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Purpose:  To validate the therapeutic efficacy of sorafenib-eluting embolic microspheres (SOR-EMs) used in combination with transar-
terial chemoembolization (TACE) for treatment of hepatocellular carcinoma (HCC) in a preclinical animal model.

Materials and Methods:  SOR-EMs were prepared with poly(p,L-lactide-co-glycolide), iron oxide nanoparticles, and sorafenib. The mor-
phology of the prepared SOR-EMs was confirmed by using optical microscopy. Drug release from the SOR-EMs was quantified in vi-
tro by using high-performance liquid chromatography. In an orthotopic rat model of HCC, embolic doxorubicin-Lipiodol (ethiodized
oil) emulsion (DLE) and SOR-EM:s were sequentially injected into the hepatic artery of the rats: The rats in group 1 were injected with
DLE; group 2 was injected with DLE plus unloaded embolic microspheres (DLE + EM); group 3, with DLE plus SOR-EMs (DLE

+ SOR-EM); and group 4, with saline solution. The SOR-EM and tumor size changes in each group (of six rats each) over time were
measured by using MRI. Tissues were assessed by using immunohistochemistry, with hematoxylin-cosin and terminal deoxynucleotidyl
transferase-mediated dUTP (2’-deoxyuridine 5-triphosphate) nick-end labeling staining used for dead cells and CD34 staining used
for new microvessel formation.

Results: The SOR-EMs were a mean size of 6.6 um * 2.3 (standard deviation) and showed 53.7% = 8.3 sorafenib loading efficiency
with T2-weighted MRI capability. In the HCC rat model, the intra-arterially injected SOR-EMs were successfully monitored by using
MRI. The DLE + SOR-EM-treated rats showed a superior tumor growth—inhibitory effect compared with the rats treated with DLE
only (P < .05). Immunohistochemical assessment of tissue specimens showed that compared with the other treatment groups, the DLE
+ SOR-EM treatment group had the lowest number of microvessels, as quantified by using the percentage of CD34-positive stained
area (P < .01 for all comparisons).

Conclusion: In a preclinical rat HCC model, SOR-EMs used in combination with DLE TACE were effective in treating HCC.
Supplemental material is available for this article.

©RSNA, 2021

ORIGINAL RESEARCH

ranscatheter arterial chemoembolization (TACE) typi-
Tcally involves the transcatheter hepatic arterial admin-
istration of chemotherapeutic drugs (eg, doxorubicin)
emulsified in ethiodized oil (Lipiodol; Guerbet, Vil-
lepinte, France) (1-3), which is immediately followed
by the administration of embolic materials. The imme-
diate administration of embolic materials is intended to
transiently halt forward flow to slow drug washout rates
and consequently extend tumor tissue exposure to the
drugs released from the previously infused emulsion.
With ethiodized oil TACE, the immediate administra-
tion of embolic materials has the potential to cause hy-
poxic conditions within the treated areas (4), which may

induce angiogenesis to reestablish blood flow, potentially
allowing portions of the tumor to survive. An increase in
serum vascular endothelial growth factor (VEGF) levels
the first day after TACE has been correlated to poorer
patient outcomes, and elevated VEGF levels have been
observed for up to a month after therapy (5,6). Rather
than the use of current bland (unloaded) embolization
microspheres or embolic particles to halt the forward
flow of blood during ethiodized oil TACE procedures,
we propose the development and preclinical validation
of drug-eluting embolic microspheres that locally deliver
antiproliferation and antiangiogenic agents to prevent the
phenomenon of hypoxia-induced angiogenesis.
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Abbreviations

DLE = doxorubicin-Lipiodol emulsion, HCC = hepatocellular
carcinoma, PLGA = poly (p,L-lactide-co-glycolide), SOR-EM =
sorafenib-eluting embolic microspheres, TACE = transarterial che-
moembolization, TUNEL = terminal deoxynucleotidyl transferase-
mediated dUTP (2’-deoxyuridine 5’-triphosphate) nick-end label-
ing, VEGF = vascular endothelial growth factor

Summary

Sorafenib-eluting embolic microspheres that could be imaged with
MRI, in combination with transcatheter arterial chemoembolization,
were effective in treating hepatocellular carcinoma through inhibition
of angiogenesis in a preclinical animal model.

Key Points

m Rats treated with combined doxorubicin-Lipiodol (iodized oil)
emulsion (DLE) transcatheter arterial chemoembolization (TACE)
and sorafenib-eluting embolic microspheres (SOR-EMs) showed
a superior tumor growth—inhibitory effect compared with rats

treated with DLE TACE (P = .008).

= Immunohistochemical assessment of tumor tissues showed that
the development of new microvessels was reduced in the DLE-
SOR-EM TACE group compared with the DLE TACE group (P
<.001).

= A combination of TACE and SOR-EMs has therapeutic potential
for the treatment of hepatocellular carcinoma.

Sorafenib tosylate is a potent multikinase inhibitor that was
approved in 2008 for the treatment of patients with unresectable
hepatocellular carcinoma (HCC) (7,8). Sorafenib inhibits an-
giogenesis by means of targeted blockage of VEGF and platelet-
derived growth factor receptors and inhibits cell proliferation by
blocking B-Raf proto-oncogene serine/threonine-protein kinase
and RAF proto-oncogene serine/threonine-protein kinase in the
mitogen-activated protein kinase pathway (9,10). In this study,
we combined TACE with local administration of sorafenib to
inhibit both revascularization and tumor proliferation. We hy-
pothesized that the concurrent targeted delivery of sorafenib
multikinase inhibitors via drug-eluting microspheres during
TACE would enhance therapeutic efficacy, which we assessed in
a preclinical HCC rat model.

Materials and Methods

Study Design

Experiments were supported by a research grant from Guer-
bet. In vivo studies were performed with approval from the
Institutional Animal Care and Use Committee at Northwest-
ern University. N1S1 hepatoma cells (1 X 10° cells) were sus-
pended in Dulbecco’s modified Eagle’s medium and directly
implanted in the left lateral liver lobe in 24 male Sprague-
Dawley 12-week-old rats by using mini-laparotomy proce-
dures (11). Tumors were allowed to grow for 7 days to reach
a size of approximately 5 mm in diameter while the animals
were observed daily for any signs of distress (ie, weight loss,
decreased food and water consumption, and dehydration).
The rats were separated into four treatment groups, with six
rats in each group. The number of animals per group was
determined by reference to previous studies (12—14). Group

1 consisted of rats that received intra-arterial transcatheter
administration of the doxorubicin-Lipiodol (ethiodized oil)
emulsion (DLE); group 2, rats that received DLE and un-
loaded embolic microspheres (DLE + EM); group 3, rats
that received DLE and embolic microspheres loaded with
sorafenib (DLE + SOR-EM); and group 4 (control), rats in-

jected with saline solution.

Reagents and Solvents

All reagents and solvents were obtained commercially and used
without further purification. Poly(p,L-lactide-co-glycolide)
(PLGA) (lactide-glycolide ratio, 50:50), polyvinyl alcohol
(molecular weight, 89—98 kDa [>99% hydrolyzed]), iron(III)
chloride hexahydrate (=98%), dichloromethane, chloroform,
dimethyl sulfoxide, methanol, 7-docosane (99%), 1-octa-
decene (90%), n-hexane, and ethanol were purchased from
Sigma-Aldrich (Milwaukee, Wis). Sodium oleate (>97%) was
purchased from TCI America (Portland, Ore). Sorafenib tosyl-
ate was purchased from LC Laboratories (Woburn, Mass).

Synthesis of Iron Oxide Nanoparticles

Iron oxide nanoparticles were prepared by using the ther-
mal decomposition method (15,16). Before the synthesis of
nanoparticles, iron oleate was synthesized by using a previ-
ously described method (17). Iron oleate (1.57 g), n-doco-
sane (6.0 g), and sodium oleate (0.53 g) were mixed in 11
mL of 1-octadecene and reacted at 120°C for 1 hour. The
solution was then heated to 337°C at a rate of 3°C per min-
ute by using a digital temperature controller (Cole-Parmer,
Vernon Hills, Ill) and stirred for 30 minutes. The synthe-
sized nanoparticles were purified by means of centrifugation
and washed with 7-hexane three times. Finally, the nanopar-
ticles were air dried at room temperature and redispersed in
chloroform.

Preparation of SOR-EMs

SOR-EMs were prepared by using the emulsion and solvent
evaporation method. PLGA (100 mg) was dissolved in 4
mL of dichloromethane and then combined with 20 mg of
sorafenib that was dissolved in 200 L of dimethyl sulfox-
ide and 1 mg of iron oxide nanoparticles dissolved in 100
L of dichloromethane. The solution was mixed by means
of vigorous vortexing for 1 minute. This first emulsion was
further injected into an aqueous solution containing 2-wt%
polyvinyl alcohol to form an emulsion, and the emulsifica-
tion process was performed by using a homogenizer at 2000
revolutions per minute for 5 minutes. The organic solvent
in the emulsion was evaporated for 12 hours by means of
overhead stirring (200 revolutions per minute) at room
temperature. The PLGA microspheres were collected after
5 minutes of centrifugation at 3000 revolutions per min-
ute and then washed three times with deionized water. The
resulting samples were lyophilized and stored at —20°C.
The morphologic characteristics and size distribution of the
samples were determined by using scanning electron mi-

croscopy (Hitachi S-4800; Hitachi, Tokyo, Japan).
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R2-Mapping Image of Agar Phantoms with SOR-EMs

R2-mapping images of agar phantoms with SOR-EM were
taken by using a 7-T MRI unit (BioSpec; Bruker, Billerica,
Mass). Imaging phantoms were prepared by using 1% agar
at various concentrations of SOR-EMs (0-19 mg/mL) in a
1.5-mL Eppendorf tube. The MRI sequence for the phan-
tom study was used according to the protocol followed in
our previous study (18,19).

Preparation of DLE

To prepare the DLE, 6 mg of doxorubicin (LC Laboratories;
Woburn, Mass) in 0.5 mL of phosphate-buffered saline was
mixed with 0.5 mL of ethiodized oil (Lipiodol). Emulsions
composed of doxorubicin solution (aqueous phase) and
ethiodized oil (oil phase) were prepared by means of repeti-
tive pumping through a three-way stopcock.

Sorafenib Release Studies

The sorafenib release test was performed by following the
protocol used in our previous study (20). SOR-EMs were
incubated in 5 mL of release medium containing 10 mM
(10 mmol/L) of phosphate-buffered saline (pH, 7.4; 0.02-
wt% polyoxyethylene sorbitan monooleate [Tween 80;
Sigma-Aldrich]). The temperature of the water-bath incu-
bator was maintained at 37°C, with continuous agitation at
50 revolutions per minute. At each sampling time, the su-
pernatant of release medium was removed after 5 minutes of
centrifugation at 3000 revolutions per minute and replaced
with fresh medium. The amount of released sorafenib was
determined by using reverse-phase high-performance liquid
chromatographic analysis performed under previously de-
scribed conditions (21).

Characterization of Iron Oxide Nanoparticles Loaded in

SOR-EMs

The iron oxide nanoparticle content in the SOR-EMs was
characterized by using inductively coupled plasma mass
spectrometry (PerkinElmer; Waltham, Mass). In triplicate,
SOR-EMs (10 mg) were digested in 200 pL of nitric acid
(70%) at 60°C and diluted to 5 mL of a 2% nitric acid solu-
tion, with 5-ppb yttrium used as an internal standard.

Catheterization and TACE Procedures

Procedures to invasively catheterize the proper hepatic ar-
tery were performed in all of the rats, as described previ-
ously (19,22,23). TACE procedures were performed 7 days
after N1S1 cell implantation. The catheterization procedure
involved laparotomy and subsequent isolation of the portal
triad above the first loop of the duodenum. The common
hepatic artery was clamped with a vascular clamp to tem-
porarily prevent blood flow through the hepatic gastroduo-
denal arteries while the catheter was inserted. A 4-0 suture
was used to permanently ligate the gastroduodenal artery to
prevent retrograde flow of the samples to the bowels during
administration through the catheter. A 1.5-Fr microcath-
eter (Marathon; EV3, Irvine, Calif) was inserted distally to
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the ligated 4-0 suture in the gastroduodenal artery and then
guided into the proper hepatic artery from the gastroduo-
denal artery. X-ray digital subtraction angiography with use
of an iodinated contrast agent (iohexol [Omnipaque; Amer-
sham, Little Chalfont, England]) was performed to confirm
catheter placement in the common branch of the proper
hepatic artery (23). The rats received a single subcutaneous
injection of buprenorphine (0.01-0.05 mg/kg), followed by
meloxicam (1-2 mg/kg). Meloxicam was administered every
24 hours for a minimum of 2 days after surgery.

For the group 1 (DLE), group 2 (DLE + EM), and group
3 (DLE + SOR-EM) rats, a 0.1-mL dose of DLE, equivalent
to a 1-mg/kg dose of doxorubicin, was injected. In TACE,
the recommended dose of doxorubicin and ethiodized oil
is less than or equal to 2 mg/kg for human adults (24). For
groups 2 and 3, follow-up embolization was performed by
administering 20-mg doses of either unloaded embolic mi-
crospheres or SOR-EMs to achieve near-stasis conditions in
each animal. Note that a 20-mg SOR-EM dose is equivalent
to a 5-mg/kg dose of sorafenib, which is the recommended
daily dose in patients with HCC (25). A 0.2-mL saline flush
was then infused before the catheter was withdrawn; the
group 4 (control) rats received only this 0.2-mL saline flush.
At completion of the intra-arterial administration proce-
dures, the gastroduodenal artery was ligated above the inser-
tion position to prevent bleeding out through the catheter
insertion point prior to removal and closure of the abdomen
for recovery. Following the interventional procedures, each
rat was examined with MRI.

In Vivo MRI

T2-weighted MR images were collected prior to catheteriza-
tion and after intra-arterial administration of the DLE and
EMs. MRI was performed with a 7-T MRI unit (BioSpec)
in both coronal and axial orientations by using a turbo
spin-echo sequence and the following parameters: repeti-
tion time, 2000 msec; echo time, 30 msec; 1-mm section
thickness; field of view, 71 X 85 mm; 216 X 256 matrix; and
respiratory triggering with an MRI-compatible small animal
gating system (model 1025; SA Instruments, Stony Brook,
NY). MRI measurements were then repeated 7 and 14 days
after treatment.

Tumor Size Measurement

Tumor size was measured, as previously described (20). The
width and length of the tumors were measured by using
MRI at baseline and 7 and 14 days after treatment. The
tumor volume was calculated by using the formula V' = (4
X b)]2, where Vis the tumor volume, « is the width, & is the
length, and 4 is less than or equal to 4. For comparison, the
tumor volume was normalized by its initial volume: VIV,
where V is the volume of the tumor at the time of therapy.

Histologic Characteristics and Immunohistochemistry

To confirm antitumor therapeutic efficacy, livers were har-
vested from the rats 2 weeks after each treatment in experi-
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mental groups, and the tumor-containing segments were
resected for microtome sectioning. Five-micrometer slices
through the center of each tumor were used for hematox-
ylin-eosin, terminal deoxynucleotidyl transferase-mediated
dUTP (2’-deoxyuridine 5’-triphosphate) nick-end label-
ing (TUNEL), and rat anti-CD34 staining, as previously
described (18,20). All slides were analyzed by using a Tis-
sueFAXS microscope (TissueGnostics; Vienna, Austria).
Quantitative analyses of tumor necrosis (with hematoxylin-
eosin staining) and tumor angiogenesis (with CD34 immu-
nohistochemical staining) were performed by using Image
J software (National Institutes of Health; Bethesda, Md).
Following the protocol described in a previous report (19),
tumor microvessel density was expressed as the ratio of the
CD34-positive stained area to the total tumor area.

Statistical Analysis

Tumor growth and TUNEL- and CD34-stained tissue
from each rat group were statistically analyzed to validate
our hypothesis that a combination of TACE and DLE plus
SOR-EMs (DLE + SOR-EM) would show better treatment
efficiency for HCC than would conventional TACE. The
statistical significance of differences between the two TACE
groups was determined by using the Student unpaired ¢ test.
P < .05 was considered to indicate a significant difference.

All statistical analyses were performed by using GraphPad
Prism 6.0 software (GraphPad Software; La Jolla, Calif).

Results

Preparation and Characterization of SOR-EMs

We used a single emulsion method to prepare biodegrad-
able drug-eluting microspheres that included iron oxide,
enabling the use of MRI for confirmation of delivery to the
targeted tumors. The synthesized iron oxide nanoparticles
were uniformly cube shaped at transmission electron mi-
croscopy (Fig 1, A). The mean size of the spherical SOR-
EMs (Fig 1, B) was 6.6 um * 2.3 (standard deviation) (Fig
1, ©). As shown in the Table, the mean contents of iron
oxide nanoparticles and sorafenib in total mass were 0.23
wt% * 0.1 and 10.7 wt% = 1.7, respectively. The character-
istics of the prepared SOR-EMs (eg, size and morphology)
were similar to those in a previous report (20). Although
rapid drug release (up to approximately 40%) occurred dur-
ing the initial observation period (<5 hours), the drug release
then slowed considerably over the remaining 100 hours of
observation, as quantified by using high-performance liquid
chromatography (Fig 1, D).

In Vitro and in Vivo Evaluation of MRI for SOR-EM
Visualization

We performed R2-mapping 7-T MRI by using phantom vi-
als with increasing microsphere concentrations to confirm
the capability to use MRI for visualization of the SOR-EMs.
As shown in Figure 1, E, the R2 signal intensity gradually
decreased with increasing concentration of SOR-EMs, sug-

gesting the feasibility of using MRI to confirm microsphere
delivery. As shown in Figure 2, the T2-weighted MRI in-
tensity at the periphery of tumors decreased after adminis-
tration of the SOR-EMs, suggesting deposition of the iron
oxide—containing microspheres within the well-vascularized
peripheral regions (as opposed to the central core of N1S1
tumors, which are poorly vascularized). Although some sig-
nal intensity changes were observed in normal liver tissue, as
seen in Figure 2, no liver toxicity was observed.

In Vivo Evaluation for Tumor Growth Inhibition

The tumor growth in each rat group was monitored with
MRI for 2 weeks. After 2 weeks, the mean tumor size for the
group treated with DLE + SOR-EM was smaller than that
for the other groups (2 < .001 [control], P = .008 [DLE],
and P = .03 [DLE + EM]) (Fig 3). Actual tumor volume
changes are provided in Table E1 (supplement). Finally, rep-
resentative tumor tissue specimens were collected from each
group for histologic analysis. As shown in Figure 4, apopto-
sis of tumor cells (TUNEL stain positive) was highest in the
rats treated with DLE + SOR-EM (62.69% =+ 5.95 [mean
*+ standard deviation]) compared with the apoprosis in the
control (0.34% = 0.09; P < .001), DLE-treated (38.95% =+
7.25; P=.002), and DLE + EM—treated (31.52% =+ 4.49; P
<.001) groups (Fig 5, 4, Table E2 [supplement]). Consistent
with these results, the findings in representative specimens
confirmed that microvessel density, as measured according
to CD34-positive areas, was reduced in the DLE + SOR-
EM-treated tumors (0.30% * 0.19) compared with the tu-
mors in the control group rats (1.81% * 0.41; P <.001), rats
treated with DLE (3.42% = 0.64; P < .001), and rats treated
with DLE + EM (4.82% = 0.73; P < .001) (Fig 5, B, Table
E2 [supplement]). No morphologic changes in the liver
were observed between groups after the TACE procedures.

Discussion

The SOR-EMs were successfully synthesized by using a
single emulsion method. In the HCC rat model, the group
treated with intra-arterially administered DLE and immedi-
ate—follow-up embolization with SOR-EMs demonstrated a
reduction in tumor growth compared with the DLE, DLE
+ EM, and control (saline injection) groups (2 < .05 for all
comparisons). Results of immunohistochemical analysis
suggested that tumor angiogenesis was suppressed and apop-
totic cell death increased when tumors were treated with the
combination of DLE embolization and SOR-EMs. These
study results validate the combination treatment effect of
functional embolic microspheres encapsulating multikinase
inhibitor, iron oxide nanoparticles, and TACE with use of
ethiodized oil and doxorubicin in a preclinical HCC model.

In recent phase-IlI clinical trials (26), the combination
of TACE plus sorafenib did not show a satisfactory benefit
in terms of progression-free survival compared with TACE
alone. Investigators in past clinical studies adopted oral
administration of sorafenib for patients with intermediate-
stage HCC after TACE. In this study, however, sorafenib
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Characterization of sorafenib-eluting embolic microspheres (SOR-EMs). A, Transmission electron microscopy image of iron oxide nanoparticles (scale bar,

100 nm). B, Optical microscopy image of SOR-EMs (scale bar, 25 um); color was converted to gray. C, Graph shows the size distribution of SOR-EMs. D, Graph shows
cumulative measurements of in vitro drug release from SOR-EMs in phosphate-buffered saline (150 mM [150 mmol/L]; pH, 7.4) at 37°C in the three TACE groups. E, R2-
mapping MR image of 1% agar phantoms shows increasing concentrations (in milligrams per milliliter) of SOR-EMs at 7-T MRI. DW = distilled water.

Characterization of SOR-EMs

Sorafenib Load-
Feed IONDPs  Feed Sorafenib IONP Loading IONP Content ing Efficiency ~ Sorafenib Content
Sample (mg)* (mg)* Efficiency (%)* (wt%)* (%)§ (Wt%)§
SOR-EMs 1.25 20 18.6 = 5.9 0.23 £ 0.1 53.7 £ 8.3 10.7 = 1.7

*Weight of IONP per 100 mg of poly(lactide-co-glycolide).

Note.—IONP = iron oxide nanoparticle, SOR-EMs = sorafenib-eluting embolic microspheres.

"Weight of sorafenib per 100 mg of poly(lactide-co-glycolide) included in the synthesis procedure.

*Encapsulation efficiency = (actual mass of IONPs or sorafenib/feed mass of IONDPs or sorafenib) X 100, as determined at
inductively coupled plasma optical emission spectrometry. Datum is the mean value = standard deviation.
SLoading contents = (mass of IONDPs or sorafenib/total mass of SOR-EM) X 100, as determined at high-performance liquid

chromatography (in three TACE groups). Datum is the mean value * standard deviation.

was encapsulated in biodegradable microspheres and deliv-
ered locally to the tumor site after TACE. This strategy fa-
cilitated more effective inhibition of tumor growth owing to
a concentrated amount of the drug at the tumor site.
Preclinical studies involving the use of only SOR-EMs
for treatment of HCC have been published (18-20), and
in the current work we expanded on previous studies by
assessing a combination of TACE and SOR-EMs. DLE-
based TACE has been an interventional chemotherapy for

Radiology: Imaging Cancer Volume 3: Number 1—-2021 = radiology-ic.rsna.org

the treatment of patients with HCC for more than 30 years
(27-29). Thus, preclinical studies of TACE in combination
with DLE and SOR-EMs could be an important basis for
developing more effective HCC treatments. Although re-
cent studies (30,31) have shown that emulsions with a high
ethiodized oil ratio have high stability, the 1:1 ratio of doxo-
rubicin and ethiodized oil is still widely used in the clinical
setting. In future studies, high ethiodized oil ratios also will
need to be tested.
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Pre-injection

Coronal view

Axial view

Figure 2:

Post-injection

MR images obtained before and after the injection of sorafenib-eluting embolic microspheres (SOR-EMs| into the hepatic artery.

Dotted circles outline regions of marked T2-weighted signal infensity changes caused by the deposition of iron oxide—labeled SOR-EMs at

the typical hypervascular periphery of the tumor.

A Control DLE DLE + EM

1-Week

2-Week

Figure 3:

DLE + SOR-EM B

@ Control

= DLE
- DLE +EM T
300 5 DLE + SOR-EM

Normalized tumor volume

0 2 4 6 8 10 12 14
Time (day)

In vivo tumor growth inhibition after transcatheter arterial chemoembolization (TACE). A, In vivo MR images show tumor growth (dotted outlines, arrowheads)

observed over time. |A = infra-arterial injection. B, Graph shows changes in normalized tumor volume (V) as a funcfion of time after administration of doxorubicin-Lipiodol
emulsion (DLE) plus sorafenib-eluting microspheres (DLE + SOR-EM] (six rats per group, three treatment groups; ¥P<.001, **P = 008, and ***P = 03). DLE + EM = DLE

plus unloaded embolic microspheres, V,, = tumor volume at the fime of therapy.

SOR-EMs encapsulated with iron oxide nanoparticles are cube
shaped and can be monitored in vivo with high sensitivity by us-
ing MRI. Although the embolic microspheres used in TACE pro-
cedures for humans are larger than 100 pwm (32), the SOR-EMs
used in this study were smaller than 10 pm to allow studies in rat
arteries (650 pwm). In general, PLGA microspheres release the
encapsulated drug during bulk erosion (33). SOR-EM:s exhibited
a fast initial release rate. The release rate can be controlled by se-
lecting PLGA polymers with appropriate degradation rates.

In this study, N1S1 hepatoma cells were transplanted in rat
livers to create a preclinical orthotopic HCC model. Although
prior study investigators have reported that the N1S1 model ex-
hibits a spontaneous decrease in tumor size (34), no sponta-
neous reduction in tumor size was observed in our N1S1
model, which was generated with surgical cell implantation.
MR image findings indicated that our SOR-EMs can be
traced in vivo by using MRI. This finding is consistent with
previous research (20,35). Although the SOR-EMs had a
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Figure 5: A B, Quantitative analysis of, A, terminal deoxynucleotidyl transferase-mediated dUTP (2'-deoxyuridine 5'-triphosphate) nick-end labeling (TUNEL)-positive
(*P<.001, ** =002, ***P <.001) and, B, human progenitor cell antigen (CD34)-positive areas (*P<.001, ¥*¥P<.001, ***P < .001) in tumor fissue analyzed 2 weeks
after the TACE treatment procedures (four rats per group). DLE = doxorubicin-Lipiodol emulsion, DLE + EM = DLE plus embolic microspheres, DLE + SOR-EM = DLE plus
sorafenib-eluting EMs.
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particle size similar to that of red blood cells, they accumu-
lated only around the tumor. This phenomenon is presumed
to be due to low tissue permeability, because red blood cells
are composed of flexible lipid membranes, whereas SOR-
EMs are made of rigid biopolymers. However, the SOR-
EM:s could not be monitored by using MRI at 7 and 14 days
after the injection. This is presumably because the PLGA
(50:50 lactide-glycolide ratio) constituting the SOR-EMs
has a fast decomposition time of within several weeks (36).

Our animal study had several limitations. First, the tu-
mor responses in each group were examined with a small
number of rats. Second, we did not evaluate adverse effects,
such as lung embolism and hepatotoxicity, that may occur
with use of TACE and SOR-EMs. Although no detailed
hepatotoxicity studies were conducted in this study, we plan
to evaluate liver enzymes in future research. Third, the ef-
fects of the particle size and dose of SOR-EMs on the treat-
ment of HCC were not investigated.

Compared with the control group, the group treated with
traditional TACE with use of DLE exhibited an anticancer
therapeutic effect; however, the best tumor-suppression ef-
fect was observed in the DLE + SOR-EM-treated group.
Tumor tissues were assessed for expression of CD34, an an-
giogenic marker, and it was found that the group injected
with DLE + SOR-EM had lower CD34-positive areas than
did the other groups. Together, these results suggest that
the use of TACE combined with SOR-EMs can inhibit the
growth of HCC by reducing angiogenesis, which is induced
by hypoxic conditions after TACE. Although the combi-
nation treatment of SOR-EMs and TACE requires further
verification of long-term therapeutic efficacy and safety, the
results of this study show that SOR-EMs in combination
with TACE have potential for effective HCC treatment.

Author contributions: Guarantors of integrity of entire study, W.P, D.H.K,;
study concepts/study design or data acquisition or data analysis/interpretation,
all authors; manuscript drafting or manuscript revision for important intellec-
tual content, all authors; approval of final version of submitted manuscript, all
authors; agrees to ensure any questions related to the work are appropriately re-
solved, all authors; literature research, W.P., R.J.L., D.H.K.; experimental stud-
ies, all authors; statistical analysis, W.., S.C., D.H.K.; and manuscript editing,
W.P,J.J., RJ.L, A.C.L, D.HK.

Disclosures of Conflicts of Interest: W.P. disclosed no relevant relationships. S.C.
disclosed no relevant relationships. J.J. disclosed no relevant relationships. R.J.L. dis-
closed no relevant relationships. A.C.L. Activities related to the present article: insti-
tutional grant (IRO1CA181658) from National Institutes of Health. Activities not
related to the present article: disclosed no relevant relationships. Other relationships:
disclosed no relevant relationships. D.H.K. disclosed no relevant relationships.

References

1. Geschwind JF, Ramsey DE, Choti MA, Thuluvath PJ, Huncharek MS.
Chemoembolization of hepatocellular carcinoma: results of a metaanalysis.
Am ] Clin Oncol 2003;26(4):344-349.

2. Llovet JM, Bruix J. Systematic review of randomized trials for unresectable
hepatocellular carcinoma: chemoembolization improves survival. Hepatology
2003;37(2):429—442.

3. Lo CM, Ngan H, Tso WK, et al. Randomized controlled trial of transarte-
rial lipiodol chemoembolization for unresectable hepatocellular carcinoma.
Hepatology 2002;35(5):1164-1171.

4. Johnson CG, Sharma KV, Levy EB, et al. Microvascular perfusion changes
following transarterial hepatic tumor embolization. ] Vasc Interv Radiol

2016;27(1):133-141.¢3.

5. JiaZZ, Jiang GM, Feng YL. Serum HIF-1at and VEGEF levels pre- and post-
TACE in patients with primary liver cancer. Chin Med Sci] 2011;26(3):158—
162.

. Li X, Feng GS, Zheng CS, Zhuo CK, Liu X. Expression of plasma vascular
endothelial growth factor in patients with hepatocellular carcinomaand effect
of transcatheterarterial chemoembolization therapy on plasmavascular endo-
thelial growth factor level. World ] Gastroenterol 2004;10(19):2878-2882.
7. LlovetJM, Ricci S, Mazzaferro V, et al. Sorafenib in advanced hepatocellular

carcinoma. N Engl ] Med 2008;359(4):378-390.

8. Cheng AL, Kang YK, Chen Z, et al. Efficacy and safety of sorafenib in pa-
tients in the Asia-Pacific region with advanced hepatocellular carcinoma: a
phase III randomised, double-blind, placebo-controlled trial. Lancet Oncol
2009;10(1):25-34.

9. LiuL, Cao'Y, Chen C, etal. Sorafenib blocks the RAF/MEK/ERK pathway,
inhibits tumorangiogenesis, and induces tumor cell apoptosis in hepatocellular
carcinoma model PLC/PRF/5. Cancer Res 2006;66(24):11851-11858.

10. Adnane L, Trail PA, Taylor I, Wilhelm SM. Sorafenib (BAY 43-9006,
Nexavar), a dual-action inhibitor that targets RAF/MEK/ERK pathway in
tumor cells and tyrosine kinases VEGFR/PDGFR in tumor vasculature.
Methods Enzymol 2006;407:597-612.

11. Guo Y, Klein R, Omary RA, Yang GY, Larson AC. Highly malignant
intra-hepatic metastatic hepatocellular carcinoma in rats. Am J Transl Res
2010;3(1):114-120.

12. Deschamps F, Harris KR, Moine L, et al. Pickering-emulsion for liver trans-
arterial chemo-embolization with oxaliplatin. Cardiovasc Intervent Radiol
2018;41(5):781-788.

13. Liang Y], Yu H, Feng G, et al. High-performance poly(lactic-co-glycolic
acid)-magnetic microspheres prepared by rotating membrane emulsification
for transcatheter arterial embolization and magnetic ablation in VX2 liver
tumors. ACS Appl Mater Interfaces 2017;9(50):43478-43489.

14. Tsai M], Lin MW, Huang YB, Kuo YM, Tsai YH. The influence of acute
hyperglycemiainananimal model of lacunar stroke thatisinduced by artificial
particle embolization. Int ] Med Sci 2016;13(5):347-356.

15. Singh G, Chan H, Baskin A, et al. Self-assembly of magnetite nanocubes
into helical superstructures. Science 2014;345(6201):1149-1153.

16. Kovalenko MV, Bodnarchuk MI, Lechner RT, Hesser G, Schiiffler F, Heiss W.
Fattyacid saltsasstabilizers in size- and shape-controlled nanocrystal synthesis:
the case of inverse spinel iron oxide. JAm Chem Soc2007;129(20):6352-6353.

17. Park J, An K, Hwang Y, et al. Ultra-large-scale syntheses of monodisperse
nanocrystals. Nat Mater 2004;3(12):891-895.

18. Chen J, White SB, Harris KR, et al. Poly(lactide-co-glycolide) microspheres
for MRI-monitored delivery of sorafenib in a rabbit VX2 model. Biomaterials
2015;61:299-306.

19. Chen J, Sheu AY, Li W, et al. Poly(lactide-co-glycolide) microspheres for
MRI-monitored transcatheter delivery of sorafenib to liver tumors. ] Control
Release 2014;184:10-17.

20. Park W, Chen], Cho S, etal. Acidic pH-triggered drug-eluting nanocomposites

for magnetic resonance imaging-monitored intra-arterial drug delivery to he-

patocellular carcinoma. ACS Appl Mater Interfaces 2016;8(20):12711-12719.

Blanchet B, Billemont B, Cramard ], etal. Validation ofan HPLC-UV method

forsorafenib determination in human plasmaand application to cancer patients

in routine clinical practice. ] Pharm Biomed Anal 2009;49(4):1109-1114.

22. Sheu AY, Zhang Z, Omary RA, Larson AC. Invasive catheterization of the
hepaticartery for preclinical investigation of liver-directed therapies in rodent
models of liver cancer. Am ] Transl Res 2013;5(3):269-278.

23. Kim DH, Chen J, Omary RA, Larson AC. MRI visible drug eluting mag-
netic microspheres for transcatheter intra-arterial delivery to liver tumors.
Theranostics 2015;5(5):477-488.

24. Kettenbach J, Stadler A, Katzler IV, et al. Drug-loaded microspheres for
the treatment of liver cancer: review of current results. Cardiovasc Intervent
Radiol 2008;31(3):468-476.

25. NgR, Chen EX. Sorafenib (BAY 43-9006): review of clinical development.
Curr Clin Pharmacol 2006;1(3):223-228.

26. Meyer T, Fox R, Ma YT, et al. Sorafenib in combination with transarterial
chemoembolisation in patients with unresectable hepatocellular carcinoma
(TACE 2): a randomised placebo-controlled, double-blind, phase 3 trial.
Lancet Gastroenterol Hepatol 2017;2(8):565-575.

27. Lencioni R, de Baere T, Soulen MC, Rilling WS, Geschwind JFH. Lipiodol
transarterial chemoembolization for hepatocellular carcinoma: a systematic
review of efficacy and safety data. Hepatology 2016;64(1):106-116.

28. Kalayci C, Johnson PJ, Raby N, Metivier EM, Williams R. Intraarterial
adriamycinand lipiodol forinoperable hepatocellular carcinoma: a comparison
with intravenous adriamycin. ] Hepatol 1990;11(3):349-353.

29. Johnson PJ, Kalayci C, Dobbs N, et al. Pharmacokinetics and toxicity of
intraarterial adriamycin for hepatocellular carcinoma: effect of coadministra-
tion of lipiodol. ] Hepatol 1991;13(1):120-127.

N

21.

—

radiology-ic.rsna.org ® Radiology: Imaging Cancer Volume 3: Number 12021


http://radiology-ic.rsna.org

30.

31.

32.

33.

Choi JW, Cho HJ, Park JH, et al. Comparison of drug release and phar-
macokinetics after transarterial chemoembolization using diverse lipiodol
emulsions and drug-eluting beads. PLoS One 2014;9(12):e115898.

Idée JM, Guiu B. Use of Lipiodol as a drug-delivery system for transcatheter
arterial chemoembolization of hepatocellular carcinoma: a review. Crit Rev
Oncol Hematol 2013;88(3):530-549.

Vaidya S, Tozer KR, Chen J. An overview of embolic agents. Semin Intervent
Radiol 2008;25(3):204-215.

Ford Versypt AN, Pack DW, Braatz RD. Mathematical modeling of drug
delivery from autocatalytically degradable PLGA microspheres: a review. ]
Control Release 2013;165(1):29-37.

Radiology: Imaging Cancer Volume 3: Number 1—-2021 = radiology-ic.rsna.org

34.

35.

36.

Park et al

Buijs M, Geschwind JFH, Syed LH, et al. Spontaneous tumor regression
in a syngeneic rat model of liver cancer: implications for survival studies. ]
Vasc Interv Radiol 2012;23(12):1685-1691.

Park W, Gordon AC, Cho S, etal. Immunomodulatory magnetic microspheres
for augmenting tumor-specific infiltration of natural killer (NK) cells. ACS
Appl Mater Interfaces 2017;9(16):13819-13824.

Nickerson MM, Song ], Shuptrine CW, Wieghaus KA, Botchwey EA, Price
RJ. Influence of poly(d,l-lactic-co-glycolic acid) microsphere degradation
on arteriolar remodeling in the mouse dorsal skinfold window chamber. ]

Biomed Mater Res A 2009;91(2):317-323.


http://radiology-ic.rsna.org

