be larger than the 

pDNA copy number, presumably due to light scattering in samples; whereas the number of 

fluorescent objects in the image should be smaller than the copy number because each 

fluorescent object could represent a single or a group of pDNA molecules accumulated in an 

intracellular vesicle (e.g., endosome) as observed previously [1, 3, 39, 40].

The relationship between the transgene expression and the pDNA copy number in cells has 

been investigated in previous studies of lipoplex and polyplex mediated gene delivery 

[13-16]. For example, the copy number in the nucleus was observed to be 75 to 50,000, 

depending the pDNA dose [13, 14], indicating that the average pDNA copy numbers per cell 

observed in these studies are much higher than the data reported in the current study. It is 

unclear if the discrepancy is caused by differences in gene delivery methods or 

contamination of the samples with pDNA outside the nucleus. Interestingly, the previous 

studies have also observed that the transgene expression level is a sigmodal function of the 

pDNA copy number in the nucleus. The expression level is saturated if the copy number is 

higher than a few thousands, but undetectable when the copy number is lower than a 

threshold level. The same threshold phenomenon had also been observed in the current study 

but at a much lower level. In another study, pDNA encoding Herpes simplex virus thymidine 

kinase (TK) was microinjected into the nucleus of a TK deficient mouse cell line for 

determination of the minimum number of pDNA molecules per nucleus required for 

transgene expression [41]. The investigator showed that as few as 5 copies of pDNA was 

needed for detectable TK activity in the cells, and that microinjection of the same amount of 

pDNA into the cytoplasm could not lead to transgene expression. A similar result was 

observed in an in vivo study where the authors used the hydrodynamics-based injection 
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technique to introduce pDNA into mouse liver cells [42]. They showed that on average, only 

1 to 2 pDNA molecules were needed in the nucleus for transgene expression. Considering 

that pDNA was delivered to only a small fraction of the cells in the liver, the true copy 

number per cell should be several folds higher than the estimate. Together, the data reported 

in the literature [41, 42] were on the same order of magnitude as that predicted by the 

current study (see Fig. 6).

4.2. Mathematical modeling of non-viral gene delivery

Numerous mathematical models have been developed to study non-viral gene delivery in 

cells [17-19, 43, 44]. Most of them are focused on the kinetics of nanoparticle-mediated 

delivery in cells via endocytic pathways [17, 18], which may involve binding of 

nanoparticles to cell membrane, internalization by vesicles, vesicular transport, endosomal 

escape, release of DNA from nanoparticles, and nuclear entry of DNA. One of the 

limitations in these studies is that they have only investigated the average behavior of gene 

delivery, and ignored the difference in the rate of DNA uptake by different cells. To 

circumvent the problem, we proposed a statistical framework to consider the heterogeneity 

in gene delivery. It was a combination of kinetic analysis of DNA transport in single cells 

and statistical modeling of the DNA uptake by a group of cells. The new framework had 

been used successfully to explain experimental data of electrotransfection observed in the 

current study, and predict the minimum number of pDNA molecules that have to be 

electrotransfected into a cell for transgene expression. The prediction is consistent with 

experimental data in the current and other studies in the literature [45-51]. In addition to 

eTE, our model could predict the dose dependence of the geometric mean of EGFP 

expression. The prediction might be considered as an evidence for validating the model. We 

expect that the framework can be utilized generally to investigate relationships among 

experimentally observed quantities: (i) average pDNA copy number per nucleus or per cell, 

(ii) fraction of cells expressing transgene, and (iii) geometric mean of transgene expression 

level in non-viral gene delivery studies.

Although the statistical framework could fit the current experimental data well, the 

assumptions in the kinetic model and the choice of probability density function may not be 

the best for other studies with different experimental conditions and cell types. However, we 

would like to argue that without the assumptions, the framework is still valid qualitatively 
for analysis of electrotransfection in different studies because of the three observations. 

First, the number of pDNA molecules is heterogeneously distributed among different cells 

after application of electric pulses. It is high in some cells; and low or equal to zero in 

others. Second, a fraction of pDNA molecules internalized by cells will inevitably be 

degraded by nucleases in cytoplasm or nucleus [29, 51]. Finally, it is unlikely for all 

electrotransfected pDNA molecules to enter the nucleus even without the degradation, 

because they can be sequestered by subcellular structures (e.g., endosome) and their 

transport in cells can be hindered by physiological barriers (e.g., nuclear envelope). These 

observations indicate that transgene expression can happen only in a fraction of the cells, 

measured as the eTE in the literature [51], in which the number of pDNA molecules in a cell 

has to be larger than the threshold (D0); and that the pDNA copy number is non-uniformly 

distributed among different cells. The non-uniformity can be modeled by a probability 
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density function (e.g., log-normal function); and the area under the curve for Dc ≥ D0 is the 

eTE. Within a cell, the numbers of pDNA molecules in subcellular compartments and the 

transgene protein can be predicted by using a kinetic model (e.g., the one used in the current 

study). Together, these models could be used generally for quantitative analysis of 

electrotransfection in vitro.

Increasing pDNA dose can improve transfection efficiency, but may also induce stronger 

innate immune responses to exogenous DNA [9, 52, 53], preventing long-term transgene 

expression. Therefore, a fundamental question in non-viral gene delivery is, what is the 

minimum amount of plasmid that have to be delivered into a cell for transgene expression? 

To answer the question, we analyzed the experimental data and performed numerical 

simulations with the statistical framework. We could predict that under the current 

experimental conditions, the minimal pDNA copy number required for transgene expression 

(Do) was 172; and the corresponding copy number of pDNA in the nucleus varied with time 

(Fig.6). The peak level was 11, which was consistent with the data reported in the literature 

[41, 42]. The observation suggests that only a few copies of pDNA need to be delivered into 

the nucleus for transgene expression in a cell. Furthermore, the model predicted that 

inhibition of pDNA degradation could reduce the threshold level (Do), thus increase the eTE.

In conclusion, we developed a statistical framework for analysis of non-viral gene delivery. 

It can be used to establish the relationship between the experimental data of average pDNA 

copy number per cell and transfection efficiency, and to predict the minimum amount of 

pDNA required to be delivered into a cell for transgene expression. The framework will be 

useful for understanding mechanisms of pDNA transport and development of new strategies 

to improve of non-viral gene delivery.
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Highlights

• A framework was developed for quantitative analysis of non-viral gene 

delivery

• The framework was applied to analysis of electrotransfection data

• Average copy number of plasmid per cell was quantified experimentally under 

different conditions

• The study predicted the copy numbers of plasmid in different subcellular 

compartments

• The copy number in a cell had to be higher than a threshold to achieve 

transgene expression
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Figure 1. 
Schematic of kinetic model for intracellular pDNA transport. It includes endosomal escape, 

complex formation between pDNA and nuclear import protein (NIP), binding to nuclear 

pore complex (NPC), nuclear entry, dissociation of pDNA from NIP, protein synthesis, and 

degradation of pDNA and protein.
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Figure 2. 
Validation of qPCR method for intracellular pDNA copy number measurement. (A) Typical 

image of agarose gel showing pDNA and its degraded fragments. Gel electrophoresis was 

performed after pDNA solutions prepared with complete culture medium were treated with 

the DRP diluted by different factors (1:40, 1:160, 1:320, and 1:640). The pDNA solutions in 

untreated control groups were prepared with pure water or complete culture medium (Med). 

(B)-(E) Typical fluorescence images of pDNA (red) and cells (green) after the buffer 

containing Rho-pDNA and cells (stained with CellTracker™ Green CMFDA) was treated 

with one electric pulse (650 V and 400 μs) (Pulsed). To remove extracellular pDNA after 

electrotransfection, the cells were treated with the DRP (1:100 dilution). The non-treated 

groups served as controls. (F)-(I) Typical fluorescence images of Rho-pDNA and cells. The 

experimental condition was similar to that in Panels B-E, except that the pulsing buffer was 

supplemented with 0.2% type B gelatin, and that 3 pulses (650 V/cm, 400 μs, 2 s interval) 

were applied to the cells. (J)&(K) Images of Rho-pDNA and cells at a higher magnification. 

The samples were from the same groups as those shown in Panels G&I, respectively. These 

images show apoptotic cells (black arrows) and pDNA aggregates either alone or complexed 

with membrane debris (white arrowheads). Scale bars: 40 μm in B-I; 20 μm in J&K.
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Figure 3. 
Dependence of average pDNA copy number on pDNA dose and pulsing conditions. The 

copy number increased with increasing (A) the dose, (B) the pulse number, and (C) the pulse 

strength. The curves are the results of linear fitting. Error bar: SD; n = 3. *P < 0.05, the 

highest vs the lowest data points. (D)&(E) Super-resolution image of a sample. The 

experimental condition was the same as that described in Panel E of Figure 2. The signals 

from both red (Rho-pDNA) and green (cytosol) channels are shown in (D), and the red 

signal alone is shown in (E). The numbers 1 through 9 indicate the cells used for quantitative 

image analysis. Scale bar: 10 μm.
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Figure 4. 
Dependences of electrotransfection efficiency and average pDNA copy number on pDNA 

dose. (A) The copy number increased linearly with the pDNA dose. n = 4. (B)-(D) Effects of 

pDNA dose on the electrotransfection efficiency measured with three parameters: (B) eTE, 

(C) geometric mean of expression level, and (D) apparent expression level. n = 3. The curves 

are the results of linear fitting. Error bar: SD.
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Figure 5. 
Numerical simulations of electrotransfection efficiency and its dependence on average 

pDNA copy number per cell. (A) Regression analysis of experimental data for determination 

of model constants (σ and D0). The symbols are experimental data of the eTE and the curve 

is the result of fitting the model to the data. (B) Model prediction of relative transgene 

expression level. The predicted values are compared with the experimental data described in 

Figure 4C after the pDNA dose was converted to the pDNA copy number using the data 

shown in Figure 4A.
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Figure 6. 
Numerical simulations of time-dependent pDNA copy numbers in the nucleus. (A) Baseline 

profiles of the simulated copy number at different initial conditions (Dc). The values of Dc 

for different curves (from bottom to top) are D0/3, D0/2, D0, 2D0, 3D0, 4D0, and 5D0, 

respectively; and D0 = 172. The peak level of the profile increases monotonically with 

increasing the value of Dc. (B) Profiles of the copy number when the rate constant for pDNA 

degradation is reduced from the baseline by 50%.
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Table 1.

Baseline values of rate constants

Name Description Value (min−1)

k1 endosomal escape 10 −2

k2 complex formation between pDNA and nuclear import protein 2 × 10 −3

k3 pDNA degradation 5 × 10 −3

k4 association of pDNA complex with NPC 103

k5 entry of pDNA complex into the nucleus 3 × 10 −3

k6 dissociation of pDNA from nuclear import protein 103

k7 protein production 10 −2

k8 protein degradation 7.7 × 10 −4

Note: The values of k1 through k7 were obtained from Ref.[17], and the value of k8 was calculated based on the intracellular half-life of enhanced 

green fluorescence protein (15 h) [24].
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