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Abstract

Reversible electroporation (RE) can facilitate nanoparticle delivery to tumors through direct transfection and from changes in
vascular permeability. We investigated a radiolabeled liposomal nanoparticle (892r-N Rep) for monitoring RE-mediated liposomal
doxorubicin (DOX) delivery in mouse tumors. Intravenously delivered 89Zr-NRep allowed positron emission tomography
imaging of electroporation-mediated nanoparticle uptake. The relative order of 8Zr-NRep injection and electroporation did not
result in significantly different overall tumor uptake, suggesting direct transfection and vascular permeability can independently
mediate deposition of 3?Zr-NRep in tumors. 8°Zr-NRep and DOX uptake correlated well in both electroporated and control
tumors at all experimental time points. Electroporation accelerated 8°Zr-NRep and DOX deposition into tumors and increased
DOX dosing. Reversible electroporation—related vascular effects seem to play an important role in nanoparticle delivery to

tumors and drug uptake can be quantified with °Zr-NRep.
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Introduction

Transient permeabilization of the cell membrane with electric
pulses is termed reversible electroporation (RE). Reversible
electroporation is used in the preclinical setting and in patients
to facilitate the delivery of genetic material and drugs into cells."
The pores created in the cell membrane during RE are large
enough to admit plasmid,” contrast agents,” or nanoparticles®
into the cell. Changes in vascular permeability is a secondary
effect of RE and has been reported to elicit a variety of physio-
logic effects such as transient vascular lock,” increased extra-
vasation of large molecules or dyes®’ into the surrounding tissue,
and the rounding of endothelial layers.*® These 2 features make
RE an attractive platform for enhancing the delivery of nanopar-
ticle therapeutics into tumors. Although preliminary experiments
combining RE with intra-arterial administration of super para-
magnetic iron oxide (SPIO) nanoparticles have demonstrated
increased nanoparticle accumulation in RE-treated liver
tumors,'®'* a number of key considerations have to be addressed
before this technique can be translated for future patient use.

Preliminary studies evaluating RE for nanoparticle delivery
into tumors have focused on membrane permeabilization, and
the relative contribution of RE-induced changes in vascular
permeability on nanoparticle deposition is not known. The
enhanced permeability and retention (EPR) effect observed in
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Table I. Overview of Experimental Design With Details of Animal Assignments, Injection Timing, Sacrifice Time Point, and Assessment

Techniques.

Sacrifice Time

Point Animal Numbers Assessments Tumor Location Injection Details
6 hours 4 treated/4 untreated control 7y count, DOX measurement Unilateral tumor  8°Zr-NRep/liposomal DOX (I hour
posttreatment)

24 hours 4 treated and 4 untreated v count, DOX measurement Unilateral=tumor 8°Zr-NRep/liposomal DOX (I hour
control posttreatment)

48 hours 4 treated and 4 untreated y count, DOX measurement Unilateral tumor  #Zr-NRep/liposomal DOX (I hour
control posttreatment)

24 hours 3 treated/3 contralateral PET imaging, autoradiography  Bilateral tumor  ®Zr-NRep(injected | hour before
untreated control and histology treatment)

24 hours 3 treated/3 contralateral PET Imaging, autoradiography  Bilateral tumor 89Zr-NRep(injected | hour after
untreated control and histology treatment)

Abbreviation: DOX, doxorubicin.

tumors drives selective uptake of systemically administered
nanoparticles in tumors but not within normal tissue having
intact microvasculature and functional lymphatic drainage.
Electroporation-mediated rounding of endothelium and vascu-
lar lock could potentially alter the EPR effect of tumor vascu-
lature, and their interaction has not been studied previously.
Further, the cell membrane is permeabilized for a short dura-
tion during RE and barrier integrity typically recovers within a
few minutes after pulse delivery."*'> The vascular effects
however can last longer, and reports suggest them to persist
up to 24 hours after RE.>® As nanoparticles likely circulate
longer than the time for which the membrane is permeabilized,
the vascular effects of RE may also play a larger role in nano-
particle delivery to tumors.

Improved understanding of the diverse effects of RE is
therefore crucial for designing optimal treatment regimens to
deliver nanoparticle therapeutics such as liposomal doxorubicin
(DOX) and albumin bound paclitaxel in patients. Pérez-Medina
et al'® previously validated 897 r-radiolabeled liposomal nano-
particle (3°Zr-NRep) as a positron emission tomography
(PET) imaging reporter for monitoring the uptake of DOX
in vivo. We hypothesize that effects of RE in vivo and RE-
mediated DOX delivery can be monitored with **Zr-NRep.
The objective of the present work was to use the *Zr-NRep to
delineate the contribution of direct transfection and changes
in vascular permeability during RE-mediated nanoparticle
delivery and monitor the delivery of DOX in tumors.

Materials and Methods

Animal and Tumor Model

MiaPaca-2 cells were cultured using dulbecco’s modified eagle
medium modified to contain 1 mM sodium pyruvate, 1.5 g/L
sodium bicarbonate and 4.5 g/L glucose, supplemented with
10% (vol/vol) heat-inactivated fetal calf serum and 100 TU
penicillin and 100 pg/mL streptomycin. A total of 5 x 106
cells were then injected in athymic nude mice, strain
NU(NCr)-Foxnl™ (Charles River Laboratories, Wilmington,

Massachusetts) in 150 pL of a 1:1 mixture of growth medium
and Matrigel (Corning, Tewksbury, Massachusetts). Twenty-
four animals were implanted with unilateral flank tumors, and 6
animals were implanted with bilateral flank tumors. Animals
were selected for treatment when tumors reached 7 to 10 mm in
size.

Radiotracer Preparation

The preparation of *Zr-labeled liposomes is described by
Pérez-Medina et al.'” Briefly, pegylated liposomes containing
the phospholipid chelator Phosphatidylethanolamines-DFO
were prepared by the sonication method. The DFO-bearing
liposomes had a mean effective diameter (MED) of 105.8 +
5 nm (polydispersity index [PDI] = 0.13 + 0.02,n=2)and a
{-potential of —26.5 + 5.4 mV (n = 1). ¥Zr-labeled liposomes
had an MED of 119 + 15 nm, PDI = 0.18 + 0.08 (n = 2).
Phospholipids for liposome preparation were purchased from
Avanti Polar Lipids (Alabaster, Alabama). For radiolabeling, a
solution of 0.3% DFO-bearing liposomes in phosphate buffered
solution was reacted with *Zr-oxalate at 40°C for 2 hours, with
final loading of 0.2 mCi/umol total lipid content. The labeled
liposomes were separated from free, unreacted 5°Zr through
spin filtration.

Experimental Design and Treatment

The experiments were performed following guidelines in an
Institutional Animal Care and Use Committee—approved pro-
tocol. Details of animal numbers, cohorts, sacrifice time point,
and measurements performed in each cohort are provided in
Table 1. Doxorubicin hydrochloride was purchased from
Sigma-Aldrich (St Louis, Missouri), and pegylated liposomal
doxorubicin (Doxil) was acquired from the hospital pharmacy.
Mice with bilateral tumors were used to validate and monitor
the effects of RE with **Zr-NRep and to identify relative con-
tribution of direct transfection and vascular effects in the deliv-
ery of °Zr-NRep into tumors. Mice bearing unilateral tumors
were used to determine the efficacy of RE for delivering DOX
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to tumors and compare the uptake pattern of DOX with ¥Zr-
NRep at 3 time points. Reversible electroporation was per-
formed by placing two 21G stainless steel needles into the
tumors. The needles were placed parallel to each other at a
distance of 5 to 7 mm contingent on the size of the tumor, and
calipers were used to guide placement. The length of the needle
was insulated except for 5 mm at the tip that was left uncovered
to allow the passage of electricity. Tumors were treated with
pulses with sufficient voltage to induce an electric field with
strength of 700 V/cm between the electrodes. Each animal was
treated with 10 pulses delivered at 1 Hz with a pulse length of
90 ps. ECMS835 generator (BTX, Harvard Apparatus, Hollis-
ton, Massachusetts) was used to deliver the square wave pulses.
The pulse parameters were chosen for their ability to induce RE
of the tumor with limited cytotoxic effects. Animals with bilat-
eral tumors received treatment of only 1 tumor, and the con-
tralateral side was kept as control. Mice with bilateral tumors
received intravenous tail vein injection of the *Zr-NRep, either
1 hour before (n = 3) or after (n = 3) treatment. As cell
membrane permeability during RE is limited 10 to 15 minutes
in vivo,'* ™ delaying injection of **Zr-NRep 1 hour after pulse
delivery is sufficient to isolate RE-related vascular effects from
the direct transfection in the former cohort. All animals with
unilateral tumors received intravenous tail vein injection of the
897r-NRep (28.4 + 0.4 pCi) and DOX (0.2 mg) 1 hour after
pulse delivery. All animals were recovered posttreatment and
were kept under regular observation until designated sacrifice
time points based on the complete clearance of DOX and *Zr-
NRep from blood pool.

Measurements and Imaging

Animals were sacrificed at time points as detailed in Table 1.
Animals with bilateral tumors underwent PET imaging at 2
hours and 24 hours following injection of **Zr-NRep. Imaging
was performed using an Inveon MicroPET/CT (Siemens
Healthcare Global, USA). Whole body PET static scans record-
ing a minimum of 50 million coincident events were per-
formed, with duration of 10 to 20 minutes. The image data
were normalized to correct for nonuniformity of response, dead
time count losses, positron branching ratio, and physical decay
to the time of injection, but attenuation, scatter, or partial vol-
ume averaging correction were not performed. The counting
rates in the PET images were converted to equivalent activity
concentration (percentage injected dose per gram of tissue)
through the use of a system calibration factor. Images were
analyzed using ASIPro VMTM software (Concorde Microsys-
tems, USA). Quantification of activity concentration was done
by averaging the maximum values in at least 5 regions of
interest drawn on adjacent slices of the treated and untreated
tumors. Tumors were excised and embedded in OCT (Sakura
Finetek USA Inc, Torrance, California) and frozen and sec-
tioned in 10-pum thick sections at 5 different levels throughout
the tumor. Sections were imaged against a phosphor imaging
plate (BASMS-2325; Fujifilm, Valhalla, New York), and the
plates were read on a Typhoon 7000IP plate reader (GE

Healthcare, Pittsburgh, Pennsylvania) at a pixel resolution of
25 pm. Postmortem, tumor samples from mice bearing unilat-
eral tumors were carefully extracted and weighed. Tumors
were then either divided into 2 to 3 smaller pieces or kept intact
depending on the relative size of the tumor. The radiation in
these tumor samples was counted using a Wizard 2480 Auto-
matic Gamma Counter (Perkin Elmer, Waltham, Massachu-
setts). Quantification of DOX in the samples was performed
as previously reported.'® Immediately after y counting, tumor
samples were homogenized in lysis buffer (10:1 vol/wt ratio)
and were processed for DOX extraction. Samples (200 pL)
were added to a 96-well plate, and DOX measurements were
performed using a microplate reader (Safire, Tecan, Méanne-
dorf, Switzerland). A calibration curve was generated by add-
ing increasing known quantities of DOX to tumor sample
lysates from untreated animals (no DOX or pulse delivery).

Histology

Tissue sections from animals bearing bilateral tumors (treated
= 6, control = 6) underwent histology analysis. The OCT-
embedded and sectioned frozen tumor samples were then
stained with ionized calcium-binding adapter molecule 1
(IBA1) (microglia and macrophage marker), cleaved caspase-
3, and hematoxylin and eosin (H&E). Stained slides were eval-
uated for signs of tumor necrosis or injury and to ascertain
whether macrophage population played a role in nanoparticle
uptake in treated tumors.

Statistics

Data were compiled, and descriptive statistical measures such
as the mean and standard deviation were calculated. In animals
with unilateral tumors, uptake of the ¥Zr-NRep and DOX
between treated and untreated tumors was compared using the
nonparametric Wilcoxon rank sum test at each time point (6,
24, and 48 hours posttreatment). The uptake behavior of
897r-NRep and DOX was correlated by fitting a linear regres-
sion line. Data handling and statistical analysis were automated
using software wherever possible (MatLab; MathWorks,
Natick, Massachusetts).

Results

Reversible Electroporation—Mediated Membrane
Permeabilization and Changes in Vascular Permeability
Drive 8°Zr-NRep Uptake in Tumors

The presence of ¥Zr-NRep in the blood pool during pulse
delivery resulted in immediate uptake of nanoparticles in EP-
treated tumors as observed on PET imaging performed 2 hours
postinjection (Figure 1A, white arrow; 10.57 + 0.95% ID/g).
Imaging at the same time point indicated the uptake of
897r-NRep was limited in contralateral untreated tumors
(Figure 1A, yellow arrow; 3.59 + 0.45% ID/g) and in RE-treated
tumors where *°Zr-NRep was injected 1 hour after pulse delivery
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24 Hours

Tracer Injected

Tracer Injected
Before Pulse Delivery After Pulse Delivery

Figure |. PET imaging suggests the uptake of 8*Zr-NRep at the 2-
hour time point when injected before pulse delivery (A). Similar
uptake cannot be seen when the ®°Zr-NRep was injected | hour
following pulse delivery (B). However, 24 hours following treatment,
there was no appreciable impact of injection/treatment order on the
overall uptake (C and D). White arrows indicate tumors receiving
treatment, and yellow arrows indicate contralateral untreated tumors.
All images highlight the image slice demonstrating maximum uptake in
the treated tumor.

(Figure 1B, white arrow; 6.61 + 0.85% ID/g). However, PET
imaging 24 hours following injection suggested uptake to be
similar in tumors treated with RE after or before injection of
897r-NRep (Figure 1C and D, white arrows), whereas contral-
ateral untreated tumors (yellow arrows) demonstrated mark-
edly lower levels of ®Zr-NRep (inject/RE: 13.16 + 0.69% ID/
g vs RE/inject: 12.84 + 7.18% ID/g vs contralateral control:
3.9 + 1.3% ID/g; P < .01). Overall, when compared to
untreated contralateral tumors, treatment with RE increased
the deposition of ®*Zr-NRep in tumors, independent of the
relative timing of tracer injection and pulse delivery. These
findings were confirmed with postmortem autoradiography
imaging of tumors (Figure 2A—C). Tumors undergoing RE
exhibited insignificant tissue injury, which was limited to the
immediate vicinity of needle placement (Figure 2D-E). Com-
parison of cleaved caspase-3 stains (Supplemental Figure 1)
between RE treated and contralateral control tumors suggested
small regions of increased staining adjacent to the location of
needle placement, consistent with observations from H&E
stains. Review of IBA1-stained samples did not indicate dif-
ferences in the presence of macrophages in RE-treated and
contralateral tumors, negating macrophages as the source of
increased %°Zr-NRep uptake.

Reversible Electroporation Accelerated Concentration
of DOX But Does Not Increase Total Uptake

In mice with RE-treated tumors and mice held without RE, the
maximum uptake of DOX was observed at 24 hours after injec-
tion. Levels of DOX in both RE-treated and untreated tumors
gradually decreased at 48 hours after injection, suggesting
utilization or clearance of DOX from the tumors (Figure 3,
Table 2). When compared to tumors in untreated mice, tumors
in RE-treated mice demonstrated accelerated DOX uptake 6
hours after injection. Measurements performed at the 6-hour time
point indicated that treated tumors had 80.1% of their maximum
measured DOX uptake, which was greater than untreated
tumors that had just 30.6% of the maximum uptake at the
same time point (Table 2). The differences in levels of DOX
between RE-treated and untreated mice were not statisti-
cally significant at the 24- and 48-hour time points, suggest-
ing that the RE-mediated increase in concentration of DOX
did not persist at later time points. Despite a wide range in
tumor weights and sizes included in the study, DOX uptake
did not correlate with tumor mass in both RE-treated and
untreated tumors (Figure 4). However, when compared to
mouse with untreated tumors, the variation of DOX uptake
in tumors was lower in the RE-treated cohort at the time
point with maximum measured uptake (24-hour time point).

Reversible Electroporation—-Mediated DOX Delivery Can
Be Monitored With 8°Zr-NRep

89Zr-NRep in tumors demonstrated a monotonous increase in
both RE-treated and untreated tumors. Reversible electropora-
tion—treated tumors had greater levels of *Zr-NRep at both 6-
and 24-hour time points, but no significant difference was
observed in overall uptake at 48 hours following injection
(Table 2, Figure 3). Similar to trends observed with DOX,
treatment with RE accelerated *’Zr-NRep uptake. Measure-
ments performed at the 6-hour time point indicated that RE-
treated tumors had 78.8% of their maximum *°Zr-NRep uptake
(complete elimination from blood pool at 48 hours). In com-
parison, untreated tumors had just 41% of the maximum uptake
at the same time point. Further, **Zr-NRep uptake did not
exhibit any correlation with tumor size or mass in both treated
or untreated tumors (Figure 4). The maximum uptake of DOX
and **Zr-NRep was observed at 24 and 48 hours, respectively,
suggesting **Zr-NRep was retained in tumors longer and not
cleared in a fashion similar to DOX. Despite this discordance,
there was no statistical difference between the uptake of *Zr-
NRep and DOX at all time points. A high degree of correlation
was observed between DOX and **Zr-NRep uptake in both
RE-treated and untreated tumors (Figure 5) at all measurement
time points.

Discussion

The results of this study demonstrates that companion imaging
agents, such as the °Zr-NRep, can be used to monitor the
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Figure 2. Isosurface of representing 3°Zr-NRep uptake in RE-treated tumor (white arrow) at 24 hours posttreatment, untreated tumor (yellow
arrow) cannot be adequately visualized at the threshold value (A). Autoradiography of tumors treated with electric pulses (B) demonstrates the
distribution of 8Zr-NRep throughout the tumor. Graph of radiation counts comparing RE-treated tumors with contralateral control (C). Low
magnification image (error bar = | mm) showing both needle tracts (arrows) and rectangle outline (D) is seen in higher magnification image
(error bar = 0.5 mm) that shows region of necrosis (dashed boundary) closely bounded by defect in tumor from needle placement (arrow) (E).
RE indicates reversible electroporation.
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Figure 3. Uptake of 8Zr-NRep and DOX in electric pulse treated and untreated tumors in mice bearing unilateral tumors, measured at
sequential time points. Asterisk indicates data points which were more than 3 quartiles from the mean (outliers). DOX indicates doxorubicin.

effects of electroporation and predict RE-mediated uptake of  study, uptake kinetics of **Zr-NRep and DOX were similar till
nanoparticle therapeutics in vivo. 3Zr-NRep used in this study 24 hours postinjection and then demonstrated slight divergence
has been previously validated as a companion-imaging agent in uptake after 24 hours. This may be attributed to the break-
for DOX and nanoparticle albumin bound paclitaxel.'® In our down and metabolization of DOX that was absent in
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Table 2. Uptake of Liposomal Radiotracer (8?Zr-NRep) and the Liposomal DOX in RE-Treated and Control Mice with Unilateral Tumors.?

89Zr-NRep (mean [SD])

DOX (mean [SD])

Cohorts Treated (% ID/g) Untreated (% ID/g) P Value Treated (% ID/g) Untreated (% 1D/g) P Value
6 hours 1.86 (0.56) 0.84 (0.32) P =.003 1.95 (0.76) 0.72 (0.55) P =.003
24 hours 2.1 (0.87) 1.54 (0.72) P=.108 2.41 (0.75) 2.35 (1.27) P=.6
48 hours 2.35 (0.81) 2.06 (0.67) P=.35 2.19 (0.67) 2.05 (0.75) P = .46
Abbreviations: DOX, doxorubicin; RE, reversible electroporation; SD, standard deviation.
*Mean with standard deviation and confidence interval for different sacrifice time points.
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Figure 4. Correlation of #Zr-NRep and DOX uptake in mice with RE treated (top row) and mice with untreated tumors (bottom row) at
sequential experimental time points. DOX indicates doxorubicin; RE, reversible electroporation.

897r-NRep. Therefore, ¥°Zr-NRep may be useful for monitor-
ing early uptake behavior of DOX, but further comparison of
uptake kinetics is required if the reporter is used to predict
DOX uptake after 24 hours. Monitoring tissue effects of elec-
troporation, such as membrane permeabilization and vascular
changes, is difficult to accurately monitor with common ima-
ging techniques. The SPIO'®!? and radiolabeled nanoparti-
cles'® have been evaluated as contrast agents for imaging
RE-mediated nanoparticle delivery with magnetic resonance
imaging and PET imaging techniques. Our results extend these
prior studies by demonstrating that companion imaging report-
ers can be used to monitor and predict DOX delivery using RE.

Membrane permeabilization has been considered the pri-
mary route for RE-mediated nanoparticle delivery into tumors.
This assumption led to studies that closely timed the delivery of
nanoparticles and electroporation'” and used selective intra-
arterial administration of nanoparticles to maximize the uptake
following electroporation.'"*'* The results of our study identify
that RE-related changes in vascular permeability could be
another mode for delivery nanoparticles (DOX and *Zr-NRep)

into tumors. Reversible electroporation—related changes in
microvasculature are well-known to affect the transport of
small and large molecules® into the treated tissue. These
changes have been reported to increase the transport, or in
some cases inhibit vascular flow, and the exact outcomes seem
to be dependent on the tissue type, RE pulse parameters, and
other factors. Comparison of the relative order of RE and
897r-NRep injection suggests that injection of *’Zr-NRep
before pulse delivery elicited an immediate (2 hours post-RE)
increase in ®Zr-NRep uptake. However, measurements taken
at the 24-hour time point demonstrated no differences in uptake
between tumors from either group (injection before RE or
injection after RE). This indicates that vascular effects of RE
can play a major role in driving deposition of nanoparticles into
tumors long after membrane permeability has recovered; this
concept is described in Figure 6. Although *’Zr-NRep
remained in the blood pool for both cohorts, the lack of addi-
tional uptake in tumors treated after injection suggests there
may be differences in nanoparticle washout from the tumor
between the 2 groups, but the dynamics of washout is not
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Figure 5. Comparison of 8Zr-NRep (blue diamond) and DOX (red square) with tumor weight in RE-treated (A-C) and untreated (D-F)
tumors. DOX indicates doxorubicin; RE, reversible electroporation.
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Figure 6. Schematic describing how RE-related vascular effects facilitates liposomal nanoparticle delivery. Compared to (A) untreated control
tumors, (B) RE induces rounding of endothelial cells increasing penetration of the nanoparticles into treated tumors. RE indicates reversible

electroporation.

apparent at this stage. Interestingly, tumor size or weight did
not correlate with DOX or ®Zr-NRep in both RE-treated and
untreated tumors, indicating other biological factors (eg, vas-
cular density) may underlie nanoparticle uptake. During elec-
troporation, the cells are in a permeabilized state for a short
window of time'*'® within which the drug delivery is

enhanced. Reversible electroporation—related changes in
microvascular permeability could support decoupling delivery
of electric pulses from injection of the therapeutic nanoparticle.
The 2 effects offer contrasting benefits, where membrane per-
meabilization allows direct transfection of materials into the
cell while vascular effects presumably deposit nanoparticles in
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the tumor microenvironment. Therefore, the mode of
electroporation-mediated nanoparticle delivery must be
matched with the final goal of nanoparticle delivery.
Electroporation performed at higher energy settings yields 2
different treatment zones in tissue, an internal zone of cell
death where the irreversible electroporation (IRE) occurs and
an outer penumbra of RE. Studies evaluating nanoparticle
uptake in combination with electroporation at high-energy set-
tings hint at the presence of vascular effects. Unlike prior stud-
ies on RE, where particle uptake was immediate following
injection/electroporation, Tam et al'® demonstrated that maxi-
mum uptake of radiolabeled gold nanoparticles (30-50 nm)
following IRE of liver tumors occurred 18 hours following
delivery. Similar findings were also reported by Bulvik
et al'® who reported that treatment with IRE spared large blood
vessels within liver tumors and increased vascular permeabil-
ity. This effect increased the deposition of fluorescent polystyr-
ene nanoparticles in treated regions, peaking at 24 hours
following intravenous (tail vein) administration of the particles.
The deposition of nanoparticles in the tumor was found to be
independent of the size of the particle (20-500 nm).
Comparing nanoparticle accumulation following RE in bilat-
eral and unilateral tumors indicates that the vascular effect of RE
can accelerate nanoparticle deposition. Effectively, this can
increase the concentration or dose of the therapeutic in a very
short period of time. In the bilateral tumor model, faster **Zr-
NRep deposition in RE-treated tumors led to competitive uptake
when compared to untreated contralateral tumors. In turn, this
led to 2- to 3-fold increase in nanoparticle uptake in treated
tumors when compared to untreated controls. In unilateral
tumors, this manifested as accelerated uptake in RE-treated
tumors with maximum uptake being reached within 6 hours of
treatment. In comparison, we estimate that in mice with
untreated tumors the long circulation time ( ~ 48 hours) and slow
clearance of DOX from the blood pool allowed the uptake in
these tumors to catch up with that of RE-treated mice. From a
therapeutic perspective, rapid accumulation of DOX in RE-
treated tumors will increase the concentration of the drug within
the tumor and may enhance the cytotoxic effect of such thera-
peutics. Also, RE is suited for the delivery of nanoparticles that
clear rapidly (<24 hours) from the blood pool. It is possible that
RE-mediated vascular effects wear off within 6 to 24 hours of
pulse delivery, which needs to be validated with biodistribution
studies. In addition, timing and delivery of nanoparticles need to
be optimized to take advantage of electric pulse—mediated
effects to increase the total uptake of particles. Taking findings
from other studies to consideration,'''*'® intra-arterial nano-
particle delivery combined with RE can increase the overall
uptake of nanoparticles. Another option would be to use active
targeting, such as suggested by Luong et al*’ to promote binding
of the nanoparticle once deposited into the tumor and improving
retention. The use of nanoparticle with active targeting ligands
may be more relevant when leveraging the vascular permeabil-
ity effects for drug delivery than membrane permeabilization.
This study was performed with a single tumor model and
therapeutic agent. At this point, it not clear whether similar

outcomes for RE and 3°Zr-NRep will be seen in different tumor
types. The study did not assess tumor necrosis or cell death in
animals receiving RE-mediated DOX, limiting conclusions on
the possible therapeutic benefits of RE-mediated DOX deliv-
ery. Further experiments are required to determine whether
24 hours represent the true time point for maximum uptake
in RE-treated tumors or whether it occurs at an intermediary
point between 6 and 24 hours.

In conclusion, results of this study demonstrate that the
effect of RE on the vasculature plays an important role in
nanoparticle delivery in tumors. %°Zr-NRep has been validated
to be a suitable imaging agent for both reliably monitoring the
tissue effects of RE and also predict the uptake of DOX in RE-
treated tumors. Reversible electroporation seems to accelerate
the uptake of DOX and increase the concentration of drugs in
treated tumors but may not increase the overall uptake of
nanoparticles.
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