Pharm Res (2015) 32:1002-1016
DOI 10.1007/s11095-014-1512-2

RESEARCH PAPER

Liposome Encapsulated Albumin-Paclitaxel Nanoparticle

for Enhanced Antitumor Efficacy

Hima Bindu Ruttala « Young Tag Ko

Received: 5 June 2014 / Accepted: 3 September 2014 / Published online: 12 September 2014

© Springer Science+Business Media New York 2014

ABSTRACT

Purpose Albumin nanoparticles have been explored as a prom-
ising delivery system for various therapeutic agents. One limitation
of such formulations is their poor colloidal stability in vivo. Present
study aimed at enhancing the chemotherapeutic potential of
paclitaxel by improving the colloidal stability and pharmacokinetic
properties of albumin-paclitaxel nanoparticles (APNs) such as
Abraxane®.

Methods This was accomplished by encapsulating the
preformed APNs into PEGylated liposomal bilayer by thin-film
hydration/extrusion technique.

Results The resulting liposome-encapsulated albumin-paclitaxel
hybrid nanoparticles (L-APNs) were nanosized (—200 nm) with
uniform spherical dimensions. The successful incorporation of
albumin-padlitaxel nanoparticle (NP) in liposome was confirmed
by size exclusion chromatography analysis. Such hybrid NP
showed an excellent colloidal stability even at 100-fold dilutions,
overcoming the critical drawback associated with simple albumin-
paclitaxel NP system. L-APNs further showed higher cytotoxic
activity towards BI16FI0 and MCF-7 cells than APN; this effect
was characterized by arrest at the G,/M phase and a higher
prevalence of apoptotic subG, cells. Finally, pharmacokinetic and
biodistribution studies in tumor mice demonstrated that L-APNs
showed a significantly enhanced plasma half-life, and preferential
accumulation in the tumor.

Conclusions Taken together, the data indicate that L-APNs can
be promising therapeutic vehicles for enhanced delivery of PTX to
tumor sites.

Electronic supplementary material The online version of this article
(doi: 10.1007/511095-014-1512-2) contains supplementary material, which is
available to authorized users.
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ABBREVIATIONS

APNs Albumin-paclitaxel nanoparticles
CLSM Confocal laser scanning microscopy
DLS Dynamic light scattering

DSC Differential scanning calorimetry

FACS Fluorescence Activated Cell Sorting
(Flow Cytometry)

HPLC High performance liquid chromatography

L-APNs Liposome-encapsulated albumin-paclitaxel
hybrid nanoparticles

LC-MSMS  Liquid chromatography-tandem mass
spectrometry

NP Nanoparticle

PTX Paclitaxel

XRD X-ray diffraction

INTRODUCTION

Paclitaxel (PTX), a classical microtubule inhibitor, works by
promoting tubulin polymerization and microtubule stabiliza-
tion, resulting in the arrest of mitosis at the Go-M phase and
mitotic cell death (1,2). However, the poor aqueous solubility
of PTX (less than 1 pg/ml) limits its use in the natural form
(3,4), requiring that PTX is formulated in a mixture of
Cremophor EL/absolute ethanol (1:1 v/v, Taxol®) to solubi-
lize the drug for intravenous (1.v.) injection (2,5). This vehicle is
associated with serious side effects attributable mainly to
Cremophor EL (6). As a result, various formulation strategies
have been evaluated to alleviate vehicle-related side effects
and at the same time improve the chemotherapeutic efficacy
of PTX. Notably, much interest has been focused on devel-
oping nanotechnology-based PTX formulation strategies such
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as emulsions (7), polymeric micelles (8), solid lipid nanoparti-
cles (9), liposomes (10), nanoparticles (11), PTX-polymer con-
jugates (12).

In 2006, the FDA approved Abraxane®, a Cremophor®-
free formulation of human serum albumin-bound PTX nano-
particles (average size of 130 nm) for treating recurrent met-
astatic breast cancer (13,14). Although, Abraxane® has been
shown to improve the tumor response, the pharmacokinetic
properties of Abraxane® are no better than those of the
Taxol® formulation (14). This may be due to the poor colloi-
dal stability of Abraxane® during blood circulation. Indeed,
upon 1.v. injection and subsequent dilution in the large volume
of blood, Abraxane® disassembles, allowing PTX to dissoci-
ate and resulting in a concentration curve and nonspecific
biodistribution similar to those associated with free PTX
(5,15). Consequently, there is a tremendous interest in devel-
oping intelligent delivery systems that can maintain their
nanostructure assembly during circulation, thus providing
sustained blood levels. Such systems would be preferentially
distributed into tumor tissues by so called enhanced perme-
ability and retention (EPR) effect and thus maximize the
therapeutic efficacy of PTX while minimizing side effects.

Liposomes represent a versatile and advanced
nanodelivery system for a wide range of active therapeutics
(16,17). Liposomes, in particular PEGylated liposomes, have
been successfully applied to endow a prolonged blood circu-
lation to the therapeutic agents with poor pharmacokinetic
behavior such as doxorubicin (Doxil®), amphotericin
(Ambiosome®), daunorubicin (Daunoxome®) due to their
characteristic m vwo stability. Liposomal encapsulation can
be applied to various macromolecular therapeutics such as
peptides (18) nucleic acids (19) and nanoparticles (20) as well.
Recently we reported the liposome-encapsulated
polyethylenimine/ oligonucleotide polyplexes to improve the
poor i vwo behavior of polyplexes (21).

Therefore, it could be proposed that encapsulation of the
albumin-PTX nanoparticles (APNs) within a lipid liposome
bilayer could, in principle, markedly improve the plasma
pharmacokinetic and biodistribution profile of albumin and
PTX, resulting in augmented pharmacological features. This
type of liposome-encapsulated albumin-PTX nanoparticles
(L-APNs) would be expected to permeate tumor capillaries
and extravasate into the fenestration of tumor tissues via the
enhanced permeability and retention (EPR) effect (22). In the
present study, we attempted to apply the same approach of
liposomal encapsulation to provide the otherwise unstable
APNSs with i vwo stability (Fig. 1). We hypothesized that the
liposomal encapsulation of the APNs would improve colloidal
stability and prolong blood circulation, thereby alleviating the
poor qualities of free PTX or APN. To accomplish this, we
prepared the APNs by a desolvation technique, followed by
encapsulation into liposome bilayers via thin-film hydration.
The resulting L-APNs were evaluated with respect to physical

characterization, @ vitro dissolution and stability and m viwo
pharmacokinetics.

MATERIALS AND METHODS
Materials

PTX was purchased from TCI Co., LTD (Tokyo, Japan).
Bovine serum albumin (MW =66,000) and 3-(4, 5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (M'TT) were
procured from Sigma-Aldrich (Yongin, South Korea). 1-
Palmitoy-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
dioleoyl-1,2-diacyl-3-trimethyl ammonium propane (DOTAP),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-/N-
-[methoxy(polyethylene-glycol)-2000] (DSPE-PEG2000), and
cholesterol were purchased from Avanti Polar Lipids (Alabas-
ter, AL, USA). All other chemicals were of reagent grade and
were used as supplied.

Preparation of Albumin-Paclitaxel Nanoparticles
(APNs)

APNs were prepared using a desolvation technique. Briefly,
albumin was dissolved at a concentration of 1 mg/ml in
distilled water, filtered through a 0.45 pm filter (PVDF syringe
filter, 13 mm, CHROMDISC™ Korea), and adjusted to
pH 9 by using 0.2 M NaOH. PTX was separately dissolved at
a concentration of 13 mg/ml in 100% ethanol. Ten microli-
ters of the PTX solution was mixed with 200 pl of the albumin
solution by dropwise addition over 30 min with stirring,
followed by sonication for 1.5 h. The final formulation includ-
ed 1% ethanol (23,24).

Preparation of Liposome-Encapsulated APNs (L-APNs)

The POPC (6 pmol), cholesterol (3.0 pmol), DOTAP
(1 umol), and DSPE-PEG2000 (0.3 umol) lipids were dis-
solved in chloroform, followed by removal of chloroform
using a rotary evaporator. The APN solution (1 mL) was then
added to the dried cationic lipid film and the mixture was
incubated at room temperature for 4 h with intermittent
mixing, resulting in a final lipid concentration of 10 mM.
The suspension was extruded 11 times through a stack of
two polycarbonate membranes of 200 nm in pore size by
using an Avanti Mini Extruder (Avanti Polar Lipids, USA).

Measurement of Hydrodynamic Size, -Potential,
and Morphology

The hydrodynamic size, polydispersity index (PDI), and C-

potential was analyzed using dynamic light scattering (DLS).
The nanoparticle and liposomal dispersions were suitably
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Fig. | Schematic representation of liposome-encapsulated albumin-paclitax-
el nanoparticles (L-APN).

diluted with distilled water and measured at 25°C in ELS-Z
(Photal, Osaka, Japan). The morphologies of the different
formulations were examined using a transmission electron
microscope (TEM; H7600, Hitachi, Tokyo, Japan) at an
accelerating voltage of 100 kV.

Characterization of the Physical State of Nanoparticle
Formulations

A differential scanning calorimeter (DSC-Q200, TA
Instruments, and New Castle, DE, USA) was used to study
the thermal behavior of the samples. Differential scanning
calorimetry (DSC) scans were recorded at a heating rate of
10°C/min, ranging from 40°C to 250°C. X-ray diffraction
(XRD) patterns for the samples were recorded using a vertical
goniometer and an X-Ray diffractometer (X’Pert PRO MPD
diffractometer, Almelo, The Netherlands).

FT-IR spectra were recorded using a Thermo Scientific
Nicolet Nexus 670 FT-IR Spectrometer and Smart iTR soft-
ware with a diamond window (Thermo Fisher Scientific Inc.,
Waltham, MA). Spectra were recorded from 550 to
4,000 cm ™" at a resolution of 4 cm™ ', 32 scans per sample.

Measurement of Drug Loading and Encapsulation
Efficiency

Drugloading efficiency was determined by performing HPLC

after ultra-filtration using an Amicon centrifugal filter device
(molecular weight cut off [MWCO], 10,000 Da, Millipore,
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Billerica, MA, USA). Twenty micro liters of the filtered sam-
ple was injected into a C18 column (Sepax BR-C18, 5 pm
120 A 4.6 150 mm). The mobile phase was a 1:1 mixture of
acetonitrile and water with a flow rate of 1.0 mL/min. To
evaluate the non-encapsulated PTX, we filtered 500 pL of the
liposomal formulation via centrifugal ultrafiltration for 30 min
at 14,000 rpm. The amount of PTX in the filtrate was
determined using HPLC with UV monitoring at 227 nm.
Drug loading and encapsulation efficiency were calculated
using the following formulas:

Encapsulation Efficiency(EE)

_ Total amount of PTX—Amount of free PTX y

100
Total amount of PTX

Loading Efficiency(LE)

_ Total amount of PTX—Amount of free PTX y

100
Total weight of Lipids

Measuring Drug Release 7 Vit

PTX release from the formulations was measured by dialysis
method. The concentration of PTX in each sample was
measured by performing liquid chromatography-tandem
mass spectrometry (LG-MS/MS) using an Agilent HPLC
(1260 series, USA) connected to a 6490 Triple quadrupole
mass spectrometer equipped with an ESI Agilent jet stream
1on source. Detail methodology in Supplementary (SM 1).

Colloidal Stability Studies

The colloidal stability of the formulations was assessed by DLS
for 1 month upon storage in the refrigerator (4°C) or at
ambient room temperature (25°C). Dilution-induced dissoci-
ation was assessed using a size-exclusion column (Zenic SEC-
300, 3 um 300 A, 4.6x 150 mm) at different dilutions. Sup-
plement (SM 2).

Cellular Uptake Studies

The cellular uptake of the formulations was evaluated in
mouse melanoma cells (B16F10) and human breast cancer
cells (MCF-7) by qualitative and quantitative methods using
confocal laser scanning microscopy (CLSM), flow cytometry,

and LC-MS/MS. Supplement (SM 3).
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In Vitro Cytotoxicity Assays

The cytotoxicity of free PTX, blank liposomes, APNs, and L-
APNs was assessed using the MTT assay. Cells were exposed
to the formulations at varying concentrations, incubated for
24 and 48 h, treated with M'T'T solution, and absorbance was
measured at 570 nm by using a microplate reader. Supple-
ment (SM 4).

Cell Cycle Analysis

The DNA content of cells was measured using flow cytometry,
and the percentage of cells resident in each cell cycle phase
was evaluated using BD FACS Comp™ software. Supple-
ment (SM 5).

Pharmacokinetics, Biodistribution and Tumor
Accumulation

To measure i viwvo pharmacokinetic and tumor accumulation
parameters, 4-week-old male BALB/c mice and tumor bear-
ing C57BL6 mice, weighing 20-25 g were used respectively.
For pharmacokinetic study, eighteen mice were divided into 3
groups with 6 mice in each group. For biodistribution study,
twelve mice were separated into three experimental groups of
4 mice per group that received free PTX, APNs and L-APNs
at a dose of 5 mg/kg (100 pL of a 1 mg/mL solution) via
intravenous injection. The blood and organ samples were
collected, processed, and analyzed via LC-MS/MS. The phar-
macokinetic profiles for the free drug and for the formulations
were fit to a non-compartmental model using WinNonLin
software (v 2.0, Pharsight Software, Mountain View, CA).
Supplement (SM 6).

Statistical Analyses

Data are expressed as the mean and standard error of four
separate determinations. Analysis of variance (ANOVA) or a
t-test was used to determine whether differences between test
groups were statistically significant, with a ‘¢’ value less than
0.05 considered as a statistically significant difference.

RESULTS

Characterization of Liposome-Encapsulated
Albumin-Paclitaxel Nanoparticles (L-APN)

The APN formulation was prepared by desolvation technique
by maintaining 1% ethanol concentration. The average par-
ticle size of the resulting formulation was ~105 nm with a
narrow size distribution. This is slightly smaller than

Abraxane® nanoparticles (130 nm) and other nanomedicines,
including Doxil® (150 nm) (25). Based on preliminary opti-
mization, a fixed 3:150 M ratio of BSA to PTX (200:130 pg/
mL concentration) gave the smallest particle size. At this ratio,
roughly 6 molecules of PTX were observed to be bound at site
1 of BSA subdomains ITA and IIIA, resulting a ~10-fold
increase in the particle size compared to blank BSA NPs
(~10 nm) (26,27).

The L-APN formulation was prepared by a thin film
hydration-extrusion technique. Specifically, a thin lipid film
was hydrated with an aqueous solution that contained the
preformed APNs, and the mixture was extruded through
200 nm porous membrane (Table I). The average particle
size of L-APNs was~210 nm with a uniform size distribution
(PDI, ~0.090). These were larger than that of blank lipo-
somes, suggesting that the APNs was loaded within the vesic-
ular structure (Fig. 2). The blank liposomes showed a strong
positive charge around 24 mV, with L-APNs having a con-
siderably smaller charge of~4 mV. This difference may reflect
the partial compensation of the positive charge of the blank
liposomes by the negative charge of APNs, which is attributed
to pH higher than the isoelectric point of BSA and as well as to
PTX binding. Consequently, the encapsulation efficiency (EE)
and loading capacity were found to be ~99% and ~6.5%,
respectively, for the L-APN formulation.

Morphology Analysis

TEM imaging further confirmed the size of the L-APNs in the
dried state, as well as their structural morphology in all three
special spatial dimensions after staining (Fig. 2). Specifically,
the particles were characterized as distinct, discreet, and
monodispersed spherical shapes for all the L-APNs examined;
these findings were consistent with DLS observations. Nota-
bly, L-APNs exhibited a well-defined spherical morphology,
whereas APNs were clearly spotted. In some cases, larger
particles were observed, which probably represent either par-
ticle clusters or conglomerates formed after the evaporation of
solvent. Although the shape observed with TEM was consis-
tent with DLS evaluations, the size by TEM was smaller than
that by DLS. This discrepancy is likely due to the fact that
DLS measurement reflects the hydrodynamic particle size in
its swollen state whereas TEM measures the diameter in the
dried state.

Solid-State Characterizations

FT-IR spectroscopy was used to evaluate the chemical inter-
actions among drug and protein/liposome functional groups.
The spectra of free PTX, APNs and L-APNs are shown in
(Fig. 3a). The PTX particles exhibited characteristics peaks at
2,965 cm™' (=C-H), 1,707 cm™' (C=0 group), 1,641 cm™"
(C—C stretch), 1,370 em ™' (CHj bending), 1,248 cm™' (C-N

@ Springer
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Table | Physicochemical Characteristics of APNs and L-APNs

Particle size (nm) PDI C- Potential (mV) Encapsulation efficiency (%) Loading capacity (%)
APNs 106.2+3.12 0.101+0.02 —2.65x0.986 - -
Blank liposome 179.5=2.13 0.086=0.01 23.96+0.381 - -
L-APNs 209.7+=4.17 0.090+0.03 3.69+1.265 99.96+0.01 6.5+0.10

Data are expressed as mean=SD (n=3)

stretch), 1,072 em™' (C—O stretch), and 709 cm ™' (C—H off
the plane) (28). Since these peaks were also present and largely
unchanged in the spectra of the liposomal formulations, there
were most likely no chemical interactions between PTX and
the protein or liposome.

The DSC thermograms of free PTX, APNs, and L-APNs
are presented in (Fig. 3b). Free PTX showed a sharp endo-
thermic peak at 224°C, corresponding to its crystalline nature.
The disappearance of this transition in both the APN and L-
APN formulations implies that PTX is in a more amorphous
molecular state. Most likely, hydrophobic interactions be-
tween PTX and BSA help to stabilize the amorphous form
and encourage encapsulation in a vesicular structure, which is
critical for achieving maximum entrapment efficiency. The
XRD patterns of free PTX, APNs, and L-APNs are presented
in (Fig. 3c). The XRD diffractogram of free PTX showed
numerous sharp and intense peaks at scattering angles (20) of
10.81, 11.92, 12.90, 15.26, 16.81, 21.56, 25.089, 42.16°,
implying a high level of crystallinity. In contrast, the diffrac-
tion patterns of APNs and L-APNs formulations did not
exhibit these peaks, again indicating the presence of the drug
in a largely amorphous form.

Liposomal Encapsulation of APNs by Size Exclusion
Chromatography (SEC)

The SEC results confirmed that the APNs were incorporated
inside the liposomes resulting in the L-APN formulation

(Fig. 4). Specifically, free albumin eluted at a retention time
of 4.417 min with an intensity of 500, and blank liposomes

Fig. 2 TEM images of (a) blank liposomes, (b) APNs, and () L-APNs.

@ Springer

eluted at a retention time of 2.703 min with an intensity of
600. L-APNs cluted as two discrete peaks: one at a retention
time of 2.703 min and an intensity of 1,200, and the second at
a retention time of 4.417 min and an intensity of 150. This
result strongly suggested that more than 90% of the APNs
were incorporated inside the liposomes.

Colloidal Stability

Dilution-induced aggregation or dissociation was assessed by
DLS and SEC. The particle size of the ANP formulation
immediately began to increase upon dilution into water
(Fig. 5a), by a factor of up to 20 at the highest dilution. In
contrast, the particle size of the L-APN formulation remained
constant upon dilution. Consistently, the intact L-APNs were
readily detectable by SEC at the higher dilutions, while the
intact ANPs was not detected at the corresponding dilutions
(Fig. 5b). Upon long-term storage at 4 and 25°C, both APN
and L-APN were very stable for 1 month in either PBS
(phosphate buffer saline, 100 mM NaH,PO,, 150 mM NaCl,
pH 7.4) or serum media (Fig. 5c).

In Vitro Release Kinetics

The in vitro release profiles of APNs and L-APNs are presented
in (Fig. 6a and b). As expected, neither of the formulations
showed an initial burst of drug release, indicating strong
albumin-PTX interactions. APNs showed a biphasic release
profile, with 20% of the total PTX released within the first
12 h, followed by a slow release of an additional 26% over the
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PTX released in the first 12 h, 10% at the end of 24 h, and up
to 30% released after 7 days. The slow release rate is likely due
to the longer path length of PTX within the carrier. That is,
PTX has to first detach from the hydrophobic core of albumin
and then diffuse through the liposomal bilayer. This release
profile could be advantageous in a patient, in that it effectively
increases drug solubility, protects the drug, and has a significantly
prolonged release profile at physiological pH values, thereby
facilitating the occurrence of the EPR phenomenon (29,30). In
addition, the prolonged serum half-life could increase the likeli-
hood of perfusion into tumor interstitial tissue (31).

To analyze the profiles for the release kinetics, the data for
both formulations was fit to Higuchi’s model. The PTX
release profiles plotted against the square root of time over
the first 24 h resulted in more linear plot for L-APNs than that
for APNG, indicating a controlled release phenomenon for the
former. The data were also fit to the Korsmeyer-Peppas
equation, wherein the exponent 7’ is indicative of the release
mechanism (32). Based on our data, the n value for L-APNs
was 0.65 (Table S1), which corresponds to non-Fickian kinet-
ics and likely indicates that more than one mechanism was
involved in PTX release, probably diffusion and erosion.

Cytotoxicity Assay
The cytotoxicity of the blank nanoparticle towards B16F10
and MCF-7 cells was assessed by MT'T assay after incubation

for 24 or 48 h in the presence of the formulation at concen-
trations ranging from 0.001-10 pg/mL (Fig. 7a and b). No
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cytotoxicity was observed for blank nanocarriers with either
cell line, even after 48 h incubation. This suggests that the
carrier is completely biocompatible and suitable for further
i vivo evaluation. In contrast, both APN and L-APNs showed
measurable cytotoxicity that was dose and time-dependent.
Both APNs and L-APNs were cytotoxic in a concentration
range that corresponded to predicted plasma levels in humans
(0.001-10 pg/mlL) (33). Notably, APNs and L-APNs ap-
peared to be slightly more cytotoxic than free PTX in both
cell lines.

Cell Cycle Analysis

The cytotoxic effects of free PTX, APNs, and L-APNs were
further investigated by cell cycle analysis in MCF 7 cells after
incubation for 6 or 24 h at the concentration of 0.1 or 1 pg/ml
PTX (Fig. 8). PTX binds to the a, B-tubulin dimer within the
microtubules and thereby induces Go/M arrest of rapidly
dividing cells, and eventually apoptosis. In the present study,
PTX did appear to have arrested cell growth at the Go/M
phase in a concentration- and time-dependent manner. The
fraction of cells in the G, phase was considerably reduced with
accumulation of Go/M -phase cells at all time points evaluat-
ed. Interestingly, the percentage of cells in the Go/M phase
was also increased for the PTX nanoparticle formulations,
which resulted in enhanced apoptosis. Interestingly, L-APNs
induced a higher percentage of sub-G; cells than the other
formulations: 12.29% after 6 h, compared to 3.27% and
2.18% for APN and free PTX, respectively. After 24 h
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exposure to each formulation (1 pg/ml PTX), the proportion
of apoptotic cells increased to 35%, 7.75%, and 6.78% for L-
APN, APN, and PTX, respectively. The enhanced apoptosis
observed for the L-ANP formulation may indicate that the
liposomal components may influence PTX toxicity. At any
rate, this enhancement of PTX activity could be a very prom-
ising improvement for treating clinical patients.

Cellular Uptake (CSLM, FACS & LC-MS/MS)

The cellular uptake of blank liposomes, APNs and L-APNs
into BI6F10 and MCF-7 cells was qualitatively assessed with
flow cytometry (FACS) and confocal laser scanning microsco-
py (CLSM), using Alexa Fluor® 488-conjugated albumin and
rhodamine-conjugated phospholipid (Rh-PE). As shown in
(Fig. 9a), FACS analysis indicated that the fluorescence inten-
sity of both cell types was increased after treatment with all
formulations, indicating nanoparticle uptake. Notably, the
uptake of L-APNs was significantly higher than both blank
liposomes and APNs in both cell lines. The higher cellular

uptake of L-APNs was also confirmed by CLSM. Initially, L-
APNs appeared to accumulate in the cytoplasm, after which
they distributed into the surrounding regions, including the
nucleus. At equilibrium, the majority of green and red fluo-
rescence was located in the cytoplasmic region (Fig. 9b). Based
on these observations, it is likely that the nanoparticles are
initially taken up via endocytosis into the late endosome re-
gion, followed by dissociation of the nanoparticles and diffu-
sion through the cytoplasm, where the drug can presumably
act on microtubules.

The cellular uptake of PTX into B16F10 and MCF-7
cells after treatments with the blank liposomes, APNs
and L-APNs was quantitatively assessed with LC-MS/
MS as a function of time. The cellular uptake of PTX
increased in a time-dependent manner after treatment
with APNs or L-APNs in both cell lines (Fig. 9c), with
higher uptake observed into BI6F10 cells. The maxi-
mum PTX concentration measured after L-APN treat-
ment was 12.55 and 18.28 ng/mL for MCF-7 and
B16F10 cells, respectively. Additionally, L-APNs showed
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significantly higher uptake than that of APNs in both
cell lines at all-time points measured. Consistent with
the FACS analysis, LC-MS/MS analysis confirmed the
time-dependence of the intracellular concentration of
PTX after L-APN treatment. PTX concentration in-
creased over the 2 h immediately after treatment but
decreased thereafter. Specifically, in MCF-7 cells, the
PTX concentration was 3-fold higher after 1 h than
after 30 min, but remained relatively constant up to
2 h. This could be due to the initial flux internalization
of the L-APNs into the cellular population, after which
the apparent cellular uptake does not increase because
most cells have already internalized the formulation. A
similar trend was observed in B16F10 cells, with a 2-
fold increase within 60 min followed by very little
increase up to 120 min.
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Pharmacokinetic Analysis, Biodistribution and Tumor
Accumulation

The plasma concentration-time profiles of PTX were deter-
mined after a single intravenous dose of each formulation
(5 mg/kg) in mice. After an initial burst, the plasma concen-
tration of PTX was rapidly decreased with either free PTX or
APNSs, characterized by a biphasic initial distribution phase
followed by a rapid elimination phase to less than 2 ng/mL
within 8 h (Fig. 10a). The PTX clearance was similar for both
free PTX and APNs. This result is consistent with our i vitro
colloidal stability analysis in which APNs showed rapid disso-
ciation in plasma. Importantly, after administration of a single
L-APN dose, PTX remained in the bloodstream at concen-
trations higher than those of APNs throughout the time
course. Pharmacokinetic parameters estimated by non-
compartmental analysis are shown in Table II. The AUC_,
for L-APNs was 668.01 ng/L-h, which is 4-fold higher than
that of either free PTX or APNs (p<0.0001). L-APNs also had
a 3- to 4-fold lower clearance, 1.5- to 2-fold greater mean
retention time, longer plasma half-life, and lower elimination
rate constant than either free PIX or APNs. The i viwo tissue
distribution of PTX was also evaluated in B16F10 tumor-
bearing mice after 7.0 injection of free PTX, APNs, and L-
APNs (5 mg/kg PTX) (Fig. 10b). The PTX was rapidly
distributed in all major organs following the i.v injection, with
highest concentration of drug was observed in liver, followed
by kidney and lungs. Notably, L-APN preferentially accumu-
lated in the tumor by comparison to free PTX and APN.

DISCUS?SION

PTX is a microtubule inhibitor approved for the treatment of
various cancer types, including breast, ovarian, non-small cell
lung cancer, and head and neck carcinomas. To address the
challenges of PTX solubility and vehicle toxicity, several
nanoparticle-based formulations of PTX have been devel-
oped, including Taxol® and Abraxane®. Although both have
been partially successful, neither addressed the pharmacoki-
netic challenges of PTX, most notably its rapid elimination
from systemic circulation. The poor colloidal stability of the
nanoparticulate formulations in blood circulation is attributed
to their poor i vivo performance. To address these challenges,
we have proposed the liposome-encapsulated albumin-PTX
nanoparticles (L-APNs). In principle, this should provide
in vwo colloidal stability to the otherwise unstable albumin-
PTX nanoparticles in the bloodstream and should thereby
prolong the plasma half-life (34).

In vitro analyses of L-APN confirmed that PTX was in an
amorphous and molecularly dispersed state that should be
readily released in target tissues after i.v. administration. In
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Fig 7 Invitro cytotoxicity of drug-free nanoparticles (@ black), free PTX (ored), APNs ('V light blue), and L-APNs (A dark blue) in (@) B 6F1 0 and (b) MCF-7 cells

after 24 and 48 h incubation. Each value represents the mean = SE (n=8).

addition, L-APNs showed better colloidal stability by compar-
ison to APNs. The poor colloidal stability of APNs reflects the
dissociation of PTX and albumin due to the lack of any
protective entangling interactions, whereas the exceptional
stability of L-APN reflects the stabilizing effect by the liposo-
mal coating and the hydrophilic PEG tails (scheme S1). This
high stability is predictive of a long serum half-life  vio,
increased accumulation in tumor tissues, and better control
of drug release.

A PTX-loaded nanocarrier capable of protecting the drug
from rapid elimination while maintaining the cytotoxic activ-
ity would be of particularly high therapeutic interest (31).
Although PTX i1s hydrophobic overall, it does have signifi-
cantly hydrophilic regions consisting of multiple hydroxyls and
secondary amines. Because of this, it is likely that PTX bound
to a polymer vz functional group interactions could release
rapidly in a physiological environment, with an associated
burst of cytotoxic activity (35). Following this initial burst,

the drug should be released from the core structure over an
extended time period, with associated prolonged cytotoxic
activity. It has been reported that at longer incubation pe-
riods, a larger number of cells enter the Go/M cell cycle
phases after treatment with active PTX (36). In general, free
PTX can diffuse directly into cell nuclei, whereas a drug-
carrier complex would be retained in the late endosomal
structure or cytosol for an extended time prior to drug release
and diffusion to the nucleus (37). Since the site of action for
PTX is in the cytosol, the higher cytosolic residency time
of the nanoparticles formulations could result in higher
cytotoxic activity. Our CLSM and cytotoxicity analyses
confirmed this behavior for the L-APN formulation. It
should be noted that the higher toxicity could also be
due to some cytotoxicity associated with the carrier
nanoparticles (15-20% cytotoxicity) (38).

Cell-mediated endocytosis seems to be the principle basis
for the high cellular uptake and enhanced cytotoxic action of
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L-APNs (39). The higher cellular uptake of L-APNs can be
partially explained by the interaction of the positively charged
DOTAP liposomes with the negatively charged cell mem-
brane, resulting in immediate endocytosis of the nanoparti-
cles. Furthermore, the hydrophobic nature of the nanoparticle
complex could facilitate its internalization into the cell mem-
brane (40). It should be noted that cellular uptake was not
affected by the presence of brush-like PEG tail around the
nanoparticles. Additionally, our observation that fluorescent
probes associated with both the albumin protein and the
liposomal lipids were localized to the cytoplasm implies
that the L-APN assembly remained intact in the media
and through the endocytotic process. Finally, our LC-
MS/MS analysis indicated a higher net cellular uptake
of PTX from L-APNs than APNs. This phenomenon
could mainly be attributed to the difference in surface
charge between the formulations. That is, the positively
charged L-APNs were readily internalized by the nega-
tively charged cancer cell membrane owing to charge-
based affinity (29).

@ Springer

The L-APNs also had a significantly improved i vivo be-
havior, most notably a longer plasma half-life. This highlights
the important benefits of entrapping the APNs into the
PEGylated liposomal carrier. Most likely, the PEG moiety
on the liposomal surface increases steric repulsion and
shielding efficiency, by forming a hydrating layer that covers
the particles, thereby inhibiting plasma protein binding to
minimize the opsonization and subsequent macrophage up-
take (29,41). Additional contributing factors to the
prolonged half-life may include the small particle size
(~200 nm), uniform size distribution (~0.2 PDI), high
physical/colloidal stability in plasma, tunable/controlled
release of drugs, and protection of albumin-PTX within
the stable liposomal carrier (36,42,43). In principle, the
improved pharmacokinetic properties of L-APNs should
translate to improved anti-tumor efficacy, particularly
given the likelihood of an enhanced EPR effect (44),
which was confirmed by preferential accumulation of
PTX by L-APNs. The tumor accumulation studies
depicted a prolonged blood circulation, reduced RES
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uptake, and relatively higher tumor accumulation for L-
APN after i.v. administration of formulations. Preferen-
tial accumulation of PEGylated liposome in tumor was
attributed to the EPR effect, depot effect (sustained
release) and low systemic clearance. In addition, low
presence of L-APN in liver was suggestive of reduced
RES uptake while higher accumulation in lungs due to
its bigger particle size. The higher localization of free
PTX and APN in liver and kidney was consistent with
the RES uptake as reported by Rowinsky and
Donehower (45). Interestingly, low tumor accumulation
of free PTX was attributed to the rapid metabolization
of active compound and elimination zia kidney resulting
to poor localization in tumor region (consistent with the
PK analysis) (46). The APN was also expected to meet
the same fate due to its poor wn viwo colloidal stability
leading to disassembly of PTX and albumin in blood

circulation.

Table Il Pharmacokinetic Parameters of PTX After Intravenous Administra-
tion of free PTX, APNs, and L-APNs to Mice (5 mg/kg). Data are Expressed as
Mean = SE (n=4 per Treatment)

Parameters Free PTX APN L-APN

AUC, g, (h-ug /ml) 0.14%=0.12 0.19+0.18 043+0.27*%
AUCy o (h-ug /ml) 0.17%=0.14 0.12+0.16 0.67+0.53*
Cl (mg/kg)ug/mL)h) 0.73+0.31 0.84=0.12 021 =0.11*
Crax (Ug/ml) 0.15+0.04 0.14=0.06 0.16+0.05*
MRT (h) |.77+0.48 1.47+0.43 3.05+0.22*%

Crnax Maximum concentration, AUC (o.g) Area under the curve up to the 8 h,
AUC (9-0) AUC up to infinite time, MRT Mean residence time, CI Clearance

#P<0.0001, significant difference between L-APNs and APNs or free PTX

@ Springer

CONCLUSION

In summary, albumin-paclitaxel nanoparticles (APNs) were
successfully incorporated into a liposomal bilayer, resulting in
liposome-encapsulated APNs (L-APNs). The L-APNs showed
sustained drug release and excellent colloidal stability in a
physiological medium, even when significantly diluted. L-
APNs also showed pronounced cytotoxic activity toward
B16F10 and MCF-7 cells mediated by pronounced arrest at
the Go/M phase and an increased prevalence of sub-G,
apoptotic cells. Finally, L.-APNs showed remarkably enhanced
blood circulation and tumor accumulation. Taken together,
our results highlight L-APN as a promising carrier system of
paclitaxel for further optimization and development towards
the clinical applications.
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