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Abstract

Transcatheter hepatic intra-arterial (1A) injection has been considered as an effective targeted
delivery technique for hepatocellular carcinoma (HCC). Recently, drug-eluting beads (DEB) were
developed for transcatheter IA delivery to HCC. However, the conventional DEB has offered
relatively modest survival benefits. It can be difficult to control drug loading/release from DEB
and to monitor selective delivery to the targeted tumors. Embolized DEBs in hepatic arteries
frequently induce hypoxic and low pH conditions, promoting cancer cell growth. In this study, an
acidic pH-triggered drug-eluting nanocomposite (pH-DEN) including superparamagnetic iron
oxide nanocubes and pH-responsive synthetic peptides with lipid tails [octadecylamine—p(API-L-
Asp)1] was developed for magnetic resonance imaging (MRI)-monitored transcatheter delivery of
sorafenib (the only FDA-approved systemic therapy for liver cancer) to HCC. The synthesized
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sorafenib-loaded pH-DENS exhibited distinct pH-triggered drug release behavior at acidic pH
levels and highly sensitive MR contrast effects. In an orthotopic HCC rat model, successful
hepatic 1A delivery and distribution of sorafenib-loaded pH-DEN was confirmed with MRI. 1A-
delivered sorafenib-loaded pH-DENS elicited significant tumor growth inhibition in a rodent HCC
model. These results indicate that the sorafenib—pH-DENS platform has the potential to be used as
an advanced tool for liver-directed IA treatment of unresectable HCC.

Graphical Abstract

Normal physiological Acidic tumor
condition (pH 7.4) condition( pH 6.5)

Keywords

nanocomposite microspheres; iron oxide nanoparticles; pH-responsive materials; hepatocellular
carcinoma; sorafenib; image-guided therapy

INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer and the third leading
cause of cancer-related deaths worldwide.12 Resection and transplantation are the sole
curative treatments for HCC, but only 10-15% of patients are candidates.3 Systemic
chemotherapy offers limited survival benefit, and regional minimally invasive therapies
including thermal and chemical ablation have limited efficacy for the treatment of multifocal
HCC.4-8 Other promising treatment options are catheter-directed therapies such as
transcatheter arterial chemoembolization (TACE), transcatheter arterial embolization (TAE),
and %Y radioembolization. TACE, which involves intra-arterial (1A) infusion of embolic
materials and chemotherapeutics, has been practiced in HCC patients for over 30 years.” The
main purpose of TACE is to deliver a high dose of drug selectively to a tumor site while
minimizing drug clearance.”8 Recently, drug-eluting beads (DEB) were developed for
transcatheter 1A drug delivery to HCC.”-%10 One of the most common DEB platforms in
clinical use is composed of a nondegradable poly(vinyl alcohol) (PVVA) microspheres that
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can be loaded with doxorubicin by ionic interaction for liver-directed delivery. However,
therapeutic efficacy of DEB-TACE has been limited by relatively rapid drug release and
short retention in the targeted tumor tissues by first-order drug release from the beads.”:11
Furthermore, visualization of DEB delivery to the tumors, either during or after an
administration procedure, is not currently possible. The inability to monitor delivery and
define procedural success during individual cases makes prediction of responses relatively
difficult.

Stimuli- or environment-responsive strategies have recently emerged as the most promising
approaches for selective drug delivery to tumor tissues.12-14 These novel drug delivery
systems are capable of controlling drug release behavior by responding to external stimuli
such as pH, temperature, light, disease-specific enzymes, and magnetic field.1>-17 Among
them, pH-sensitive drug carriers have been the most frequently used during targeted tumor
therapy because pH is one of the features that clearly differentiates normal tissue from
malignant tumor tissues in the body.18:19 Generally, the extracellular region of solid tumors
is acidic owing to excessive glycolysis and poor perfusion, referred to the “Warburg
effect”.2021 |n DEB-TACE procedures for liver cancers, the 1A-infused DEBs induce
insufficient blood flow in vessels and tumor by the embolic effect and lead to decreased pH
by generating local hypoxic conditions and lactic acidosis.22-25 Proton pumping from the
hypoxic cells could facilitate the reduction of the surrounding pH.28 Therefore, we
hypothesized that a pH-triggered drug delivery system could be effective for local delivery
of chemotherapeutic agents to liver tumor regions by TACE treatment (Figure 1b).

To this end, we developed pH-triggered drug-eluting nanocomposite microspheres (pH-
DENSs) for magnetic resonance imaging (MRI)-monitored transcatheter sorafenib drug
delivery to HCC (Figure 1a,b). For the design of this system, biocompatible poly(lactide-co-
glycolide) (PLGA) and synthesized iron oxide nanocubes (IONCs) were used as base
materials for preparation of MRI-visible nanocomposites (NCs). While many image-guided
approaches have been explored with PLGA microspheres,27-28 MRI provides excellent soft
tissue contrast and does not require exposure to ionizing radiation.10-2% These NCs were
loaded with the anti-angiogenic (AA) sorafenib multikinase inhibitor (Nexavar), the only
U.S. Food and Drug Administration (FDA)-approved drug for treatment of advanced HCC.
Sorafenib prevents angiogenesis via blockage of vascular endothelial growth factor (VEGF)
and platelet-derived growth factor (PDGF) tyrosine receptors and cell proliferation via
blockage of B-Raf and c-Raf of the mitogen-activated protein (MAP) kinase pathway.30:31
However, the systemic administration of sorafenib following oral intake may not be
acceptable to elicit consistently potent therapeutic responses.10 Systemic exposure and a
lack of tumor specificity can lead to severe side effects.32 For acidic-specific sorafenib
release, pH-responsiveness was rendered to these NCs. pH-responsive additive (pH-ADT,
Figure 1c) was synthesized through a facile two-step process combining ring-opening
polymerization (ROP) and aminolysis reactions,15:33:34 and then incorporated into the NCs.
The pH-ADT can be formed as a stable solid state at a neutral pH (normal tissue, pH ~ 7.4).
However, an acidic environment (<pH ~ 7.4)22-25 destabilizes the pH-ADT due to ionization
of imidazole functional groups, causing phase transition of the pH-ADT into a charged
water-soluble form. The solubility change of the additive in response to the acidic tumor pH
triggers drug release from pH-sensitive NCs (Figure 1a). We hypothesized that these newly
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designed sorafenib-loaded pH-DENS can be selectively infused via targeted transcatheter
MRI-monitored delivery to liver tumors and that pH-responsive sorafenib drug release from
these pH-DENSs would elicit significant tumor growth inhibition in an orthotopic rodent
model of HCC (Figure 1b).

EXPERIMENTAL METHODS

Materials

Synthesis

Synthesis

All reagents and solvents were obtained commercially and used without further purification.
Poly(D,L-lactide-co-glycolide) (lactide:glycolide 50:50, PLGA), poly(vinyl alcohol) (M,, 89
000-98 000, 99+% hydrolyzed, PVA), fbenzyl-L-aspartate (BLA), 1-(3-
aminopropyl)imidazole (API), octadecylamine, iron(l11) chloride hexahydrate (=98%), N,\-
dimethylformamide (DMF), tetrahydrofuran (THF), diethyl ether (=99.9%),
dichloromethane (CH,Cl,), chloroform (CHCl3), dimethyl sulfoxide (DMSO), methanol, -
docosane (99%), 1-octadecene (90%), /-hexane, and ethanol were purchased from Sigma-—
Aldrich Co (Milwaukee, WI). Sodium oleate (>97%) and triphosgene (98%) were purchased
from TCI America (Portland, OR). Sorafenib tosylate was purchased from LC Laboratories
(Woburn, MA). Iron oleate was prepared by following a reported procedure.3® 5-Benzyl-L-
aspartate N-carboxy anhydride (BLA-NCA) was synthesized by following our previous
report.15:33

of Iron Oxide Nanocubes

IONCs were synthesized by thermal decomposition of iron(l11) oleate in the presence of
sodium oleate, according to a modified literature procedure.36:37 As-prepared iron oleate
(1.57 g, 1.75 mmol), r+docosane (6.0 g, 19.32 mmol), and sodium oleate (0.53 g, 1.74
mmol) were mixed with 11 mL of 1-octadecene in a 50 mL three-neck round-bottom flask.
The reaction mixture was heated to 120 °C under high vacuum and stirred for 1 h. The
reaction mixture was then heated to 337 °C with a heating rate of 3 °C/min under nitrogen
atmosphere and stirred at this temperature for 30 min. Then the reaction mixture was cooled
to 80°C. IONCs were precipitated in a mixture composed of 2 volumes of n-hexane and 3
volumes of ethanol (with respect to the original solution volume). The supernatant was
discarded and the precipitates were redispersed in /+hexane and washed with ethanol. The
washing process was repeated three times. Finally, the IONCs were dried under vacuum and
redispersed in chloroform.

of pH-Sensitive Additive

pH-ADT was synthesized on the basis of our previously reported procedure.33
Octadecylamine (0.3 g 1.2 mmol) was dissolved in a mixture of DMF (10 mL) and CH,Cl,
(50 mL) and then stirred at room temperature for 2 h. As-synthesized BLA-NCA (3 g, 12
mmol) was dissolved in DMF (10 mL) and dropped into the octadecylamine solution. The
reaction mixture was stirred for 2 days. To remove CH,Cl,, the reaction solution was
concentrated in a rotary evaporator for 30 min under vacuum. The final product was
precipitated in diethyl ether (200 mL) and collected by centrifugation (3500 rpm) for 5 min.
This process repeated three times to remove any unreacted impurity. The precipitate was
dried under vacuum at room temperature. Finally, pH-ADT [octadecylamine—p(API-Asp)1g]
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was synthesized via aminolysis of the octadecylamine—polyBLA with API, following our
previous report.1533 As-synthesized octadecylamine—p(BLA)1q (0.2 g, 74.8 zmol) was
dissolved in DMF (5 mL). API (1 g, 7.9 mmol) was added to the octadecylamine—p(BLA)1g
solution, which was stirred for 12 h at room temperature. After 12 h, the reaction mixture
was added dropwise into a cooled aqueous solution of 0.1 N HCI (20 mL) to neutralize the
reaction mixture. To remove any impurity, the solution was dialyzed by use of a cellulose
membrane [molecular weight cutoff (MWCQ) 1000, Spectrum Laboratories, Rancho
Dominguez, CA] against 0.01 N HCI solution three times. The final solution was lyophilized
and octadecylamine—p(API-L-Asp)1o was obtained as a white solid. The chemical structure
of the synthesized polymer was determined by 1H NMR. *H NMR spectra were recorded in
DMSO-qj at room temperature on a Bruker NMR spectrometer at 500 MHz.

Morphology and Size Analysis of Iron Oxide Nanocubes

IONCs were monitored by transmission electron microscopy (TEM; FEI Tecnai Spirit G2,
Hillsboro, OR) operating at 120 kV.

Preparation of pH-Triggered Drug-Eluting Nanocomposites

pH-DENs were manufactured via the emulsion/solvent evaporation method.38:39 PLGA (100
mg) was dissolved in 4 mL of CH,Cl, and then combined with 20 mg of sorafenib dissolved
in 200 /L of DMSO, 1 mg of oleic acid-stabilized IONCs dissolved in 100 gL of CH,Cl,,
and 10 mg of pH-ADT dissolved in 100 s of methanol. The solution was mixed by
vortexing for 1 min. This primary emulsion was further dropped into PVA (2 wt %) solution
to form an emulsion by use of a homogenizer (300D Disital benchtop homogenizer, VWR)
at 2000 rpm for 5 min. The emulsion was stirred for 12 h under overhead stirring (200 rpm)
at room temperature. The PLGA microspheres were centrifuged for 5 min at 3000 rpm and
then washed three times with deionized water. The resulting pH-DENSs were lyophilized and
stored at —20 °C. The morphology and size distribution of the pH-DENSs were observed by
scanning electron microscopy (SEM; Hitachi S-4800, Hitachi, Japan).

Characterization of Sorafenib Loaded in pH-Triggered Drug-Eluting Nanocomposites

Sorafenib content in pH-DENSs was analyzed by high performance liquid chromatography
(HPLC), as in a previous report.40 pH-DENs (30 mg) were dissolved in 1 mL of a solution
of 1% DMSO in a mixture of acetonitrile and ammonium acetate (60:40 v/v). The polymer
and IONCs were collected by centrifugation (15 000 rpm, 5 min). The supernatant was
analyzed for sorafenib concentration on an Agilent 1260 Infinity Quaternary LC HPLC
system (Santa Clara, CA) equipped with a Zorbax C18 column (Agilent, 5 ym, 9.4 x 250
mm).

Characterization of Iron Oxide Nanocubes Loaded in pH-Triggered Drug-Eluting
Nanocomposites

The IONCs (Fe) content in pH-DENSs was characterized by inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer, Waltham, MA). In triplicate, pH-DEN (10 mg) were
digested in 200 i of nitric acid (70%) at 60 °C and diluted to 5 mL of a 2% nitric acid
solution with 5 parts per billion (ppb) yttrium as an internal standard.
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Characterization of Magnetic Properties of Iron Oxide Nanocubes

The hysteresis loop of IONC was analyzed on an MPMS XL-7 superconducting quantum
interference device (SQUID) magnetometer (Quantum Design, San Diego, CA) at 300 K.
The result was normalized with the grams of iron (Fe) quantified by ICP optical emission
spectroscopy (OES) in each sample.

Characterization of T, Relaxivity Properties

Quantitative R» relaxivity measurements were performed by use of a 7 T MRI scanner
(BioSpec, Bruker, Billerica, MA). Imaging phantoms were prepared by using 1% agar
phantoms at various different concentrations of pH-DENs (0—20 mg/mL). These phantom
studies were performed as per our previous report.10 A Carr—Purcell-Meiboom-Gill
(CPMG) sequence (TR (repetition time) = 1s, 1 mm slice thickness, 6 TE (echo time)
ranging from 10 to 60 ms) was applied with a 7 T MRI scanner. R, time constants were
determined by fitting signal decay curves to the monoexponential function S(TE) =
Mye~TE/T2, The Pearson correlation coefficient was calculated between the iron
concentration and resultant /2, values. The slope of the resulting linear least-squares fit line
provided the R, relaxivity in units of s2.mM1,

In Vitro Drug Release Test

pH-DENSs or non-pH-DENSs (30 mg) were incubated in 5 mL of 10 mM phosphate-buffered
saline (PBS; pH 7.4 or 6.5, with 0.02 wt % Tween 80) at 37 °C with continuous agitation at
50 rpm. At predetermined time points, the release medium was collected and replaced with
fresh release medium. To determine the released sorafenib, HPLC analysis was performed as
mentioned above.

In Vitro Cytotoxicity Test

McA-RH7777 hepatoma cells were obtained from ATCC (Manassas, VA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (Sigma-—
Aldrich, St. Louis, MO). The cells were cultured at 37°C with 5% CO,, and the culture
medium was replaced with fresh medium every 2-3 days. After preculture for 7 days, the
cells were seeded in 6-well plates at a density of 2.5 x 10° cells/well and incubated for 24 h.
The culture medium was replaced with pH-DENS or non-pH-DENSs containing DMEM
medium (equivalent to sorafenib dose of 10 xg/mL) and incubated at pH 7.4 or 6.5 for 48 h.
As a control group, the cells were treated with 0.5 mL of DMEM under the same conditions.
To determine cell viability, cell counting kit 8 (CCK-8, Dojindo Molecular Technologies,
Gaithersburg, MD) assay was performed according to the manufacturers’ instructions.

In Vivo Orthotopic Hepatocellular Carcinoma Rat Model

Studies were performed with approval from the Institutional Animal Care and Use
Committee (IACUC) at Northwestern University. In vivo orthotopic HCC rat model was
established with MCA-RH7777 hepatoma cells, following our previous report.19 These
animal models were divided into two groups: an untreated control group (three rats) and a
group treated with pH-DENS (three rats).
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Catheterization Procedures

The rats treated with pH-DENSs underwent procedures to invasively catheterize the proper
hepatic artery (Figure S8, Supporting Information), as described in our previous reports.10:41
A 20 mg dose of the pH-DENSs (equivalent to sorafenib dose of 9.3 mg/kg) was
administrated through hepatic IA route. In the comparison group, PBS was administered to
the animals under the same conditions.

In Vivo Magnetic Resonance Imaging of pH-Triggered Drug-Eluting Nanocomposite
Delivery to Liver Tumors

To-weighted images were collected pre- and postcatheterization and A infusion of the pH-
DEN, as described above. MR scans were performed in both coronal and axial orientations
using a gradient-echo sequence with the following parameters: 7R/ 7g = 1136/28 ms, 1 mm
slice thickness, field of view (FOV) 71 x 85 mm, 216 x 256 matrix, and respiratory
triggering with a MRI-compatible small-animal gating system (model 1025, SA Instruments,
Stony Brook, NY).

Tumor Size Measurement

The width (&) and length (4) of the tumors were measured MRI every other day
posttreatment. Tumor volume (V) was calculated as /= &4/2 (where ais width, 4 is length,
and a< b). For comparison purposes, the tumor volume was normalized by its initial volume
as Wy (W was the volume of the tumor at the time that catheterization and pH-DEN
infusion was performed).

Histology and Immunohistochemistry

To confirm the antitumor therapeutic efficacy of pH-DENS, the livers were harvested from
the rat 7 days postinfusion. Harvested tissue was sectioned with 5um thickness and stained
with hematoxylin and eosin (H/E) and rat anti-CD34, respectively. To assess delivery of
IONC-containing pH-DENSs to HCC, livers were harvested from the rats 24 h postinfusion (n
= 3 rats) and Prussian blue staining was performed on slices of formalin-fixed tissues. All
slides were analyzed on a TissueFAXS microscope (TissueGnostics GmbH, Vienna,
Austria).

Statistical Analysis

Data are expressed as mean + standard deviation (SD) or standard error (SE). Differences
between the values were assessed by Student’s £test.

RESULTS AND DISCUSSION

Synthesis of pH-Responsive Additive and Iron Oxide Nanocubes

pH-ADT was synthesized by combining the ROP of f-benzyl-L-aspartate NA-
carboxyanhydride (BLA-NCA) and an aminolysis reaction (Figure 2a) as per our previous
report.33 Successful synthesis of ionizable imidazole-functionalized polypeptide with
octadecylamine tail was confirmed by *H NMR analysis (Figure 2b). The degree of
polymerization (DP) of imidazole-functionalized L-aspartate units was determined to be 10.
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The pH sensitivity of pH-ADT was characterized by light transmittance of pH-ADT solution
in water (Figure 2c). Transmittance of pH-ADT solution dropped sharply over the narrow
pH range of 6.5-7.0 upon acid titration from pH 8.0 to 3.0. It should be noted that the pH-
dependent phase transition behavior of the pH-ADT was completely reversible when the pH
was cycled between 7.4 and 6.5 (Figure S1, Supporting Information), suggesting a highly
sensitive response to the environmental pH value. Iron oxide nanocubes (IONCs) were
synthesized via thermal decomposition of iron-oleate complex in a mixture composed of
sodium oleate, 7~docosane, and 1-octadecene, as described in a previous report.35-37 A
transmission electron microscopy (TEM) image shows that monodisperse cube-shaped
nanoparticles were obtained with an average size of 24 + 2.0 nm (Figure 2d; Figures S2 and
S3, Supporting Information). At 300 K, these iron oxide nanocubes exhibited
superparamagnetic behavior with no coercivity or remanence and a measured saturation
magnetization (M) of ~50 emu/gFe (Figure 2e).

Preparation of pH-Triggered Drug-Eluting Nanocomposites and Their Physicochemical
Characterization

Acidic pH

pH-DENSs were prepared by the double-emulsion method.38-40 Hydrophobic sorafenib and
IONCs were coencapsulated in pH-ADT-embedded PLGA microspheres (pH-DENS; Table
1). Scanning electron microscope (SEM) images showed that pH-DENSs exhibited smooth
and uniform spherical morphology with size of 5 + 1.5 ym (Figure 3a,b; Figure S4,
Supporting Information). Co-embedding the pH-ADT and sorafenib in PLGA microspheres
resulted in significantly enhanced drug-loading efficiency (approximately 20% increase),
which is attributed to the hydrophobic interaction between hydrophobic drug (i.e., sorafenib)
and lipid tail of pH-ADT (Table 1). The magnetic property of pH-DENs was confirmed by
their separation within 30 min in the presence of a magnetic field (500 G permanent magnet)
(Figure 3c). To demonstrate MR contrast effect of pH-DEN, a concentration-dependent
signal decay was observed in 7,-weighted MR images and £/, relaxivity value of pH-DEN
was determined to be 1595 mM~1.s71 (in agar phantom at field strength of 7 T at 300 K)
(Figure 3d); the latter result suggested the feasibility of using MRI to monitor in vivo
delivery of our pH-DEN drug delivery carriers.

Responsiveness of pH-Triggered Drug-Eluting Nanocomposites

In the PLGA-based polymeric drug delivery system, diffusion and degradation/erosion were
known as primary mechanisms of drug release.#2:43 In this regard, we hypothesized that the
pH-dependent phase transition behavior of pH-ADT in the pH-DENS could facilitate the
degradation/erosion of polymer matrix in acid microenvironments, resulting in fast release
of sorafenib. To demonstrate the pH-induced drug release behavior, sorafenib release
profiles from the pH-DENS were investigated at both the physiological pH of 7.4 and the
acidic tumor microenvironment pH of 6.5 (Figure 4a).1° As we expected, the pH-DENSs
exhibited significantly increased drug release rate at pH 6.5 (cumulative drug release amount
~80% at 96 h), whereas the amount of sorafenib released from pH-DEN at pH 7.4 was
markedly reduced (cumulative drug release amount ~50% at 96 h). In this study, non-pH-
responsive DENs (non-pH-DEN, Table 1) composed of PLGA, sorafenib, and IONCs
without pH-ADT were used as a control group. Non-pH-DENs showed only a slight increase
in drug release rate at acidic conditions compared to that at normal conditions; this may be
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caused by acid-accelerated hydrolysis of the PLGA polymer.** These results indicate that
the combined effect of phase transition of pH-ADT and accelerated hydrolysis of PLGA at
acidic pH can trigger rapid sorafenib release from these pH-DENSs. The cytotoxicity of the
sorafenib-loaded pH-DENSs was evaluated in McA-RH7777 hepatoma cells at pH 7.4 and
6.5 by use of a cell counting kit 8 assay (Figure 4b). Before the experiment, the influence of
acidic pH on cell viability was confirmed in McA-RH7777 hepatoma cells. No difference in
viability was observed between normal and acidic pH conditions (Figure S5, Supporting
Information), which indicates that the acidic pH condition does not affect cell viability. As
shown in Figure 4b, above a treatment concentration of 50 pg/mL, sorafenib—pH-DENSs
significantly enhanced cytotoxicity at pH 6.5 compared to the treated cells at pH 7.4 (*p <
0.01), whereas the sorafenib—non-pH-DENSs exhibited no difference between pH 6.5 and 7.4
conditions (Figure S6, Supporting Information). Cell viability tests at different pH
conditions were also performed with normal liver (clone 9) cells as a comparison group. The
results showed a similar trend as that against HCC tumor cells, which indicates that the
therapeutic effect of pH-DENSs was mainly influenced by the acidic extracellular
environment, regardless of cell type (Figure S7, Supporting Information). Since the
extracellular pH value of healthy liver tissue was known to be neutral due to their strict pH
homeostasis,*>46 under in vivo conditions, the cytotoxicity of pH-DEN could be
significantly reduced in normal liver tissues. Taken all together, these results demonstrate
that the triggered sorafenib release of the pH-DENSs responding to acidic extracellular pH
condition increased drug concentration in the culture medium and thus led to markedly
enhanced therapeutic efficiency against HCC tumor cells.

Magnetic Resonance Imaging-Monitored Hepatic Intra-arterial Transcatheter Infusion of
Sorafenib-Loaded pH-Triggered Drug-Eluting Nanocomposites in Orthotopic
Hepatocellular Carcinoma Rat Model

To evaluate in vivo imaging capabilities and therapeutic effects of sorafenib—pH-DENSs, we
used an orthotopic HCC rat model. McA-RH7777 hepatoma cells were inoculated into
Sprague-Dawley rats, and sorafenib—pH-DENSs were infused via IA route after 1 week of
tumor growth (dose of pH-DENSs was 20 mg/rat). Catheterization procedures were
successfully performed in each animal (Figure S8, Supporting Information). To visualize
transcatheter delivery of sorafenib—pH-DENS to the tumors, we performed MR imaging on a
7 T MRI system. Tumors were visualized as hyperintense regions relative to the surrounding
normal liver tissues in 7,-weighted images (Figure 5a, left panels). However, local signal
reductions were observed in the tumor region immediately after transcatheter infusion of
sorafenib—pH-DENSs (Figure 5a, right panels), indicating efficient accumulation of pH-DENs
exhibiting high R, relaxivity (Figure 3d) in the tumor site. MRI observation of sorafenib—
pH-DENSs deposition within the liver was later confirmed with histological staining of the
tissue for iron with Prussian blue.®10 As shown in Figure 5b, strong blue signal was
observed not only at the peripheral rim of the tumor (upper image) but also at the intratumor
vessel (bottom image). These results indicate that sorafenib—pH-DENS were effectively
localized to the targeted tumor regions, including the rim and inner tumor, via transcatheter
IA liver-directed infusion.#! The embolic pH-DENS in arteries diminish blood flow and
induce low pH with hypoxia and lactic acidosis.22-2> Additionally, acid-mediated tumor
invasion processes results in significantly acidic pH environment in HCC tumors.24:25 The
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acidic HCC tumor environment that can trigger drug release could be confirmed with
overexpression of pH-regulatory protein (hydrogen/potassium ATPase). Overexpression of
hydrogen/potassium ATPase was seen in the peripheral rim and inner tumor regions around
the vessels (Figure S9, Supporting Information). Taken together, the successful localization
of pH-DEN in the tumor regions of peripheral rim and inner tumor could elicit the pH-
triggered drug release response to the acidic microenvironment.

In Vivo Therapeutic Efficacy of Sorafenib-Loaded pH-Triggered Drug-Eluting
Nanocomposites in Orthotopic Hepatocellular Carcinoma Rat Model

Therapeutic efficacy of 1A-infused sorafenib—pH-DENSs was determined by measuring tumor
size as estimated from MRI images and physical examination of the excised liver. Then
therapeutic outcomes were further evaluated via histological and immunohistochemical
staining of the tumor tissues harvested during end-point necropsy (1 week after sorafenib—
pH-DEN injection). Tumors treated with sorafenib—pH-DENs demonstrated significant
growth inhibition (Figure 6a,b) compared to control group tumors (PBS-treated HCC rats).
Histological analysis of the tumor tissues showed that HCC treated with sorafenib—pH-
DENs markedly reduced the number of cancerous cells (H/E staining) and increased the
number of terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL)-positive
tumor cells in both the rim and center regions of HCC tumor [see region enclosed by yellow
dotted line in the images, Figure 6¢ (middle)]. However, in the sorafenib—non-pH-DEN-
treated group, the apoptosis rate in overall tumor tissues was significantly lower compared to
the pH-DEN-treated group, and apoptotic cells were observed only at the peripheral rim of
HCC tumor region (Figures S10 and S11, Supporting Information). This limited therapeutic
outcome could be attributed to nontriggered slow drug release rate of non-pH-DENS.
According to our previous report,19 free sorafenib-treated HCC rat model also showed
limited therapeutic efficacy. Taken together, these results indicate that the pH-triggered
release of sorafenib from |A-targeted pH-DENS can efficiently inhibit proliferation and
induce apoptosis against HCC tumor cells (Figure 6¢). Anti-angiogenic effect of sorafenib,
which is a major mechanism for control of tumor growth, was well demonstrated in the
immunohistochemical staining for CD34.3147 As shown in Figure 6c¢ (bottom),
antiangiogenic effects were clearly observed in sorafenib—pH-DEN-treated tumors with
qualitatively appreciable reductions in CD34 expression compared to control tumors. It is
worth noting that the reduction of CD34 expression level was shown in a much broader
region compared with that described in our previous report (which used pH-ins-NCs).10 This
result indicates that pH sensitivity could enhance the therapeutic efficacy of sorafenib in the
HCC tumor region due to rapid drug release in the acidic tumor microenvironment during
TACE procedures of HCC.4849

CONCLUSIONS

In conclusion, a new acidic pH-triggered drug-eluting nanocomposite (pH-DEN) has been
developed for the treatment of HCC; these pH-DENs are composed of biocompatible PLGA,
iron oxide nanocubes (IONCs), and pH-responsive synthetic peptides with lipid tails. The
synthesized pH-DENSs exhibited pH-triggered drug release behavior at acidic pH levels as
well as highly sensitive MR contrast effects. In an orthotopic HCC rat model, the pH-DENs
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were successfully administered via selective transcatheter hepatic 1A delivery to HCC, and
the embolized pH-DENSs around rim and inner tumors could be confirmed with MRI. Local

pH-responsive sorafenib release from IA-infused sorafenib—pH-DENSs into HCC
demonstrated significant tumor growth inhibition with antiangiogenic effects. These
outcomes indicate that this newly developed pH-DEN platform has the potential to be
applied as an advanced new form of IA chemotherapy for treatment of unresectable HCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a, b) Schematic illustrations of pH-responsive drug-eluting nanocomposites (pH-DENS): (a)

DEN. The drug release of pH-DENSs could be triggered by response to the acidic
microenvironment caused by embolization-induced hypoxia. (¢) Chemical structure of pH-
responsive additive (pH-ADT) at different pH values and their pH-dependent phase

transition. (Inset) Data for turbidity difference of pH-ADT solutions at pH 7.4 and 6.5.
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Figure 2.
Synthesis of pH-responsive additive (pH-ADT) and iron oxide nanocubes (IONCs) and their

physicochemical characterization. (a) Chemical synthetic route for pH-ADT
[octadecylamine—poly(API-L-Asp)1o]. (b) IH NMR analysis of pH-ADT in DMSO-a. (c)
Light transmittance of pH-ADT solution as a function of pH value. (Inset) Data for turbidity
difference of pH-ADT solution at pH 6.5 (%T ~ 97) and 7.4 (%T ~ 4). (d) TEM image of
iron oxide nanocubes (scale bar 50 nm). (e) Field-dependent magnetization curves of IONCs
at 300 K.
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Figure 3.
Physicochemical characterization of pH-DENS. (a) SEM image of pH-DENS (scale bar 20

4m). (b) Size distribution of pH-DENS. (c) Photograph of magnetic separation of pH-DENs
[pH-DENS suspensions without (left) or with (right) 500 G magnet]. (d) 7>-weighted MR
images and plot of /2, value of pH-DENSs in 1% agar phantoms at various concentrations of
ironat7T.
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Figure 4.
pH-responsive behavior of pH-DENS. (a) pH-dependent drug release of sorafenib from pH-

DEN and non-pH-DEN (control). (b) Cell viability of McA-RH7777 hepatoma cells treated
with different concentrations of pH-DEN at pH 7.4 or 6.5 (*£< 0.01, n=4).
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Figureb.
MRI-monitored hepatic IA transcatheter infusion of pH-DENS in orthotopic HCC rat model.

(a) In vivo T,-weighted MR images acquired before and after transcatheter infusion of pH-
DENSs. Intrahepatic deposition of pH-DENS is depicted as regions of signal loss within the
To-weighted images postinfusion (yellow asterisk). (b) Prussian blue staining of treated
tumor-bearing liver tissues 24 h post-1A injection. (Top) Peripheral rim and (bottom)
intratumor vessels at edge of tumor.
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Figure®6.
In vivo tumor growth inhibition following transcatheter infusion of pH-DEN in the

orthotopic HCC rat model. (a) Change in normalized tumor volume as a function of time
after transcatheter infusion of pH-DEN (n7= 3, *P< 0.05). (b) Representative photograph of
extracted tumor-bearing liver from PBS-treated (left) and pH-DEN-treated (right) group. (c)
Staining by H/E (top), TUNEL (middle), and CD34 immunohistochemical (IHC) (bottom)
methods of tumor tissue sections to assess the efficacy of treatment. The brown color in
TUNEL and CD34 staining indicate TUNEL-positive apoptotic cells and microvessels in
tumor, respectively (scale bar 2 mm).
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