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A Pep-1 peptide-modified liposomal (Pep1-Lipo) carrier system was investigated to increase the intracellular
delivery of gold nanoparticles (Au NPs). Au NPs with a mean diameter of 13 nm were successfully encapsulated
into the inner aqueous compartment of the novel carrier using an ethanol injection technique, reserving the dis-
tinctive optical characteristics of the surface plasmon resonance peak around 530 nm. The Au NP-loaded liposo-
mal carrier was physically characterized as 150—170 nm in size and 45mV in zeta potential. Dark field micro-
scopic observation demonstrated that in vitro cellular association and/or translocation of the nanoprobes into the
cells was increased by Pepl-Lipo carriers compared to bare Au NPs. In conclusion, this novel liposomal formula-
tion is a promising platform for the intracellular delivery of metallic nanoprobes including Au NPs.
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Recent advances in chemical engineering technology have
guided the innovation of different metallic nanoparticles, in-
cluding quantum dots, nanoshells, superparamagnetic nano-
particles, and gold nanoparticles (Au NPs)." > Au NPs are
a promising tool for biomedical diagnosis because of their
unique photo-optical properties, high sensitivity and bio-
compatibility. Their efficient scattering allows them to visu-
alize and monitor subcellular compartments and cellular
processes.**® In addition, Au NPs demonstrate therapeutic
enhancement in radiation and photothermal therapies.”'?)
However, diagnostic and therapeutic applications of Au NPs
are significantly limited by several drawbacks, including ag-
gregation of particles, loss of unique optical properties under
physiological conditions, and poor translocation efficiency
to the cytoplasm or nucleus.'” The cellular uptake of
nanoprobes with diameters between 12nm and 70 nm was
only about 4% for 24 h incubation.'” Gold NPs as small as
10nm are almost captured by membrane-bound organelles
after cell incubation and do not reach the cytoplasm or nu-
cleus."™

Liposomal nanocarrier systems are formidable tools for
enhancing intracellular delivery of image probes, including
Au NPs. Liposomes, composed of a lipid bilayer and internal
aqueous compartment, are used as one of several sophisti-
cated delivery technologies, since the entrapment of thera-
peutic and/or diagnostic agents in the carriers improves in
vivo stability and promotes cellular uptake.'"*'® We previ-
ously developed a Pep-1 peptide-modified liposomal (Pepl-
Lipo) system, an advanced liposomal carrier designed to im-
prove the intracellular delivery of macromolecules.'” The at-
tachment of Pep-1 peptide (KETWWETW WTEWSQP-
KKKRKYV), a cell-penetrating peptide, to carriers promoted
the translocation of liposomal macromolecules into cells.
Cell-penetrating peptides (CPPs), including Pep-1 peptide,
rapidly cut across the plasma membrane for both high molec-
ular weight drugs and particulate matter.'>!” We accordingly
hypothesized that encapsulation of Au NPs into the Pepl-
Lipo system facilitates the efficient transport of Au NPs to
the cytoplasm.
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In this report, an Au NP-loaded Pepl-Lipo carrier system
was successfully prepared using an ethanol injection tech-
nique and characterized according to morphology, vesicular
size, surface charge, loading efficiency, and optical spectrum
patterns. Moreover, the in vitro cellular uptake proficiency of
the novel carrier for Au NP delivery was determined.

Experimental
Chemicals and Reagents Soybean phosphatidylcholine (PC), Tween
80", cysteine, gold chloride trihydrate (HAuCl, 3H,0), and trisodium citrate
(Na; citrate) were purchased from Sigma-Aldrich Co. (St. Louis, MO,
U.S.A.). N-[4-(p-Maleimidophenyl)butyryl]-phosphatidylethanolamine
(MPB-PE) was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL,
U.S.A.). Pep-1 peptide (KETWWETWWTEWSQPKKKRKVC, 22mer) was
synthesized by Peptron Inc. (Daejeon, Korea). Cell culture materials were
obtained from Invitrogen (Carlsbad, CA, U.S.A.). All other chemicals and
reagents purchased from commercial sources were of analytical grade.
Preparation of Au NPs Au NPs were prepared using a process devel-
oped by Frens.?” One hundred milliliters of 0.1% HAuCl, solution was
heated to boiling point, and 10 ml of 1% Naj citrate solution was added im-
mediately after boiling commenced. The mixture was boiled for 20 min and
the pale yellow solution turned deep red, reflecting the formation of Au NPs.
Preparation of Au NP-Loaded Pepl-Lipo System The Au NP-en-
trapped Pepl-Lipo carrier was prepared by conjugating Pep-1 peptide to a
nanoprobe-containing liposomal vesicle via a thiol-maleimide reaction as
previously reported.'” Au NP-loaded vesicles were initially prepared using
an ethanol injection method.?'*? Briefly, PC, Tween 80%, and MPB-PE were
taken in a molar ratio of 89:10:1.0 in ethanol at a lipid concentration of
20 mg/ml, then rapidly injected into a round bottom flask with Au NP solu-
tion (20 nm). After 30 min, the ethanol was evaporated under reduced pres-
sure (Rotary Evaporator, Super fit; Ambala, India) to form Au NP-loaded
vesicles. Unencapsulated Au NPs were removed by centrifugation at
15000 rpm for 20 min. Pep-1 peptide solution (1 mg/ml) was then added to
the Au NP-loaded vesicles and allowed to react for 12h at room tempera-
ture. Excess amounts of cysteine were added to block unreacted maleimide
groups on the vesicles. Peptidyl liposomes were isolated from free Pep-1
peptide and cysteine using an ultrafiltration-stirred cell (Millipore, U.S.A.).
Characterization of Au NPs and Au NP-Loaded Pepl-Lipo Systems
Morphological Features: The appearance of Au NPs or Au NP-loaded Pep1-
Lipo carriers was observed by transmission electron microscope (TEM) and
cryogenic-temperature transmission electron microscope (Cryo-TEM), re-
spectively. A small drop of Au NP dispersion was placed on a collodion-
coated grid and drawn off with filter paper. Phosphotungstic acid (2%, w/v)
was applied to the grid and the stained sample was air-dried. The grid was
examined under an electron microscope (JEOL-model JEM-2000EXII,
Japan). The liposomal suspension was placed onto holey-carbon film-sup-
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ported grids for observation of the Au NP-loaded Pepl-Lipo. A thin aqueous
film was produced by blotting with filter paper. The grids were immediately
plunged into liquid ethane before the thin samples began to evaporate. The
frozen grids were stored in liquid nitrogen and transferred to a Gatan model-
630 cryotransfer (Gatan, Inc., Warrendale, PA, U.S.A.) under liquid nitrogen
at —190°C. Cryo-TEM images were then acquired with a CCD camera
(Multiscan 600W, Gatan, Inc.).

Size and Zeta Potential: Nanoprobes or liposomal vesicles were diluted
with an appropriate volume of water and examined for size distribution and
zeta potential using a dynamic light scattering (DLS) particle size analyzer
(Zetasizer Nano-ZS, Malvern Instrument; Worcestershire, UK.) equipped
with a 50 mV laser at a scattering angle of 90°. All measurements were car-
ried out under ambient conditions in triplicate.

Loading Amount: Isolated Au NP-loaded peptidyl liposomes (0.5 ml)
were disrupted with Sml of 10% Triton X-100 to obtain a clear solution.
The amount of Au NPs in the obtained solution was determined using
UV/Vis spectrometer at 528 nm. The loading amount per total lipid was cal-
culated by C/W X100, where C is the amount of Au NPs encapsulated in the
liposomes and W is the amount of lipid used in the formulation.?”

UV-Vis Absorbance Spectroscopy: UV—Vis absorption spectrums of Au
NPs and Au NP-loaded liposomal suspensions were measured in the range
of 400 to 600 nm using a UV-Vis spectrophotometer (Shimadzu UV-160,
Japan) at 25 °C with a 1 cm quartz cuvette.

In Vitro Cellular Uptake Behavior Human breast adenocarcinoma
(MCF-7) and squamous carcinoma cells (SCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum. Cells were incubated at 37 °C in a water saturated incubator with 5%
CO,. For cellular uptake studies, cells were seeded in a growth medium at a
density of 1.0X10° per well on a 6-well plate with a cover slip. Au NPs and
Au NP-loaded Pepl-Lipo (2.5 mg/ml) were added to cells and incubated for
1h at 37°C. Cells were then washed three times with phosphate buffered
saline (PBS) solution and fixed in 3.7% formaldehyde. Cells were mounted
and Au NP scattered light was visualized using the Olympus IX-71 micro-
scope assembled with a home-made dark-field condenser.

Results and Discussion

Characteristics of Au NPs Au NP dispersion resulting
from Au ion reduction with citric acid was evaluated accord-
ing to morphology, particle size, zeta potential, and UV—Vis
absorption spectrum. TEM micrographs demonstrated that
the Au NPs were spherical or ellipsoidal with homogeneous
particle sizes in the range of 10 to 15 nm (Fig. 1a). However,
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Fig. 1. Cryo-TEM Images of Au NPs (a) and Au NP-Loaded Pepl-Lipo
Nanocarriers (b—d)
Micrographs demonstrate several types of Au NP-loaded vesicular systems, includ-

ing small unilamellar vesicles (SUVs) (b), multilamellar vesicles (MLVs) (c), and mul-
tivesicular liposomes (MVLs) (d). Arrows indicate Au NP.
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the hydrodynamic diameter of the nanoprobes was deter-
mined to be approximately 28nm using a DLS analyzer
(Table 1), which is a greater value than previously deter-
mined under microscopic observation. The DLS system is
sensitive to the double layer surrounding Au NPs in the aque-
ous dispersion, which in turn, leads to a misrepresentation of
particle diameter, making the NPs appear larger than they ac-
tually are.?® The surface charge of Au NPs was approxi-
mately —60mV due to an anionic stabilizer, which con-
tributes to hydrophilicity at the surface of the nanoparticle
and facilitates repulsive forces between particles to form sta-
ble nanodispersion. Gold NPs exhibited a strong surface
plasmon resonance (SPR) band around 530nm (Fig. 2),
which arose from the coherent electron oscillation of surface
gold atoms induced by the incident electromagnetic field.>¥
Strong absorption in the visible SPR band region is a unique
property of Au NPs, making them promising for use as col-
orimetric nanoprobes. Citrate-stabilized small Au NPs,
which are commonly used in medical applications, were suc-
cessfully fabricated and used in a further investigation of li-
posomal encapsulation to facilitate efficient cellular translo-
cation.

Characteristics of Au NP-Loaded Pepl-Lipo Systems
There are three types of Au NP-liposomal com-
plexes.'*132329 The first is a liposome containing Au NPs in
the inner aqueous phase, the second contains Au NPs in the
lipid membrane, and the third is a liposome modified with
Au NPs on the surface. The Au NP-loaded carrier system
used in our study is the first type, because entrapment of Au

Table 1. Physical Characteristics of Au NPs and Au NP-Loaded Pepl-
Lipo Carriers

Au NPs Au NP-loaded Pepl-Lipo
Size (nm)
Ay 13.3+2.2 152.9+353
dp & 28.4+4.7 170.9=18.7
Polydispersity index 0.242+0.072 0.176x0.025
Zeta potential (mV) —60.2+5.6 44.8%3.6
Loading amount (pmol/mg)°’ — 0.071=0.008

a) Diameters of Au NPs and Pepl-Lipo carriers determined by TEM and cryo-TEM
observation, respectively. b) Diameters determined using a DLS particle size ana-
lyzer. ¢) pmol/mg indicates the amount of Au NP loaded per total lipid used. Values
represent mean*S.D. (n=3).
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Fig. 2. UV-Vis Absorption Spectra of Au NPs and Au NP-Loaded Pep1-

Lipo Carriers

A strong SPR band around 530 nm indicates that Au NPs retain their unique optical
properties in the liposomal carrier.
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NPs in the inner compartment provides the benefit of shield-
ing nanoprobes from environmental circumstances. Cryo-
TEM observation clearly demonstrated that several liposomal
structures, including small unilamellar vesicles (SUVs) (Fig.
1b), multilamellar vesicles (MLVs) (Fig. 1c), and multivesic-
ular liposomes (MVLs) (Fig. 1d), were formed using an
ethanol injection method in the 50 to 200 nm range. Gold
NPs as small as about 13 nm were located in the inner aque-
ous compartment, regardless of vesicular type. Following
ethanol evaporation, phospholipids spontaneously adopted a
bilayer organization in the aqueous solution to form closed
vesicular structures. Meanwhile, Au NPs, which were dis-
persed in the aqueous solution, were encapsulated in the
inner section of the carrier. The thickness of the liposomal
bilayer, which was previously reported to be approximately
4nm,*” and the relatively large diameter of the Au NPs
(11nm) further partitioned the nanoprobes into the inner
compartment of the carriers. In a previous report, hydropho-
bic Au NPs with a mean diameter of 1.5 nm, which is thinner
than the lipid bilayer, were embedded primarily within vesic-
ular membranes, while larger Au NPs (5nm) were centered
primarily inside the vesicles.”® Although the number of Au
NPs entrapped in the vesicle varied from 1—40 per vesicle,
approximately five particles were counted per vesicle with no
aggregation.

Consistent with cryo-TEM observation of 150 nm, the av-
erage diameter of Pepl-Lipo measured by DLS spectrometer
was 170 nm (Table 1), a value that is effective for intracellu-
lar delivery. Garbuzenko et al. also demonstrated that 150 nm
stealth liposomes consisting of PC, cholesterol, and polyeth-
ylene glycol-grafted phosphatidylethanolamine resulted in
the highest levels of cell uptake and accumulation in solid tu-
mors, compared to vesicles that were 100, 350, or 450 nm in
size.”” Pepl-Lipo carriers demonstrated a positive charge of
45mV due to the conjugation of cationic peptides to vesicu-
lar surfaces. We previously determined that 730 molecules of
Pep-1 peptides are attached to each vesicle.!” Obtaining the
absorbance spectra is important for determining Au NP sta-
bility, since Au NP aggregation induces the loss of their
unique SPR peak. As shown in Fig. 2, the distinctive SPR
peak of Au NP at 528 nm was observed in Au NP-loaded
carriers, indicating that Au NPs were stably dispersed in the
aqueous compartment of the vesicle without aggregation or
degradation during and/or after the encapsulation process.
These results are consistent with cryo-TEM observations.

In Vitro Cellular Uptake Behavior Cellular uptake of
the Au NP-loaded Pepl-Lipo carrier was investigated in live
cells using a dark field microscopy. As shown in Figs. 3a and
¢, bare Au NPs exhibited minimal intracellular accumulation
over 1h, as indicated by much weaker photointensity in
MCF-7 and SCC cells. Gold NPs primarily resided at the cel-
lular membrane and were unable to reach the cytoplasm or
nucleus. In contrast, cellular association and/or internaliza-
tion of the nanoprobes drastically increased by means of
Pepl-Lipo carriers in both cell lines, which presented
stronger photointensity throughout the cytoplasm (Figs.
3b,d). The liposomal vesicle carries the nanoprobes while
the Pep-1 peptide attached to the surface of the carrier effi-
ciently promotes the transfer of liposomal nanoprobes into
the cells. Structurally, the hydrophobic tryptophan-rich do-
main of the Pep-1 peptide binds Pepl-Lipo to the cellular
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Fig. 3. Dark Field Light Scattering Images of MCF-7 Cells Treated with
Au NPs (a), Au NP-Loaded Pepl-Lipo (b), SCC Cells Incubated with Au
NPs (c), and Pepl-Lipo (d) at 37 °C and pH 7.4 for 1 h

In contrast to the minimal intracellular accumulation of the nanoprobes alone, the
Pepl-Lipo system drastically increases the cellular association and internalization of
Au NPs in both MCF-7 and SCC cells.

membrane and the cationic lysine-rich domain subsequently
triggers the internalization of liposomal nanoprobes.***? Our
earlier study demonstrated that Pep-1 peptide-modified lipo-
somes significantly increased cellular association in propor-
tion to the number of peptides on the liposomal surface, re-
vealing better cellular internalization of entrapped macro-
molecules compared to that of conventional liposomes.'”
Similarly, Antennapedia (one of the CPPs)-coupled lipo-
somes showed higher uptake behavior into a panel of cell
lines than unmodified liposomes, representing the enhanced
intracellular delivery of a large variety of liposome-en-
trapped molecules.*” From these findings, we assure that
linkage of Pep-1 peptide to the liposomal surface would lead
to enhanced translocation of liposomal Au NPs into the cells,
compared to either conventional liposomes free from peptide
modification or bare Au NPs.

Several strategies have been reported for the intracellular
delivery of metallic nanoparticles, including microinjec-
tion,>® cationic transfection reagents,34) CPPs introduc-
tion,™3% and electroporation.’” Although these techniques
facilitate better transport of Au NPs to the cells, they present
certain problems such as a limited throughput process in mi-
croinjection requiring simultaneous manipulation of individ-
ual cells and invasive damage to cellular membranes in elec-
troporation. When CPPs form noncovalent complexes with
nanoprobes, the dissociation of penetrating peptides in the
blood decreases translocation capacity in vivo.’® Alterna-
tively, incorporating Au NPs into the Pepl-Lipo carrier sys-
tem not only enhances intracellular delivery but also im-
proves physical and/or biological stability with prolonged
circulation time in vivo. In considerations of clinical applica-
tion, this nanoprobe-loaded liposomal system could be prin-
cipally beneficial as a tool to visualize subcellular compart-
ments and microenvironment. In addition, depending on the
properties of entrapped metallic NPs, the system can be ap-
plicable as a promising platform to monitor the cellular pro-
cedures, such as probing intracellular pH, detecting intracel-
lular constituents, and even elucidating the biochemical in-
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teraction with its translocation capability.’® Future studies
should focus on optimizing this platform by testing in vivo
biodistribution, and controlling the physical and optical char-
acteristics of liposomal carrier or metallic NPs.

Conclusion

This study illustrates that our novel Pep-1 peptide-modi-
fied carrier system is effective for the enhanced intracellular
delivery of Au NPs. The Pepl-Lipo carriers efficiently en-
capsulate citrate-stabilized nanoprobes in the inner aqueous
compartment, while maintaining the distinctive optical char-
acteristics of the nanoprobe. Due to their translocation capa-
bilities, these novel liposomal carriers will be further evalu-
ated for in vivo biodistribution as well as clinical applica-
tions.
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