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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a particularly lethal form of cancer. 

In 2012, the incidence of PDAC was 43,920. Five-year survival for patients with PDAC is around 

6%, regardless of staging, making PDAC one of the deadliest forms of cancer. One reason for 

this dismal prognosis is chemoresistance to the current first-line therapy, gemcitabine. There are 

multiple factors that contribute to the chemoresistance observed in pancreatic cancer. Among 

them, desmoplasia has been increasingly seen as a significant contributor to chemoresistance. 

To overcome desmoplastic chemoresistance, several novel methods of treatment have been 

developed. Electroporation is one such novel treatment. High electrical fields are applied to 

cells to create pores that increase cell permeability. It has been previously demonstrated that 

electroporation enhances the therapeutic efficacy of anticancer drugs in pancreatic tumor models. 

Nanoparticle-based drug delivery systems constitute a second novel method to overcome 

desmoplastic chemoresistance. Due to their intrinsic design advantages, nanoparticles have been 

shown to increase the effectiveness of chemotherapeutic agents, while further reducing or even 

eliminating side effects. To date, there have been no studies evaluating the cumulative effect 

of combining both nanoparticle and electroporation strategies to overcome chemoresistance in 

PDAC. Our preliminary studies assessed the in vitro and in vivo uptake of doxorubicin-loaded 

iron oxide nanoparticles as a function of electroporation voltage and timing of administration 

in pancreatic adenocarcinoma cells. Our studies demonstrated that addition of electroporation 

to administration of nanoparticles significantly increased the amount of intracellular iron oxide 

nanoparticle uptake by a PANC-1 cell line in an athymic nude mouse model of PDAC. Further, 

electroporation-assisted nanoparticle uptake could be significantly altered by changing the timing 

of application of electroporation.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal forms of cancer, 

with a 5-year survival of around 6%, regardless of staging. In 2012, 43,920 new cases 

of PDAC were diagnosed in the USA. Further, in the same year, there were 37,390 

deaths from PDAC.1 This high mortality rate is due in part to the advanced stage of the 

disease at the time of diagnosis, as well as the lack of effective treatments.2 Currently, 

surgical resection is the only curative treatment, but less than 20% of patients qualify 

as surgical candidates.3 Advanced PDAC, ie, surgically unresectable locally advanced 

adenocarcinoma or metastatic disease, accounts for approximately 80% of cases at 

the time of diagnosis.4

Almost all currently accepted treatment protocols for locally advanced or metastatic 

PDAC involve intravenous chemotherapy, most commonly gemcitabine. Despite this, 
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chemoresistance of PDAC to gemcitabine has been widely 

reported, leading to treatment failure and ultimately death.5 

While not completely understood, several mechanisms 

of chemoresistance have been suggested. Among them, 

desmoplasia has been increasingly seen as a significant 

contributor to chemoresistance in PDAC.6 Desmoplasia is 

a dense stromal reaction seen in many forms of cancer, but 

is particularly intense in PDAC. The desmoplastic tissue 

contains extracellular matrix proteins, including collagen, 

pancreatic stellate cells, and immune cells, which are all 

postulated to aid in the growth of PDAC cells. By elevated 

interstitial fluid pressures and intrinsic structural characteris-

tics, desmoplasia decreases penetration of molecules, such as 

chemotherapeutic agents, through the tissue.7 In PDAC, the 

hedgehog signaling pathway is critical in the development 

of desmoplasia. In 2009, Tuveson et al demonstrated that by 

inhibiting the hedgehog pathway in pancreatic mouse mod-

els, the activity of gemcitabine was significantly enhanced.8 

This finding further demonstrates the role of desmoplasia in 

PDAC chemoresistance. 

In recent years, there has been increased attention paid 

to chemoresistance as a potential target in the treatment of 

PDAC. From this attention, electroporation and nanotechnol-

ogy have emerged as two novel methods developed to reduce 

PDAC chemoresistance.

Electroporation is the transient application of high 

electrical fields to cells, creating pores that increase cell 

permeability. In the past two decades, the mechanism and 

practical applications of electroporation have been widely 

investigated, particularly as a means of introducing a range of 

drugs, DNA, antibodies, and plasmids into cells.9 In PDAC, 

previous studies have demonstrated that electroporation 

enhances the therapeutic efficacy of anticancer drugs in 

pancreatic tumor models.10 

Nanoparticle therapeutics are typically particles 

comprised of therapeutic entities, such as small-molecule 

drugs, peptides, proteins, or nucleic acids, and components 

that assemble with these therapeutic entities, such as lipids 

and polymers, to form nanoparticles.11 Nanoparticle designs 

combine a therapeutic entity, such as gemcitabine, with 

specific surface properties, such as polyethylene glycol 

or other targeting ligands, allowing them to overcome 

many forms of chemoresistance. Further, nanoparticles 

are multifunctional, allowing for direct visualization of 

drug delivery with imaging modalities such as magnetic 

resonance imaging.11 To that end, there have been numerous 

nanoparticle-based gemcitabine strategies that overcome 

PDAC chemoresistance.12–18

While many studies have separately investigated the 

efficacy of electroporation or nanoparticle therapeutics in the 

treatment of PDAC, there have been no studies evaluating 

the combined efficacy of these strategies. This study assessed 

and optimized the uptake efficacy of iron oxide nanoparticles 

in combination with electroporation in PDAC. 

Materials and methods
All experiments were approved by our institutional animal 

care and use committee at Northwestern University. The 

study was divided into two parts. The in vitro part of the 

study evaluated the effects of voltage levels on intracellular 

uptake of nanoparticles and cell viability. The second part 

evaluated the effects of electroporation on uptake of iron 

oxide nanoparticles and the effects of timing of administra-

tion of electroporation in relation to administration of the 

nanoparticles.

In vitro study
Eighteen 0.5 cm cuvette (5 mm) wells containing 2 million 

PANC-1 cells per well were incubated. The plated cells 

were divided into control and experimental groups. Nine 

control wells were incubated in 2 mL of Dulbecco’s modified 

Eagle’s medium (DmEm), and nine experimental wells 

were incubated in a solution of DmEm with 100 nm/mL of 

iron oxide and 10% doxorubicin (Ocean NanoTech LLC, 

Springdale, AR, USA). The wells were incubated at 37°C 

in 5% CO
2
 for 24 hours.

On day 2, after 24 hours, the cells were washed twice 

in sterile 1× phosphate-buffered saline. Next, 1 mL of the 

designated DmEm was added to the wells. Control cells 

were given 1 mL of DmEm without nanoparticles, and the 

experimental cells were given DmEm with 100 nm/mL of 

iron oxide and 10% doxorubicin. Electroporation of each well 

was performed, at voltages ranging from 0 to 1,500 V, using 

an adherent cell electrode with a 0.5 cm gap (BTX VCm 830; 

Harvard Apparatus Ltd, Edenbridge, UK). The electropora-

tion protocol is outlined in Table 1. After each electroporation, 

the electrodes were wiped off with 70% ethanol. After 

electroporation, 1 mL of DmEm was added to each well and 

incubated at 37°C in 5% CO
2
 for 24 hours.

On day 3, the wells were rinsed twice in sterile 

1× phosphate-buffered saline. The cells were then trypsinized 

with 0.5 mL of 0.25% trypsin for 5 minutes, resuspended in 

1 mL of DmEm, and transferred to 1.5 mL tubes. The tubes 

were centrifuged at 1,250 rpm for 5 minutes. The supernatant 

was aspirated and the samples were divided into cell viability 

and inductively coupled plasma mass spectrometry (ICP-mS) 
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samples. The cell viability sample cells were resuspended in 

0.5 mL of 1× phosphate-buffered saline and transferred to 

flow tubes. Cell viability was immediately performed using 

a Countess automated cell counter (Invitrogen, Carlsbad, 

CA, USA) and trypan blue. The ICP-mS samples were 

resuspended in 0.2 mL of 70% nitric acid and then sent for 

ICP-mS with 54Fe and 57Fe. This experiment was repeated 

six times for a total sample size of n=6.

In vivo study
Using a 30 gauge needle, 10×106 PANC-1 cells in 50 µL 

of phosphate-buffered saline were injected subcutaneously 

into the bilateral flanks of 8-week-old athymic nu/nu mice. 

This procedure was performed in the Center for Comparative 

medicine Lurie facility according to the guidelines estab-

lished by the Feinberg School of medicine and Northwestern 

memorial Hospital. The mice were monitored until their 

tumors reached 1 cm in diameter. 

When the tumors had reached 1 cm, the mice were 

anesthetized with 2%–3% isoflurane. Under anesthesia, 

the mice received 400 V electroporation using pincher 

electrodes and were injected retro-orbitally with 0.1 mL of 

doxorubicin nanoparticles (iron concentration 4 mg/mL). 

The timing of electroporation was varied experimentally 

for each tumor, from electroporation 12 minutes before to 

12 minutes after administration of the nanoparticles. For 

each time point, three tumors were electroporated. After 

analysis, three more tumors were treated with electroporation 

3 minutes before administration of the nanoparticles, for a 

total of six tumors at that time treatment point. In addition, 

six tumors were electroporated without administration of 

nanoparticles, six tumors received nanoparticles without 

electroporation, and six tumors did not receive any nano-

particles or electroporation. 

After electroporation, all mice were euthanized in a 

CO
2
 chamber and bilateral thoracotomy was performed. 

The tumors were excised from the mouse flanks. A portion 

of each tumor was placed in formalin. From this sample, 

hematoxylin and eosin slides and Prussian blue slides were 

created for each tumor. The remaining portion of each tumor 

sample was weighed and placed in 70% nitric acid for 6–8 

hours and subsequently sent for ICP-mS analysis of iron 

content.

statistical analysis
Two-way analysis of variance was performed using Statis-

tical Package for the Social Sciences package version 17 

software (SPSS Inc, Chicago, IL, USA) to check whether 

iron concentrations differed by nanoparticle uptake and 

voltage levels. Similar techniques were used to examine 

whether electroporation and its timing were related to iron 

concentration.

Results
cell viability
Figure 1 shows the percent change in cell viability plotted 

against change in field strength. Figure 2 shows cell viability 

plotted as a function of variation in electroporation voltage. 

PANC-1 cells incubated with nanoparticles and those incu-

bated without nanoparticles showed a decrease in viability 

as voltage increased. The rate of decrease in cell viability 

varied. The greatest decrease in viability was seen as the volt-

age was increased from 0 V to 400 V. Between 100 V and 

1,500 V, viability decreased slightly less rapidly. Between 

400 V and 1,000 V, viability decreased by the smallest 

amount as voltage increased. 

Pancreatic voltage setting
Iron uptake by PANC-1 cells incubated with and without 

iron nanoparticles was plotted against variations in voltage 

(Figure 2). Across all voltages, there were statistically sig-

nificant differences between iron concentrations in PANC-1 

cells incubated without iron nanoparticles and PANC-1 cells 

incubated with iron nanoparticles. The differences between 

Table 1 electroporator settings for in vivo and in vitro electroporation

Electroporation settings

Frequency 1 hz

Mode LV or HV (fixed)

Voltage 50–1,500 V/cm

Pulse length 99 µs

eight pulses

Interval 100 ms

Polarity unipolar (fixed)

Abbreviations: lV, low voltage; hV, high voltage.

Figure 1 Percent change in cell viability as a function of field strength. 
Note: At each field strength, the number of viable cells at that field strength was 
divided by the number of viable cells at a field strength of 0 V/cm to determine the 
percentage loss of cells after electroporation.
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the two groups remained constant, regardless of voltage. 

Both groups showed similar slight increases in iron uptake 

as voltages increased. 

Timing of electroporation
Figure 3 demonstrates the average iron concentrations in 

mouse PANC-1 tumors as a function of timing of electropo-

ration in relation to nanoparticle infusion. Similar decreases 

in iron concentration were seen in the two groups between 

the -12 minutes and -6 minutes treatment points and 

between the +2.5 minutes and +12 minutes treatment points. 

The highest iron concentration was seen at the -3 minutes 

and +1.5 minutes time points (Table 2, Figure 4). Hematoxy-

lin and eosin staining and Prussian blue staining of tumors 

treated at -3.0 minutes and +1.5 minutes were reviewed 

(Figures 5A, 5B, 6A, and 6B). 

Optimal electroporation timing 
and control comparisons
Comparisons of six tumors at the -3.0 minutes time point 

were compared with iron concentrations in tumors that 

received no treatment, electroporation only, and nanoparticles 

only. Statistically significant differences between the -3.0 

minutes treatment and the three control arms were seen 

(Table 3, Figure 3). 

Discussion
The in vitro portion of this study was designed to optimize 

voltage levels for maximal iron uptake with minimal cell 

destruction (reversible electroporation). PANC-1 cell 

cultures incubated with and without iron nanoparticles 

were electroporated and analyzed for iron content and 

cell viability. While both groups showed a gradual increase 

Figure 2 (A) In vitro iron concentration in PANC-1 cells and (B) number of viable cells (per 100,000 cells) as a function of electroporation field strength.
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in iron content as electroporation voltage was increased, 

the rate of increase varied, with the steepest increase seen 

at 400 V. The cells incubated in nanoparticles showed a 

constantly elevated iron content when compared with the 

control cells, regardless of voltage. Based on this finding, 

we postulate that elevated voltages increase the time that the 

pores remain open, causing increased iron uptake in cells 

incubated with iron.

The second part of the in vitro study evaluated cell 

viability as a function of electroporator voltage. PANC-1 

cells incubated with iron nanoparticles and PANC-1 cells 

incubated without nanoparticles both demonstrated decreases 

in cell viability as voltage increased. However, the rate of 

decrease varied with cells that were incubated with iron. From 

0–400 V there was a rapid decrease in cell viability rate. From 

400 V to 1,000 V, cells remained relatively stable. Finally, 

from 1,000 V to 1,500 V, there was a marked decrease in cell 

viability, similar to 0–400 V. Cells incubated without iron 

demonstrated a more consistent linear decrease in viability 

as the voltage increased.

Several postulates arose from this portion of the study. 

First, the high rate of cell death in the lowest voltages in the 

cells incubated with iron may result from the doxorubicin 

associated with the nanoparticles. The doxorubicin likely 

subselected death for cells most susceptible to doxorubicin 

therapy. However, alternative explanations for this high 

cell death rate at low voltages include variability in the cell 

threshold for reversible electroporation. Above 1,000 V, cell 

death likely occurred from depolarization from irreversible 

electroporation. Given these findings, voltages between 

400 V and 1,000 V were felt to be optimal for maximal cell 

viability. This finding supported the threshold phenomena 

noted in electroporation. Specifically, at a certain defined 

voltage, reversible electroporation occurs. At a higher defined 

voltage, irreversible electroporation occurs. Our study 

Iro
n 

co
nc

en
tr

at
io

n 
(lo

ga
rit

hm
; µ

g/
m

L)

Time (minutes)

Linear model
Average
Smoothed average

4

–10 –5 0 5 10

5

6

7

Figure 4 Intratumoral iron concentrations in PaNc-1 cells in a nude mouse model 
as a function of timing of electroporation in regard to nanoparticle infusion. 
Notes: Model fittings from linear regression (in black), simple average (in red), and 
smoothed average (in blue) are displayed.

Table 2 Intratumoral PaNc-1 cellular iron concentrations in the nude mouse as a function of timing of electroporation with regard 
to administration of nanoparticles

Timing of electroporation to 
nanoparticle administration 
(minutes)

Tumor iron concentration (µg/mL)

1 2 3 Mean

-12.0 126.00 127.00 96.00 116.33

-6.0 133.00 68.00 113.00 104.67

-3.0 115.00 242.00 510.00 289.00

-2.5 98.00 133.00 137.00 122.67

-2.0 72.00 51.00 200.00 107.67

-1.5 58.00 49.00 83.00 63.33

-1.0 118.00 71.00 30.00 73.00

-0.5 60.00 327.00 56.00 147.67
0.0 161.00 82.00 108.00 117.00
0.5 53.00 95.00 132.00 93.33
1.0 70.00 577.00 62.00 236.33
1.5 221.00 197.00 86.00 168.00
2.0 91.00 88.00 55.00 78.00
2.5 99.00 278.00 91.00 156.00
3.0 69.00 154.00 102.00 108.33
6.0 93.00 165.00 31.00 96.33
12.0 65.00 80.00 98.00 81.00

Note: The experiment was carried out three times (1–3) to obtain the mean.
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suggests that, for PANC-1 cells, the maximum reversible 

electroporation voltage is 400 V and the minimum irrevers-

ible electroporation voltage is 1,000 V.

For our study, we chose 400 V as the voltage for in vivo 

electroporation. While we demonstrated relative stability 

of cell viability between 400 V and 1,000 V, several other 

studies have shown that cell death from electroporation is 

directly proportional to voltage settings. This finding supports 

the threshold phenomena noted in electroporation. Specifi-

cally, at a certain defined voltage, reversible electroporation 

occurs. At a higher defined voltage, irreversible electropora-

tion occurs. Our study suggests that, for PANC-1 cells, the 

maximum reversible electroporation voltage is 400 V and 

the minimum irreversible electroporation voltage is 1,000 V.1 

From the in vitro iron concentration study, we demonstrated 

the steepest increase in iron concentration at 400 V. As a 

result, we elected to use 400 V as our voltage setting. 

Once we selected the voltage, we optimized the timing 

of electroporation. PANC-1 tumors were randomized to 

electroporation time intervals ranging from 12 minutes 

before nanoparticle administration to 12 minutes after nano-

particle administration. Three tumors were assigned to each 

time point. The average iron content in the three tumors for 

each time point was plotted graphically against timing of 

electroporation. Our data suggest two time points that were 

significant. The first time point was electroporation 3 minutes 

before nanoparticle administration. Overall, this time point 

achieved the highest average iron content. The second time 

point demonstrating significant increase in iron uptake is 

electroporation 1.5 minutes after nanoparticle administration. 

Of note, there was a small difference between the electropora-

tion only and nanoparticle only study arms. We did not find 

this difference to be statistically significant. 

Once we obtained the most significant time points, his-

tological examination of each of the six tumors was under-

taken. While the hematoxylin and eosin slides of all tumors 

were relatively similar, Prussian blue staining was markedly 

different for the tumors. Prussian blue, which stains for 

iron, demonstrated multiple areas of iron content in the -3 

minutes tumors, while the +1.5 minutes tumors demonstrated 

A

B

Figure 5 hematoxylin and eosin staining (A) and Prussian blue staining (B) of 
PaNc-1 cells in nude mouse tumor tissue electroporated 3 minutes before 
administration of iron nanoparticles.

Figure 6 hematoxylin and eosin staining (A) and Prussian blue staining (B) of a 
PaNc-1 nude mouse tumor electroporated 1.5 minutes after administration of iron 
nanoparticles. 
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no visible nanoparticle uptake with Prussian blue. While this 

may be related to tumor sampling, the lack of iron in the +1.5 

minutes tumors was significant. We chose -3.0 minutes as 

the optimal electroporation time point. 

Three more mouse tumors were electroporated 

at -3.0  minutes, for a total of six tumors. The iron content of 

the -3.0 minutes tumors was compared with iron nanoparticle 

only, electroporation only, and control (no treatment) tumors. 

The tumors electroporated at -3.0 minutes demonstrated a 

significantly higher iron content than any other group. The 

highest iron concentration may be achieved when electropo-

ration is performed 3 minutes before nanoparticle administra-

tion. However, its standard variation seems relatively large 

(due to the small samples), so we cannot ignore the possibility 

that the highest observations are accidentally obtained at 

3 minutes before administration of nanoparticles.

We postulate that nanopores may need time for maximal 

formation. Three minutes seemed to be the optimal time for 

pore formation in our experiments. Further, nanoparticles are 

cleared rapidly from the bloodstream by the reticuloendothelial 

system, limiting the time of tumor exposure to the particles. 

There are several important limitations to this study, in 

that it is very specific in terms of the type of nanoparticles, 

animal model, and tumor used. While it is likely that elec-

troporation before administration of nanoparticles is optimal, 

the exact voltage and timing of electroporation with regard to 

administration would have to be evaluated for each particle 

type, animal model, and tumor type.

To summarize, in the nude mouse PANC-1 tumor model, 

we found maximal iron uptake with 400 V electroporation 

3 minutes before administration of iron nanoparticles. 

To confirm the findings of this study, future research should 

be conducted to directly visualize nanopore formation and 

nanoparticle entry. Further studies are also needed to deter-

mine the degree of fibrosis, necrosis, and vascularity in each 

tumor, and to remove these items as confounding factors.

Table 3 Intratumoral iron concentrations 

Study arm Tumoral iron concentration (µg/mL)

1 2 3 4 5 6 Mean

control 56.00 105.00 48.00 47.00 62.00 102.00 70.00

electroporation only 133.00 119.00 173.00 49.00 63.00 104.00 106.83

NP only 82.00 326.00 48.00 107.00 53.00 142.00 126.33

electroporation 3 minutes 
before NP administration

115.00 242.00 510.00    289.00

electroporation 1.5 minutes  
after NP administration

221.00 197.00 86.00    168.00

Note: The experiment was carried out six times (1–6) to obtain the mean.
Abbreviation: NP, nanoparticle.
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