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Abstract: Magnetoliposomes are phospholipid vesicles encapsulating magnetic nanoparticles
that can be used to encapsulate therapeutic drugs for delivery into specific organs. Herein, we
developed magnetoliposomes containing recombinant human IFNa. b, designated as MIL, and
evaluated this combination’s biological safety and therapeutic effect on both cellular and animal
hepatocellular carcinoma models. Our data showed that MIL neither hemolyzed erythrocytes
nor affected platelet-aggregation rates in blood. Nitroblue tetrazolium-reducing testing showed
that MIL did not change the absolute numbers or phagocytic activities of leukocytes. Acute-
toxicity testing also showed that MIL had no devastating effect on mice behaviors. All the
results indicated that the nanoparticles could be a safe biomaterial. Pharmacokinetic analysis
and tissue-distribution studies showed that MIL maintained stable and sustained drug concen-
trations in target organs under a magnetic field, helped to increase bioavailability, and reduced
administration time. MIL also dramatically inhibited the growth of hepatoma cells. Targeting
of MIL in the livers of nude mice bearing human hepatocellular carcinoma showed that MIL
significantly reduced the tumor size to 38% of that of the control group. Further studies proved
that growth inhibition of cells or tumors was due to apoptosis-signaling pathway activation by
human IFNo.,b.

Keywords: recombinant human interferon-o.,b, magnetoliposome, hepatocellular carcinoma

Introduction
Hepatocellular carcinoma (HCC) is the third-leading cause of death and the fifth-most
common malignancy worldwide."* Currently, liver transplantation is the best treat-
ment option for most HCC patients.? Drug treatment, especially recent developments
in targeted drugs with various therapeutic agents, has also been recommended as an
excellent therapeutic strategy.* IFN has been suggested to play an important role in
antivirus, antiproliferative, and immunoregulatory pathways.>” Some studies show
that IFNa., including IFNa,b, is also capable of exerting antitumor effects against
HCC, hairy cell leukemia, lymphoma, melanoma, and breast cancer.*>*'® However, an
extensive clinical trial of IFNo.b for HCC was delayed, due to the weak therapeutic
effect based on conventional drug-delivery methods. In general, these methods cause
rapid degradation of IFNob in the body and induce severe side effects, due to the
systemic distribution of drugs in the body causing bone marrow suppressions and
neurologic disorders. "

Conventional targeting and drug-delivery methods for HCC are limited to common
liposomes, nanoparticles (NPs), and intravenous emulsions.'*!7"" Therefore, the surge
of interest in this field has greatly expanded the extent of research on magnetic NPs

submit your manuscript
Dove

http:

International Journal of Nanomedicine 2014:9 45334550 4533
© 2014 Ye et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)

Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S67228
mailto:huiye1109@gmail.com

Ye et al

Dove

(MNPs). Some of the most promising applications of biologi-
cally inspired NPs have so far been applied to nanobiotech-
nology and specific drug delivery. MNPs have been proposed
as drug-delivery systems to enhance drug delivery to cancer
cells based on their ability to target specific locations. The
magnetic properties can cause the drugs to be retained in a
location under a magnetic field. Currently, MNPs of iron
oxide, which are easy to produce, easy to functionalize, and
present satisfactory water solubility and slow degradation in
vivo, have been reported as promising biocompatible materi-
als in the anticancer field.?* >

Magnetic materials with a biodegradable carrier (lipo-
somes) have been conceived as a new formulation method for
targeted drug-delivery systems.?* Liposomes have excellent
half-life periods, and can be gradually biodegraded in the
body. In addition, anticancer drugs remaining in the target
area under an external magnetic field are slowly released
and directed toward target tissues.?*?* This type of system
can significantly improve the efficiency of anticancer drugs
and decrease side effects caused by systemic distribution of
the drugs in the body.

In the present study, we developed a novel magnetoli-
posome (ML) containing recombinant human (rh)-IFNao.b
(MIL), and demonstrated it as a safe biomaterial through
hemolysis and acute-toxicity tests. MIL can maintain stable
and sustained blood drug concentrations, especially under the
guidance of a magnetic field, which increases the bioavail-
ability of the material and reduces its administration times.
Finally, we evaluated the effect of MIL on cell-growth inhi-
bition and tumor-size reduction on a human cancer model
using nude mice.

Materials and methods

Cells and animals
Bel-7402 cells were purchased from the American Type Cul-
ture Collection (ATCC; USA) and cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Invitrogen, USA)
containing 10% fetal bovine serum (Sigma, USA), 100 U/mL
penicillin, and 50 plg/mL streptomycin in 20 cm? tissue-culture
flasks (Falcon, USA). Cells were maintained at 37°C in humidi-
fied incubators with 5% CO, and passaged every 3 days.
New Zealand rabbits (weight 1.8-2.5 kg), imprinting con-
trol region (ICR) mice (weight 18-22 g, males and females of
equal number) and Sprague Dawley rats (weight 180-200 g)
were purchased from the Shanghai Laboratory Animal
Center, Chinese Academy of Sciences, People’s Republic
of China (PRC). Six-week-old nude male BALB/c mice
(weight 18-20 g; Shanghai Laboratory Animal Center) were

housed in laminar flow cabinets under specific pathogen-free
conditions and provided with water and food ad libitum. All
animals were cared for and handled according to the recom-
mendations of the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals. Animal protocols
were approved by the Shanghai Medical Experimental Ani-
mal Care Committee.

Chemicals and reagents

Dimyristoyl phosphatidyl glycerol (DMPG), egg-yolk phos-
phatidylcholine (PC), cholesterol (Chol), chloroform, and
Triton X-100 were purchased from Sigma. Sephadex G-50
was purchased from Pharmacia Fine Chemicals (Uppsala,
Sweden). thIFNo,b and rhIFNo b “sandwich” enzyme-linked
immunosorbent assay (ELISA) kits were purchased from
Schering Canada. Ultrafine magnetite (Fe,O,, mean diameter
10 nm) was received from the Southwest Institute of Applied
Magnetics of China (PRC). MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide) cell-proliferation assay
kits were purchased from ATCC. Acridine orange solution
was purchased from Sigma. Trizol reagent, deoxyribonu-
clease I enzyme, SuperScript® III reverse transcriptase and
AccuPrime™ Pfx deoxyribonucleic acid (DNA) polymerase
were purchased from Invitrogen (USA). BCA protein assay
kits were purchased from Pierce (USA). Polyvinylidene dif-
luoride membranes were purchased from Bio-Rad Laborato-
ries (USA). Polyclonal antibodies of rabbit antihuman Bcl-2,
Bax, and B-actin were purchased from Santa Cruz Biotech
(USA). Horseradish peroxidase-conjugated goat antirabbit
IgG and electrochemiluminescence kits were purchased from
Amersham Pharmacia Biotech (USA). All other reagents and
solvents used were analytical grade.

MIL preparation and purification

The MIL was prepared by reverse-phase evaporation com-
bined with ice-water bath ultrasonication. Briefly, different
molar ratios of egg-yolk PC, Chol, and DMPG were dissolved
in an appropriate volume of chloroform. The mixture was
dried to a thin lipid film on the wall of a round-bottom flask in
arotary flash evaporator (Biichi, Switzerland) under reduced
pressure at 40°C+0.5°C and 150 rpm/min. The lipid film
obtained was introduced with 3 mL of phosphate-buffered
saline (PBS) containing rhIFNa,b (400x10* IU) and ultrafine
magnetite (10 nm Fe,O

34
water bath ultrasonicator until a single-phase liquid formed.

50 mg) and then placed in an ice-

The liquid was then evaporated under high-vacuum condi-
tions to form a viscous gel that subsequently became a water-
like suspension. Evaporation was continued for 15 minutes
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to remove all traces of the solvent. The resulting suspension
was flushed with nitrogen, sealed, and placed in an ice-water
bath ultrasonicator for 20—60 minutes. Afterward, the MIL
was separated from free thIFNo,b and ferrofluid particles
by column chromatography on Sephadex G-50 minicolumns
saturated with lipids before sample elution, and the eluent
was further distilled. rhIFNao,b liposomes (ILs) were pre-
pared by the same method, but without addition of ultrafine
magnetite.

The purified MIL, IL, and ML were sterilized by the
0.39 kGy radiation with ®Co-y rays. The particle size and
encapsulation efficiency of different liposomes were com-
pared before and after irradiation.

Morphology and biophysical

characterization of MIL

The morphology of magnetite and MIL was examined by a
JEM-100cx (JEOL, Japan) transmission electron microscope
operating at 80 kV. Briefly, a drop of the diluted magnetite
or MIL was mounted on a 400-mesh copper grid coated
with carbon film. Before analysis, samples were stained
with uranyl acetate and allowed to dry at room temperature.
Micrographs were recorded with a MegaView III camera.
Acquisition was accomplished using Soft Imaging software
(Germany).

The mean size and size distribution of the particles were
determined by dynamic light scattering (DLS) at 25°C with
a scattering angle of 90° using a Zetasizer Nano instrument
(Malvern Instruments, UK). The particle suspension was
diluted with Tris buffer for analysis. To measure the distri-
bution of particle sizes in the dispersion, the polydispersity
index (PI) was calculated. The number-average diameter
(d) and size distribution (coefficient of variation [CV]) were
defined as follows:

d:g%,CV {g—(di;vd) } Vd, (1)

here, di is the diameter of each particle, and N is the total
number of measured particles. All values were measured
in triplicate, and the results are shown as mean standard
distributions.

ELISA assay

ELISA assays were performed to determine the rthIFNo.,b-
encapsulation efficiency of MIL and IL. Briefly, a 96-well
plate was coated with 2 pg/mL of antihuman IFNo.,b mono-
clonal antibody in coating buffer (0.1 M sodium carbonate,

pH 9.6) at 4°C for 24—48 hours. The plate was washed three
times with washing buffer (0.01 M PBS, 0.02% Tween 20,
pH 7.4). Around 100 UL of a sample containing IFNo,b was
added to each well. Various concentrations (5, 2.5, 1.25,
0.625,0.312, 0.156, and 0.078 ng/mL) of free IFNo.,b were
used to prepare a standard curve. The plate was incubated
at 37°C for 1 hour and washed three times with washing
buffer, followed by the addition of 100 pL of horseradish
peroxidase-conjugated goat antihuman IFNo,b antibody
at a final dilution of 1:2,000 into each well and incubation
at 37°C for 45 minutes. After being washed five times to
remove unbound antibodies, the plate was incubated with
substrate solution (5.5 mg/mL of o-phenylenediamine,
5.5 uL/mL of H,O, in PBS) at 37°C for 15-30 minutes. The
reaction was stopped by the addition of 50 UL of 21% (w/v)
H,SO,. Optical density (OD) was then read at 490 nm. The
concentration of IFNa,b in each sample was determined
according to the derived standard curve based on the OD
obtained. Drug-encapsulation efficiency was determined
using the following equation:

C
Encapsulation efficiency (%) = FZXIOO , )

1

here, C, is the amount of rthIFNob in MIL or IL, and C,
is the total amount of rhIFNovb in the solution before
chromatography.

Hemolytic tests

In vitro hemolytic tests were performed to determine the
biological safety of MIL to red blood cells. Briefly, about
20 mL fresh rabbit blood was stirred with a glass rod to
remove fibrinogen. About 100 mL of saline was then added
to the blood, which was subsequently shaken and centrifuged
(1,500 rpm) for 20 minutes to remove the supernatant. Pel-
lets were further washed with saline several times until red
coloration was no longer observed. The erythrocytes were
collected and diluted with saline to obtain a 2% erythrocyte
suspension. Eight tubes preheated at 37°C were filled with
5 mL of 2% rabbit erythrocyte suspension. Purified MIL
(10,000 IU/mL rhIFNa.b) at volumes of 0.1, 0.2, 0.3, 0.4,
0.5, or 0.6 mL was added to the first six tubes. Saline was
added to these tubes to yield 10 mL solutions. The seventh
tube was directly filled with 5 mL of saline as a negative
control (no hemolysis), while the eighth tube was filled with
5 mL of double-distilled water as a positive control (100%
hemolysis). After mixing, all tubes were incubated in a water
bath at 37°C for 60 minutes and centrifuged by a high-speed
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refrigerated centrifuge at 2,500 rpm for 5 minutes. The super-
natant was collected and measured by a Shimadzu UV2550
ultraviolet-visible spectrophotometer (Japan) at 545 nm. ODs
of the six MIL tubes, tube 7, and tube 8 were referred to as
ODt, ODnc and ODpc, respectively. The hemolysis rate was
calculated as from the formula hemolysis rate (%) = (ODt —
ODnc)/(ODpc — ODnc) x100%, and the experiment was
repeated three times.

The platelet-aggregation rate was also measured to
determine MIL’s effect on platelets. In brief, blood collected
from fasting New Zealand rabbits was mixed with sodium
citrate (109 mM) at a ratio of 9:1 and centrifuged at 555 g for
10 minutes at room temperature to make platelet-rich plasma.
This was diluted to 300x10° cells per liter, and poured into seven
tubes; the first tube was filled with 50 UL of saline as a nega-
tive control, whereas the next six tubes were filled with 50 uL
purified MIL containing thIFNob at the following concen-
trations: 2,000, 4,000, 6,000, 8,000, 10,000, or 12,000 IU/mL.
All tubes were then incubated in a water bath at 37°C for
15 minutes. Platelet-aggregation rates were calculated using
a Chrono-Log aggregometer (USA).

Nitroblue tetrazolium (NBT)-reducing testing was fur-
ther performed to determine MIL’s effect on the change
in leukocyte absolute numbers and its relative phagocytic
activity. Sprague Dawley rats (weight 180-200 g) were
divided into seven groups (n=10), with equal numbers of
males and females in each group. Each group was intra-
venously injected with either saline (NS) or MIL with the
following concentrations of thIFNab (2,000, 4,000, 6,000,
8,000, 10,000, or 12,000 IU/mL). Blood was collected
1 hour following injection and mixed with an equal volume
of 2% NBT solution. Samples were incubated at 37°C for
15 minutes before fixed with methanol. Giemsa—Wright
dye was used to stain NBT-positive leukocytes, which were
observed under a microscope to assess the absolute numbers
and the phagocytic activity of leukocytes.

Acute-toxicity test

For the acute-toxicity test, 40 clean ICR mice (6-8 weeks
old, 18-22 g) were randomly divided into four groups
(n=10), with equal numbers of male and female mice in each
group. Mice in the same group were intravenously injected
with either purified MIL containing rhIFNob at 2x10° IU,
1x10° TU, or 0.5x10° U, or saline. The animals were kept
at room temperature with about 60% humidity and natural
light for 12 hours each day, fed with standard solid com-
posite feedstuff, and received tap water ad libitum. All mice
were routinely observed for around 1 week to record their

spontaneous activity, muscular movements, muscle tension,
reaction, autonomic nerve movement, breathing, skin color,
and death. Mice were also weighed on the third and eighth
day after injection, and then killed by cervical dislocation.
Hearts, livers, spleens, lungs, kidneys, stomachs, intestines,
and the thymus were collected for further pathologic ana-
tomical examination.

Cell-apoptosis assays

Bel-7402 cells were divided into five groups, and each group
was treated with the following doses of thIFNa. b: NS group,
0 IU/mL rhIFNo.,b; ML group, 0 IU/mL; IFN group, 10,000
IU/mL; IL group, 10,000 [U/mL; and MIL group, 10,000 IU/
mL. An external magnetic field with a strength of 5,000 G
was applied to the bottom of a 96-well plate for 30 minutes,
and the plate was incubated at 37°C for 24 hours. Cells were
washed with PBS three times and fixed in 3.7% paraform-
aldehyde in PBS for 15 minutes at room temperature. Cells
were covered with methanol for 15 minutes at room tem-
perature, and then washed with PBS. Afterward, cells were
incubated with acridine orange staining solution and then
observed with a laser scanning confocal microscope (LaVi-
sion BioTec, Germany) at 488 nm excitation, and 515 nm-
emission wavelengths.

Caspase-3 activity in cells was also analyzed using a
caspase-3 colorimetric assay kit (BioVision, USA) to detect
apoptosis induction. As described earlier, cells were treated
with NS, IFN, IL, ML, or MIL. An external magnetic field
of 5,000 G was applied to the cells for 30 minutes, and cells
were further incubated at 37°C for 24 hours. Cells were then
lysed at 4°C for 10 minutes, and centrifuged at 10,000 g for
1 minute. The same amount of total protein was incubated
in a 96-well plate with 0.2 mM acetyl-Asp-Glu-Val-Asp
p-nitroanilide (Ac-DEVD-pNA) at 37°C for 1 hour. OD at
405 nm was measured using the colorimetric assay kit, and
concentrations of pNA were calculated.

MTT cell-proliferation assay

Bel-7402 cells at the logarithmic phase (100 uL/well [2x10*
cells]) were plated and cultured in a 96-well plate at 37°C.
Twenty-four hours later, 100 uL of RPMI 1,640 medium
without phenol red (0.4% fetal bovine serum) was added
to each well to replace the culture medium. Cells were then
incubated further at 37°C for 24 hours. All wells in the
plate were then divided and incubated with the following
media: RPMI 1640 medium, NS group; ML, ML group; free
thIFNob, IFN group; IL, IL group; and MIL, MIL group.
Later, wells containing the IFN, IL, and MIL groups were
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further divided into six subgroups and incubated with dif-
ferent concentrations of rhIFNab (15,000, 12,000, 10,000,
1,000, 100, and 50 IU/mL). Triplicates were set up for each
treatment, and three wells were used to determine statisti-
cal difference. After addition of the drugs, a magnetic field
(Nd,Fe, ,B magnet tablets) with a strength of 5,000 G was
applied to the bottom of the plate for 30 minutes. The cells
were further cultured at 37°C, 95% relative humidity, and
5% CO, for 48 hours. Afterward, 10 UL of MTT reagent was
added to each well, and the plate was again incubated at 37°C
for 4 hours. Finally, 100 uL of detergent reagent was added
to each well to replace the media, and cells were stored at
room temperature in the dark for 2 hours. ODs at 570 nm
were measured to determine the reduction of MTT. The cell
growth-inhibition ratio was calculated as ([1- OD-treated
group]/OD control group) x100%.

Pharmacokinetic and tissue-distribution

studies

A total of 120 ICR mice (weight 18-22 g) were randomly
divided into three groups, with equal numbers of male and
female mice in each group. Mice in the same group were
either intravenously injected with 10 ng/g body weight of
free rhIFNo.b (group A) or MIL (groups B and C). Mice in
group C were then given Nd,Fe, B permanent magnet tablets
(Halde GAC, Spain) on the surface of the skin where the
kidney was located to produce a magnetic field strength of
5,000 G. Each group of mice was randomly divided further
into eight subgroups, with five mice in each group. Blood
was collected from the mice in each subgroup by enucleating
mice eyeballs at eight different time points (10, 30, 60, 120,
180, 240, 300, and 480 minutes). All blood samples were
centrifuged for 10 minutes at 8,000 rpm to collect plasma,
and all of the samples were stored at —20°C. The plasma
rhIFNob concentrations were determined by ELISA assay,
and pharmacokinetic parameters were determined by 3p97
software.

For the tissue-distribution study, mice were killed as pre-
viously described to obtain hearts, livers, spleens, lungs, and
kidneys after blood collection. After the removal of fatty and
connective tissue, the remaining tissues were washed with
saline and dried on filter paper. Around 0.5-1.0 g of each
tissue sample was cut into pieces and treated with 1 mL of
saline. Samples were subsequently homogenized and cen-
trifuged at 8,000 rpm for 10 minutes. The supernatant was
collected and diluted with saline. Finally, the concentration
of thIFNoub in each tissue sample at different time points
was determined by ELISA and plotted to yield a curve.

Targeting MIL on mice hepatocellular

carcinoma

BALB/c nude mice were xenografted with HCC tumors by
inoculating Bel-7402 cells in their livers. When the tumors
ranged from 6 mm to 8 mm in diameter, 30 tumor-bearing nude
mice were randomly and equally divided into five groups and
given one of the following treatments: saline, free rhIFNab,
IL, ML, or MIL. Around 200 UL of each treatment was injected
through the caudal vein of each mouse. Nd,Fe, B magnet tablets
were fastened to the skins surrounding the tumor areas in the ML
and MIL groups of mice, and magnetic fields (5,000 G) were
applied to the tumor surfaces for 30 minutes. Treatments were
repeated three times over an interval of 3 days. Two perpendicu-
lar diameters of tumors were measured at intervals of 6 days
using a slide caliper. Tumor volumes were calculated using the
formula 0.5 (a x b?), where a and b were the longest and short-
est dimensions (mm) of the tumor, respectively. On day 30, the
mice were killed as previously described in the “Acute-toxicity
test” section, and their tumors were collected, weighed, and
compared. The tumor-inhibition rate based on the tumor-weight
change was calculated according to the following equation:

Tumor-inhibition rate = ([Mc — Me]/Mc) x100%,  (3)

here, Mc refers to the average tumor weight of the saline
group and Me refers to the average tumor weight of all the
other groups.

Real-time quantitative RT-PCR

Mice were killed by cervical dislocation on day 30, and liver
tumors were collected. Total ribonucleic acid (RNA) from
tumor tissues was isolated using Trizol reagent. Real-time
quantitative reverse-transcription polymerase chain reactions
(RT-PCRs) were performed using an iScript one-step RT-PCR
kit with SYBR green dyes (Bio-Rad). The sequences of prim-
ers were designed as follows: for Bcl-2, the forward primer was
5-TTGGATCAGGGAGTTGGAAG-3’, and the reverse was
5-TGTCCCTACCAACCAGAAGG-3’; for Bax, the forward
primer was 5’-AGGATGCGTCCACCAAGAAG-3’, and the
reverse was 5-GAGTCTCACCCAACCACCCT-3"; and for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the
forward primer was 5’-GCCAAAAGGGTCATCATCTC-3,
and the reverse was 5-GCCTTCAACGCCTGCTTC-3".
Thirty PCR cycles were utilized, and each cycle consisted
of 95°C for 30 seconds, 55°C for 30 seconds, and 68°C for
60 seconds, with an initial denaturation step of 95°C for
5 minutes and a final elongation step of 68°C for 10 minutes.
The RNA amount was standardized by quantitation of GADPH
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messenger RNA (mRNA), and all values were expressed rela-
tive to GADPH. Statistical analysis was performed on three
independent replicates for each RNA sample.

Western blots

Tumor samples were homogenized for protein isolation. Briefly,
frozen tissues were cut into small pieces of about 2 mm in diam-
eter on ice, placed into a tube containing solution A (10 mM
Tris acetate, 6 mM 2-mercaptoethanol, | mM ethylene glycol
tetraacetic acid, 4 mM MgCl,, 0.5% Triton X-100, 1 mM
phenylmethanesulfonyl fluoride, 1 mM tosyl phenylalanyl
chloromethyl ketone, leupeptin, pepstatin, aprotinin, and
sodium azide), vortexed, homogenized, and centrifuged. The
supernatant was collected, and protein concentrations were
determined by BCA protein assays (Pierce). Around 50 pg of
each protein sample was run on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and further transferred onto
apolyvinylidene difluoride membrane at 150 V for 1 hour. The
membrane was blocked with 5% nonfat dry milk in 1% Triton
X-100 containing Tris-buffered saline (TBS) buffer at 4°C
overnight and probed with a rabbit antihuman Bcl-2 (or Bax)
polyclonal antibody as the primary antibody at 1:500 ratio under
room temperature for 2 hours. After washing with TBS +0. 1%
Tween buffer four times, the membranes were incubated with
horseradish peroxidase-conjugated goat antirabbit IgG as the
secondary antibody at a ratio of 1:2,000 at room temperature
for 1.5 hours. The membranes were further washed with TBS +
Tween buffer and developed on X-ray film using an enhanced
chemiluminescence buffer. The films were scanned and quan-
titated using NIH Image version 1.61 (National Institutes of
Health, US), and the quantities of Bcl-2 (or Bax) protein were
standardized against B-actin as an internal control.

Statistical analysis

One-way analysis of variance and two sample 7-tests were
used to determine significant differences between groups.
Statistical significance was established at P<<0.05. Analy-
ses were performed using the standard statistical software
SPSS 20.0.

Results

Preparation and characterization of MIL

To improve rhIFNo.b transport and enhance its therapeutic
effects against HCC, we employed ML as a carrier and devel-
oped a novel MIL that successfully encapsulated the drug.
MIL was synthesized using a combined method of reverse-
phase evaporation and ice-water bath ultrasonication. This
novel method dramatically improved MIL stabilization and

drug-encapsulation efficiency. The developed MIL can be
further purified from free thIFNo.,b and ML particles using
Sephadex G-50 beads (Figure S1).

We tested for the development of MIL with three lipid
compositions. When the molar ratio of PC/Chol/DMPG
was 6:4:1, the mean diameter of MIL obtained by DLS was
about 170 nm, which was not significantly different from
that obtained at a PC/Chol/DMPG molar ratio of 6:3:0
(=152 nm) (Figure 1A). However, when the molar ratio of
Chol was further enhanced (6:5:1), the mean diameter of the
resultant MIL particles dramatically increased to 253 nm
(Figure 1A), which indicates that Chol enlarged the size of
the MIL particles, perhaps because of its bulk size. The PI
was also measured by DLS to determine the size distribu-
tions of MIL in all three different lipid mixtures. As shown
in Figure 1B, the smallest index among the three samples
was close to 0.3, which indicates that this lipid composition
produced the most homogeneous particle sizes. The PIs of
the two other lipid compositions were both over two times
larger than 0.3.

We then determined the drug-encapsulation efficiency
of all developed MIL by ELISA using antihuman rhIFNo.,b
antibody. As shown in Figure 1C, the drug-encapsulation
efficiency of MIL with a PC/Chol/DMPG molar ratio of
6:4:1 was around 63%, which was slightly higher than
those of the two other MILs (47% and 57% for ratios of
6:3:0 and 6:5:1, respectively). Moreover, when the molar
ratio was at 6:4:1, the MIL yield was also slightly higher
than those obtained at the two other ratios (Figure 1D). All
of the data confirm that the MIL developed using a PC/
Chol/DMPG molar ratio of 6:4:1 shows excellent charac-
teristics. Unless otherwise specified, subsequent assays in
this work employed MILs with a PC/Chol/DMPG molar
ratio of 6:4:1.

We observed the morphology of the developed MIL by
transmission electron microscopy. As shown in Figure 1E, the
Fe,O, NPs only had a mean diameter of 10 nm. In contrast,
MIL particles were around 170 nm in mean diameter, as
confirmed by DLS, and were significantly larger than Fe,O,
NPs (Figures 1F and S2). MIL particles were close to spheri-
cal in shape, and the surfaces of the particles were smooth.
To determine whether the novel MIL encapsulated MNPs
and maintained their magnetic property, we compared the
appearance of MIL suspensions with and without a strong
Nd,Fe ,B magnet placed next to the ampoule. With a strong
magnetic field, the MIL suspension exhibited a positive
reaction, and nearly all of the MIL moved toward one side
of the ampoule within 30 seconds (Figure S3A). However,
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Figure | Preparation and characterization of magnetoliposomes containing recombinant human IFNa.b (MIL).

Notes: (A) Mean diameters of MIL were determined using dynamic light scattering with different molar ratios of the following lipids: phosphatidylcholine (PC), cholesterol
(Chol), and 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), in Tris buffer at 25°C. (B) Plot of polydispersity indexes of MIL under different molar ratios of PC/Chol/
DMPG. (C) Plot of drug-encapsulation efficiency of MIL under different molar ratios of PC/Chol/DMPG. (D) Plot of MIL yields with different molar ratios of PC/Chol/DMPG.
(E) Transmission electron microscopy image of Fe,O,. Bar =50 nm; the mean diameter of Fe,O, was 10 nm. (F) Transmission electron microscopy image of MIL. Bar =200
nm; the mean diameter of MIL was 170 nm. *Significant difference when compared with lipid composition 6:3:0 (P<<0.05).

without a magnet field, the MIL solution was homogeneous
and appeared brownish in color (Figure S3B).

We further characterized the effects of temperature
and duration of storage on MIL stability by comparing the
mean size and drug encapsulation efficiency before and after
6 months of storage at 4°C or —20°C. As expected, no sig-
nificant differences were found between each MIL group,
which suggests that the particles were stable enough for
further studies (Figure S4). Irradiation sterilization did not
affect the particle size or drug-entrapment efficiency of the
developed MIL either (Figure S5).

Biological safety of MIL for cells

and animals

To determine whether our novel MIL was suitable for clini-
cal studies, we evaluated its biological safety to rabbit blood
cells by performing in vitro hemolytic tests. Three different

types of blood cells —erythrocytes, platelets, and leukocytes —
were tested. First, erythrocytes were incubated in eight test
tubes with MIL, saline (no hemolysis), or distilled water
(complete hemolysis). Four different outcomes, including
complete hemolysis, partial hemolysis, no hemolysis, and
cohesion, were expected in this test. As shown in Table 1,
all of the hemolysis rates in tubes with MIL were lower than

Table | Magnetoliposomes containing recombinant human
IFNo,b hemolysis test results (spectrophotometry) (n=5)
Group ODt - ODpc - Hemolysis Macroscopic
ODnc ODnc rate (%) observation

I 0.0148 0.425 3.48 -

2 0.0150 0.425 3.53 -

3 0.0164 0.425 3.86 -

4 0.0171 0.425 4.02 -

5 0.0183 0.425 431 -

6 0.0179 0.425 421 -

Note: —, no hemolysis.
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5%, which indicates that no significant hemolysis occurred
in these tubes.

Next, we evaluated the effect of MIL on the function of
platelets by measuring the platelet-aggregation rate using
the Chrono-Log aggregometer. As shown in Figure S6A,
significantly different platelet-aggregation rates were neither
observed between the control and MIL groups, nor among
MIL groups, which indicates that MIL had no devastating
effects on platelets. Finally, the effects of MIL on leukocyte
absolute numbers and phagocytic activity were also exam-
ined. The absolute numbers of three different leukocytes —
white blood cells, polymorphonuclear leukocytes, and
lymphocytes — were individually examined. Our results
showed that no significant differences on leukocytes absolute
numbers were observed between the control and MIL groups,
nor among MIL groups, in all three different leukocytes
(Figure S6, B-D). Phagocytic activities of leukocytes were
all similar between the control and MIL groups, and among
MIL groups (Figure S6E). Therefore, we conclude that MIL
does not affect blood-cell integrity, which suggests that it is
safe to use for rhIFNa.,b delivery.

We then examined the biological safety of MIL for the
whole animal by performing acute-toxicity tests. In brief,
ICR mice were treated with either MIL containing various
concentrations of rhIFNo. b or saline. No unusual behavior
or appearance (such as making abnormal sounds, tremors,
convulsion, ataxia, salivation, lacrimation, runny nose,
breathing problems, constipation, bowel bilging gas, urinary
incontinence, depilation, decrustation, erosion of the skin,
inflammation, redness, or swelling) (Table S1) was observed
in any group of mice. In fact, some active behaviors, such as
ear scratching, licking of the feet, and moving of the head,
were observed in MIL groups. All of the MIL groups also
showed good appetites, normal excrement grain, shiny fur,
and fleshy red claws and tails compared with the saline group
(Table S1). None of the mice died after MIL injection. Mice
injected with different dosages of MIL behaved normally,
similar to the saline group, which indicates that MIL presents
no acute toxicity to mice.

During this study, the mice body weights were also
recorded at the third and eighth days after MIL injection.
As expected, all of the mice showed slightly increased
body weights at both time points, which further confirms
that MIL exerts no acute toxicity toward mice (Table S2).
No significant difference was found between the body
weights of each group on the same day. Mice were killed by
cervical dislocation and dissected on day 8, and all organs,
including the heart, liver, spleen, lungs, kidneys, stomach,

intestines, and thymus, were pathologically examined. Again,
no significant changes in the organs were detected (data not
shown). Overall, our data suggest that MIL does not induce
acute toxicity when delivered to the animal.

Pharmacokinetic and tissue-distribution

studies

Whether MIL delivered into animals maintains its mag-
netic behavior is not clear. How long MIL is accumulated
at the target location is also unknown. Therefore, we
examined the pharmacokinetics of MIL in mice. Here,
three groups of mice (A, free rhIFNa,b group; B, MIL
group; and C, MIL + magnet group) were utilized, and
plasma concentrations of rhIFNa,b were determined
by ELISA assay at various time points. As shown in
Figure 2A, levels of plasma rhIFNo,b in all groups
increased after injection and reached maximum amounts
after 30 minutes. Plasma rhIFNovb levels in all groups
continuously declined thereafter with time. Except at 500
minutes following injection, plasma rhIFNo,b levels in
group C were significantly lower than those in groups
A and B, which suggests that the novel particles deliver
rhIFNoub to target tissues rather than being suspended in
blood vessels (Figure 2A).

To confirm our hypothesis, we examined the rhIFNo.b
concentrations in a variety of mouse tissues, including
the spleen, liver, kidneys, lungs, and heart, by ELISA.
Data obtained were fitted as curves according to specific
time points (Figure 2B—F). In contrast to levels of plasma
rhIFNa.,b, at each time point, levels of thIFNa.,b in every
tissue from group C were higher than those in tissues of
groups A and B, which confirms that the magnet tablet
indeed helps distribute MIL to the different tissues. As
expected, the highest concentrations of rhIFNo,b were
observed in kidney tissues from group C 30 minutes
after MIL injection (Figure 2D). Consistent with plasma
rhIFNob levels, the highest levels of thIFNa, b in all tissues
were also detected 30 minutes after injection. Continuous
declines were observed with further extensions of time in
all tissues, except in the liver and kidney from group C
(Figure 2C and D). The data suggest that an external mag-
netic field not only helps accumulate MIL in target locations
(eg, the kidney) but also helps remove MIL from blood
vessels. Only the curves for kidneys and livers from group
C showed two peaks at 30 and 180 minutes, respectively,
although details of this phenomenon are unknown. This
second distribution peak was not found in other tissues
from group C.
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Figure 2 Pharmacokinetic and tissue-distribution studies of magnetoliposomes containing recombinant human (rh)-IFNa.,b (MIL) in animals.

Notes: (A) Plot of plasma rhIFNoLb concentrations at eight different time points (10, 30, 60, 120, 180, 240, 300, and 480 minutes) from three groups of mice intravenously
injected with free rhIFNoLb (group A), and MIL (groups B and C). Group C mice were given external magnetic tablets, whereas group B mice were not. (B) Plot of
rhIFNo,,b concentrations in spleen tissues. (C) Plot of rhIFNa.b concentrations in liver tissues. (D) Plot of rhIFNo.,b concentrations in kidney tissues. (E) Plot of rhIFNo.,b

concentrations in lung tissues. (F) Plot of