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Cellulose nanocrystals are rod-shaped, crystalline nanoparticles that have shown promise in a number of industrial applications for their unique chemical and physical properties. However, investigations of their abilities in the biomedical field are limited. The goal
of this study is to show the potential use of folic acid-conjugated cellulose nanocrystals in
the potentiation of irreversible electroporation-induced cell death in folate receptor (FR)-
positive cancers. We optimized key pulse parameters including pulse duration, intensity,
and incubation time with nanoparticles prior to electroporation. FR-positive cancer cells, KB
and MDA-MB-468, were preincubated with cellulose nanocrystals (CNCs) conjugated with
the targeting molecule folic acid (FA), 10 and 20 min respectively, prior to application of
the optimized pulse electric field (PEF), 600 and 500 V/cm respectively. We have shown
cellulose nanocrystals’ ability to potentiate a new technique for tumor ablation, irreversible
electroporation. Pre-incubation with FA-conjugated CNCs (CNC-FA) has shown a significant
increase in cytotoxicity induced by irreversible electroporation in FR-positive cancer cells, KB
and MDA-MB-468. Non-targeted CNCs (CNC-COOH) did not potentiate IRE when preincubated at the same parameters as previously stated in these cell types. In addition, CNC-FA
did not potentiate irreversible electroporation-induced cytotoxicity in a FR-negative cancer
cell type, A549. Without changing irreversible electroporation parameters it is possible to
increase the cytotoxic effect on FR-positive cancer cells by exploiting the specific binding of
FA to the FR, while not causing further damage to FR-negative tissue.
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Introduction
Cancer is a class of diseases which varies widely from type to type, making multiple treatment options limited to certain forms. Conventional cancer therapies,
including chemotherapy, radiation therapy, and surgery, have serious side effects
which harm normal tissue in addition to the tumors. In recent years, a new type of
therapy promises minimally invasive localized treatment of cancerous tissue, with
little to no side effects (1-3). Irreversible electroporation (IRE), a non-thermal
focal ablation technique, exposes cells to electric pulses to increase the permeability of the plasma membrane past the point of recovery (4). While IRE affects
the cell membrane of living cells, it does not cause damage to the supporting
Abbreviations: AFS: Attachment Factor Solution; ANOVA: Analysis of Variance; BNNT: Boron
Nitride Nanotube; CNC: Cellulose Nanocrystal; CNC-COOH: Carboxyl Group Expressing CNCs;
CNC-FA: CNCs Conjugated with Folic Acid; FA: Folic Acid; FITC: Fluorescein-5′-isothiocyanate;
FITC-CNC-FA: CNCs Conjugated with FITC and FA; FR: Folate Receptor; IRE: Irreversible Electroporation; PEF: Pulsed Electric Field.
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stroma in the vicinity, including major blood vessels, nerves,
and extracellular matrices (5, 6). This enables the treatment
of tumors that are normally considered surgically inoperable due to their close proximity to these sensitive structures.
Another important feature of IRE is the high degree of control over the regions of tissue that experience irreversible,
lethal electroporation and sub-lethal doses, made possible by
careful selection of the electric field distribution and visualization in real-time on multiple imagining platforms, such as
ultrasound (7).
At the membrane scale, the exact mechanisms behind IRE
are not fully understood (8, 9). When cells experience short
and intense electrical pulses, there are position-dependent
changes in the transmembrane potential that vary based on
the cell radius and intensity of the electric field (10). What
remains unclear is the nature of the structural changes in the
lipid bilayer that occur as a result of the induced transmembrane potential. The general consensus is the generation of
small pores which, if plentiful or large enough, can permanently disrupt the cell’s homeostasis and induce cell death
(11). One challenge associated with IRE is that all cells,
healthy or cancerous, are subject to structural changes if their
transmembrane potential is raised above a critical threshold.
However, we hypothesize that the selectivity of IRE can be
potentiated through the use of cellulose nanocrystals (CNCs)
functionalized to selectively target cancer cells.
Nanoparticles can be designed to accumulate at a target tissue, enabling an increase in the treatment volume at the site
of electroporation. For instance, nanoparticle surfaces can be
modified by the addition of ligands with magnetic properties (12) or that are selectively bound at the target site (13).
Once accumulated at the target site, electroporation can be
enhanced by changing the electrical or mechanical properties
of the target cells. To serve in this function, nanoparticles
should be thermally and chemically stable, insulative, and
noncytotoxic. The first group to utilize nanoparticles in combination with IRE demonstrated that boron nitride nanotubes
(BNNTs) could potentiate IRE-induced cytotoxicity by lowering the required electric field for treatment (14). Little is
known about the biological effects of BNNTs, but studies
have shown them to be remarkably cytotoxic (15, 16). As
Raffa et al. (14) explain, their cytotoxicity is highly dependent on BNNT production methods and final aspect ratio of
the particles. Even with ideal properties, BNNTs have been
shown to be noncytotoxic only below a concentration of
500 ng/ml.
CNCs share most of the advantages of BNNTs, including
their insulative properties (17). Furthermore, CNCs have
been shown to be noncytotoxic to a multitude of cell types
at concentrations as high as 50 µg/ml (18, 19). CNCs are rodshaped particles which are relatively simple and inexpensive
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to produce, and their size is readily controlled via sulfuric
acid hydrolysis (18, 20, 21). Additionally, CNCs possess an
abundance of hydroxyl groups which are easily converted
to functional groups to conjugate drugs, imaging labels,
and targeting ligands, such as folic acid. It is widely known
that many cancer cells over express the folate receptor (FR)
which has a high affinity for folic acid (FA) (20, 22-25). By
exploiting this fact we can produce particles which target
specific areas.
In this study, we demonstrated the ability of FA-conjugated
CNCs (CNC-FA) to significantly potentiate the cytotoxicity of IRE on cancer cells. Specifically, key IRE parameters
were optimized to elucidate the maximum potentiation effect
of conjugated CNCs. Sensitive parameters of IRE include
cell radius, pulse duration, and intensity (26); two of which
are easily modified. In addition, parameters pertaining to
CNC-FA must be evaluated, including concentration and
incubation time before electroporation. The optimal incubation time coincides with a peak in membrane bound CNCs,
prior to the completion of endocytosis. While some pulse
parameters were chosen according to the literature (26-29),
the pulse length was optimized with nanoparticle pretreatment while a number of pulsed electric fields (PEFs) were
tested across FR-negative and FR-positive cancer cell types.
The purpose of these experiments is to show that the selective
binding of FA to FR can mechanically alter the electroporation properties specific to that cell type. The solid mass of
the tumor can be treated by electroporation alone effectively
without the need for enhancement (3). However the outside margins of the tumor where the ratio of cancer cells to
healthy cells becomes smaller, and where the PEF drops off
due to distance from the electrodes is the focus of this paper.
Materials and Methods
Materials
Dissolving-grade softwood sulfite pulp (Temalfa 93A-A)
was provided by Tembec, Inc. (Montréal, QC, CA).
Fluorescein-5′-isothiocyanate (FITC), FA, and dimethylsulfoxide were purchased from Sigma-Aldrich Corporation
(St. Louis, MO, USA). Folate free RPMI 1640 and Concanavalin A Alexa Fluor® 633 conjugate were purchased
from Invitrogen Corp. (Carlsbad, CA, USA). Antibiotics
(penicillin and streptomycin) and fetal bovine serum (FBS)
were purchased from Mediatech, Inc. (Manassas, VA, USA).
The human cancer cell lines KB, A549, and MDA-MB-468
were purchased from the American Type Culture Collection
(Manassas, VA, USA). The ECM 830 Electro Square Porator was purchased from Harvard Apparatus Inc. (Holliston,
MA, USA). The Luxtron m3300 fiber optic temperature kit
was purchased from LumaSense (Santa Clara, CA, USA).
CellTiter-Blue® Cell Viability Assay Kit was purchased from
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Promega (Madison, WI, USA). VECTASHIELD® mounting
medium was purchased from Vector Labs (Burlingame, CA,
USA). Attachment factor solution (AFS) was purchased from
Cell Applications (San Diego, CA, USA).
Nanoparticle Formulations and Characterization
CNCs were prepared as previously described (18) via sulfuric acid hydrolysis of dissolving-grade softwood pulp and
dialyzed against deionized water. Hydroxyl groups on the
CNC surface were partially converted to carboxyl groups
(CNC-COOH). Determined by atomic force microscopy
CNCs are rod-like nanoparticles with a width of 4-5 nm and
a length of 100-150 nm (30). More detailed information on
the preparation and characterization of nanoparticles can be
found in Dong et al. (18). FA was conjugated to carboxyl
groups via amide bonds (CNC-FA). For imaging studies,
CNC-FA was labeled with the fluorescent molecule FITC to
create FITC-CNC-FA. Determined by dynamic light scattering, the CNCs had a hydrodynamic diameter of 75 nm
(data not shown). The percent weight of FA to CNC-FA
was 22.9%.
Cell Culture
All cell lines were grown in folate free-RPMI 1640 supplemented with 10% FBS and containing 100 IU/ml penicillin
and 100 µg/ml streptomycin. Cells were grown at 37C and
5% CO2. All experiments were conducted in folate freeRPMI 1640 basal medium.
IRE Parameter Optimization and CNC-FA Potentiated IRE
250 µl of KB, A549, or MDA-MB468 cells were seeded into
48-well plates at 2 3 105 cells/ml and allowed to grow for
24 h to create a confluent monolayer. Growth medium was
replaced by basal medium with or without CNC-FA (1 ng/ml10 µg/ml) and incubated for up to 1 h before application of
IRE. IRE was applied using custom plate electrodes made
to fit a standard 48-well plate. Specifically, the plates were
machined from stainless steel to be 6 mm wide and placed
0.8 cm apart (Figure 1). The pulse repetition rate (1 Hz)
and pulse number (80) were held constant, while the applied
voltage and pulse duration were varied between treatment
groups. Following treatment, CellTiter-Blue® reagent was
added to each well and incubated for 4 h at 37C. Cell
viability was measured with a SpectraMax M2e micro
plate reader (Molecular Devices, Sunnyvale, CA, USA) at
Ex/Em: 560/590.
Confocal Microscopy
1 ml of KB or MDA-MB-468 cells were seeded onto
round coverslips coated with AFS at a concentration of

Figure 1: Image of the electrodes used in 48-well plate. The electrode
plates were machined from stainless steel to be 6 mm wide and placed
0.8 cm apart.

2 3 105 cells/ml. Cells were incubated at 37C for 24 h. Cells
were treated with FITC-CNC-FA for 10 and 20 min, respectively, washed thoroughly with HBSS and fixed with ethanol
for 1 h at room temperature. Cell membranes were stained
with Concanavalin A Alexa Fluor® 633 for 2 min. Cells were
then washed with PBS and mounted onto glass slides with
VECTASHIELD® mounting medium. Confocal images
were taken with a Zeiss LSM 510 purchased from Carl Zeiss
Microscopy LLC. (Thornwood, NY, USA). Images were
processed using ZEN software (Carl Zeiss Microscopy LLC.,
Thornwood, NY, USA).
Numerical Modeling
A three-dimensional finite element model was constructed
using a commercial software package (COMSOL Multiphysics 4.2a, Burlington, MA, USA) to illustrate the clinical benefit of incorporating CNCs into IRE protocols. The
methods for calculating the electric field distribution are
similar to those found in previous reports (31, 32) for the
treatment of liver tissue. Briefly, the electric field (E) distribution was obtained by solving the governing equation
(2∇∙(σdE  ) 5 0) with a dynamic electric conductivity
function (σd 5 σ (|E|)). The dynamic conductivity function
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describes how electroporation occurring at the cell scale
affects the bulk tissue conductivity as a function of the field
magnitude. It was defined as a Heaviside step function with
a continuous second derivative that transitions from 0.067
to 0.241 S/m over a range of electric fields (500 to 800 V/cm
(32)). The electrodes (1.0 cm spacing, 1.0 mm diameter) were
modeled as needles with blunted tips projecting 1 cm out of
an insulative sheath inserted into the center of the tissue
domain (15 cm cube). To reduce computational burden, the
physical electrode domains were removed from the geometry by subtracting them from the tissue domain to reduce the
number of elements. Electric potential boundary conditions
of 2000 V and 0 V were applied along the exposed surfaces
of the energized and grounded electrodes, respectively. All
remaining boundaries were treated as insulation. An extra
fine mesh was used that resulted in 951,364 elements and
less than 1% difference in field at the center of the domain
upon successive refinements.
Statistical Analysis
All statistical analyses of data were performed using SigmaPlot 11 (SPSS Inc., Chicago, IL, USA). One-way analysis
of variance (ANOVA) was used to compare mean responses
among the treatments. For each endpoint, the treatment
means were compared using the Holm-Sidak method. Statistical probability of p , 0.05 was considered significant.
Results
IRE Parameter Optimization
Parameters including number of pulses and frequency
of pulses were designated according to previous literature (26, 33). Application of PEF to KB cell monolayers
treated with or without CNC-FA revealed a significant difference in cell viability for pulse lengths of 200 and 500 µs
(Figure 2A). Initially, temperature was monitored with the
fiber optic probe at the center of the sample between the
electrodes. When starting at 37°C, treatment of cells with
a pulse length of 500 µs produced an increase of medium temperature to above 42°C. Cells treated at or below
300 µs did not experience a significant increase in temperature and remained at or below 39°C. Therefore 200 µs
was chosen as the optimal pulse length for all subsequent
experiments. Figure 2B demonstrates that a PEF of 600 V/cm
resulted in a desired cell viability of 70% (29); while
an incubation time of 10 min with CNC-FA caused a significant decrease in cell viability compared to IRE alone
(Figure 2C). A cell viability of 70% from IRE alone is
what the infiltrative cells in the co-treatment area will be
subject to, not the inner solid mass of a tumor, which is
exposed to a much higher PEF and effectively a lower
cell viability.

Figure 2: Parameter optimization for the potentiation of IRE-induced
cytotoxicity with CNC-FA. KB cells were pre-treated with or without CNCFA (1 µg/ml). 80 pulses of the specified PEF were applied at a frequency of
1 Hz and cell viability was measured with CellTiter-Blue® Cell Viability
Assay Kit. Parameters optimized include pulse length (A), PEF for targeted
cell viability (B) and incubation time with CNC-FA (C). Data shown are
mean  SD for each group (n 5 4) (*p , 0.05).

CNC-FA Potentiated IRE
Treatment of KB cells with various concentrations of CNC-FA
prior to PEF application showed significantly higher cytotoxicity compared to IRE alone at a number of different PEFs.
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All concentrations of CNC-FA (1 ng/ml-10 µg/ml) tested, significantly potentiated IRE at a PEF of 600 V/cm (Figure 3A).
According to preliminary results, it was concluded that a
concentration of 1 µg/ml is a reasonable concentration to
observe the potentiation effect across multiple PEFs in KB
cells, and was used in following experiments. After repeating
the experiments it was noted that 10-100 ng/ml concentration
of CNC-FA was the best concentration tested to observe the
greatest potentiation effect in KB cells. In contrast, treatment
of KB cells with non-targeted nanoparticles (CNC-COOH)
at 1 µg/ml did not show any significant difference in cytotoxicity compared to IRE alone (Figure 3B). Furthermore,
treatment of FR-negative cancer cells (A549) with CNC-FA,
under the same conditions used for KB cells, also caused no
significant increase in cytotoxicity (Figure 3C).
FR-positive breast cancer cells, MDA-MB-468, further confirmed the results seen with KB cells. As shown in Figure 4A,
a PEF of 500 V/cm achieved 70% cell viability in this cell
type. The largest increase in cytotoxicity due to CNC-FA was
observed when nanoparticle incubation time was 20 min (data
not shown). At 500 V/cm, all concentrations of C
 NC-FA
(1 ng/ml-10 µg/ml) tested exerted significant potentiation of
cytotoxicity when compared to IRE alone (Figure 4B). It was
concluded that a concentration of 1 and 10 µg/ml are the best
concentrations tested to observe the potentiation effect in
MDA-MB-468 cells.
Confocal Microscopy
Confocal microscopy imaging determines that FITC-labeled
CNC-FA particles are only binding to the cell membrane of
KB and MDA-MB-468 cells after 10 and 20 min, respectively (Figure 5). There is not yet internalization of the particles as seen in Figure 5. Complete internalization by KB and
MDA-MB-468 cells has been observed after 1 h of exposure
to FITC-CNC-FA particles (data not shown). Non-targeted
entities (FITC and FITC-CNC) did not show any significant
binding or uptake for exposure times up to 2 h (data not
shown).
Numerical Modeling

Figure 3: Effects of CNC-FA on cytotoxicity due to PEF induction. KB
cells were pre-treated with various concentrations of CNC-FA for 10 min
prior to PEF application. CellTiter-Blue® Cell Viability Assay Kit was used
to measure viability of cells. A closer look at the PEF 600 V/cm magnifies
the significant potentiated effect of CNC-FA on IRE (A). KB cells were also
pre-treated with non-targeted CNC-COOH (1 µg/ml) prior to PEF application of 600 V/cm (B). FR-negative lung cancer cells, A549 (C), were pretreated with various concentrations of CNC-FA for 10 min prior to PEF
application of 600 V/cm. Data shown are mean  SD for each group
(n 5 4) (*p , 0.05). Significance of variables is compared separately to the
control group and PEF alone.

The results from the finite element model of a clinical IRE
scenario are described here. For illustrative purposes, it is
assumed that the electric field threshold for cell death without CNC-FA is 600 V/cm in liver tissue (34). From the
in vitro results, it was estimated that the greatest difference in
electric field strength required to achieve a specific reduction
in viability was 50 V/cm between the KB cells treated without CNC-FA and with CNC-FA at concentration of 10 ng/ml.
At 600 V/cm it was observed that 10 ng/ml created the largest potentiation effect. These results suggest that upon in
vivo translation, the inclusion of CNC-FA could expand
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Figure 4: Effects of CNC-FA on IRE-induced cytotoxicity in FR-positive human breast cancer cells. Optimal PEF selection was based on application of
various PEFs alone on MDA-MB-468 cell monolayers (A). MDA-MB-468 cells were pre-treated with various concentrations of CNC-FA for 20 min prior to
PEF application of 500 V/cm (B). CellTiter-Blue® Cell Viability Assay Kit was used to measure viability of cells. Data shown are mean  SD for each group
(n 5 4) (*p , 0.05). Significance of variables is compared separately to the control group and PEF alone.

Figure 5: Representative confocal images of CNC-FA bound to KB and MDA-MB-468 cell membrane. KB (A-C) and MDA-MB-468 (D-F) cells were
treated for 10 and 20 min, respectively, with FITC-CNC-FA, thoroughly washed with HBSS, and fixed in ethanol. Cell membranes were briefly stained with
Concanavalin A Alexa Fluor® 633 and cells were imaged with a Zeiss LSM 510. Image cross sections were taken from the bottom half of the cell at z 5 3.1 µm
(KB) and z 5 8.1 µm (MDA-MB-468). Data shown are representative images for each group (n 5 4).
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the overall treatment volume from 3 to 4 cm3. Further, within
the expanded treatment volume, only cancer cells with bound
CNC-FA would be subject to IRE, and the healthy cells
would be spared. This would be suitable for treating locally
infiltrative disease extending up to 2 mm beyond the tumor
margin.
Discussion
The present study demonstrates the advantages of selectively
enhancing electroporation-based therapies applied to cancer
cell monolayers, via targeted nanoparticles. Without changing IRE parameters it is possible to increase the cytotoxic
effect on FR-positive cancer cells while not causing further
damage to healthy tissue (Figures 3 and 4). In addition to
providing a degree of selectivity to IRE, nanoparticles can
reduce the required voltage to mitigate thermal effects (35)
and muscle contractions (14). As described in Raffa et al.
(14), it is important to take note of the size of particles used
for this purpose. BNNTs cytotoxicity depends on their aspect
ratio and overall length; BNNTs over 10 µm can induce
cytotoxicity to a variety of cell types on their own (14, 16).
Rod-like CNCs are similar in shape to BNNTs, however
their aspect ratio is drastically smaller with an average length
between 100 and 150 nm and an average width between 4.5
and 5 nm depending on the cellulose source and hydrolysis
conditions (36). It is possible to increase the aspect ratio of
CNCs by decreasing the hydrolysis time, which may lead to
larger potentiation effects. However care must be taken to see
if larger aspect ratios of CNCs cause cytotoxicity.
The mechanism of nanoparticle potentiation of IRE-induced
cytotoxicity was not fully investigated in this study. However,
mechanistic theories of electroporation have been discussed
for over thirty years with the most likely scenario being the
production of nanoscale pores. Three cytotoxicity mechanisms induced from these pores have frequently been proposed. Nanoscale pores may significantly disrupt the cell’s
homeostasis inducing necrosis, cell contents may continuously leak out through long lasting pores, or reactive oxygen
species may be generated in association with increased membrane permeability (27, 37-40). In addition, the mechanism
of how CNC-FA binds and is uptaken into FR-positive cell
types has been studied (unpublished works). When CNC-FA
binds to the FR on the plasma membrane endocytosis is initiated. It may be that this process makes the plasma membrane
more vulnerable to electroporation-induced pores and provokes necrosis with no changes to IRE parameters. The idea
that membrane defects facilitate electroporation via water
penetration is in agreement with molecular dynamics simulations (41). Once the particles are endocytosed, they most
likely no longer have an effect on the plasma membrane. The
ligand/receptor relationship of the FA to the FR is crucial
in providing selectivity between cancer and healthy cells.
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A possible mechanism of potentiation is that the FA clusters the CNC-FA particles to the cell membrane (Figure 5)
and this local accumulation drives the nanoparticle-mediated
potentiation. It is also noteworthy to mention studies by
Habibi et al. (19) and Csoka et al. (17). CNCs have been
shown to align perpendicular to an applied electric field,
which may cause insulative behavior that would increase the
electric field strength at the poles of the cell. This may also
play a role in potentiation (17).
The up-regulation of FR expression has been reported in
many types of cancers including breast, ovarian, lung, kidney,
brain, and endometrium (42-47). On the other hand, the FR
is seldom expressed in normal tissues with the exceptions of
the kidneys, placenta, and salivary gland (13, 48, 49). Since
FR overexpression is generally present in many cancer types,
CNC-FA-mediated potentiation of cytotoxicity induced by
IRE can be applied to multiple treatment regimes. Garcia
et al. (3) have conducted a form of IRE in canine patients
diagnosed with intracranial malignant gliomas. To completely eradicate the cancer, adjuvant radiation therapy was
added to the treatment regime; however, radiation therapy
has serious and undesirable side effects. CNC-FA have the
potential to replace or diminish the amount of radiation
needed for complete remission.
It was noted that there was a dose-dependency of increased
cytotoxicity observed in MDA-MB-468 cells but not KB
cells. A possible explanation for this phenomenon is based
upon the density and amount of FR expressed on the surface of each cell. KB cells are considered the gold standard
for experimentation with FR due to the extremely high overexpression of the receptor (50). MDA-MB-468 cells on the
other hand are a more realistic human cancer model and
express the FR at most half of what is seen in KB cells. KB
cells might be too saturated with FR for a dose-dependency
for CNC-FA to exist.
Potentiation effects in vitro are minor, yet significant. Preliminary experiments in vivo with IRE treatments have
shown much more dramatic results than in vitro experimental results suggest. Decreasing the amount of normal tissue being treated irreversibly with electroporation without
decreasing the percentage of tumor being eradicated has
vast clinical importance. An in vivo translational model is
showcased in Figure 6. If this concept is fully translational,
brain tumor patients, for example, would be able to have
an inoperable tumor treated completely without the aid of
radiation or traditional chemotherapy. Furthermore, harsh
side effects associated with radiation and chemotherapy
will not be experienced by the patient, improving their quality of life. According to the numerical model, lowering
the IRE threshold by 50 V/cm would extend the treatment
margin by 2 mm, allowing for a substantial volume of
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Figure 6: In vivo translational hypothesis. Tumors (A), treated with IRE alone (B), have a uniform distribution of irreversible electroporation regions (C).
To treat the entire tumor you would have to design the IRE parameters to include a larger region including a substantial amount of normal tissue. Based on the
results presented, if conjugated CNCs are introduced to the tumor before electroporation (D) we could decrease the PEF applied and would see a less uniform
region of irreversible electroporation with a higher tumor to normal tissue ratio (E). The dotted lines (C, E) showcase the area treated by IRE alone, while the
solid line (E) represents the additional treatment area seen by pre-treating with CNC-FA.

infiltrative diseased tissue to be treated without damaging
the surrounding healthy cells. This 50 V/cm difference is
based on experiments in 2D monolayers, and it is possible
that the difference would be larger in 3D, possibly extending
the zone of s elective cell death.
An additional reason for limited statistical difference may
be due to the poor dielectric features of the CNCs. CNCs
have advantages of being non-toxic in nature and the ability
to drastically modify the surface with ligand and drugs. It is
important to note that FR-negative cells do not experience an
increase in cytotoxicity when exposed to CNC-FA particles
prior to IRE. A new particle conjugated with FA may also
take advantage of this phenomenon and produce a similar
potentiation effect seen here. If CNCs were coated with or
completely replaced by a more dielectric material, such as
silica or polystyrene, there may be an increase in the potentiation effect observed.
Future work will include testing potentiation in a 3D mock
tumor tissue. Arena et al. (51) have recently published a high
order in vitro model for designing and testing IRE protocols
in more realistic tumor environments. A number of unknown
parameters need to be optimized before animal models are subjected to testing; transport of CNC-FA through extracellular

matrix remains unclear, as well as timing between nanoparticle introduction and PEF application. Electroporation in
tissue is also much more complex. There have been a few
studies in recent years successfully mapping the techniques
and theory necessary, yet adding another layer such as
nanoparticle potentiation may drastically change electroporation techniques, which needs to be well investigated before
in vivo testing begins.
In conclusion, the data presented demonstrates that non
cytotoxic CNC-FA are bound to the receptor on the cell
membrane of FR-positive cancer cells and significantly
increase the cytotoxic effect of IRE. From this we conclude
that a lower PEF can be applied to tumor cells to achieve
the same cytotoxicity when pre-treated with CNC-FA.
Since these particles selectively bind to FR-positive cancer
cells, it suggests that only FR-positive cells will see an
increase in cytotoxicity. This would imply that the treated
region would not have to be uniform in shape, sparing normal tissue.
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