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Abstract

Purpose—Superparamagnetic iron oxide nanoparticles (SP10s) functionalized with doxorubicin
(DOX) can serve dual diagnostic and therapeutic purposes. Nanoablation is an approach to
increase intratumoral nanoparticle uptake that combines IV nanoparticle delivery with reversible
electroporation. However, a method to quantify drug delivery during this therapy is needed. This
study tested the hypothesis that MRI can quantify intratumoral SPIO uptake after nanoablation.

Methods—DOX-SP10s were synthesized. N1-S1 hepatomas were successfully induced in 17
Sprague-Dawley rats distributed into three dosage groups. Baseline tumor R2* values (the
reciprocal of T2*) were determined using 7T MRI. Following 1V injection of SP10Os, reversible
electroporation (1300 V/cm, 8 pulses, 100 ps pulse duration) was applied. Animals were imaged to
determine post-procedural tumor R2* and change in R2* (AR2*) was calculated. Inductively-
coupled plasma mass spectrometry was used to determine post-procedure intratumoral iron
concentration, which served as a proxy for SP1O uptake. Mean tumor iron concentration and AR2*
for each subject were assessed for correlation with linear regression, and mean iron concentration
for each dosage group was compared with analysis of variance.
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Results—AR2* significantly correlated with tumor SPIO uptake after nanoablation (r=0.50,
p=0.039). On average, each 0.1 ms~1 increase in R2* corresponded to a 0.1394 mM increase in
iron concentration. There was no significant difference in mean SP10 uptake among dosage
groups (p=0.57).

Conclusion—Intratumoral SPIO uptake after nanoablation can be successfully quantified non-
invasively with 7T MRI. Imaging can thus be used as a method to estimate localized drug delivery
after nanoablation.

INTRODUCTION

Current chemotherapeutic regimens are limited by systemic toxicity and the inability to
quantify delivery of therapeutic agents to the target tumor. Nanoparticles, defined as
particles of size 1-100 nm, are a promising new class of agents that offer several benefits as
potential drug delivery vehicles (1, 2). Nanoparticles a) carry a relatively large payload due
to their high surface to volume ratio, b) can exploit the enhanced permeability and retention
(EPR) effect, and c¢) can be customized with various moieties to serve dual diagnostic and
therapeutic purposes (3-5). However, nanoparticle delivery to target tumors has been limited
by rapid clearance of nanoparticles by the reticuloendothelial system, as well as
unpredictable vascular barriers due to the heterogeneity of the EPR effect in large or
metastatic tumors (6, 7).

Nanoablation, which combines intravenous (IV) nanoparticle delivery with local reversible
electroporation, is an innovative method to increase nanoparticle delivery (8). Unlike
irreversible electroporation, which utilizes intense electrical pulses to induce cell death
through permanent cell membrane defects, reversible electroporation employs a series of
electric pulses that transiently increase the permeability of the targeted cells, resulting in
selectively increased drug delivery (9-11). Nanoablation differs from microwave ablation
and radiofrequency ablation in that it does not induce necrosis through thermal measures
(12). It is a versatile therapy with many applications, as it enhances uptake of
superparamagnetic iron oxide nanoparticles (SP10s) in both hepatic and non-hepatic tumors
compared to standard IV dosing (8, 13). Additionally, local electroporation can be combined
synergistically with selective intra-arterial nanoparticle delivery (8).

SPIOs act as MRI contrast agents, as their superparamagnetic core causes more rapid T1 and
T2 relaxation of immediately surrounding tissues (14). Gradient-echo (GRE) sequences
designed to measure T2* relaxation, defined as the decay of transverse magnetization, are
particularly sensitive to the changes induced by SP10s (15). In fact, SPIO concentration has
been shown to be proportional to the observed change in R2* (AR2*), the reciprocal of T2*
(14, 16, 17). However, the quantitative nature of the relationship between intratumoral SPIO
concentration and AR2* after nanoablation must be established to reliably and non-
invasively determine the quantity of chemotherapy delivered to the tumor with this therapy.
Thus, we tested the hypothesis that MRI can be used to quantitatively predict intratumoral
uptake of therapeutic nanoparticles after nanoablation.
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Animal Model

Therapeutic

All experiments were approved by the Institutional Animal Care and Use Committee.
Eighteen male Sprague-Dawley rats (Charles River, Wilmington, MA) weighing 250-380 g
underwent tumor implantation, all of which received a standard laboratory diet with free
access to water. The N1-S1 rat hepatoma cell line (ATCC, Manassas, VA) was obtained and
cultured in Dulbecco's Modified Eagle's Medium (DMEM) (ATCC, Manassas, VA)
supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 1%
penicillin streptomycin (Invitrogen, Carlsbad, CA). Cells were maintained in suspension
culture flasks at 37°C in a humidified atmosphere containing 5% CO,. Trypan blue staining
was performed before each tumor implantation procedure to verify >90% cell viability. The
N1-S1 hepatomas were implanted in the left lateral lobe of the liver and grown for 7-10
days according to a published protocol (18).

Agent and Dosage Groups

Iron Oxide (10) nanoparticles were prepared using iron oxide micropowder as the iron
precursor, oleic acid as the ligand, and octadecene as the solvent, as described previously
(19). The core and hydrodynamic sizes of the 10 nanoparticles were measured using
transmission electron microscopy (TEM) and light scattering scan, respectively. 10
nanoparticles with 10 nm core size were used for this study. The particles were coated with
amphiphilic polymers reported previously, which stabilize 10 nanoparticles in water and
provide reactive carboxyl groups on the particle surface for bioconjugation (20). To reduce
nonspecific binding and uptake by cells, PEG-diamine (molecular weight of 2000) was
conjugated to 10 nanoparticles by the ethyl-3-dimethyl amino propyl carbodiimide (EDAC)
coupling method. PEG-diamine was chosen instead of PEG-monoamino as it should better
neutralize the SPIO charge and permit uptake.

Doxorubicin HCI (DOX) in 0.15 M NaCl at 0.5 mg/mL was added to the 10 nm 10 particles
and vortexed for 1 hour at room temperature. The DOX was attached to the 10 core via a
pH-labile bond, allowing it to selectively release the DOX in the endosomes and lysosomes
of tumor cells following uptake as shown previously (21, 22). The free DOX molecules
were separated twice from the encapsulated DOX-SPIOs by a magnetic separator
(SuperMag Separator, Ocean NanoTech, Springdale, AR). The DOX loading amount was
20% (w/w Fe) calculated by free DOX left from the supernatant. These DOX-SPIOs were
dissolved in deionized water and employed at a concentration of 4 mg/ml Fe.

DOX-SPIO dosages of 0.25 mg/kg, 0.5 mg/kg, and 0.75 mg/kg were employed for the three
treatment groups (6 animals each in the 0.25 mg/kg and 0.50 mg/kg groups and 5 animals in
the 0.75 mg/kg group). These dosages were chosen to approximate clinically relevant
doxorubicin concentrations from previous chemoembolization studies (23-25) and to be
consistent with previous animal work on nanoablation (8), while attempting to create a range
of concentrations for correlation analysis and to investigate a possible dose-response
relationship.
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Magnetic Resonance Imaging

Treatment

A Bruker 7T ClinScan MRI horizontal bore scanner (Bruker, Billerica, MA) with a custom-
built rodent receiver coil (Chenguang Med. Tech. Co., Shanghai, China) was employed for
all scans. A mixture of 2-5% isoflurane and 2L/min oxygen were supplied via facemask to
the subjects during pre-procedural imaging. A small animal monitoring system (SA
Instruments, Stony Brook, NY) was used to ensure appropriate sedation and monitor
physiologic parameters. Localizer and T2-weighted anatomical scans were performed to
verify animal positioning and tumor presence. T2* measurements were obtained before and
after nanoablation using the following scan parameters: relaxation time: 700 ms; echo times:
2.56 ms, 6.80 ms, 10.87 ms, 14.59 ms; in-plane field of view (FOV): 7 cm x 7 cm; matrix:
256 x 256; slice thickness: 1.1 mm; flip angle: 30°.

MRI was performed 7-10 days after tumor implantation to confirm tumor growth. Tumor
size was quantified by maximum diameter in accordance with Response Evaluation Criteria
in Solid Tumors (RECIST) guidelines (26). After removal from the MRI scanner,
nanoablation was performed as follows: a mini-laparotomy exposed the left lateral lobe of
the liver and the femoral vein was catheterized, as in Figure 1. DOX-SPIOs were then
injected into the femoral vein. Two minutes after DOX-SPIO injection, electroporation was
applied to the tumor via a two-pronged electroporation tool (BTX, Holliston, MA) with two
0.4 mm-diameter needles separated by 1 cm, a configuration which has been shown to
provide full coverage of the area between the electrodes (27). Eight 1300 V/cm pulses of
100 ps each with 100 ms between pulses were delivered with an ECM830 function generator
(BTX, Holliston, MA) in accordance with previous work (8). The liver was then returned to
the abdominal cavity, and the incision was closed via suture. Ten minutes after
nanoablation, the subjects were euthanized using pentobarbital (Euthasol ®, Virbac Animal
Health, Fort Worth, TX) and immediately returned to the MRI scanner for post-treatment
imaging. This necropsy time was chosen because these nanoparticles are known to have
rapid first-pass metabolism by reticuloendothelial cells in the liver and spleen and will thus
reach steady-state concentration quickly, making long survival unnecessary to study drug
delivery (6).

Image Analysis

Quantitative MRI image analysis was performed using ImageJ (NIH, Bethesda, MD). For
each tumor, regions-of-interest (ROIs) were drawn in the four largest sections of each tumor
in pre- and post-treatment images. For each ROI, the average signal intensity at each of the
echo times was determined, and the T2* for each slice was calculated from fitting the
intensity/time plot with the following equation: [Intensity(t) = Ae"YT2*]. T2* was converted
to R2*=1/T2*. The average R2* was determined by a weighted average of the four slices,
with weighting by slice area. The AR2* that occurred with treatment was calculated by
subtracting the pre-treatment R2* from the post-treatment R2*. The volume of each tumor
was calculated by multiplying the sum of the cross-sectional areas of all tumor slices by the
slice thickness.
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Necropsy and Tissue Analysis

Necropsy was performed 1 hour after euthanization and the entire tumor was dissected from
the surrounding hepatic parenchyma with a forceps and micro-scissors. Tumor samples were
dissolved in 800 L trace metal grade (70%) nitric acid and filtered with 0.45 um PTFE
syringe filters. 20 pl of filtered, digested sample was transferred to 15 ml metal-free tubes,
which was diluted to 2-3% acid with 12 ml of laboratory grade water before the addition of
an yttrium internal standard. Iron concentration was then determined via inductively coupled
plasma mass spectrometry (ICP-MS) performed on a Thermo XSeries Il ICP-MS (Thermo-
Fisher, Waltham, MA). This returned the sample iron concentration (in parts per billion)
which was converted to the intratumoral iron concentration (in millimoles) using the
molecular weight of iron, the tumor volumes calculated as described above, and the fact that
for dilute solutions, ppb can be equated to pg/L. The following formula was used for
conversions: pg Fe/mL tissue = (“x” pg Fe/1000mL ICPMS soln)*(12 mL ICPMS soln/
20puL digested soln) *(900 uL digested soln/*“y” mL tumor tissue) * (1 mmol Fe/55.85E3 g
Fe).

Statistical Analysis

Statistical analysis was performed using SPSS 21 (IBM, Armonk, NY). Kolmogorov-
Smirnov (with p=0.05) and Shapiro-Wilk tests were used to confirm the normal distribution
of AR2* and [Fe], as well as to confirm the normal distribution of residuals from regression
analysis. Mahalanobis Distance (with any value with a Mahalanobis Distance >13.82
defined as significant) was calculated to ensure that there were no outliers or influential
points in the regression. A Pearson correlation coefficient (r) was calculated to test the
hypothesis that the AR2* that occurred with treatment linearly predicted the post-treatment
intratumoral iron concentration, with p<0.05 considered significant. The following equation
was used: Fei= Feg + r*(R2*; — R2*p), where R2* is the pre-treatment R2*, R2*y is the
post-treatment R2*, Feq is the post-treatment intratumoral iron concentration, Feg is the
estimated average pre-treatment intratumoral iron concentration, and r* is the estimated
relativity of these DOX-SPIOs, measured in mM*ms™1. The means of the three treatment
groups were compared using one-way analysis of variance (ANOVA) with p<0.05
considered significant.

RESULTS

N1-S1 Tumors were successfully grown in 17 of the 18 Sprague-Dawley rats in which they
were implanted (implantation rate=94%), with median diameter of 0.75 cm (range 0.35-0.95
cm) and median volume of 0.30 mL (range 0.027-0.680 mL).

Uptake of DOX-SPIOs into the tumors, hepatic parenchyma, and spleen was detected
qualitatively by MRI, with reductions in T2* within the tumor, liver, and spleen of each
treated animal (Figures 2 and 3). Mean post-treatment intratumoral iron concentration ([Fe])
was 1.61 mM (range 0.34-2.99 mM), and mean AR2* was 0.04 ms~1 (range 0.002-0.12
ms~1). Mean [Fe] by dosage group is provided in Table 1 and represented graphically in
Figure 4. There was no statistically significant difference among the mean intratumoral [Fe]
in the three dosage groups (F=0.57, P=0.58).
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A significant positive correlation was observed between the change in tumor R2* (AR2*)
and the post-treatment intratumoral [Fe] (r=0.50, p=0.039, SE qrrelation=0.22). A linear
equation was generated that quantitatively predicted millimolar post-treatment intratumoral
[Fe] (a proxy for nanoparticle uptake) as a function of R2*: [Fe]=1.00 +
13.94xAR2*(Figure 5). The slope of this regression line (13.94 mM*ms~1) is the relaxivity
of DOX-SPIOs in the rat N1-S1 hepatoma.

DISCUSSION

This study demonstrates proof of the concept that 7T MRI can successfully quantify SP1O
delivery to liver tumors after nanoablation in a rat model. Given this information, along with
the established stability of the doxorubicin conjugated to these SP10s and knowledge of the
DOX/SPIO binding ratio, the amount of DOX delivered to the tumor can be estimated from
imaging data. More broadly, this suggests that MRI can be used to non-invasively measure
the uptake of chemotherapeutic drugs conjugated to nanoparticles.

MRI has been used to image nanoparticle distribution in a variety of contexts, such as
neuroinflammation in root compression (28), soft tissue infection (29), atherosclerosis (30,
31), and angiogenesis in tumor models (32, 33), as well as to confirm SP1O delivery to
rabbit liver tumors (8, 34). Recent work in a different rodent model of HCC showed that
MRI can quantify both intratumoral uptake of SPIOs after intravenous delivery (17) and
labeled NK cells after intra-arterial delivery (35). Additionally, treatment groups with
increased SPIO delivery have a greater mean R2*post (8). However, it was unclear if there
was a linear relationship between the uptake of chemotherapeutic nanoparticles after
nanoablation and AR2* at the level of the individual animal. Our current study addresses this
unmet gap in knowledge by showing that MRI can be used to predict the intratumoral uptake
of DOX-SPIOs for individual tumors, even in the presence of electroporation.

Estimation of on- and off-target delivery with local therapies is challenging. In
chemoembolization, the patient’s underlying arterial anatomy and the success of selective
catheterization determine the success of the treatment, rather than the total delivered
systemic dose (36). Additionally, plasma doxorubicin levels after chemoembolization,
though significant, are highly variable and bear no relation to injected dose (37). The results
of our study are consistent with these findings, as there was no relationship between injected
dose and mean intratumoral iron concentration. Taken together, these findings suggest that
the efficacy of local drug delivery depends primarily upon local tumor factors that could be
modified by a therapy such as electroporation, rather than the systemically delivered dose.
Such information only makes the ability to measure the efficacy of local drug delivery more
critical.

This study offers several potential benefits. First, our imaging approach could assist in the
design of future studies that aim to measure intratumoral concentrations of locally delivered
agents. Current factors used to determine systemic dosing, such as weight and body surface
area, would be expected to have little bearing on such trials. These studies would have the
goal of establishing the smallest effective intratumoral dose, potentially reducing systemic
and hepatic toxicity. Second, intratumoral drug concentrations may correlate with clinical
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outcomes, and could serve as a surrogate endpoint for therapy. Thus, physicians could avoid
the need to wait weeks to months to ascertain post-procedural response using conventional
anatomic imaging changes of tumor size or necrosis (38).

This study is similar in design to that of Tyler et al (17), with the addition of tissue
manipulation in the form of laparotomy and reversible electroporation. This additional
manipulation made matching the planes of pre- and post-procedure MR slices more
challenging. The increased difficulty of image co-registration is reflected in the lower R
value in comparison to the previous study. Thus, although we have demonstrated that SP10s
can be quantified even after a locally invasive procedure, further technical refinements that
allow for easier co-registration, such as percutaneously delivered electroporation, will likely
further improve the predictive power of MRI.

This study has several important limitations. First, the long-term biodistribution of injected
SPI1Os was not characterized, and the efficacy of nanoablation was not assessed. These
outcome measures are now appropriate subjects for a follow-up study. Second, intratumoral
doxorubicin concentration could not be directly measured. Instead, we chose to use the
entire tumor specimen for ICP-MS analysis, as this provided the most accurate gold standard
for the measurement of iron concentrations. Third, the study was performed in one model of
human HCC, the rat N1-S1 tumor model, which has histologic similarity to human HCC, but
it is not as hypervascular as human HCC (39). Although the vascularity difference should
lead to a lower concentration of nanoparticles delivered to N1-S1 tumors relative to human
HCC, this difference should have no effect on the correlation between AR2* and
intratumoral iron concentration. Fourth, the tumors employed in this study had a range of
diameters. Although previous research has shown that the treatment zones induced by the
employed electroporation technique will fully cover the treated tumors (27), future
investigators could explore if tumors of different size have differential responses to
electroporation, and thus differential uptake properties based upon their distance from the
electroporation electrodes. Finally, recent work showed that N1-S1 tumors spontaneously
regress within 5 weeks of implantation, making the N1-S1 unsuitable for long-term survival
studies (40). However, the N1-S1 model still remains a valid model to study drug uptake and
delivery.

There are several future studies that could enhance this line of research. The correlation
between AR2*and [Fe] in the liver and spleen should be investigated, as reliably quantifying
off-target delivery will be important to predict systemic toxicity. Also, future studies that
directly compare SP10 uptake and doxorubicin concentration could further validate the
model’s predictive accuracy. A similar study should also be completed investigating the
predictive value of MR with intra-arterial delivery in a larger animal model, which is more
similar to chemoembolization. Also, although this study showed the predictive value of 7T
MRI, clinical translation would require validation at 1.5T or 3T field strengths.

In conclusion, this study demonstrated proof of the concept that MRI can be used to
quantitatively predict the delivery of therapeutic nanoparticles after nanoablation. This
knowledge might be used in the future to help improve therapies by a) providing immediate
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feedback on procedural efficacy and b) determining dosing paradigms for nanoparticle
therapies.
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Figure 1.
Representative subject configuration prior to nanoablation.
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Figure 2.
Representative axial MR images of N1-S1 rat hepatoma obtained at 7T before and after

nanoablation. Brightness corresponds to the raw measured intensity at the first echo time
(t=2.56 ms). SP10 uptake can be visualized on the raw intensity scans by diminished
brightness in the tumor (as denoted by dashed lines) and surrounding liver in the post-
treatment image relative to the pre-treatment image.
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Figure 3.
Representative axial MR images of N1-S1 rat hepatoma obtained at 7T before and after

nanoablation, in which the color scale corresponds to the T2* value in miliseconds (ms).
SPIO uptake can be visualized by diminished color intensity (measured in ms) in the tumor
(as denoted by dashed lines) and surrounding liver in the post-treatment image relative to the
pre-treatment image.
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Figure 4.
Average post-procedural intratumoral iron concentration by dosage group (mg/kg DOX-

SPI10s). Error bars represent standard error of the mean (mM).
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Figure 5.
Individual AR2* plotted against corresponding final intratumoral iron concentration. The

slope of the regression line represents the linear relationship between mean AR2* and
intratumoral SP1O uptake, which is equal to the relaxivity.
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Table 1

Mean intratumoral iron concentration and standard deviation for each treatment group.

Dosage Group (mg/kg DOX) Mean Tumor [Fe] (mM)  Standard Deviation (mM)

0.25 1.86 0.84
0.50 1.36 0.85
0.75 1.60 0.66
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