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Abstract

Combining image-guided therapy techniques for the treatment of liver cancers is a strategy that is
being used to improve local tumor control rates. Here, we evaluate the intratumoral uptake of
nanoparticles used in combination with radiofrequency ablation (RFA), irreversible electroporation
(IRE), or laser induced thermal therapy (LITT). Eight rabbits with VX2 tumor in the liver
underwent one of four treatments: (i) nanoembolization (NE) with radiolabeled, hollow gold
nanoparticles loaded with doxorubicin (8*Cu-PEG-HAUNS-DOX); (ii) NE+RFA; (iii) NE+IRE;
(iv) NE+LITT. Positron emission tomography/computed tomography (PET/CT) imaging was
obtained 1-hr or 18-hrs after intervention. Tissue samples were collected for autoradiography and
transmission electron microscopy (TEM) analysis. PET/CT imaging at 1-hr showed focal
deposition of oil and nanoparticles in the tumor only after NE+RFA but at 18-hrs, all animals had
focal accumulation of oil and nanoparticles in the tumor region. Autoradiograph analysis
demonstrated nanoparticle deposition in the tumor and in the ablated tissues adjacent to the tumor
when NE was combined with ablation. TEM results showed the intracellular uptake of
nanoparticles in tumor only after NE+IRE. Nanoparticles demonstrated a structural change,
suggesting direct interaction, potentially leading to drug release, only after NE+LITT. The
findings demonstrate that a combined NE and ablation treatment technique for liver tumors is
feasible, resulting in deposition of nanoparticles in and around the tumor. Depending on the
ablative energy applied, different effects are seen on nanoparticle localization and structure. These
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effects should be considered when designing nanoparticles for use in combination with ablation
technologies.
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1. Introduction

The treatment of patients with primary or metastatic liver tumors is challenging.
Hepatocellular carcinoma (HCC) is the third most common cause of cancer death,! and
metastases to the liver, which often portends a grim prognosis, are common in solid
malignancies such as melanoma,? breast,® and colorectal* cancer. The limited success and
toxicity of systemic chemotherapy® and the constrained criteria for surgical resection, an
option for only 5-20% of patients, provide the rationale for the use of techniques such as
transarterial chemoembolization (TACE) or radiofrequency ablation (RFA) to provide
locoregional therapy to patients with unresectable liver tumors.

Survival benefit after TACEL® or RFA”-8.2 has been demonstrated but when used in
isolation, each technique is limited by the incomplete elimination of cancer cells, leading to
local tumor recurrence and ultimately, treatment failure. To improve local control rates,
multimodality (TACE and RFA) treatment strategies, capitalizing on synergistic effects, have
been proposed.10-13 Recent studies have demonstrated the efficacy of combined RFA and
TACE with 5-year survival rates of 41% for lesions greater than 5 cm and 75% for lesions
less than 5 cm11:14 as compared to a 38% 5-year survival rate for lesions smaller than 5 cm
treated with RFA alone.1® There is clearly an emerging role for the multimodality treatment
of liver tumors and studies are needed to establish the most effective strategies.

Newer ablation and embolization technologies, irreversible electroporation (IRE) and
nanoembolization (NE), are currently being studied.16-18 Electroporation involves the
targeted delivery of electrical pulses to make cell membranes permeable, either temporarily
(reversible electroporation, RE) or permanently (IRE). When compared to RFA or laser
induced thermal therapy (LITT), electroporation has the unique potential to facilitate the
intracellular delivery of therapeutic agents through the disruption of cellular
membranes.1%-22 Nanoparticles have been used as a platform for the delivery of anti-
neoplastic agents; 2324 however, optimizing methods for efficient delivery to target sites
remains a major challenge.18 We hypothesize that nanoparticle distribution to the tumor will
be different depending on the ablative technique that is used conjunction with NE and that
intracellular uptake of nanoparticles will only be seen after NE+IRE. This proof of concept
study uses functional imaging, autoradiography analysis and transmission electron
microscopy (TEM) to investigate the intratumoral uptake of radiolabeled hollow gold
nanoshells-loaded with doxorubicin (44Cu-PEG-HAuUNS-DOX) when combined with either
RFA, IRE or LITT.
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2. Experimental Section

2.1 Chemicals

Doxorubicin (Dox) was obtained from Ochem Incorporation (Des Plaines, IL). Methoxy-
polyethylene glycol (PEG-SH, MW 5000), gold(l11) chloride trihydrate, and phosphate-
buffered saline (pH 7.4) were obtained from Sigma-Aldrich (St. Louis, MO). Sodium citrate
dihydrate, trisodium citrate dihydrate (>99%), cobalt(ll) chloride hexahydrate (99.99%), and
sodium borohydride (99%) were obtained from Fisher Scientific (Pittsburgh, PA).

2.2 Nanoparticle Synthesis and Characterization

Dox@PEG-HAUNS (1:3:1 wt/wt, 20 optical density [OD]) was synthesized as described
previously.25 Briefly, 4.5 ml of sodium borohydride (1 M), 2.8 ml of sodium citrate (0.1 M),
and 1.0 ml of cobalt chloride (0.4 M) were added to pre-deoxygenated deionized water with
stirring to synthesize cobalt nanoparticle core template. Chloroauric acid was then added to
the suspension of cobalt nanoparticles formed /n situ, which reduced the gold ions to gold
nanoparticles on the surface of the cobalt nanoparticles and oxidized cobalt to cobalt(l1)
ions. Any remaining cobalt was oxidized by air, resulting in the final product, HAuNS. The
size of the HAUNS was determined using dynamic light scattering at a 90° scatter angle on a
particle size analyzer (Brookhaven Instruments, Holtsville, NY). The amount of gold in the
HAUNS was quantified using inductively coupled plasma mass spectroscopy (Galbraith,
Knoxville, TN).

PEG-SH was then added to the HAUNS suspension under argon protection at room
temperature. Excess PEG-SH was removed by subjecting the suspension to centrifugation
and washing the residue with 1.5 mM sodium citrate (pH 6.5-7) twice. To load Dox onto the
PEG-HAUNS, Dox was slowly added to the PEG-HAUNS suspension under stirring at room
temperature (ratio is 1:3:1 w/w). After the mixture was stirred for 24 hrs, excess Dox was
removed by subjecting the mixture to centrifugation and washing the supernatant with
sodium citrate (1.5 mM) repeatedly until the supernatant became colorless. The amount of
excess Dox in the supernatant was determined by spectrophotometry at 480 nm.

Radiolabeling of hollow gold nanoshells was accomplished by adding $4Cu to the chelator,
DOTA-LA (1,4,7,10-tetraazacyclododecane-1,4,7-tris(acetic acid)-10-acetic acid-N-(2-(2-(2-
aminoethoxy)ethoxy)ethyl)-lipoic acid mono amide). DOTA-LA was synthesized according
to previously published protocol.26 Once the 84Cu is attached to the chelator, 54Cu-DOTA-
LA was added to an aqueous solution of HAUNS-PEG-DOX (400 puL, ~2 x 1013 particles) at
room temperature for 4 hours to produce $4Cu-HAuUNS-DOX. The radiolabeled
nanoparticles were then purified by centrifugation at 8,000 rpm for 5 min and washed three
times with PBS. The radiolabeling efficiency and the stability of labeled nanoparticles were
analyzed using Instant thin layer chromatography (ITLC).

2.3 Animal Tumor Model

All experiments were approved by the Institutional Animal Care and Use Committee and
were performed in accordance with institutional guidelines. The rabbits were maintained in
facilities approved by the Association for Assessment and Accreditation of Laboratory
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Animal Care and in accordance with current US Department of Agriculture, Department of
Health and Human Services, and National Institutes of Health Regulations and Standards.
Eight male, New Zealand white rabbits (weight range 2.8-3.4 kg) were used to complete the
study. Our technique for tumor inoculation has been previously described in detail.2” In
brief, after the administration of intramuscular sedation and induction of surgical anesthesia,
the abdomen was shaved and prepped for aseptic surgery. VX2 tumor was inoculated into
the left lobe of the liver with 4mm chunks of freshly harvested VX2 tumor. A small puncture
with an 11-blade scalpel was made into the left lobe of the liver and the tumor chunk was
inserted, pressure was held, and the left lobe of the liver was replaced into the abdomen. The
incision was closed in layers, and the animal was allowed to recover. The tumors were
allowed to grow in the rabbits’ livers for approximately 10-12 days.

2.4 In Vivo Experiments

Previous researchers®12 have shown that larger treatment volumes can be created when
embolization is followed by ablation; therefore, nanoembolization was performed prior to
IRE, RFA, or LITT. Doxorubicin has been chosen as the antineoplastic agent to be combined
with the nanoparticles because it is the most active drug against HCC, producing tumor
response rates of about 10-20%?28, and is the most common drug used in
chemoembolization.2

Anesthesia was provided using isoflurane. Following the pre-treatment CT imaging, the
right groin of the animal was shaved and prepared for aseptic surgery using alcohol-betadine
scrub and betadine. A small incision was made and the right common femoral artery was
isolated. A 4-French sheath was placed into the vessel through a small arteriotomy and
sodium heparin (100 1U/kg) was given through the sheath. A microcatheter was introduced
through the sheath and advanced into the common hepatic artery under fluoroscopic
monitoring. Digital subtraction angiography of the celiac axis was performed by injecting 2—
4 ml of meglumine-diatrizoate to document the vascular anatomy and tumor size. Then the
catheter was advanced into the proper hepatic artery and positioned just above the origin of
the gastroduodenal artery and nanoembolization (NE) using 84Cu-PEG-HAuUNS-DOX in
combination with lipiodol oil (Guerbert LLC, France) was performed. A total volume of 1
mL (0.3 mL lipiodol oil; 0.5 mL $4Cu-PEG-HAUNS-DOX; 0.2 mL contrast) was injected.
Nanoembolization was terminated when the hepatic artery reached stasis.

Ablations were performed 2 minutes after NE in order to optimize the intracellular
incorporation of the nanoparticles.18 Ablation probes were placed using real-time ultrasound
guidance. For the rabbit undergoing NE+RFA, a 17-gauge internally cooled electrode
(Covidien, Dublin, Ireland) with a 2 cm active tip was placed into the center of the tumor.
Ablation was performed using a 500-kHz RF generator (Valley Lab, Boulder, CO). RF
energy was applied for 8 minutes with the generator output set to impedance mode. For the
rabbit undergoing NE+IRE, two unipolar IRE electrodes, each with a 2 cm active tip, were
positioned in parallel to encompass the liver tumor under ultrasound guidance. IRE ablation
was performed using a pulse generator (AngioDynamics, Queensbury, NY) set at 90 pulses,
2700 V/cm, and 70 ps. For the rabbit undergoing NE+LITT, an 808-nm NIR 600-um-
diameter laser fiber (BioTex, Inc., Houston, TX) with a 2-cm long diffusing tip was inserted
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and LITT was performed at 2 W using a Diomed 15 laser system (New York, NY) for 3
minutes.

Emission Tomography/Computed Tomography (PET/CT) Imaging

PET/CT was performed 1-hour or 18-hours after treatment to assess the distribution of the
radiolabeled nanoparticles. PET/CT imaging was performed using a Discovery 610-64
PET/CT system (GE Healthcare). Helical CT scans covering the whole body of the rabbit
were obtained using 120 kVp, 100 mAs, 13.5-mm/rotation table speed. Whole-body PET
scans were then acquired with 3 minutes/bed position and 11 slice overlap. PET/CT images
were reconstructed using standard vendor-provided reconstruction algorithms, and corrected
for attenuation, scatter, dead time, and radioactive decay. To ensure that the measured
injected dose was accurate in terms of activity measured by PET, we cross-calibrated the
dose calibrator (CRC-15R; Capintec, Inc., Ramsey, N.J.) with the PET camera.3° The
whole-body reconstructed PET/CT data were then transferred in Digital Imaging and
Communications in Medicine (DICOM) 3.0, part 10 file format to an AW workstation (GE
Healthcare) for image analysis which consisted of drawing regions of interest around the
tumor and normal liver parenchyma to determine the standard uptake value (SUV).

2.5 Tissue Analysis

All animals were euthanized with an overdose of beuthanasia-D (1.0 ml/10 Ibs) (Schering-
Plough Animal Health, Union, NJ). The tumor and the surrounding liver tissues were
removed. The tissue sample was bisected and each half included tumor and surrounding
liver. One half of the tumor and surrounding liver was placed into OTC media and frozen for
atomic absorption analysis. The other half was placed into 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC) (Sigma, St. Louis, MO) which was used to stain for mitochondrial enzyme
activity. This test is used to identify irreversible cellular injury during the initial time period
following RFA31:32 with viable liver staining red and unviable, ablated liver tissue remaining
white, thus creating a definitive zone of demarcation between ablated and non-ablated liver
tissue. Gross measurements of the tumor and ablation zones were obtained using a caliper.
Multiple tissue samples from the tumor, ablation zone and peri-tumoral, non-ablated liver
were obtained and then fixed for transmission electron microscopy (TEM) analysis. The
remainder of the tissue was placed in formalin, embedded in paraffin, and cut into 5 um
slices for hematoxylin and eosin staining and autoradiograph. Autoradiography was
performed by exposing sections of tumors to phosphorous screen film (an SR imaging plate)
overnight at room temperature. The radioactive signal from $4Cu was detected using a
Fujifilm FLA-5100 imaging system (Stamford, CT).

2.6 Transmission Electron Microscopy (TEM) Analysis

Samples were fixed with a solution containing 3% glutaraldehyde plus 2%
paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3, then were washed and treated with
0.1% Millipore-filtered cacodylate buffered tannic acid, postfixed with 1% buffered osmium
tetroxide for 30 min, and stained en bloc with 1% Millipore-filtered uranyl acetate. The
samples were dehydrated in increasing concentrations of ethanol, infiltrated, and embedded
in LX-112 medium. The samples were polymerized in a 60 C oven for 2 days. Ultrathin
sections were cut in a Leica Ultracut microtome (Leica, Deerfield, IL), stained with uranyl
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acetate and lead citrate in a Leica EM Stainer, and examined in a JEM 1010 transmission
electron microscope (JEOL, USA, Inc., Peabody, MA) at an accelerating voltage of 80 kV.
Digital images were obtained using AMT Imaging System (Advanced Microscopy
Techniques Corp, Danvers, MA).

Figure 1A shows the schema of the structure of Dox@PEG-HAUNS. This HAUNS has
maximum absorption at 808 nm, which is ideal for LITT using the 808 mn laser (Figure 1B),
while free Dox had maximum absorption at 495 nm. When PEG-HAUNS is loaded with
Dox, two peaks were observed: one at 495 nm, which is due to the presence of Dox, and at
808 nm, which is due to HAUNS (Figure 1B). The hydrodynamic volume of PEG-HAUNS
was 42.5 nm as determined using the DLS, which was confirmed on TEM as shown in
Figure 1C. Dox conjugation did not significantly change the size of the PEG-HAUNS. Dox
loading efficiency was >98%. The concentration of Dox loaded onto 1-OD PEG-HAuUNS
was 0.0175 mg/ml. The 84Cu labeling efficiency was >99% as measured using the i-TLC
method. Figure 1D demonstrates that the 84Cu labeling was also stable after 24 hours.

Analysis of the gross pathology yielded measurements from which tumor and ablation zone
volumes were calculated (Table 1). Measurements were obtained after TTC staining, which
renders dead cells white and viable cells red, to improve the accuracy of detecting ablation
zone boundaries. Using the formula for calculating the volume of an ellipsoid, the tumor
volumes calculated after TTC staining ranged from 0.45 to 1.26 cm3. The ablation zone
volumes for the animals euthanized after the 1-hr PET/CT were as follows: 1.01 cm? for NE
+LITT, 3.46 cm?3 for NE+IRE, and 4.4 cm3 for NE+RFA. Ablation zone volumes were
found to be larger for the animals euthanized after the 18-hr PET/CT: 1.3 cm? for NE+LITT,
21.4 cm3 for NE+IRE, and 10.1 cm?3 for NE+RFA. The ablation zones for the animals
treated with LITT were smaller than when compared to the ablation zones created by the
other ablation modalities but expected given the low laser power that was used. At the 1.5 to
2 W power range, heating is expected to extended 6-8 mm from the laser fiber, giving a
more precise and controlled area of ablation.2’

PET/CT imaging was performed 1-hr or 18-hrs after the intervention. Figure 2 shows the
PET/CT images of the tumors injected with the radiolabeled nanoparticle in combination
with various ablation techniques and quantification of the ratio of tumor-to-normal liver
uptake for each animal is summarized in Table 1. Axial CT images of the liver clearly
showed the presence of tumors in all the rabbits investigated. As shown in Figure 2, PET
images obtained at the 1-hr time point showed that focal deposition of oil and colocalization
of 64Cu-PEG-HAUNS-DOX nanoparticles in the tumor was most intense after NE+RFA but
also present after NE+LITT as both demonstrated increased tumor-to-normal liver uptake
ratios. After NE alone or NE+IRE, the deposition of oil was located predominantly at the
periphery of the tumors and there was diffuse distribution of radioactivity throughout the
liver without focal accumulation in the tumor at 1 hr. The 18-hr imaging shows a selective
accumulation of the nanoparticles in tumor in each of the different treatments. At the 1-hr
imaging time point, the NE+LITT and NE+RFA animals demonstrated increased tumor-to-
normal liver uptake ratios, calculated at 2 and 4.7, respectively but the ratios decreased to 1.5
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(NE+LITT) and 1.4 (NE+RFA) at the 18-hr imaging time point. The opposite effect was
noted in the NE and NE+IRE animals with the tumor-to-normal liver ratios increasing from
1.1t0 1.7 (NE) and 0.81 to 2.0 (NE+IRE) from the 1-hr to the 18-hr imaging time point.

Nanoparticle distribution on autoradiograph analysis (Figure 3) was noted around the
periphery and in the tumor after NE+IRE, NE+LITT, and NE+RFA but seen predominantly
in the periphery of the tumor after NE. After NE+IRE, while nanoparticles were identified in
the tumor and adjacent ablated liver tissue, nanoparticles were also seen in the peri-tumoral,
non-ablated liver. Minimal changes in distribution of the nanoparticles were noted between
the two time points.

TEM was performed on tissues from the 1-hr animals and tissues were taken from three
sampling points: the tumor, ablation zone, and peri-tumoral, non-ablated liver. TEM results
showed the distribution of the nanoparticles at a cellular level after each therapeutic
intervention. For NE alone, there was no intracellular uptake and the nanoparticles in the
tumor were either in the extracellular space in between cells or in the blood vessels (Figure
4) in all three sampling locations. Similarly, nanoparticles were located in either the blood
vessel or within the extracellular space after NE+RFA and NE+LITT (Figure 5 and 6,
respectively). However, structural change of the nanoparticle, characterized by collapse and
deformation with loss of the inherent spherical shape, was noted only after NE+LITT. Figure
7 showed that for NE+IRE, aside from extracellular localization of the nanoparticles, there
was also internalization of the nanoparticles into the intracellular milieu in tumor cells,
ablated liver cells, and peri-tumoral, non-ablated liver cells. The hollow interior of the
nanoparticles are clearly shown Figure 7, and are located adjacent to the nucleus of the cell.
No nanoparticles were observed to be within the nucleus of the cell.

4. Discussion

Local tumor recurrence is a problem that plagues minimally invasive interventional
radiology techniques such as TACE and RFA. To overcome this issue for the treatment of
liver tumors, recent clinical trials have incorporated the use of multi-modality therapy, such
as TACE in combination with sorafenib,33:34 TACE with radiation therapy,3°36 or TACE
with ablation,37 in the hopes that by exploiting the synergy between treatments, the tumor-
free margin can be enhanced. To support and optimize the design of translational clinical
trials using emerging technologies, we undertook this proof of concept study to discern
potential differences in mechanisms of action when combining a novel embolization agent,
nanoparticles, with various ablative techniques that have been approved for human use. We
chose to use the gold nanoshell (HAUNS) construct because of its known interactions with
LITT as demonstrated pharmacokinetically and on magnetic resonance imaging.2427
Additional features like its small size (30-50 nm diameter), spherical shape, lack of a silica
core and need for cytotoxic surfactant to ensure stability, make this nanoparticle construct
attractive for molecular therapy38-3° and suitable for this study.

We used three different techniques to assess nanoparticle distribution within the tumor:
PET/CT, autoradiography, and TEM. Each method of assessment provided pieces of
information on how the nanoparticles related with the ablation technique applied and the
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tumor tissue. PET/CT is a non-invasive method for evaluating nanoparticle distribution but
with its resolution limited to the millimeter range, it offers information only about average
drug distribution within the tumor compared with normal tissues.*0 Imaging with PET/CT at
the 1-hr time point after intervention was designed to reflect the nanoparticle distribution as
a function of the administration technique and imaging at the 18-hr time point was
performed to provide a delayed assessment of nanoparticle localization. Autoradiography
reflects the microregional assessment#142 of nanoparticle distribution within the tumor
tissues but can be limited by tissue processing techniques and post-treatment tumor necrosis.
However, neither of the aforementioned techniques can be used to verify the location of the
nanoparticle at a cellular resolution. As the confirmation of intracellular localization and
ability to study uptake rates for nanoparticles are important pieces of information if
nanoparticles are going to be used as drug delivery vehicles.*3 We used TEM to image
nanoparticle localization at the cellular level. Following the analysis of the tissues by all
three methods, we found the distribution pattern of nanoparticles on PET/CT imaging,
autoradiography, and TEM to be distinct and dependent on the treatment modality.

Following the NE intervention, focal localization of the nanoparticles into the tumor on
PET/CT was not seen until the 18-hr imaging time point and was associated with a
maximum tumor to liver SUV ratio of 1.7. Autoradiography results matched the findings on
TEM both of which demonstrated the nanoparticles to be located within the blood vessels
and interstitial space at the periphery of the tumor. Several authors have demonstrated that
nanoembolization results in greater delivery of the nanoparticles to the tumor when
compared to intravenous delivery methods.1”-18 However, as compared to Tian’s study,’
which demonstrated uniform intratumoral uptake and increased tumor to liver ratios at both
the 1-hour and 24-hour time points, our study showed predominantly peripheral uptake and
increased tumor to liver ratio only on the delayed (18-hour) imaging. First, the peripheral
localization of the nanoparticles may be related to the use of VX2 as the tumor model. VX2
tumors have a high rate of spontaneous necrosis?#4° and it is possible that our tumors were
highly necrotic prior to treatment. This would have resulted in a tumor with a largely
necrotic and hypovascular center with the viable tumor tissue being concentrated in the
periphery, accounting for why our nanoparticles were preferentially localized to that area.
Second, the increased intratumoral uptake over time resulting in high tumor to liver ratio at
the 18-hour time point seen in our study may be attributed to extravasation of recirculating
NP from the blood pool through the abnormal tumor blood vessels that are known to have
increased permeability as compared to normal liver blood vessels. Although the study by
Tian et al.1” suggested the possibility of internalization of the NP at 24 hours based on
combined fluorescence and dark-field microphotography, TEM evaluation in our study did
not show presence of NP inside the cells at the 18-hour time point. The accepted theory is
that cellular internationalization of gold nanoparticles depends primarily on endocytosis*3
which does not occur rapidly.22 In vitro experiments have demonstrated that metallic
nanoparticles have to be incubated with cells for 20 hours or more before surface-enhanced
Raman scattering experiments.22 Because our analysis was not carried out beyond 18-hours,
it is possible that our experimental time frame was too short to fully capture the mechanism
of action of the intra-arterially delivered nanoparticles.
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When considering nanoembolization as a stand-alone procedure, the approach to optimizing
tumoral uptake relies primarily on modification of the nanoparticle design as nanoparticle
size, shape, and charge can affect rates of internalization.2343 For spherical gold
nanoparticles, particles that are within the 40-50 nm range, such as the ones used in this
study, are the most effectively internalized via endocytosis*6 whereas for elongated
nanoparticles, those with a positive charge can be internalized faster and more efficiently.4’
However, improvements in nanoconstruct design alone are not sufficient to surmount the
issue of subtherapeutic dosing and additional nanoparticle delivery strategies are still needed
to overcome tumor tissue heterogeneity and vascular perfusion variations to facilitate
intratumoral nanoparticle deposition. The improvement in intratumoral nanoparticle uptake
was seen on PET/CT imaging when combined NE with RFA or LITT. It is known that
embolization before RFA can increase efficacy of treatment.10 By decreasing tumor blood
flow and reducing the heat sink effect, embolization prior to RFA can increase tumor heating
and coagulation, #9150 resulting in a larger zone of ablation.1% Additionally, the tissues at the
periphery of the tumor subjected to sublethal hypothermic temperatures experience an
increase in blood flow®%:51 and this hyperemia is thought to further increase drug
deposition®2 and potentially enhance the maximal coagulation diameter following RFA.53
We hypothesize that the mechanical effects of tissue destruction following RFA served to
trap the nanoparticles already in the tumor and that the hyperemia induced in the tumor
periphery allowed for additional nanoparticle to flow in and be deposited into the tumor,
thus resulting in the increased uptake seen on PET/CT. Nanoparticle deposition in the tumor
and tumor periphery after NE+RFA was confirmed on autoradiography but no cellular
internalization or structural change of the nanoparticle was noted on TEM. RFA appears to
be powerful adjunct to facilitate nanoparticle delivery into the tumor but future work should
take into consideration mechanisms to ensure drug release.

Similarly, nanoembolization prior to LITT has been shown to be more effective with the
enhanced antitumor activity thought to be a result of both the cytotoxic effect of paclitaxel
and the photothermal effect mediated by the hollow gold nanospheres.2” The most striking
finding in the NE+LITT animals was the structural deformation of the nanoparticle seen on
TEM, providing visualization of the effects of the laser interaction with the nanoparticles.
Nanoparticles found in peri-tumoral, non-ablated liver parenchyma that were not exposed to
the laser energy demonstrated no structural changes. While previous authors have
demonstrated drug release using the hollow gold nanoshell construct and LITT2527 neither
study used TEM and therefore were unable to image any changes in structure to their
nanoparticles. Conversely, our study did not quantify drug release but the TEM images
showing breakdown of individual nanoparticles along with the data previously described?>:27
suggest that doxorubicin was released successfully within the tumor. LITT has a known and
validated interaction with gold nanostructures resulting in photothermal ablation and the
ability to release cytotoxic agents. However, current laser fibers deliver energy focally and
the heat generated does not extend very far from the fiber itself.2” We saw evidence of this
limitation on our gross measurements after NE+LITT as there was no well defined ablation
zone around the tumor as was seen after NE+RFA and NE+IRE. Additional work is needed
in order to optimize LITT settings to permit the treatment of larger tumors with
nanoparticles.
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The effects of electroporation on cell membrane permeability have been studied
extensively?1:54 and the technology has been applied as a physical method for the delivery of
therapeutic molecules, including DNA, into cells.2922 Similar to the vascular changes seen
after RFA, tumors subjected to electroporation undergo changes in tumor blood flow.5° It
has been hypothesized that after electroporation a “vascular lock” phenomenon occurs in the
tissues and is caused by a reflexive constriction of resistance vessels leading to the
electroporated area and a phase of reduced intravascular pressure due to the increased
permeability of the cell membranes.>® The net effect of the vascular lock phenomenon
results in the promotion of drug retention provided that the drug is present in the tumor
tissues before electroporation.>* Given these vascular effects, we expected to see better focal
localization of the nanoparticles to the tumor at the 1-hr time point on PET/CT following NE
+IRE. Instead, we saw more tumoral uptake on the delayed images where the tumor-to-
normal liver SUV ratio was 2 which suggests that more than 1-hr is required to complete the
process of nanoparticle internalization into the tumor. Clearly, dynamic imaging would be of
great help to determine the rate of nanoparticle uptake following IRE as authors have
suggested that electroporation’s advantage as an ablation modality is its ability to speed up
the cellular internalization of molecules.1%22 Mouli et al.18 combined NE+IRE in a rabbit
hepatic VX2 tumor model and demonstrated increased nanoparticle uptake in the tumor core
and tumor periphery without significant difference in delivery to healthy liver tissue.1® They
hypothesized that the combination therapy with electroporation would result in a rapid influx
of nanoparticles into the cells that would not be dependent on cellular uptake mechanisms or
the cell cycle, however, nanoparticle localization was determined by high resolution 7T MRI
without direct evidence of intracellular localization.1® Our TEM results support our initial
hypothesis that NE+IRE would be the only combination therapy to demonstrate cellular
internalization and our data show nanoparticles in the cytoplasm of tumor cells, ablated liver
cells and peri-tumoral, non-ablated liver cells at both time points. This supports the findings
of others who have demonstrated that electroporation can shorten the time frame for particle
internalization.1922 However, the lack of structural deformity of the nanoparticles suggests
that doxorubicin was not released and provides a direction for further investigation. Studies
to optimize the drug release mechanism of the nanoparticle that could be used with
electroporation could make it a more powerful drug delivery and treatment platform for solid
tumors.

The study is not without limitations as it was designed to explore only the effects on
nanoparticle localization after ablative therapy rather than therapeutic efficacy or toxicity.
First, the VX2 tumor model in the rabbit can have a highly variable growth rate and a
significant amount of spontaneous necrosis,**4° both of which could have affected the blood
flow, delivery, and distribution of nanoparticles within the tumors. Second, the number of
study animals is very small allowing for descriptive results without a statistical comparison.
Ideally, these results would have to be replicated in a larger set of animals and correlated to
the antitumor efficacy of the treatment modalities on histology. Third, similar to the work by
Tian et al.,1” the optimal interval between nanoparticle injection and peak tumor uptake was
not defined. This study shows that significant uptake can happen between 1 h and 18 h,
suggesting that functional imaging could be used to further evaluate pharmacokinetics for
optimizing treatment planning. Finally, future studies should incorporate a quantification of
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the drug content within the tissues to evaluate for the successful release of the
chemotherapeutic agent from the nanoparticle carrier.

5. Conclusion

This proof of concept, imaging study demonstrates that nanoparticles interact with ablative
techniques and the interactions are different depending on the ablation modality. Some
ablation techniques can help with tumor retention of nanoparticles: nanoparticles are
incorporated into cells only after IRE, and demonstrate structural deformation, suggesting
drug release, only after LITT. These types of interactions should be considered when
designing nanoparticles for therapeutic use in combination with ablation technologies.
Lastly, TEM findings demonstrate that a combined nanoembolization and IRE ablation
treatment technique results in the intracellular deposition of nanoparticles into tumor and
surrounding peri-tumoral, non-ablated liver cells, raising the possibility of achieving an
ablation zone without gross or microscopic tumor remnants.
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Figure 2. PET/CT demonstrates the distribution of $4Cu-labeled-Dox-HAUNS after treatment at
two time points

Non-contrast enhanced CT imaging demonstrates the high density lipiodol oil in and around
the tumors (circled) and to a lesser extent, in the normal liver parenchyma in all animals. In
the corresponding PET images, focal localization of the nanoparticles is most pronounced on
early imaging after NE+RFA. However, the delayed PET images demonstrate that after 18-
hours, all treatment modalities had evidence of increased localization of the $4Cu-labeled-
Dox-HAUNS in the tumor and the calculated tumor-to-normal liver uptake ratios were
elevated.
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Figure 3. Autoradiographs demonstrate nanoparticle distribution in the tumor as compared with
hematoxylin and eosin stained slides after treatment

The red areas on the autoradiographs represent the “hottest” areas with the highest
concentration of accumulated nanoparticles (84Cu-labeled-Dox-HAUNS). In the NE and NE
+RFA animals, the distribution of the 84Cu-labeled-Dox-HAUNS is predominantly around
the tumor. In the NE+IRE and NE+LITT animals, the distribution of the 64Cu-labeled-Dox-
HAUNS is both in and around the tumor.
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Figure 4. TEM localization of 64Cu-labeled-Dox-HAUNS after nanoembolization
The gross specimen consisting of tumor and surrounding normal liver (a) demonstrates the

areas from which the samples were taken. Images from samples taken from the tumor are
presented in increasing magnification (b,e: 5000x; c,f: 50000x; d,g: 200000x). Most of the
nanoparticles (84Cu-labeled-Dox-HAUNS) were seen in the interstitial space (b-d) in
between tumor cells (*) or in blood vessels. A single erythrocyte with an attached
nanoparticle is shown (e-g). An image from normal liver is shown in (h) and demonstrates
the presence of “fatty” lobules (*) inside of the cell. These likely represent droplets of the
lipiodol oil used during nanoembolization. The nanoparticles retain their spherical shape.
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Figure 5. TEM localization of 64Cu-labeled-Dox-HAUNS after nanoembolization+RFA
The gross specimen consisting of tumor, and surrounding ablated and peri-tumoral, non-

ablated liver (a) demonstrates the areas from which the samples were taken. Images obtained
from a representative sample taken from the tumor are presented in increasing magnification
(b: 5000x; c: 50000x; d: 200000x). The nanoparticles (4Cu-labeled-Dox-HAUNS) were
seen inside the blood vessels (b,c) but not inside the tumor cell (the cell nucleus is
annotated). The highest magnification image (d) demonstrates that the nanoparticles have
retained their spherical shape. Images obtained from a representative sample taken from the
ablation zone are presented in increasing magnification (e: 10000x; f: 50000x; g: 200000x).
The %4Cu-labeled-Dox-HAUNS were predominantly noted to be in between cells in the
interstitial space; however, the ablated tissue had been thermally damaged making it difficult
to discern the exact location of the nanoparticles. The highest magnification image (g)
demonstrates the spherical shape of the nanoparticle. Images obtained from a representative
sample taken from peri-tumoral, non-ablated liver are presented in increasing magnification
(h: 50000x; i: 200000x) and demonstrate a spherical nanoparticle (i) located in the
interstitial space between two cells, whose membranes are denoted by (*)’s (h).
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Figure 6. TEM localization of 64Cu-labeled-Dox-HAUNS after nanoembolization+LITT
The gross specimen consisting of tumor, and surrounding ablated and peri-tumoral, non-

ablated liver (a) demonstrates the areas from which the samples were taken. Images obtained
from a representative sample taken from the tumor are presented in increasing magnification
(b: 10000x; c: 100000x). The tissues sampled were thermally damaged but it appeared that
the nanoparticles (34Cu-labeled-Dox-HAUNS) were seen outside the tumor cells. The
highest magnification image (c) demonstrates that the nanoparticles are not all spherical with
some demonstrating collapse of the nanoshell. Images obtained from a representative sample
taken from the ablation zone are presented in increasing magnification (d: 10000x; e:
200000x). The %4Cu-labeled-Dox-HAUNS were predominantly seen in the interstitial space
(d) and structural deformity is again noted (e). The nanoparticles demonstrating a collapse of
the shell also appear smaller. Images obtained from a representative sample taken from peri-
tumoral, non-ablated liver are presented in increasing magnification (f: 5000x; g: 200000x)
and demonstrate the extracellular location of the nanoparticles (f). Unlike the $4Cu-labeled-
Dox-HAUNS in the tumor and ablation zone, nanoparticles found in peri-tumoral, non-
ablated liver retained their spherical shape.
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Figure 7. TEM localization of 64Cu-labeled-Dox-HAUNS after nanoembolization+IRE
The gross specimen consisting of tumor, and surrounding ablated and peri-tumoral, non-

ablated liver (a) demonstrates the areas from which the samples were taken. Images obtained
from a representative sample taken from the tumor are presented in increasing magnification
(b: 10000x; c: 100000x). The cell membrane and nucleus are annotated. The nanoparticles
(64Cu-labeled-Dox-HAUNS) were seen inside the tumor cell adjacent to the nucleus. The
highest magnification image (c) demonstrates that the nanoparticles have retained their
spherical shape. Images obtained from a representative sample taken from the ablation zone
are presented in increasing magnification (d,e: 10000x; f: 100000x). The intracellular black
dots (d) seen in the cells in the ablation zone represent lysosomes and are seen in increased
numbers. The spherical $4Cu-labeled-Dox-HAuUNS were predominantly noted to be inside
the cells (e,f). Images obtained from a representative sample taken from peri-tumoral, non-
ablated liver are presented in increasing magnification (g,i: 10000x; h,i: 100000x) and
demonstrate the spherical nanoparticles to be located both inside cells (g,h) and in between
cells in the interstitial space (l.j).
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