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ABSTRACT: Sorafenib (SF) is an FDA-approved molecular-targeted
drug for treating hepatocellular carcinoma (HCC). SF, however, suffers
from poor water solubility, low bioavailability, dose-limiting side effects,
and possible drug resistance. Here, we report on apolipoprotein E
peptide-decorated disulfide-cross-linked micellar SF (ApoE-Ms-SF) as a
targeted and intelligent formulation for HCC therapy. ApoE-Ms-SF was
prepared with a good SF loading of 7.0 wt %, small size (37 nm), high
stability, and reduction-triggered drug release from poly(ethylene
glycol)-b-poly(e-caprolactone-co-dithiolane trimethylene carbonate)-me-
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* triggered drug release

fenamate (PEG-P(CL-DTC)-MA) and ApoE-modified ApoE-PEG-

P(CL-DTC) block copolymers. MTT assays in low-density lipoprotein receptors (LDLRs) overexpressing SMMC-7721
human liver cancer cells showed ApoE density-dependent antitumor potency of ApoE-Ms-SF, in which 7.5% ApoE led to the
best antitumor effect (ICs,: 8.5 vs 23.3 pg/mL for free SF). Confocal studies, flow cytometry, western blot, and apoptotic assays
illustrated clearly a more efficient uptake of ApoE-Ms than nontargeted Ms by SMMC-7721 cells as well as lower
phosphorylated extracellular signal-regulated kinase protein level and better cell apoptosis caused by ApoE-Ms-SF compared
with Ms-SF and free SF. ApoE-Ms-SF revealed a long circulation time (elimination half-life = 6.8 h). DiR-loaded ApoE-Ms
showed a significantly higher accumulation in SMMC-7721 tumor than the nontargeted counterpart. The therapeutic outcomes
in the orthotopic SMMC-7721 tumor models demonstrated that ApoE-Ms-SF reduced SF-associated side effects and brought
about enhanced angiogenesis inhibition and tumor apoptosis compared to free SF and Ms-SF controls, leading to a better

treatment of HCC.

B INTRODUCTION

Hepatocellular carcinoma (HCC) remains a clinical challenge
though various treatments have been developed over the past
decades."” Chemotherapy, with debatable benefits, becomes
the treatment of choice for patients with advanced HCC that is
metastatic or unable to be eradicated by surgery.” Nano-
medicines have been conceived to enhance the anti-HCC
efficacy of various chemical drugs like doxorubicin and
paclitaxel.’™® The notorious toxicity of chemotherapeutics,
though lessened by nanomedicines to a certain extent, could be
detrimental to HCC patients, as their livers are extremely
vulnerable.

Sorafenib (Nexavar, SF) is the first molecular-targeted drug
approved by FDA for the treatment of unresectable or distally
metastatic primary liver cancer.” SF, with a markedly lower
toxicity than traditional chemotherapeutics, is able to delay
HCC progression and prolong the patient survival from 7.9 to
10.7 months.” SF is a multitarget kinase inhibitor that can
block RAF/MEK /extracellular signal-regulated kinase (ERK)
cell signaling pathways, thereby inhibiting tumor cell growth,
and inhibit vascular endothelial growth factor receptor and
platelet-derived growth factor receptor pathways, thus
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inhibiting tumor angiogenesis. SF, nevertheless, suffers

from poor water solubility, low bioavailability, hematological
and dermatological toxicities resulting from high oral doses
applied in clinics (400 mg/day), and multidrug resistance.'' ="
In order to address the above issues, various nanocarriers
including polymeric micelles, albumin, and lipid-based nano-
particles have been investigated for SF delivery.'*™*'
Especially, actively targeted nanosystems that are function-
alized with HCC-specific ligands such as lactobionic acid,
galactose, folate, transferrin, GPC3 monoclonal antibody, and
iRGD peptide have shown to improve the SF therapy for HCC
models to varying degrees.”**~*” Unfortunately, most reported
formulations reveal a low SF loading and poor stability that
would demand an excessive amount of carrier materials and
release SF prior to arrival at the target tumor site.

We herein report on ApoE peptide
(LRKLRKRLLLRKLRKRLLC)-guided disulfide-cross-linked
biodegradable polymeric micelles as a novel targeted vehicle
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for SF (ApoE-Ms-SF) to achieve an enhanced HCC therapy
(Scheme 1). ApoE-Ms-SF is self-assembled from poly(ethylene

Scheme 1. Ilustration of ApoE Peptide-Guided Disulfide-
Cross-Linked Biodegradable Micelles for Stable Loading
and HCC-Targeted Delivery of SF
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glycol)-b-poly(e-caprolactone-co-dithiolane trimethylene car-
bonate)-mefenamate (PEG-P(CL-DTC)-MA) and ApoE-
functionalized PEG-P(CL-DTC) (ApoE-PEG-P(CL-DTC)).
MA is an anti-inflammatory analgesic agent. MA was
introduced to enhance the loading of SF. We previously
found that disulfide-cross-linked nanostructures based on
DTC, while stable in circulation, quickly release drugs to the
cytosols following uptake by cancer cells.”*™*" Apolipoprotein
E and its derived ApoE peptide have high affinities to low-
density lipoprotein receptors (LDLRs)’* that are overex-
pressed in liver cancer cells’*** and glioma cells.’*® We
assumed that ApoE-Ms-SF would mediate an enhanced
delivery of SF to HCC.

B EXPERIMENTAL SECTION

Synthesis of PEG-P(CL-DTC)-MA and ApoE-PEG-P(CL-DTC).
PEG-P(CL-DTC)-MA was synthesized by the esterification of PEG-
P(CL-DTC), which was obtained with an M, of 5.0 — (4.5 — 1.9) kg/
mol as reported previously,>” with MA. Briefly, dicyclohexyl
carbodiimide (55 mg, 0.27 mmol) was added to MA (65 mg, 0.27
mmol) solution in dichloromethane (DCM, 2 mL) under stirring.
After the reaction in the dark for 24 h at room temperature, the
mixture was filtrated. The filtrate containing MA anhydride was added
into 3 mL of DCM solution containing PEG-P(CL-DTC) (500 mg,
0.05 mmol)*” and 4-dimethylaminopyridine (DMAP, 33 mg, 0.27
mmol) under stirring. After 48 h, PEG-P(CL-DTC)-MA was isolated
by precipitation in cold diethyl ether/ethanol (4/1, v/v) twice and
dried in a vacuum. Yield: 96%. "H NMR (600 MHz, DMSO-d;): CL:
0 1.31, 1.53, 2.27, 3.98—4.05; DTC: 0 3.05, 4.05—4.13; PEG: 0 3.23,
3.51; MA: 6 2.09, 6.65—9.15. MA functionality was calculated to be
96% by 'H nuclear magnetic resonance (NMR). The MA
functionality of PEG-P(CL-DTC)-MA was also determined by
ultraviolet absorption at 288 nm. The results revealed a functionality
close to 100% based on a standard curve of known concentrations of
MA.

ApoE-PEG-P(CL-DTC) was produced by coupling ApoE-SH
peptide (LRKLRKRLLLRKLRKRLLC) to Mal-PEG-P(CL-DTC)
via the Michael addition. First, using Mal-PEG-OH (M, = 7.5 kg/
mol) as an initiator and diphenyl phosphate (DPP) as a catalyst, Mal-
PEG-P(CL-DTC) was obtained. Briefly, under a nitrogen atmos-
phere, Mal-PEG-OH (450 mg, 0.06 mmol), DTC (120 mg, 0.62
mmol), &-CL (240 mg, 2.10 mmol), and DPP (150 mg, 0.60 mmol)

were dissolved in 3 mL of anhydrous DCM and stirred for 48 h at 40
°C. Yield: 86%. "H NMR (600 MHz, DMSO-d,): Mal: § 7.0. M, (‘H
NMR) = 12.8 kg/mol, M, (GPC) = 18.7 kg/mol, molecular weight
distribution (B, GPC) = 1.1. Then, under a nitrogen atmosphere,
ApoE-SH (73.4 mg, 0.03 mmol) was dropped to a stirring solution of
Mal-PEG-P(DTC-CL) (200 mg, 0.02 mmol) in 4 mL of dimethyl
sulfoxide (DMSO) at 37 °C. After 8 h, the mixture was dialyzed
(MWCO 7000 Da) against DMSO for 24 h and DCM for 4 h before
precipitation in cold diethyl ether. Yield: 82%. 'H NMR (600 MHz,
DMSO-dg): ApoE: & 0.8, 4.2—8.2. The functionality of ApoE was
98%, as determined by bicinchoninic acid (BCA) protein assay.

Preparation of ApoE-Ms and ApoE-Ms-SF. Ms-SF and ApoE-
Ms-SF were prepared by the solvent displacement method. Briefly, a
mixture of ApoE-PEG-P(CL-DTC) and PEG-P(CL-DTC)-MA
(molar ratios ranging from 0/100, 5/95, 7.5/92.5 to 10/90) and a
prescribed amount of SF in 200 uL of dimethylformamide (DMF)
(10 mg/mL) was slowly added to 1 mL of phosphate buffer (PB, 10
mM, pH 7.4). After standing overnight at 37 °C, the mixture was
dialyzed against PB (MWCO 7000 Da). The size, size distribution,
and stability of ApoE-Ms-SF were measured using dynamic light
scattering (DLS). The drug loading content (DLC) and drug loading
efficiency (DLE) were determined with UV spectroscopy at 272 nm
by adding ninefold DMF and incubating for 12 h before measure-
ment. The empty ApoE-Ms or Ms was used as the background. The
calibration curve was obtained from SF of known concentrations.
DLC and DLE were calculated as below

weight of loaded drug
DLC (wt %) = X 100
total weight of loaded drug and polymer
ight of loaded d
DLE (%) = weight of loaded drug _ -,
weight of drug in feed

MTT Assays. Three human liver cancer cell lines, SMMC-7721
cells, HUH-7, and HepG2 cells, were seeded in 96-well plates (3 X
10° cells/well). After culturing under 5% CO, and 37 °C for 24 h, 20
uL of free SF (final SF concentration of 0.1—40 pg/mL) was added
and incubated for 48 h. Then, MTT solution (10 L, S mg/mL) was
added and incubated for 4 h. After the removal of the medium, 150
uL of DMSO was added, and the absorbance of MTT formazan was
determined by a microplate reader (Thermo Multiskan FC) at 570
nm. The cell viability was the percentage of the absorbance of the
sample groups to that of the PBS group (n = 4).

To test the cytotoxicity of ApoE-Ms-SF and Ms-SF, SMMC-7721
cells and normal hepatocyte QSG-7701 were seeded in 96-well plates
(3 X 10° cells/well). After 24 h, 20 uL of ApoE-Ms-SF, Ms-SF, or free
SF in culture medium was added (final SF concentration: 0.1, 0.5, 1,
2, 4, 8, 10, 20, and 40 ug/mL). After 4 h, the medium was removed
and the cells were further incubated in a fresh medium for 44 h. MTT
assays were performed as described above. The toxicity of empty
micelles (final polymer concentration: 10—200 yg/mL) to SMMC-
7721 cells was tested similarly.

Cellular Uptake Studies of SMMC-7721 Cells. For flow
cytometric measurements, the cells seeded in six-well plates (2 X
10° cells/well) overnight were incubated for 4 h with CyS-labeled
ApoE-Ms (ApoE-Ms-CyS, 2 ug CyS/mL) with different ApoE
densities at 37 °C. The cells were digested by trypsin, centrifuged,
washed with PBS (X2), and resuspended in 500 uL of PBS before
immediate measurement using a flow cytometer for detecting CyS
fluorescence.

For confocal laser scanning microscopy (CLSM) measurements,
the cells seeded in 24-well plates (5 X 10* cells/well) overnight were
incubated for 4 h with ApoE-Ms-CyS or Ms-CyS (40 ug CyS/mL).
The cells were fixed with 4% paraformaldehyde for 15 min and
stained by 4’,6-diamidino-2-phenylindole with PBS washing (x3)
after each step. The samples were observed using a confocal laser
scanning microscope (TCS SPS).

Apoptosis Assays and Western Blot. SMMC-7721 cells seeded
in six-well plates (3 X 10° cells/well) overnight were incubated for 4 h
with ApoE-Ms-SF, Ms-SF, or free SF (6 ug SF/mL) and then with
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fresh medium for another 44 h. For apoptosis assays, the cells were
washed and digested with ethylenediaminetetraacetic acid -free
trypsin, centrifuged, washed (X3), and resuspended in 100 uL of
binding buffer. A S uL of Annexin-V-Alexa Fluor 647 and 10 uL of PI
solution were added successively. After 15 min, 400 L of the binding
buffer was added, followed by immediate flow cytometric measure-
ments.

For western blot assays, the cells were washed, digested,
centrifuged, and then lysed in a cell lysis buffer containing protease
and phosphatase inhibitors at 4 °C for 20 min. The lysates were
centrifuged (12000 rpm, 15 min, 4 °C), and the supernatant
concentration of proteins was quantified using a BCA protein analysis
kit. The supernatants were adjusted to the same protein concentration
by mixing with the buffer and boiled for S min. Soluble protein (40
ug) was separated by electrophoresis on a sodium dodecyl sulfate
polyacrylamide gel electrophoresis gel and transferred onto
polyvinylidene fluoride membranes (0.4S ym). At room temperature,
5% skimmed milk powder was used to seal up for 2 h. Then,
antihuman rabbit phosphorylated ERK (pERK) (1:2000 dilution) was
incubated with the cells overnight at 4 °C, and goat antirabbit IgG
(1:20 000 dilution) was incubated for 1 h at 25 °C with the TBST
(Tris-buffered saline, 0.1% Tween 20) solution (X3) washing after
each step. Finally, the chemical signal was detected by a hypersensitive
chemiluminescence gel imager (enhanced chemiluminescence).

Animal Models. All animals were handled under protocols
approved by Soochow University Laboratory Animal Center and the
Animal Care and Use Committee of Soochow University. Female
Balb/c mice (5 weeks) were used for pharmacokinetics. For
biodistribution studies, in vivo imaging, and antitumor therapy
experiments, female nude mice (5 weeks) were used to build SMMC-
7721 liver tumor models as previously reported.”” Briefly, for
establishing subcutaneous or orthotopic SMMC-7721 liver tumor
models, 50 uL of SMMC-7721 cells (2 X 10°/mouse) in PBS were
mixed with 30% Matrigel and implanted into the right hind flank or
the right upper liver lobe of the mice, respectively.

In Vivo Pharmacokinetic Studies. Healthy mice were divided
into two groups (n = 3) and intravenously (iv) injected with 200 uL
of ApoE-Ms-SF or Ms-SF (6 mg SF equiv/kg) via the tail veins. At
fixed time points, 75 uL of blood was taken from the ophthalmic vein
into a heparinized tube. A 20 yL of plasma was collected and added
into DMF solution containing 20 mM dithiothreitol (DTT) to extract
SE at 37 °C overnight. The SF concentrations in the solutions were
detected by high-performance liquid chromatography (HPLC) with
acetonitrile/0.1% trifluoroacetic acid aqueous solution (60/40, v/v)
as an eluent.

Fluorescence Imaging and Biodistribution in Vivo. Female
Bab/c mice bearing subcutaneous (tumor volume of 200—300 mm®)
or orthotopic (20 days after inoculation) SMMC-7721 tumors were
grouped (n = 3) and iv injected with 200 uL of Ms-DiR or ApoE-Ms-
DiR (4 ug DiR equiv/kg) via tail veins. At 2, 4, 8, 10, or 12 h post
injection, the mice were scanned using a near-infrared fluorescence
imaging system (ex. 747 nm, em. 774 nm) to acquire in vivo images.

For ex vivo imaging, at 10 h post injection, the orthotopic tumor
models were sacrificed. The major organs and tumors were excised,
washed, wiped, and weighed before imaging. In order to quantify the
biodistribution of the drug, the tissues were homogenized and DiR
was extracted by the DMF solution (containing 20 mM DTT)
overnight. After centrifugation (12000 rpm, 20 min), the DiR
concentrations in the supernatants were determined by fluorometry
(n =3).

In Vivo Antitumor Efficacy. After 12 days of inoculation of the
orthotopic tumor, the mice were arbitrarily allocated into five groups
(n=35). ApoE-Ms-SF (S and 10 mg SF equiv/kg), Ms-SF (5 mg SF
equiv/kg), free SF (S mg SF equiv/kg), and PBS were iv injected
every 3 days (total 8 injections). The mice were weighed every 2 days
and normalized to the initial weights (n = S). On day 27, one mouse
of each group was sacrificed and major organs were collected and
prepared for photographs and hematoxylin and eosin (H&E) staining.
The tumors were carefully excised from the livers and sliced for H&E,
terminal deoxynucleotidyl transferase dUTP nick end labeling

(TUNEL), and CD34 staining using standard methods. The rest of
the four mice were used for monitoring the survival rates.

Statistics. Data are presented as mean + standard deviation (SD).
One-way analysis of variance (ANOVA) with the Tukey multiple
comparison test (Prism) was used to assess the difference among the
groups. *p < 0.05 was considered significant, and **p < 0.01 and
*#%p < 0.001 were highly significant.

B RESULTS AND DISCUSSION

Synthesis of PEG-P(CL-DTC)-MA and ApoE-PEG-P(CL-
DTC). PEG-P(CL-DTC)-MA was synthesized via ring-opening
copolymerization of e-CL and DTC as reported,’” followed by
esterification with MA (Figure SI, Table S1). MA was
introduced to the end of PEG-P(CL-DTC) to enhance SF
loading via n—n stacking in addition to hydrophobic
interaction.”®*” PEG-P(CL-DTC) was obtained with an M,
of S0 — (45 — 19) and a narrow molecular weight
distribution (D) of 1.2, as reported previously.”” The 'H
NMR spectrum of PEG-P(CL-DTC)-MA (Figure 1A) showed
the characteristic peaks of PEG (6 3.23 and 3.51), CL (§ 1.31,
1.53,2.27, and 3.98—4.05), DTC (6 3.05, 4.05—4.13), and MA
moieties (5 2.09, 6.65—9.15). The integral ratio of § 2.09 (o-
methyl protons of MA) and & 3.51 (methylene protons of
PEG) pointed out a high MA functionality of 96%. Ultraviolet
measurements at 288 nm of PEG-P(CL-DTC)-MA confirmed
a nearly quantitative functionality of MA (Figure S2).

The ApoE-PEG-P(CL-DTC) block copolymer was obtained
via ring-opening polymerization (ROP) of DTC and CL
initiated by Mal-PEG-OH (M, = 7.5 kg/mol), yielding Mal-
PEG-P(CL-DTC), followed by the Michael addition with the
ApoE-SH peptide (LRKLRKRLLLRKLRKRLLC). Figure 1B
shows intact Mal groups, as revealed by comparing the signals
at § 7.0 (vinyl protons of maleimide) with those at § 3.51
(methylene protons of PEG) in the '"H NMR spectrum. An M,
of 7.5-(3.5-1.8) kg/mol was calculated for Mal-PEG-P(CL-
DTC) by comparing the signals at § 2.27 (methylene protons
of CL) and & 3.05 (methylene protons neighboring the
disulfide of DTC). Gel permeation chromatography (GPC)
measurements revealed an M, of 18.7 kg/mol and a narrow D
of 1.1 (Table S1, Figure S3). Notably, '"H NMR of ApoE-PEG-
P(CL-DTC) displayed that the peaks of ApoE appeared at &
0.8 and 4.2—8.2, whereas Mal signals completely disappeared
(Figure 1C), indicating the quantitative functionalization of
ApoE. BCA assays using previously reported methods™
corroborated a high ApoE peptide functionality of ca. 98%
(Figure S4).

Fabrication of ApoE-Ms-SF. ApoE-Ms-SF was readily
fabricated from the co-self-assembly of PEG-P(CL-DTC)-MA,
ApoE-PEG-P(CL-DTC), and SF in aqueous solutions at the
ApoE-PEG-P(CL-DTC) molar ratios of 0, 5, 7.5, or 10%.
Interestingly, all ApoE-Ms-SFs with different ApoE densities
exhibited a good SF loading with 70.4—86.9% efficiency and up
to 7.0 wt % (Table 1). For example, at a theoretical DLC of 8.0
wt %, ApoE-Ms achieved a DLC of 6.5 wt % and DLE of
86.9%. In comparison, under the same conditions, micelles
without MA functionalization exhibited a much lower DLC of
4.8 wt % and DLE of 63.0%, confirming that MA enhances SF
loading likely via additional hydrophobic interaction and 7—x
stacking. The SF loading content had a little effect on the size
and polydispersity index (PDI), in which ApoE-Ms-SF with 7.0
wt % of SF displayed a size of 37 nm (PDI 0.1). As seen from
the DLS results (Figure 2A), ApoE density also had no
influence on the size and PDI of ApoE-Ms-SF. ApoE-Ms-SF
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Figure 1. 'H NMR spectra (600 MHz, DMSO-d;) of PEG-P(CL-
DTC)-MA (A), Mal-PEG-P(CL-DTC) (B), and ApoE-PEG-P(CL-
DTC) (C).

Table 1. Characterization of Ms-SF and ApoE-Ms-SF

DLC (wt %)

micelles theory determined” DLE“ (%) size” (nm) PDI”

S 3.9 81.2 42 0.05

Ms-SF 8 6.0 79.7 42 0.05
10 6.6 70.6 41 0.04

S 34 70.4 41 0.03

APOE-MS—SFC 8 6.5 86.9 39 0.02
10 7.0 75.2 37 0.10

“DLC and DLE were determined by a UV spectrometer. The
intensity—average size determined by DLS in PB (pH 7.4, 10 mM).
“ApoE-Ms-SF with 7.5% ApoE.

was stable in 10% fetal bovine serum (FBS) (Figure SSB) and
had no critical micellar concentration (Figure S5C), owing to
the disulfide-cross-linking of micelles resulting from the
spontaneous ROP of dithiolanes, as revealed by the significant
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Figure 2. (A) Size and size distribution profiles of ApoE-Ms-SF with
different ApoE surface densities in PB. (B) In vitro SF release from
Ms-SF and ApoE-Ms-SF with or without 10 mM GSH. (C)
Cytotoxicity of free SF on HepG2, HUH-7 and SMMC-7721 cells.
(D) Viability of SMMC-7721 cells treated with Ms-SF and ApoE-Ms-
SF with various ApoE ratios. (E) MTT assays of empty ApoE-Ms and
Ms on SMMC-7721 cells. (F) Dependence of the viabilities of normal
hepatocyte QSG-7701 cells on the concentrations of ApoE-Ms-SF,
Ms-SF, or free SE. For (C,E), the incubation time was 48 h. For
(D,F), the cells were incubated with drugs for 4 h and further cultured
in a fresh medium for 44 h. For (B,D,F), ApoE-Ms-SF with 7.5%
ApoE and 7.0 wt % SF was used.

decrease of characteristic UV absorption of dithiolane rings at
330 nm.””*" Upon adding 10 mM glutathione (GSH), ApoE-
Ms-SF tended to swell (Figure SSD) because of the cleavage of
the disulfide cross-links into free thiols.*” Figure 2B shows that
less than 15% SF was freed from ApoE-Ms-SF in 36 h under
physiological conditions, whereas ca. 85% SF was released
under 10 mM GSH, certifying the excellent stability and
reduction-triggered SF release of ApoE-Ms-SF. This stable
loading of SF under physiological conditions and triggered fast
SF release in intracellular reductive conditions is advantageous
over previously reported SF-loaded micelles.*”** The non-
targeted micellar SF (Ms-SF) fabricated from PEG-P(CL-
DTC)-MA exhibited practically the same biophysical and
release properties of ApoE-Ms-SF (Table 1 and Figure 2B).
In Vitro Assessment of ApoE-Ms-SF and Ms-SF. We
first evaluated the potency of free SF to three liver cancer cell
lines, that is, HUH-7, HepG2, and SMMC-7721 cells,
following 48 h of incubation. The results showed that free
SF was potent to all the three cells, with IC, ranging from 2.7
to 4.6 pug/mL (Figure 2C). SMMC-7721 cells were chosen to
study the performance of ApoE-Ms-SF in vitro and in vivo. As
revealed by MTT assays (Figure 2D), the antitumor potency of
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Figure 3. (A) CLSM images (40 ug CyS/mL) and (B) flow cytometric analyses (2 ug CyS/mL) of SMMC-7721 cells after 4 h incubation with
ApoE-Ms-CyS of different ApoE contents. Scale bar: 25 ym. (C) Western blot analyses of pERK/ERK expression in SMMC-7721 cells treated with
ApoE-Ms-SF, Ms-SF, free SF, or PBS. Glyceraldehyde 3-phosphate dehydrogenase was used as control. (D) Annexin V—FITC/PI staining assays of
SMMC-7721 cells treated with ApoE-Ms-SF, Ms-SF, free SF, or PBS (SF: 6 ug/mL). For (C,D), the cells were incubated for 4 h and further
cultured in a fresh medium for 44 h.
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Figure 4. (A) Pharmacokinetics of free SF, Ms-SF, and ApoE-Ms-SF in Balb/c mice (SF: 6 mg/kg). (B) In vivo fluorescence images of
subcutaneous SMMC-7721 tumor-bearing mice. Ex vivo fluorescence images (C) and quantitative distribution (D) of DiR in the major organs and
tumors of orthotopic tumor-bearing mice at 10 h post injection. For (B—D), the mice were iv injected with 200 uL of ApoE-Ms-DiR or Ms-DiR (4
ug DiR/mouse).

ApoE-Ms-SF depended on the ApoE density, in which ApoE- activity (ICgo = 8.5 pug SF equiv/mL). Of note, here, SMMC-
Ms-SE with 7.5% ApoE displayed the highest antitumor 7721 cells after 4 h treatment with ApoE-Ms-SF were cultured
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Figure S. Antitumor efficacy of ApoE-Ms-SF in orthotopic SMMC-7721 tumor models. Mice were iv injected with ApoE-Ms-SF (S or 10 mg/kg),
Ms-SF (5 mg/kg), free SF (S mg/kg), or PBS every 3 days (a total of eight injections). (A) Body weight changes (n = 5). (B) Photograph of the
livers on day 27. (C) Survival curves (n = 4). (D) Microscopic images of H&E-stained, TUNEL-stained, and CD34-stained slices of tumors (20xX).
White and red arrowheads indicate the apoptotic cells and blood vessels, respectively. Scale bar: 20 ym. (E) Semiquantitative illustration of the
number of blood vessels in six images. For A and E, *p < 0.05, ***p < 0.001 (one-way ANOVA and Tukey multiple comparison tests).

in fresh media for 44 h. Further increasing the ApoE density to
10% resulted in a lower antitumor activity, possibly because of
the steric hindrance or receptor saturation effect. In
comparison, the nontargeted Ms-SF had a cell viability of
74.1% even at a concentration of 40 ug SF equiv/mL. It is
further noted that all ApoE-Ms-SF formulations were more
potent than free SF (ICs, = 23.3 pg/mL). These results proved
that ApoE has a clear targeting ability to SMMC-7721 cells.
Apolipoprotein E has a high affinity to LDLR*® that are
overexpressed in liver cancer cells.”> ApoE peptide screened
from apolipoprotein E showed a targeting effect to LDLR.*
ApoE-Ms-SF with 7.5% ApoE was selected for further studies.
Both the empty ApoE-Ms and Ms were nontoxic at a
concentration of 200 yg/mL (Figure 2E). Notably, in contrast
to free SF that caused a significant death of normal liver cells at
20—40 pg/mL, both Ms-SF and ApoE-Ms-SF revealed a
greatly reduced toxicity (Figure 2F). Hence, ApoE-Ms-SF has
not only increased the antitumor efficacy but also spared
healthy liver cells.

The internalization of CyS-labeled ApoE-Ms (ApoE-Ms-
CyS) was studied in SMMC-7721 cells. The CLSM images
displayed that ApoE-Ms-CyS was efficiently internalized and
distributed in the cytosol within 4 h (Figure 3A). In contrast,
little CyS fluorescence was detected for Ms-CyS. The flow
cytometric analyses revealed over a ninefold better uptake of

ApoE-Ms-CyS than Ms-CyS (Figure 3B). Among the three
ApoE-Ms-CyS with different ApoE densities, ApoE-Ms-Cy5
with 7.5% ApoE induced a slightly higher cell uptake, in line
with the MTT results (Figure 2D).

Western blot experiments showed that the pERK expression
in SMMC-7721 cells was markedly reduced by ApoE-Ms-SF,
whereas the expression of ERK was barely changed (Figure
3C). It is known that pERK is a key component of the RAF/
MEK/ERK signaling pathway, and SF can block this pathway
and inhibit the phosphorylation of ERK, thereby inhibiting the
proliferation of cancer cells.*”*® The blockage of RAF/ MEK/
ERK cell signaling pathways would lead to apoptosis.”” Flow
cytometry analysis using Annexin V— fluorescein isothiocya-
nate (FITC)/propidium iodide (PI) staining displayed that
ApoE-Ms-SF provoked a much higher cell apoptosis than Ms-
SF and free SF (26.0% vs 12.3% and 14.0%) (Figure 3D).
Moreover, mainly late apoptosis was discerned for ApoE-Ms-
SF, whereas free SF and Ms-SF induced mostly early apoptosis,
which was possibly because of the enhanced uptake of ApoE-
Ms-SF and high intracellular SF concentration.

In Vivo Pharmacokinetics and Biodistribution. The
concentration of SF in the blood of Balb/c mice measured
using HPLC showed a two-compartment model with long
elimination half-lives (t,/,5) of 7.3 and 6.8 h for Ms-SF and
ApoE-Ms-SF, respectively (Figure 4A), supporting a high
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stability of ApoE-Ms-SF in vivo. Notably, an exceptional ¢, 5
of ca. 5.5 h was also observed for free SF, likely because of the
binding of SF to plasma proteins. The biodistribution was
studied by applying an NIR dye DiR as a model. The in vivo
imaging in subcutaneous SMMC-7721 tumor model displayed
that ApoE-Ms-DiR started to accumulate in the tumor at 2 h
post injection, peaked at 8 h, and reduced greatly at 10 h
(Figure 4B). Ms-DiR only gathered very little in the tumor. In
an orthotopic tumor model, the fluorescence intensity in the
liver increased with time and the ApoE-Ms-DiR group was
significantly higher than the Ms-DiR group at 4—12 h (Figure
S6A). The ex vivo images at 12 h post injection displayed that
the tumor fluorescence of the ApoE-Ms-DiR group was 2.9
times higher than that of the Ms-DiR group (Figure 4C). In
order to quantify the drug biodistribution, the tumors and
major organs were homogenized to extract DiR. The DiR
content in the tumors of the ApoE-Ms-DiR group was ca. 6.9%
ID/g, which was 2.8 times that of the Ms-DiR group (Figure
4D), confirming that ApoE has a good targeting ability to
SMMC-7721 tumor. Of note, ApoE-Ms-DiR also showed an
elevated DiR accumulation in the liver and spleen (Figures 4C
and S6) because of their high expression of LDLR.*® Although
SF is a molecular-targeted drug, which might not cause severe
side effects, its high accumulation in the liver and spleen
remains a potential concern for ApoE peptide targeting.

Antitumor Activity of ApoE-Ms-SF in Orthotopic
Liver Tumor Xenografts. The antitumor efficacy of ApoE-
Ms-SF was evaluated at two SF doses (S and 10 mg/kg) in
orthotopic SMMC-7721 tumor models, with Ms-SF and free
SF at S mg/kg as controls. The body weights and behavior of
mice were monitored during treatment. The body weights of
the PBS group increased quickly as from day 10, because of the
development of ascites, illustrating the successful establishment
of orthotopic liver tumor. ApoE-Ms-SF at either 5 or 10 mg/kg
effectively suppressed ascites development, leading to a
significantly less body weight increase (Figure SA). The
photos of liver excised on day 27 showed massive tumors in
the liver of mouse treated with free SF and Ms-SF (Figure SB).
In contrast, only small tumors were found in the ApoE-Ms-SE-
treated mice. In accordance, the ApoE-Ms-SF groups,
especially at 10 mg/kg, exhibited better survival rates than
free SF and Ms-SF groups (Figure SC). H&E staining of the
tumor slices detected more apoptosis for the ApoE-Ms-SF
group than the Ms-SF and free SF groups (Figure SD, upper
row). Moreover, increasing the ApoE-Ms-SF dose from S to 10
mg/kg brought about a further increase of tumor cell death.
TUNEL assays indicated that ApoE-Ms-SF induced a more
massive apoptosis of tumor cells than Ms-SF and free SF
(Figure SD, middle row).

CD34 is a specific endothelial cell marker and has been
commonly used for microvessel quantification in HCC.**°
The immunohistochemical analyses of tumor slices were done
by staining with anti-CD34 antibody and horseradish
peroxidase-labeled goat antirabbit secondary antibody. The
images disclosed that ApoE-Ms-SF greatly reduced blood
vessels in the tumor (Figure SD, lower row). The semi-
quantification of blood vessels in the tumor sections (Figure
SE) showed significantly less blood vessels in the ApoE-Ms-SF
group compared with the free SF and Ms-SF groups. Hence,
ApoE-Ms-SF not only enhances tumor cell death but also
effectively inhibits neovascularization in the tumor. Of note,
H&E histological analyses of major organs displayed that
ApoE-Ms-SF did not cause significant damage to the spleen

and liver (Figure S7), which is in line with the in vitro results
that ApoE-Ms-SF has greatly reduced toxicity to normal liver
cells (Figure 2F).

B CONCLUSIONS

We have demonstrated that ApoE-decorated disulfide-cross-
linked biodegradable micelles (ApoE-Ms) mediate enhanced
SF therapy for orthotopic HCC in mice. SF-loaded ApoE-Ms
(ApoE-Ms-SF) are unique in that they are small, robust,
reduction-responsive, and specific to LDLR that are overex-
pressed in HCC cells. Interestingly, ApoE-Ms boosts the
antitumor efficacy of SF to HCC cells but significantly reduces
its toxic effect to healthy liver cells. ApoE-Ms-SF exhibits a
long circulation time and effectively improved treatment of the
orthotopic SMMC-7721 tumor model by inhibiting both
pPERK production and neovascularization in the tumors. ApoE-
Ms-SE is potentially interesting for targeted SF therapy of
HCC.
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