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ABSTRACT: In the present study, we fabricated magnetic
oleosomes functionalized with recombinant proteins as a new
carrier for oil-based lipophilic drugs for cancer treatment. The
bioengineered oleosome is composed of neutral lipids
surrounded by a phospholipid monolayer with embedded
oleosin fusion proteins. The oleosin was genetically fused to a
nanobody of a green fluorescent protein (GFP). A
recombinant protein consisting of immunoglobulin-binding
protein LG fused to GFP was used to couple the oleosome to
an antibody for targeted delivery to breast cancer cells. The

Magnetic Oleosome

for lipophilic drug delive 1. Minimized drug leaking 2
pop! 9 y 2. Target specific delivery 3 )‘f&
Bl st | S, .
1) Nivo, 0,086 ¥ £ Magnetic
=\ = O cation f,,«ﬁ"% 2995 Hyperthermia
N o 7= o® L o
e Z £ i o Oo 3 Burst drug release
LS ; ©° 4 Thermal therapy
\_Antlhody | ‘ BX
: GFP-LG protein Il A o8 i
- | e —
&Y:}) 0 P <\ Oleosin-GFP nanobody D - 48
, 0il body (Drug loading) "f‘ 10 o 4 NAda"‘age
Magnetic core ) o 0 [ O™ )
= N= (ZnFe,0,) Sustain drug release

Cy k -

lipid core of the oleosome was loaded with magnetic nanoparticles and carmustine as the lipophilic drug. The magnetic oleosome
was characterized using transmission electron microscopy and dynamic light scattering. Moreover, the specific delivery of
oleosome into the target cancer cell was investigated via confocal microscopy. To examine the cell viability of the delivered
oleosome, a conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was carried out. Furthermore, an
animal study was conducted to confirm the effect resulting from the delivery of the anticancer drug-loaded oleosomes. Taken
together, the fabricated lipophilic drug-loaded magnetic oleosome can be a powerful tool for oil-based drug delivery agent for

cancer therapy.

KEYWORDS: oleosome, lipophilic drug delivery, magnetic hyperthermia, cancer therapy, carmustine

B INTRODUCTION

Numerous potent lipophilic drugs exhibit low bioavailability
and cannot be delivered by oral or intravenous injection routes
of administration in their original form due to instability, low
membrane permeability, poor solubility, efflux transport
mechanisms, etc."” In recent years, lipid-based formulations
have been used to improve the bioavailability of lipophilic drug
compounds, which include micro- or nanoemulsions,” ™ self-
emulsifying formulations,® surfactant dispersions,7 liposomes,g’9
and solid lipid nanoparticles.'”'' Nanoemulsions offer several
advantages including enhanced solubility, rapid onset of action
(no extra time for dispersion), reduced intersubject variability,
toxicological safety, and a high content of the lipid phase.'”"”
The decrease in the rate of dissolution of self-emulsifying drug
delivery systems may lower the potential of the lipophilic drug
delivery system compared to a liquid micro/nanoemulsion.
Additionally, administration of a lipophilic compound in a
dissolved state and in a liquid formulation can reduce the
energy associated with the solid—liquid transition.'* For
example, to improve the stability of the lipophilic drug in the
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water phase, liposomes are popularly utilized by incorporatin%
active lipophilic components into inert lipid bilayers.'
However, this technique has a limitation in its limited drug-
loading capacity considering that lipophilic druégs can exist in
stable conditions only inside the lipid bilayer.'® To overcome
this limitation, amphiphilic polymer-based micro/nanoemul-
sion systems were recently proposed; however, although
holding great potential, their biodegradability remains a lasting
concern.

The oleosomes, oil body encapsulating vesicles, are another
example of naturally occurring structures that are engineered by
natural self-assembly.'”'® The structure of an oleosome is that
of oil droplets surrounded by a monolayer of phospholipids
embedded with some unique proteins such as oleosin. These
naturally occurring oil droplet structures are quite unique
because they do not aggregate or coalesce, even when subjected
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Figure 1. Synthesis and characterization of functional oleosome. (A) The functional oleosome are synthesized by four steps. Step 1: synthesis of
zinc-doped magnetic nanoparticles (ZnFe,O,, MNPs, 8 nm) and dispersion in olive oil. Step 2: adding phosphate-buffered saline (PBS) solution
containing the phospholipid and oleosin-green fluorescent protein (GFP) nanobody into olive oil containing MNP and forming the oleosome with
ultrasonication. Step 3: GFP labeling of oleosome by conjugation of GFP-LG protein with oleosin-GFP nanobody. Step 4: providing target-specific
moiety to oleosome by antibody conjugation with GFP-LG protein. (B) Atomic force microscopy (AFM) image of oleosomes (inset: size of x-, y-
axis = 400 nm) and (C) cross-sectional measurement along the line shown in inset in (B). (D) Representative picture showing that the oleosomes
dispersed in water are attracted to a magnet. (E) The MNPs-containing solutions (oil and water) and magnetic oleosome in water (100 yg/mL)
exhibited an elevated temperature when exposed to an alternating magnetic field (AMF), exhibiting the localized heating effect. The temperature was

monitored using a fiber-optic probe.

to extreme environmental stresses, such as moisture or
temperature fluctuations.'” Moreover, they retain their
structural integrity and stability even after they have been
extracted from the seed. However, the sizes exhibited by natural
oleosomes are relatively big, i.e., 0.5—2.0 ym, and therefore are
limited in their application as intracellular drug delivery
vehicles. Furthermore, an additional modification is often
needed to give target specificity as well as additional
functionality.'”*°

To address the aforementioned lipophilic drug delivery
challenges, here, we first demonstrate a nanosized functional
oleosome capable of specifically targeting lipophilic drug
delivery and inducing magnetic hyperthermia. The functional
oleosome is composed of a highly magnetic zinc-doped iron
oxide (ZnFe,0,) nanoparticle core in the oleosome inner
space, an amphiphilic recombinant peptide (oleosin fusion
protein), an oil body (olive oil), and an antibody surface
functionalization. Our unique oleosin fusion protein design
enables easy and efficient coupling of the targeting antibodies
with oleosome via self-assembly. Moreover, the multifunction-
ality of our oleosome allows for the induction of magnetic
hyperthermia via exposure to an alternating magnetic field
(AMF) to further sensitize cancer cells to subsequent
chemotherapy. Figure 1A shows the oleosome fabrication steps.
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B EXPERIMENTAL SECTION

Materials. 3-(4,5-Dimethylthiazol-2-yl)-2,S-diphenyltetrazolium
bromide (MTT) and olive oil were purchased from Sigma-Aldrich.
Purchased from Sigma-Aldrich, phosphate-buffered saline (PBS) was
prepared in deionized (DI) water. The washing buffer was prepared by
50 mM Tris, 150 mM sodium chloride, 0.02% dodecyl maltoside, and
20 mM imidazole. The elution buffer was composed of 50 mM Tris,
150 mM sodium chloride, 0.02% dodecyl maltoside, and 250 mM
imidazole. Sodium chloride, Tris and dodecyl maltoside, and dimethyl
sulfoxide (DMSO) was purchased from Daejung Chemical (Korea).
Nitrosonium tetrafluoroborate (NOBF,) and imidazole were obtained
from Sigma-Aldrich. The 1,2-dioleoyl-sn-glycero-3-phosphocholine
used as phospholipid was purchased from Sigma-Aldrich. Ni-
nitrilotriacetic acid (NTA) resin for affinity chromatography was
purchased from Qiagen (Germany). To pull the MNP, MagCellect
magnet was obtained from R&D systems.

Construction of Plasmids for Expressing OHNG and GFP-LG
Fusion Proteins. Two recombinant fusion proteins, oleosin fused
with anti-GFP nanobody via a cellulosomal hydrophilic domain (HD)
linker (Oleosin-HD linker-Nanobody of GFP, OHNG) and protein
LG fused with GFP (GFP-LG), were produced using Escherichia coli.
To construct the plasmid pET-OHNG encoding oleosin-HD-nano-
body with a C-terminal His-tag, a GFP-nanobody fragment was
amplified with forward primer NGB (5'-cgcggatcecaggttcaactggtg-
gaaag-3’; BamHI site underlined) and a reverse primer XGR (§'-
cgcctcga§ttagtgatggtgatg-3’; Xhol site underlined) using the plasmid
pCTNG™" as the template. The resulting polymerase chain reaction
(PCR) product was digested with BamHI and Xhol and ligated into
BamHI-Xhol linearized pET21a(+) to form pETNG. Subsequently,
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the olesin—HD fusion fragment was PCR amplified with forward
primer OXF (S§'-aatgtctagagctgagcattatggtcaaca-3'; Xbal site under-
lined) and reverse primer HDRB (5'-cgcagatctgccagggatatcttttggtaa-3';
BglIl site underlined) using pOHC?” as the template, digested with
Xbal and BglIl, and subcloned into Nhel-BamHI linearized pETNG to
create pET-OHNG. Plasmid pET-GFP-LG encodes immunoglobulin-
binding protein LG from Peptostreptococcus magnus fused with a
Hisg-tagged GFP. It was assembled via two-step cloning. First, LG
coding sequence was amplified from pHD389-LG>* using forward
primer LGF (§'-catatggctagcaaaaaaactgctategctate-3'; Nhel site under-
lined) and reverse primer LGR (5'-atcgagctccatttcagttaccgtaaagg-3';
Sadl site underlined). The obtained LG fragment was integrated into
Nhel-Sacl linearized pET2la(+) to form pETLG. Then the
DDDDKGGR-GFP-Hiss coding sequence was obtained by PCR
from pH469 (provided by H. Edske) with forward primer GFS (5'-
cgcgagctcgatgacgacgacaagggeg-3’; Sacl site underlined) and reverse
primer XGR; it was digested with Sacl and Xhol and ligated into
pETLG to form pET-GFP-LG.

Magnetic Nanoparticle Synthesis. The synthesis of ZnFe,O,
magnetic nanoparticles (MNPs) has previously been reported and
modified by our group.**”** Briefly, 1.35, 0.3, and 0.7 mM of
Fe(acac);, ZnCl,, and FeCl,, respectively, were mixed into a round-
bottom flask with 20 mL of tri-n-octylamine, 6 mM of both oleic acid
and oleylamine, and 10 mM of 1,2-hexadecanediol. The reaction
mixture was then heated, at a rate of 4 °C/min, up to 200 °C for 2 h.
From here, the mixture was heated to 305 °C, using a similar heating
rate, for another 2 h and the nanoparticles were purified by repeatedly
washing with ethanol. Finally, the MNPs were characterized via
transmission electron microscopy (TEM) using a JEOL 1200EX
electron microscope model at 80.0 kV.

To characterize the magnetic properties of the nanoparticles, the
resulting MNPs (25 pg/mL in olive oil) were exposed to an AMF (5
kA/m, 225 kHz) using a solid-state induction heating system
(Superior Induction Company) for 1 h. The temperature of the
solution was monitored using a fiber-optic temperature probe
(LumaSense Technologies). The scanning transmission electron
microscopy (STEM) image was obtained using a Nion UltraSTEM
microscope (Nion) using an electron probe with a convergence
semiangle of 35 mrad. Powder crystal diffraction data was recorded
using an Ultima IV X-ray diffractometer (Rigaku) a with Cu Ka
radiation (4 = 1.5406 A). Data were collected between 18 and 70° 20
with a step size of 0.02° and a scan speed of 2°/min.

For the specific heat capacity experiment, hydrophilic ZnFe,O,
MNPs also were prepared via ligand exchange using NOBF,.” Briefly,
1 mL of a hydrophobic MNP dispersion in hexane (5 mg/mL) was
mixed with 1 mL of a dichloromethane solution of NOBF, (0.01 M) at
room temperature. After S min, precipitated MNPs were obtained by
centrifugation and redispersed in the dimethylformamide (DMF). To
purify the hydrophilic MNPs, the same volume of the hexane was
added to the MNP solution in DMF and mixed. The MNPs were then
precipitated with centrifugation, followed by the addition of a small
volume of DMF (100 uL) to redisperse the hydrophilic MNPs, which
were then diluted in DI water (5 mg/mL as the final concentration in
DI water).

Purification of Recombinant Proteins. Recombinant His-tagged
GFP-LG fusion protein was expressed in E. coli and purified using
immobilized metal affinity chromatography with Ni-NTA in the batch
mode. Eluted GFP-LG protein solution was further processed using
centrifugal ultrafiltration membrane tubes to remove imidazole.
Finally, the recombinant GFP-LG was obtained. To purify the
recombinant OHNG protein, a frozen pellet of the cell for oleosin was
diluted in PBS, and then, following the same process of the
recombinant GFP-LG purification. The purified GFP-LG and
OHNG proteins were checked using 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis.

Synthesis and Characterization of Functional Oleosome. To
synthesize the oleosome, MNPs were dried and dispersed in the olive
oil (I mg/mL). For cancer treatment, carmustine was dispersed
(solubility in olive oil: 300 mg/mL) along with the MNP in the olive
oil, inside the oleosome with different concentrations (0, 2.5, 5, 10,
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and 20 uM). The recombinant OHNG was prepared in a PBS (10
mM, pH 7.2). The OHNG solution was mixed with the MNP and
carmustine olive oil solution for 5 min on ice, followed by sonication
via an ultrasonicator three times, using 20 kHz, 5 Watts for 30 s. After
sonication, an emulsion-like structure (oleosome) was synthesized,
which composed of an inner olive oil component possessing the MNP
and a water-soluble outer component. To wash and purify the
oleosomes in the mixed solution, the oleosomes were pulled by a
magnet utilizing the encapsulated MNP inside the oleosome, after
which, the fresh buffer solution was used to wash the oleosomes
several times. After the washing, 100 pg of phospholipid was dispersed
in PBS (100 pg/mL as a final concentration in the oleosome solution),
which was then added to the oleosome solution, followed by
sonication. The solution was sonicated with an ultrasonicator using
20 kHz, 5 Watts for 30 s, followed by washing with fresh buffer using
an external magnet as described previously, resulting in our MNP and
carmustine-loaded oleosome. Hundred microlitres of recombinant
GFP-LG (1 mg/ mL) was then immobilized on the fabricated
oleosome. Finally, the MNP and carmustine-loaded oleosome with
GFP-LG functionalization for cancer treatment were fabricated. The
constructed oleosome was investigated by TEM, and the fully
functionalized oleosomes were characterized by atomic force
microscopy (AFM), TEM, dynamic light scattering (DLS), and ¢-
potential analysis. The AFM images were obtained by using NX-10
(Park systems) with a tapping mode using 0.3 Hz scan rate for selected
area. The TEM images were acquired by using a JEOL transmission
electron microscope (JEM1010) with an accelerating voltage of 80 kV.
The DLS and {-potential analysis were performed using a Malvern
Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA) with
reproducibility being verified by the collection and comparison of
sequentially obtained measurements. Oleosomes were prepared using
purified water (resistivity = 18.5 MQ cm). The DLS measurements
were performed at a 90° scattering angle at 25 °C. The Z-average sizes
of three sequential measurements were collected and analyzed. The (-
potential measurements were collected at 25 °C, and the Z-average
potentials following three sequential measurements were collected and
analyzed.

Specific Cell Targeting with Functional Oleosome. Twenty-
four hours before the functional oleosome treatment, breast cancer
cells (MDA-MB-231 and SK-BR-3 from the Korean cell line bank) and
human mammary epithelial cells (HMECs, from Lonza) were seeded
into each well of a 6 well plate, so as to attain 70% confluency at the
time of transfection. The functional oleosomes were formed as
described above. Thereafter, various concentrations of oleosomes
solutions were prepared in PBS and added to each well to measure
dose efficiency. Subsequently, the cell culture plates were placed on a
static magnetic plate (R&D systems) for 2 h and afterward the cells
were washed with PBS and the transfection medium was replaced with
fresh growth medium. The growth mediums for the cell lines
(obtained from Gibco) used in the study are as follows: Roswell Park
Memorial Institute 1640 supplemented with 10% FBS and 1%
Penicillin—Streptomycin.

In Vitro Cell Viability Assay. To test the anticancer drug-
containing oleosome, an MTT assay was conducted. 2 X 10* cells were
seeded with 100 pL growth media and incubated in a 96 well plate to
validate the results of the oleosome drug delivery. After 24 h, the
media in the plates were changed to fresh media and 10 uL of
carmustine-loaded oleosome solution was added. The oleosome-
treated cells were incubated for an additional 24 h while being
mounted onto a magnetic plate as described before to assist in MNP-
mediated oleosome transfection. MTT solution (20 L) was added to
each well and incubated for 2 h in 37 °C. The solutions in the wells
were replaced with 100 #L of DMSO and incubated for 20 min. As the
final step, the cell viability was monitored by taking 540 nm
absorbance measurements using a Benchmark microplate reader
(Bio-Rad, Canada). The percentage of viable cells was normalized by a
control (10 uL PBS treated) condition as 100% viable. All
measurements were made 48 h after initial transfection. All
experiments were conducted five times (n = S) and averaged.
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Figure 2. Optimization of oleosome synthesis. (A) Size distribution of functional oleosomes in the synthesis process. The size of oleosome was
decreased with two different phases by repentance of ultrasonication. In the first phase of ultrasonication (1st to Sth repentance), the size of
oleosomes was decreased, but the inside of oleosome was filled up with MNPs. Afterward, in the second phase, the size of oleosomes was saturated
and the number of inner MNPs was decreased. After eighth cycle of ultrasonication, oleosome was functionalized with GFP-LG protein and
antibody. Values are given as mean + scanning electron microscopy (SEM). (B) Transmission electron microscopy images of oleosomes in each

step. Dash line is the border of oleosome. Scale bar is 100 nm.

Magnetic Hyperthermia. Twenty-four hours after transfection,
cells were washed with Dulbecco’s phosphate-buffered saline,
trypsinized, and exposed to an AMF (S kA/m, 225 kHz) for the
desired amount of time. In particular, to achieve a constant
temperature of 45 °C, the cells were initially exposed to an AMF
for 15 min to achieve a temperature of 45 °C. Afterward, the cells were
periodically exposed to AMF (S min on, 2 min off, three cycles) to
maintain the temperature at 45 °C. Thereafter, fresh media was added
to the treated cells and the cells were plated back into 24 well plates.
Every procedure was conducted for the control group with the same
time conditions.

Fluorescence-Based Monitoring of Lipophilic Drug Release.
The green fluorescent, lipophilic carbocyanine SP-DiOC4(3) was
selected as a model to monitor the release of the lipophilic drugs from
oil to the water phase. SP-DiOC 4(3) is a DiO analogue that contains
sulfonate groups that improve the water solubility while maintaining
the similar water solubility to carmustine (4 mg/mL).30 Before testing
with the oleosome, SP-DiOC4(3) was dissolved in water with
different concentrations (0—40 yM) and its fluorescent intensities
were measured with a fluorescence spectrophotometer (Cary Eclipse
Fluorescence Spectrophotometer, Agilent) with fixed excitation (497
nm) and emission (513 nm) wavelengths to generate a standard curve.
After the standard curve plotting, an oleosome containing 20 M SP-
DiOC4(3) in olive oil was synthesized. The oleosome solution was
mixed with PBS and the fluorescent signal of this solution was
measured at different time points (0, 0.5, 1, 2, 4, 6, 12, 24, and 36 h).
To measure the fluorescent signal of PBS, oleosome-mixed PBS was
separated by centrifugation (6000 rpm, S min).

Animal Studies. The xenograft mouse model was generated by
transplanting malignant breast cancer cells (MDA-MB-231) into S-
week-old female BALB/c nude mice (SLC, Japan). All animals were
acclimated to the animal facility for 7 days before experimentation and
maintained according to the Guide for the Care and Use of Laboratory
Animals published by the National Institute of Health. They were
housed in a barrier under high-efficiency particulate air filtration and
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provided with sterilized food and water ad libitum. The animal facility
was kept under 12 h light/dark cycles at room temperature 21 + 2 °C
with 30—40% humidity. Approximately 2.0 X 10° MDA-MB-231 cells
were mixed with 354234-matrigel (BD) and subcutaneously injected
into the dorsal area of mice. Cancer cell-transplanted mice (n = 15)
were monitored daily and separated into three groups based on the
size of the tumor when more than 60% of mice had around 100 mm®
tumor volume. Three different treatment conditions were designed to
evaluate the anticancer effect of the functional oleosomes: group 1
(G1): negative control (PBS); group 2 (G2): positive control
(carmustine with PBS); and group 3 (G3): functional oleosome
groups. The treatments were performed once every 3 days (two times
a week) via intravenous injection and the injection volume was SO
mL/kg. The treated concentration of carmustine was 0.428 mg/kg for
G2 and G3. The animals were also weighed two times a week. After 4
weeks, the tumors were extracted after euthanasia.

B RESULTS AND DISCUSSION

Formation of Functional Oleosome. To fabricate
functional oleosomes, several steps were required. Figure 1A
illustrates a schematic representation of the fabrication process.
First, we have synthesized magnetic nanoparticles with a
composition of ZnFe,O,, which has a higher magnetic
susceptibility compared to the Fe,O; or Fe;O, nanoparticles,
characterizing their size and morphology using TEM.***"** To
further characterize the nanoparticles, we measured a d-spacing
of approximately 0.16 A, corresponding to the (S11) lattice
place, which is a representative structural information for zinc-
doped magnetic nanoparticles obtained using STEM (Figure
S1). The elemental composition of ZnFe,O, nanoparticles is
obtained from energy-dispersive X-ray spectroscopy. The peaks
corresponding to Fe (6.405 keV) and Zn (8.637 keV) are
observed in the ZnFe,O, nanoparticle sample, whereas Fe;O,
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(A) MDA-MB-231 cells were labeled with oleosome-EGFR but not with oleosome-HER2. (B) SK-BR-3 cells were labeled with both oleosome-
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fluorescence images. Fluorescence images were obtained with fluorescein isothiocyanate filter (495 nm excitation, 520 nm emission). Scale bar is 100
um. (C) Normalized fluorescence intensity of functional oleosome treated cancer cells. **p < 0.0001.

sample showed only Fe (Figure S2). The magnetic nano-
particles, phospholipid, and purified oleosin fusion protein were
mixed and ultrasonicated several times. The LG-GFP fusion
protein was then introduced to self-assemble with the
nanobody on the oleosome surface. In the final step, the
epidermal growth factor receptor (EGFR) antibody was bound
to LG-GFP for specific delivery to cancer cells displaying
EGFR. To confirm the structural integrity of fabricated
oleosome, atomic force microscopy (AFM) measurements
were carried out. The oleosomes’ stability is demonstrated by
the homogeneous ellipsoidal structure of the phospholipid-
OHNG membrane in the air which has a 276.0 nm diameter
with a 5.9 nm height (Figure 1B,C). Considering that the
oleosome had no supporting fluid to disperse in, the oleosome
was flattened onto the substrate into an ellipsoidal structure.
This typical behavior can also be seen in similar structures,
including liposomes.”> The encapsulated 8.2 + 0.6 nm MNP
inside the oleosome was also observable in the AFM image,
manifesting as a 12 nm height bubble structure. From these
measurements, we have calculated the expected size of the
oleosomes (76.0 nm) in water by assuming the inner volume of
ellipsoidal and spherical forms of the oleosome to be similar.
During the synthesis process of the oleosome, we used a
magnet to purify the MNP-contained oleosome and as a result
of this, most of the oleosome showed the magnetic reactivity
(Figure 1D). Considering olive oil’s density, oleosomes are
slightly lighter (0.93 g/cm? at 25 °C) than water (1.00 g/cm? at
25 °C); however, oleosomes are still able to homogeneously
disperse in the solution with the mild mixing. The specific heat
capacity of olive oil (1.97 kJ/(kg K)) results in another
advantage for the magnetic hyperthermia application of
oleosome. The magnetic oleosome showed lower specific
heat capacity 3.42 + 0.31 kJ/(kg K) relative to water (4.19 kJ/
(kg K)), which is the reason why it shows a faster heating rate
than water while being slower than the olive oil condition
(Figure 1E).

Although recombinant oleosomes and their use as drug
carriers have been previously reported,””* the present study
offers three important improvements over established oleosome
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technology. First, oleosin proteins used to form the oleosomes
are typically present as inclusion bodies in E. coli cell
pellets.”*** The oleosomes containing the aforementioned
oleosin fusion proteins are therefore not only prone to
aggregation, but they also inevitably contain other unwanted
E. coli hydrophobic proteins contaminants. Our approach was
to guarantee homogeneity via the use of purified oleosin fusion
proteins for the oleosome assembly. Hence, only the desired
protein functionality is present on the oleosome surface with
much less protein aggregation. Second, we created a unique
coupling system that involves GFP/GFP-nanobody and protein
LG/IgG binding pairs to enable simple, efficient, and universal
coupling of IgG antibody to the oleosome by self-assembly.
Such a strategy can be further extended by employing other
binding pairs such as cellulosomal cohesion/dockerin binding
domains.”” Lastly, the oleosome system presented in the
current study is endowed with magnetic susceptibility by
impregnating the oil core of the oleosome with lipophilic
magnetic nanoparticles, which, in turn, allows for the use of
magnetic hyperthermia treatment to enhance drug release from
the oleosome.

Characterization of Oleosome. The size of the prepared
oleosomes was analyzed using DLS. Figure 2A shows that the
oleosome diameter depends on the cycles of ultrasonication.
With increasing cycles of ultrasonication, the size of the
oleosome decreases up to eight cycles of ultrasonication.
During the first four ultrasonication cycles, the diameter of the
oleosome decreased from 500 to 200 nm. However, from Sth
to 8th ultrasonication, the size of the oleosome kept almost
constant near 100 nm. These last cycles instead caused a
decrease in the MNP volume in the oil body, leading to an
increase in oil volume and, therefore, increased carmustine
loading. Due to the increase in the entire oleosome’s surface
area during the ultrasonication, we added additional phospho-
lipids in the oleosome solution before the start of next cycle.
During the eight cycles of ultrasonication, the surface charge of
oleosomes did not change significantly (+3.3 + 0.8 mV).
Subsequently, the oleosomes were functionalized with GFP-LG
and the anticancer receptor antibody, causing the size of the
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Figure 4. Synergistic anticancer effect of functional oleosome with magnetic hyperthermia. (A) Schematic illustration of functional oleosome-
mediated synergistic anticancer effects by the combination of spatiotemporal heating and lipophilic drug release via magnetic hyperthermia. (B) Cell
viability assay with carmustine-loaded oleosome-EGFR. Oleosome-EGFR showed target-specific anticancer effects on the EGFR-expressed cancer
cells (MDA-MB-231 and SK-BR-3), whereas normal breast cell (HMEC) was not affected. (C) The cytotoxicity of MDA-MB-231 treated with
combinations of carmustine and hyperthermia therapy. (D) Improved release of lipophilic fluorescence dye (drug model) from oleosome to buffer
solution with magnetic hyperthermia. The dye-loaded oleosome solution was exposed to the alternating magnetic field (AMF, 45 °C, S min on, 2
min off, three cycles) before measuring the fluorescence intensity. Values are given as mean = SEM (n = S). *p < 0.001.

oleosome to increase slightly to an approximated 100 nm
diameter. During the functionalization, the surface charge of
oleosome was changed as a negative value with GFP-LG
(=172 + 1.4 mV) while slightly shifting positive after the
antibody conjugation (—15.4 + 1.6 mV). Following DLS and ¢-
potential investigation, the prepared oleosomes were inves-
tigated by TEM, as demonstrated in Figure 2B. The diameter of
oleosomes ultrasonicated for one and two times was shown to
be 420 and 300 nm, respectively. After Sth to 8th ultra-
sonication cycles, the diameter of the oleosome was almost
constant at about 100 nm accompanied by the drastic decrease
in the MNP content. Thus, through DLS and TEM analysis, we
have confirmed the successful synthesis of the functionalized
oleosome.

Afterward, an mCherry (red fluorescence protein) and an
anti-mCherry antibody were used to confirm the antibody-
binding property of the GFP-LG protein, as well as the
specificity of oleosome’s delivery (Figure S3A). The IgG
isotype anti-mCherry antibody and mCherry were sequentially
treated on the functionalized oleosome. The mCherry-
decorated oleosome showed a magnetic response by arranging
along the applied magnetic field and mCherry signal was well-
aligned with the GFP signal (Figure S3B).

Target-Specific Binding of Oleosome. Once the
functionalized oleosomes were generated and characterized,
we went on to test the delivery specificity of the lipophilic drugs
and the subsequent apoptotic efficacy for two breast cancer cell
lines (MDA-MB-231 and SK-BR-3), which have different
surface marker expressions (Figure 3). To evaluate the targeting
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property of the functionalized oleosomes with breast cancer
cells, two families of oleosomes were synthesized and
functionalized with appropriate antibodies—anti-epithelial
growth factor receptor (EGFR) antibody and anti-human
epidermal growth factor receptor 2 (HER2) antibody,
respectively. Breast cancer cells were treated with the
functionalized oleosomes under a magnetic field to pull down
the oleosome and to increase the interactions between
oleosomes and cell surface (Figure 3A,B). Two hours after
treatment, fluorescent imaging clearly demonstrates a successful
specific labeling of the breast cancer cells, having the expected
antibody type match with the corresponding surface marker
expression profile; MDA-MB-231 (EGFR'/HER2™) and SK-
BR-3 (EGFR'/HER2*) (Figure 3C). The specific targeting
property was also tested with normal breast cancer cells
(HMECs) and neuroblastoma (SH-SYSY), which do not
express either surface markers (EGFR™/HER2") (Figure S4).

Synergistic Anticancer Effects of Oleosome. To
examine the cytotoxicity of the carmustine-loaded oleosomes,
an MTT assay was conducted in a human mammary epithelial
cell (HMEC) line as a noncancerous cell type and two breast
cancer cell lines (MDA-MB-231 and SK-BR-3) (Figure 4A).
The carmustine-loaded oleosomes showed significant anti-
cancer effects on SK-BR-3 (97.2% cytotoxic effects) and MDA-
MB-231 (59.9% cytotoxic effects) with 20 uM carmustine,
whereas HMECs were not as significantly affected by the
oleosomes, even with varying dose conditions (Figure 4B).
More specifically, 26.4% of HMECs survived with the same
concentration of carmustine (20 M) under the conventional
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Figure S. In vivo tumor suppression efficacy of functional oleosome. (A) Schematic illustration of functional oleosome delivery in a xenograft model.
MDA-MB-231 cells were subcutaneously transplanted to generate a tumor. After tumor was formed in the mouse, EGFR-targeting oleosome
(oleosome-EGFR) solution was injected intravenously. (B) Tumor growth in mice was monitored with different drug treatment conditions; PBS
(control, G1), carmustine-dissolved PBS (carmustine only, G2), and carmustine-loaded oleosome (G3). Tumor volumes (mm3) were assessed with
calipers and are shown as means (n = S mice per group; *p < 0.001 compared to G2 and G3). (C) Image of dissected tumors. The size of tumor
dissected from G3 mouse showed significantly smaller size than other groups tumors (G1 and G2). Scale bar is 1 cm. (D) The whole-body weight of
tested mice showed no differences between tested groups. Values are given as mean + SEM (n = $).

lipophilic drug delivery method (Figure SSA). Similarly,
carmustine-loaded functional oleosomes did not show any
cytotoxic effects on human umbilical vein endothelial cells even
when tested with higher concentrations (S0 M), indicating
that they will not be taken up by endothelial cells nonspecifi-
cally during in vivo circulation (Figure SSB). Consequently, our
oleosome platform has shown selective and effective anticancer
treatment results; however, in the case of MDA-MB-231, the
efficacy needs improvement. We hypothesize that MDA-MB-
231 shows enhanced drug resistance due to a higher expression
of drug efflux transporter genes (ABCG2) compared to other
breast cancer cell lines such as SK-BR-3; hence, we consider the
treatment of higher concentrations or conducting additional
treatment methods.*®

Finally, owing to the magnetic properties of our oleosomes,
the oleosome can provide many desirable advantageous
functionalities. For instance, previous studies from our
group”*>*” and others®*™*" have demonstrated the ability of
MNPs to induce localized and effective magnetically induced
hyperthermia, which partially acts by targeting DNA repair
mechanisms as well as directly inducing apoptosis. To this end,
we hypothesized that the combination of magnetic hyper-
thermia together with the carmustine could be used to generate
the desired synergistic DNA damage and apoptosis in cancer
cells. Moreover, by using a single MNP core, we not only could
induce magnetic hyperthermia but also facilitate drug release
from the oil phase to the water phase, which is a significant
limitation of the traditional oil-based drug delivery (Figure 4A).
The oleosome showed approximately 40% killing efficiency
with magnetic hyperthermia when compared to similar
concentrations of the carmustine oleosome conditions (Figure
4C). Moreover, 5 and 10 uM concentrations of carmustine-
loaded oleosomes show an enhancement of up to approx-
imately 80% killing efficiency. Through a phase-transfer drug-
monitoring system based on a lipophilic fluorescent dye (SP-
DiOC4(3)), we confirmed that this synergistic effect was due
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to the ability of magnetic hyperthermia to further improve the
drug transfer from the oil to water phase (Figure 4D).M

Evaluation of in Vivo Anticancer Activity. After
confirming our strategy in in vitro cultures of cancer cell
lines, we next sought to confirm the biocompatibility as well as
the tumor suppression efficacy of the oleosome toward a
xenograft mouse model with malignant breast cancer cells
(MDA-MB-231) (Figure 5). To achieve this goal, the toxicity of
carmustine on the mouse, where carmustine was introduced via
intravenous injection with different doses, was determined
before therapeutic efficacy investigation. Carmustine is a known
cell cycle phase nonspecific alkylating antineoplastic agent. Not
only does carmustine have a high lipid solubility, but it also has
been shown to readily cross the blood—brain barrier, leading it
to become one of the most clinically used drugs for brain tumor
treatment.”” However, it is not popularly used for other
malignant tumors due to its lack of target specificity and easy
cell membrane fusion in normal tissues during regular body
circulation.* By varying the volume ratio of oleosome, we
found that 1:50 (oleosome/PBS) or less ratio of oleosome
solution had a negligible effect on survivability under the daily
intravenous injection condition, whereas over 1:10 ratio of
oleosome solution was found to be toxic after 1 h injection by
the obstruction of blood flow.

After the confirmation of the optimum ratio of oleosomes for
the mouse model, carmustine-loaded oleosomes were admin-
istered to mouse via intravenous injection to confirm the tumor
suppression effects of carmustine (Figure SA). Specifically, 4
weeks after the injection, we confirmed that carmustine-loaded
oleosomes showed a significant tumor inhibition (69.7%
suppression in tumor volume vs. control group), whereas
single treatment of carmustine showed a 5.9% increase in tumor
volume instead (Figure SB,C). Additionally, no damage to
other organs (e.g, liver, kidney, spleen, data not shown) and
consistent body weight increase were observed (Figure SD),
proving that the oleosome effectively delivered the carmustine
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into the tumor specifically for tumor ablation. This provides a
successful proof-of-concept test that functional oleosomes can
be an attractive candidate for target specific lipophilic drug
delivery with minimal side effects to normal/healthy cells.

Bl CONCLUSIONS

In this study, an oleosome-containing magnetic nanoparticles
and drugs was developed as an effective lipid-based lipophilic
drug delivery agent. To effectively target cancer cells, the
oleosome boundary protein, oleosin, was modified to link with
an anti-GFP nanobody via a recombinant DNA technique, and
a recombinant protein (GFP-LG) was successfully used to
couple the oleosome with an antibody for cancer cell surface
receptor targeting. The AFM analysis confirmed the correct
assembly of the antibody-functionalized oleosomes, and the
lipid core of the oleosome was successfully loaded with
carmustine and magnetic nanoparticles. The functionalized
magnetic oleosomes showed a high selectivity toward cancer
cells with a high anticancer activity in cancer cell cultures due in
part to the ability of magnetic hyperthermia to improve drug
release. Furthermore, the in vivo animal study also supports the
efficacy of the magnetic oleosome delivery system. Taken
together, the proposed oleosome system provides a versatile
and effective drug delivery system with a great potential for
advancing breast cancer treatment.
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