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1. Introduction

ABSTRACT

Lipid-based liquid crystalline nanoparticles (LCNPs) have attracted growing interest as a new drug
nanocarrier system for improving bioavailability for both hydrophilic and hydrophobic drugs. In this
study, self-assembled LCNPs based on soy phosphatidyl choline and glycerol dioleate, which was known
possessing low toxicity and negligible hemolysis, were prepared using poly(ethylene glycol)-grafted 1,2-
distearoyl-sn-glycero-3-phosphatidylethanolamine (DSPE-PEG) as the dispersing agent. Paclitaxel (PTX)
was used as a model hydrophobic drug. The particle size of the optimized DSPE-PEG-LCNPs and PTX-
loaded DSPE-PEG-LCNPs were around 70 nm. Crossed polarized light microscopy was used to characterize
the phase behavior of liquid crystalline (LC) matrices, which showed a fan-like birefringent texture in
dark background indicating the coexistence of reversed cubic and hexagonal phase in the optimized LC
matrix. Transmission electron microscopy and cryo-field emission scanning electron microscopy revealed
its internal water channel and “twig-like” surface morphology. PTX-loaded DSPE-PEG-LCNPs exhibited
a biphasic drug sustained release pattern with a relatively fast release at the initial stage and a sus-
tained release afterwards. PTX-loaded DSPE-PEG-LCNPs presented higher AUC (410.942 +72.522 pug/Lh)
when compared with commercial product Taxol (212.670 +41.396 pg/Lh). These results indicated that
DSPE-PEG-LCNPs might serve as a potential sustained release system for poorly water-soluble agents.
© 2012 Elsevier B.V. All rights reserved.

hydrophilic, hydrophobic and amphipathic drugs that solubilized
in LCNPs (Guo et al., 2010).

In the recent years, lipid-based liquid crystalline nanoparticles
(LCNPs) have attracted growing interest as a new drug nanocarrier
system due to their potential in improving bioavailability for both
hydrophilic and hydrophobic drugs (Gan et al., 2010; Patel et al.,
2010; Yaghmur and Michael, 2010; Yang et al., 2004). LCNPs, gener-
ally prepared from liquid crystalline (LC) bulk phase by high energy
fragmentation methods such as ultrasonication, microfluidization,
and homogenization (Yaghmur and Glatter, 2009), was found to
form a well-ordered inner structure after dispersing the bulk LC
matrices into excess water (Johnsson et al., 2005). The labyrinthine
network structures within LCNPs exhibited amazing property for
drug delivery by providing protection and sustained release for
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Commonly encountered lyotropic LC phases were lamellar (L),
bicontinuous cubic (Q,) and reversed hexagonal (H;) phases, and
in some particular cases discrete micellar cubic phase (I,) (Efrat
etal.,2007; Nguyen et al.,2010). Among these phases, non-lamellar
phases (Q, and H;) were the most studied ones in pharmaceu-
tical area. The Q; and H, phases possess a thermodynamically
stable 3D- or 2D-structure when reconstituted in aqueous envi-
ronment, providing hydrophilic channels that separated by lipid
bilayer (Kaasgaard and Drummond, 2006). Until recently only a
limited number of materials have been identified being capable
of naturally forming such non-lamellar LC mesophases in excess
aqueous solution. However, the two well-known materials, glyc-
erol monooleate (GMO) and phytanetriol (3,7,11,15-tetramethyl
hexadecantriol) have been restricted in use of injectable prod-
ucts (Barauskas et al., 2010; Boyd, 2005). According to Barauskas
etal.(2010)'sresearch, GMO-based LCNPs induced hemolysis when
mixed with rat whole blood. Phytantriol, restricted by cost in prac-
tice, has been wildly used as an ingredient in cosmetics products
(Misitinas et al., 2008) but not in injection ones. Therefore, it is
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of a significant need for developing alternative self-assembled LC
systems with higher safety and lower cost.

Recently, a new lipid LC matrix based on soy phosphatidyl
choline (SPC) and glycerol dioleate (GDO) (Fig. 1) have been
reported (Orddd et al., 1995; Rosenbaum et al., 2010; Tiberg and
Fredrik, 2010). It has been demonstrated that LCNPs derived from
this SPC/GDO combination presented less hemolytic activity com-
pared with the GMO-based ones (Barauskas et al., 2010). LCNPs
based on SPC/GDO/polysorbate 80 (P80) system showed extended
terminal half-life for intravenous (i.v.) delivery of both hydrophobic
and hydrophilic drugs (Cervin et al., 2008; Johnsson et al., 2006).
P80 (Fig. 1), which consist of three short hydrophilic poly (ethy-
lene glycol) (PEG) chains and a hydrophobic oleic acid residue
(Daher et al., 2003), was here used as a stabilizing agent for the dis-
persed LCNPs. Despite their attractive properties in drug delivery,
the phase behavior of the SPC/GDO/P80-based LCNPs has not yet
been fully understand, which greatly hinder potential application
of this system.

For decades, hydrophilic polymers, most notably PEG, were
grafted or absorbed to the surface of nanoparticles to pro-
vide steric stabilization and “stealth” properties for preventing
the nanoparticles from being distinguished and cleared by the
mononuclear phagocytic system (MPS) (Avgoustakis, 2004; Otsuka
et al., 2003). On the other hand, growing interest has been
drawn in the development of functionalized nanoparticulated
DDS (Dos Santos et al., 2007; Guo et al., 2011; Li and Huang,
2008; Riviere et al, 2011; Song et al, 2009; Wen et al,
2011) by using bifunctional PEG as hydrophilic outer shell,
which enable the conjugation of bioactive ligands to the sur-
face of nanoparticles, and facilitate receptor/absorptive-mediated
drug delivery. Poly(ethylene glycol)-grafted 1,2-distearoyl-sn-
glycero-3-phosphatidylethanolamine (DSPE-PEG, Fig. 1), whose
hydrophobic end can be inserted in the lipidic membrane, while
hydrophilic end extend to the surface to form a thin hydrogel
layer, has been wildly used in PEGylated formulations (Dos Santos
et al., 2007). Base on the similar structure and physicochemical
properties between P80 and DSPE-PEG, here we hypothesized that
DSPE-PEG might act as an alternative to P80 for serving as a dis-
persing and stabilizing agent for the SPC/GDO-based LCNPs, which
might enable the construction of a stealth and functional LCNPs-
based delivery system.

Paclitaxel (PTX) is an effective and widely used anticancer drug
in clinical practice. However, due to its low solubility (<1 j.g/mL)
(Liggins et al., 1997) and low permeability across the intestinal bar-
rier (Yao et al., 2011). PTX is usually administered intravenously
through a concentrated solution, trade name Taxol, which contains
PTX 6 mg/mL in a mixed solvent composed of cremophor EL and
dehydrated alcohol (1:1, v/v). Cremophor EL exhibits a high risk in
inducing serious side effects in patients, such as allergic reaction,
neurotoxicity, and nephrotoxicity (Kim et al., 2001; Fjuskog et al.,
1994; Gelderblom et al., 2001; Lee et al., 2003; Markman et al.,
2011; Weiss et al., 1990). Therefore, the development of alternative
formulations for PTX is of an urgent requirement.

In this contribution, in order to develop long circulating LCNPs
carriers with enabled ligand conjugation property for targeted
delivery in the forthcoming future, DSPE-PEG was incorporated in
the SPC/GDO/P80 system as an alternative to P80. PTX was used
as a model hydrophobic drug. Crossed polarized light microscopy
(CPLM) was applied to study the phase behavior of the lyotropic
liquid crystals for optimizing the proportion of P80/DSPE-PEG in
the LCNPs formulation. LCNPs were prepared using a high pres-
sure. Microfluidizer with the particle distribution determined by
dynamic light scattering (DLS). Morphology of nanoparticles was
characterized by transmission electron microscopy (TEM) and
cryo-field emission scanning electron microscopy (cryo-FESEM).
In vitro drug release study was conducted using an equilibrium

dialysis method to determine the influence of LCNPs on the release
behavior of PTX. Finally, in vivo pharmacokinetics of PTX that loaded
in LCNPs was evaluated to demonstrate the potential utility of
this SPC/GDO/DSPE-PEG-based LCNPs system as nanocarriers for
hydrophobic agents.

2. Materials and methods
2.1. Materials and animals

Soy phosphatidyl choline (SPC, Lipoid S 100) (containing phos-
phatidyl choline 95.2%) was purchase from Toshisun (Lipoid,
Germany). Glycerol dioleate was obtained from J&K (Beijing, China).
Poly(ethylene glycol-2000)-grafted 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine (DSPE-PEGyggg) was synthesized by
Nippon Fine Chemical (Osaka, Japan). PTX was purchased from
Xi’an Sanjiang Biological Engineering Co. Ltd., and Taxol® from
Bristol-Myers Squibb Company. Polysorbate-80 (P80) was from
Dazhong Co., Ltd. (Shanghai, China) and Cremophor EL from BASF
(Germany). All other reagents were of analytical or chromato-
graphic pure grade and purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Male Sprague-Dawley rats (200 4+ 20 g) were obtained from the
Experimental Animal Center of Fudan University and housed at
22 +2°C with access to food and water ad libitum. The protocol of
animal experiments was approved by the Fudan University Insti-
tutional Animal Care and Use Committee.

2.2. Preparation of LCNPs

LCNPs were prepared by using the solvent precursor method as
described previously (Rizwan et al., 2011) with minor modification.
In all experiments, the SPC: GDO ratio was 50:50 (w/w). Varying
amounts of (SPC/GDO), P80, DSPE-PEG and PTX were mixed with
the hydrotrope (10% ethanol to the total additives) and stirred for
3h to form a uniform and clear oil phase. HEPES solution (20 mM
HEPES, pH 7.4) (20% to lipid, w/w) was gently added into the lipids,
followed by an incubation under stirring at room temperature for at
least 24 h (the entrapment of air bubbles was carefully prevented
by adjusting the stirring speed) to form a bulk LC matrix. The LC
precursor was then injected into HEPES solution under magnetic
stirring at 60°C to form a coarse dispersion. This dispersion was
subsequently homogenized using a Microfluidizer (Nano DeBEE,
USA) at a pressure of 10,000 psi for 3 cycles and 30,000 psi for 2
cycles.

In this paper, the optimized SPC/GDO/P80-based formula-
tion was hereafter simply referred to as P80-LCNPs and the
SPC/GDO/DSPE-PEG-based one was denominated as DSPE-PEG-
LCNPs.

2.3. Particles size

The measurement of particle size of LCNPs was performed with
dynamic light scattering (PSS NICOMP 380, USA) at 20-25°C. The
particles size distribution (PSD) was characterized by the intensity
averaged particle size and polydispersity index (P.L.).

2.4. Crossed polarized light microscopy

Phase behavior of LC mesophases with or without PTX was char-
acterized with crossed polarized light microscopy. One drop of the
matrix was added onto a microscope slide, which was then cov-
ered with a cover slip. The LC textures were observed under a Zeiss
Axiovert 40 MAT microscope (Carl Zeiss, Oberkochen, Germany)
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Fig. 1. Molecular structures of LCNPs: (A) SPC; (B) GDO; (C) P80; (D) DSPE-PEG.

that fitted with an AxioCam camera at ambient temperature. A
magnification of x200 was used.

2.5. Transmission electron microscopy

The morphological examination of LCNPs was performed
with transmission electron microscopy (H-600, Hitachi, Japan)
following negative staining with sodium phosphotungstate
solution.

2.6. Cryo-field emission scanning electron microscopy

The surface morphology of LCNPs was visualized by cryo-field
emission scanning electron microscopy (Hitachi, S-4800, Japan).
The samples were frozen with liquid nitrogen, transferred into
the cryo stage (Gatan, Alto 2500, UK) of the microscope, sput-
tered with gold to provide a conductive coating, and examined
at —100°C.

2.7. Encapsulating efficiency, drug loading capacity and in vitro
drug release

The encapsulating efficiency (EE%) and loading capacity (LC%)
of PTX in P80-LCNPs and DSPE-PEG-LCNPs was determined by
gel filtration chromatography as described previously (Lai et al.,
2009). The eluate containing LCNPs was dissolved in methanol to
release PTX. The PTX content was determined with Shimadzu LC-
10AT HPLC system (Shimadzu, Japan) using a reverse phase C-18
Diamonsil column (4.6 mm x 200 mm, 5 pwm, Dikma, China) with
methanol/water (75/25 v/v) as the mobile phase at the flow rate
of 1.2 mL/min. The column temperature was maintained at 40°C,
sample injection volume was 20 L and the detection wavelength

was 227 nm. The EE% and LC% were calculated as indicated below
(n=3).

PTX in cubic nanoparticles
total amount of PTX in dispersion

EE% — x 100% (1)

PTX in cubic nanoparticles

LC% = - -
nanoparticles weight

x 100% 2)

In vitro drug release was performed using an equilibrium dialy-
sis method (Boyd, 2005). Briefly, 1 mL of the freshly prepared LCNPs
suspension (equivalent to 30 g drug) was added in a sealed dialy-
sis bag (molecular weight cut off 9 kDa), which was then immersed
in 30 mL release medium (HEPES solution with 0.1% (v/v) P80 for
providing sink condition throughout the release test) and incubated
at 37°C at the shaking speed of 100 rpm. At time intervals (0, 0.5,
1,2,3,4,6,8, 16, 24, 48, 72 and 96 h), 200 p.L of the release sample
was withdrawn and immediately equal amounts of fresh dissolu-
tion medium were replenished. Samples were analyzed using the
HPLC method as mentioned above.

To evaluate the release mechanism of PTX-loaded LCNPs, drug
release was plotted against the square root of time, which could be
described by the Higuchi diffusion equation given by:

Q = [DmCy(2A — Cy)t]"/? 3)

where Q is the mass of drug released at time t, and is proportional to
the apparent diffusion coefficient of the drug in the matrix Dp,, the
initial amount of drug in the matrix A, and the solubility of the drug
in the matrix Cy4 (Boyd, 2003; Boyd et al., 2006a; Higuchi, 1967).

2.8. In vivo pharmacokinetics

In order to evaluate the potential application of DSPE-
PEG-LCNPs as nanocarriers for hydrophobic agents, in vivo
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pharmacokinetics of PTX-loaded P80-LCNPs and DSPE-PEG-LCNPs
were conducted in Sprague-Dawley rats after vein injection. The
rats were randomly divided into three groups, and injected with
Taxol, PTX-loaded P80-LCNPs and DSPE-PEG-LCNPs, respectively,
at the PTX dose of 1 mg/kg. At the time points (0.083, 0.25, 0.5,
1, 2, 3, 4, 6, 8, 12 and 24 h) after administration, blood was col-
lected into the tube with heparin. Plasma was collected following
centrifugation and stored at —20 °C until analysis.

To prepare samples for analysis, 90 uL methanol containing
60 ng/mL docetaxol (internal standard) was added to 30 p.L plasma
to precipitate the proteins. The mixture was vortexed and subse-
quently centrifuged at 12,000 rpm for 10 min with the supernatant
mixed with an equal volume of deionized water and subjected
to liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. Chromatography was performed using an Agilent 1100
HPLC system with a Gemini C18 column (100 mm x 2.0 mm i.d.,
3.0 wm, Phenomenex, Torrance, CA, USA) at a temperature of 40°C
and a flow rate of 0.3 mL/min using 0.1% formic acid: methaol (3:7)
as the mobile phase. Five microliters of the sample was injected for
analysis. Mass spectrometric detection was performed on an API
3000 triple quadrupole instrument (Applied Biosystems, Toronto,
Canada) in multiple reaction monitoring (MRM) mode. A Turbolon-
Spray ionization (ESI) interface in positive ionization mode was
used. Data processing was performed with Analyst 1.4.1 software
package (Applied Biosystems). The spray voltage was at 5000V,
ion source temperature at 500°C and collision energy at 30eV.
Detection of the ions was conducted in the multiple reaction mon-
itoring mode, monitoring the transition of the m/z 876.6 — 308.0
for paclitaxel (M +Na)* and 830.3 — 549.1 for docetaxel (M +Na)*,
respectively. All the concentration data were dose-normalized and
plotted as plasma drug concentration-time curves.

The pharmacokinetic analysis was performed by means of a
model independent method. The terminal elimination rate con-
stant (k) was determined by least-square regression analysis of
terminal log-linear portions of the plasma concentration-time
profile (k=—2.303 x slope). The elimination half-life (T;,) was cal-
culated as 0.693/k. The area under the curve to the last measurable
concentration (AUCq_;) was calculated by the linear trapezoidal
rule. The area under the curve extrapolated to infinity (AUCq_)
was calculated as AUCy_; + Ct/k, where as Ct is the last measurable
concentration. The clearance was calculated as Xp/AUC, and MRT
by dividing AUMC by AUC.

2.9. Statistical analysis

All the data were expressed as mean =+ standard deviation (SD).
Comparison among three groups was performed by one-way
ANOVA followed by Bonferroni tests and that between two groups
was determined by Student’s t-test. Statistical significance was
defined as P<0.05.

3. Results
3.1. Characterization of phase behavior

According to SPC/GDO/water ternary phase diagram (Oradd
et al., 1995; Rosenbaum et al., 2010; Tiberg and Fredrik, 2010),
SPC/GDO (50:50) was chosen as the basic formulation for lipid-
based LC phase, which formed I, and H, when absorbing 10-30 wt%
water. Here, phase behavior of the SPC/GDO system with different
amount of P80 or DSPE-PEG was characterized with CPLM.

As illustrated in Fig. 2A and Table 1, the interconversion
of LC phases occurred when a third miscible component was
added. When increasing concentration of P80 in the SPC/GDO-
based system from 10% to 50% (w/w), a Ly phase—H, and I

Table 1
Physical characterization of LCNPs with different amount of P80 in the total
additives.

P80% Phase behavior Particle size P.I

10.0% Ly 155.5+97.4nm (63.90%) 0.408
12.5% Ly — Hy 154.2+98.4nm (63.80%) 0.407
16.7% H, 114.5+69.2 nm (60.50%) 0.366
20.0% Hy -1 93.0+57.2nm (61.50%) 0.378
25.0% H; and I, 89.8+54.9nm (61.10%) 0.373
33.5% Hyand I, — Ly 55.9+38.2nm (68.30%) 0.366
50.0% Hy and I, — Ly 64.3 £57.7nm (80.50%) 0.648

multiphase — L, phase transition was observed. When adding P80
to 25%, a bright fan-like texture in isotropic dark background was
observed, together with high viscosity of the sample, indicating
the coexistence of reversed cubic and hexagonal phase (H, and
I,). Hence, SPC/GDO system with 25% P80 was determined as an
optimized P80-LCNPs formulation for further studies.

In order to construct a functional LCNPs-based delivery system,
different amount of DSPE-PEG was incorporated into the optimized
SPC/GDO/P80 system (Fig. 2B, Table 2). A Hy and I, multiphase to
L, phase transition was observed when DSPE-PEG started to incor-
porate with the SPC/GDO/P80/water system. When P80 was almost
completely replaced by DSPE-PEG (90-100%) in the SPC/GDO/P80
matrix, non-lamellar LC phase (H, and I,) was observed again.
Based on CPLM results of the precursor phases, SPC/GDO system
with 25% DSPE-PEG without P80 was determined to be the opti-
mized DSPE-PEG-LCNPs formulation.

3.2. Particle size distribution

The particle size of LCNPs with P80 from 10% to 50% was sum-
marized in Table 1. These results showed reduced particle size
of P80-LCNPs with increased amount of P80. While the phase
transition (I — Ly ) at 50.0% of P80 appeared to produce slightly
larger particles (64.3 nm, P.I. 0.648). On the other hand, the particle
size of LCNPs when incorporated with different amount of DSPE-
PEG showed good correlation with phase behavior (Table 2), with
smaller particle sizes derived from non-lamellar matrix (H, and I,)
but larger ones from L, matrix. As shown in Table 3, the particle
size of the optimized P80-LCNPs and DSPE-PEG-LCNPs formula-
tions (around 70 nm) was slightly increased after the incorporation
of PTX (around 80 nm). In addition, LC matrix with 25% DSPE-PEG
produced smaller particles than that with 25% P80 (Table 3, Fig. 3).

3.3. Transmission electron microscopy and cryo-field emission
scanning electron microscopy

Morphology of P80-LCNPs and DSPE-PEG-LCNPs was charac-
terized with TEM. As shown in Fig. 4, the formed nanoparticles
presented spherical flower-like structure with internal water chan-
nel as well as external hydrogel layers. Slightly smaller than
that showed by DLS, the majority diameters of P80-LCNPs and
DSPE-PEG-LCNPs were in the range of 50-80 nm. The thickness of

Table 2
Physical characterization of LCNPs with different amount of DSPE-PEG in the com-
bination of P80/DSPE-PEG.

DSPE-PEG% Phase behavior Particle size P.I
0% H; and I, 90.5 +57.0 nm (63.00%) 0.397
10.0% H; — Ly 85.44+52.3nm (61.20%) 0.375
25.0% Lo 144.9 £ 107.8 nm (74.40%) 0.554
50.0% Lo 133.2 £ 60.4 nm (64.80%) 0.520
75.0% Ly — Ha 112.7 £80.0nm (71.00%) 0.504
90.0% H; and I, 96.2 + 67.4nm (70.10%) 0.491
100.0% H; and I, 74.1 £46.2 nm (62.30%) 0.388
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Fig. 2. Photomicrographs of bulk lipid crystalline matrices under crossed polarized light microscopy. (A) Phase behavior of SPC/GDO system with different amount of P80
(10%, 12.5%, 16.7%, 20%, 25%, 33.3%, and 50%); (B) phase behavior of SPC/GDO/P80 system with different amount of DSPE-PEG, the amount of surfactants(P80/DSPE-PEG) is
25% of the total additives, and percentage of DSPE-PEG in the total surfactants are from 0%, 10%, 25%, 50%, 75%, 90%, and 100%.

Table 3
Intensity averaged particle size, polydispersity index, encapsulating efficiency and loading capacity of the optimized LCNPs formulations. Each value represents mean + SD
(n=3).

Formulation Particle size P.L EE% LC%
P80-LCNPs 76.33 = 1.19nm 0.365 + 0.014
DSPE-PEG-LCNPs 63.43 £+ 9.52nm 0.324 + 0.053
PTX-loaded P80-LCNPs 84.70 + 5.26 nm 0.370 + 0.016 76.91 + 11.48 0.44 + 0.03
PTX-loaded DSPE-PEG-LCNPs 74.13 £+ 5.44nm 0.328 + 0.053 75.69 + 2.13 0.46 + 0.02
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Fig. 3. Particle size of P80-LCNPs (A) and DSPE-PEG-LCNPs (B) when fit to GAUSSIAN (left) and NICOMP (right) distribution, respectively.

Fig. 4. TEM images of P80-LCNPs (A) and DSPE-PEG-LCNPs (B).
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Fig. 5. Cryo-FESEM images of P80-LCNPs and DSPE-PEG-LCNPs: (A) P80-LCNPs; (B) surface morphology of P80-LCNPs; (C) DSPE-PEG-LCNPs; (D) surface morphology of

DSPE-PEG-LCNPs.

hydrogel layer of P80-LCNPs and DSPE-PEG-LCNPs was 7-9 nm and
9-11 nm, respectively.

Cryo-FESEM was performed to further characterize the sur-
face morphology of P80-LCNPs and DSPE-PEG-LCNPs. The reversed
micellar cubic phase particles exhibited a “ball-like” morphology
while the hexosome displayed clear hexagonal structures (Fig. 5A).
The P80-LCNPs were found comprised of an internal nanostruc-
tured phase with enclosed water channels (Fig. 6B) and a relatively
smooth but actually quite rough nodule-like appearance (data not
shown). Whereas, the DSPE-PEG-LCNPs possessed a surface struc-
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100 4
T 80
2
g
@ 60
@
2
5] g .
T 40 g w 2
A
P80-LCNPs »
9 2] Reowr
o 2a
20 a Lo4 " DSPEPEGLCNPS
ol 0% 2a R'= 0892
0 : . a
time'*(h)
0 : — . T
0 20 40 60 80 100

time(h)

Fig. 6. PTX release from Taxol, P80-LCNPs, and DSPE-PEG-LCNPs in pH 7.4 HEPES
buffer at 37°C (n=3). The initial PTX concentration was 30 pg/mL. On the right
corner, dashed lines indicate linear fits to release profiles.

ture with a “twig-like” corona, which was speculated to form under
—100°C by the water-bonding hydrophilic PEG chains that pro-
truded toward the external aqueous environment.Encapsulating
efficiency, drug loading capacity and in vitro drug release

No significant difference in EE (75%) and LC (0.45%) was observed
between PTX-loaded P80-LCNPs and DSPE-PEG-LCNPs (Table 3).
An equilibrium dialysis method was applied to determine the in
vitro release behavior of the PTX-loaded P80-LCNPs and DSPE-PEG-
LCNPs to evaluate the impact of labyrinthine nanostructures on
drug release. In the case of Taxol, complete release was obtained
after 16 h. But in the case of PTX-loaded P80-LCNPs and DSPE-PEG-
LCNPs, a sustained biphasic drug release, composed of a relative
fast drug release in first 24 h (50% release) and a slower one in
the following 72 h (70% release totally), was obtained. Furthermore,
PTX-loaded DSPE-PEG-LCNPs was found to possess better sustained
effect than PTX-loaded P80-LCNPs.

In order to infer the mechanism of PTX release from LCNPs, data
from the release studies were plotted as release% vs. square root of
time (Eq. (3), Fig. 6 right corner). During the initial 16 h, drug release
from P80-LCNPs and DSPE-PEG-LCNPs was found well correlated
with the square-root of time. The slope for P80-LCNPs and DSPE-
PEG-LCNPs were 7.804 and 12.726 h=1/2, respectively, indicating a
faster diffusion of PTX from DSPE-PEG-LCNPs than that from P80-
LCNPs. However, a lag time of 1 h in DSPE-PEG-LCNPs was observed.

3.4. Invivo pharmacokinetics

To investigate the in vivo fate of the PTX-loaded LCNPs formula-
tions, nine Sprague-Dawley rats were divided into three groups and
given intravenously with Taxol, PTX-loaded P80-LCNPs and DSPE-
PEG-LCNPs, respectively. Fig. 7 illustrated the pharmacokinetic
profiles of PTX obtained after administration. The pharmacoki-
netic parameters derived from these profiles, namely Cspy;n, Cl,
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Fig. 7. Plasma PTX profiles after i.v. administration of Taxol, PTX-loaded P80-LCNPs
and PTX-loaded DSPE-PEG-LCNPs formulations to Sprague-Dawley rats at the dose
of 1 mg/kg PTX (n=3).

T2, MRT (0-24), MRT (0-«), AUC (0-24), and AUC (0-c) were
summarized in Table 4. It was found that Taxol resulted in a
mean Cspj, of 307.0ng/mL and Ty, of 4.057h. In comparison,
higher plasma levels were observed for both PTX-loaded P80-
LCNPs and DSPE-PEG-LCNPs over the same time scale (Cspin
377.0ng/mL, Ty, 8.838 h for the PTX-loaded P80-LCNPs and Cs s
4243 ng/mL,T;;; 12.619h for the PTX-loaded DSPE-PEG-LCNPs).
The AUC (0-24) of PTX-loaded P80-LCNPs and DSPE-PEG-LCNPs
were 317.030+67.185 wg/Lhand 410.942 + 72.522 pg/Lh, respec-
tively, which was approximately 1.5- and 1.9-times as much as that
of Taxol (212.670 +41.396 pg/Lh).

4. Discussion

The aim of this study was to develop DSPE-PEG incorporated
LCNPs based on SPC/GDO system which was known possessing
low toxicity and negligible hemolysis (Barauskas et al., 2010).
Compared with P80-LCNPs, the thicker PEG hydrogel layer in
DSPE-PEG-LCNPs might facilitate a better stealth effect in vivo and
enable the conjugation of bioactive ligands to construct a func-
tional LCNPs-based delivery system. According to previous studies
(Boyd, 2005; Kossena et al., 2004), the discrete lipidic hydrophobic
and aqueous hydrophilic domains within LCNPs allows diffusion-
controlled release for hydrophobic, hydrophilic and amphiphilic
molecules. However, most of the reported release studies were
restricted to bulk LC matrices (Lee et al., 2009; Clogston et al.,
2005; Clogston and Caffrey, 2005; Lee and Kellaway, 2000; Rizwan
et al.,, 2009). Furthermore, the potential of LCNPs as drug carri-
ers has not been fully explored, especially their in vivo application.
Here the phase behavior of LCNPs, which was modulated by P80 or

Table 4

DSPE-PEG, was examined under CPLM. In vitro release and in vivo
pharmacokinetics of the PTX-loaded P80-LCNPs and DSPE-PEG-
LCNPs were performed to evaluate DSPE-PEG-LCNPs as a new drug
delivery carrier.

CPLM has a long history of being applied for studying the phase
behavior of LC. Under CPLM, the lamellar phase exhibits a dis-
tinct woven structure and/or a mosaic or Maltese cross pattern,
the hexagonal phase shows a fanlike and angular texture, whereas
the isotropic cubic phase only displays a black background without
birefringence (Borne et al., 2000; Boyd et al., 2006b; Giddi et al.,
2007). In our study, a birefringent fan-like texture in dark envi-
ronment was observed when the amount of P80 in the SPC/GDO
matrix was 25%, indicating the coexistence of reversed cubic phase
and hexagonal phase (H; and I, ). Thus, SPC/GDO with 25% P80 was
determined as an optimized formulation for P80-LCNPs. Coexis-
tence of H, and I, was also observed at the complete replacement
of P80 by DSPE-PEG in the SPC/GDO/P80/water system. As a result,
SPC/GDO with 25% DSPE-PEG was determined as the optimized
DSPE-PEG-LCNPs formulation. No change in the birefringent tex-
ture of PBO-LCNPs and DSPE-PEG-LCNPs were found in the presence
of PTX (0.5% in the total additives) in the LC matrices (data not
shown), indicating that no phase conversion occurred with the
incorporation of PTX.

DLS showed that the constructed P80-LCNPs and DSPE-PEG-
LCNPs presented small particle size (60-90nm) and relative
wide size distributions (P.I.: 0.320-0.380). In consistent with
previous work (Wérle et al.,, 2007), the LCNPs dispersions dis-
played bimodal polydisperse population with two distribution
(around 100nm and 25nm) when fit to NICOMP distribu-
tion (Fig. 3). The particle distribution pattern was confirmed
by our TEM data (Fig. 4), in which quite a few small parti-
cles (around 20nm) were observed in both the P80-LCNPs and
DSPE-PEG-LCNPs formulations. As reported previously (Gaumet
et al.,, 2008), the particle size observed under TEM was found
slightly smaller than that of the DLS data. Cryo-FESEM seemed
to yield somewhat larger diameters than DLS and TEM, which we
believed was resulted from particle aggregation or water channel
swelling at —100°C.

Both P80 and DSPE-PEG are PEG-derivatized polymers (Fig. 1).
Their similar amphiphilic structures indicate the similar capacity
in facilitating particle dispersion and stabilization. In terms of con-
figuration, the headgroup part of DSPE-PEG is about 3 times as
long as that of P80, therefore DSPE-PEG is expected to be more
water miscible, which was evidenced by the lower energy input
needed for DSPE-PEG-LCNPs during the homogenizing procedure.
The thicker PEG hydrogel layer in DSPE-PEG-LCNPs (Fig. 5A and C)
made LC mesophase also easier to disperse into excess water when
compared with that in PS0-LCNPs.

Despite their potential as sustained release carrier, there were
still a number of studies that claimed LCNPs should be classified
as burst release system (Boyd, 2003, 2005; Boyd et al., 2006a,b).
This major limitation of the application of LCNPs was speculated
relate to the increased surface area when dispersed into excess

Pharmacokinetic parameters for PTX after i.v. administration of Taxol, PTX-loaded P80-LCNPs and PTX-loaded DSPE-PEG-LCNPs to Sprague-Dawley rats (mean 4 SD, n=3).

Taxol PTX-loaded P80-LCNPs PTX-loaded DSPE-PEG-LCNPs
Csmin (Lg/L) 307.0 + 116.1 377.0 + 88.27 4243 +109.3
Cl(L/hkg) 4.366 + 1.000 2.742 + 0.478 2.016 + 0.109°
Tyj2 (h) 4.057 + 0.489 8.838 + 3.040 12.619 + 2.648"
MRT (0-24)(h) 2.906 + 0.127 5.157 + 1.609 5.938 + 0.646"
MRT (0-«) (h) 4.829 + 0.495 9.402 + 2.936 8.114 + 1.179°

AUC (0-24) (pg/Lh)
AUC (0-) (pg/Lh)

212.670 + 41.396
236.352 + 47.978

410.942 + 72522
500.452 =+ 59.107"

317.030 &+ 67.185
372.738 + 69.631°

* P<0.05, significantly different from that of the Taxol group.
" P<0.01, significantly different from that of the Taxol group.
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water (Garg et al., 2007). In this study, both P80-LCNPs and DSPE-
PEG-LCNPs carriers exhibited sustained in vitro PTX release. It can
be observed that, the release of PTX from P80-LCNPs and DSPE-
PEG-LCNPs showed a diffusion controlled release as obeyed Higuchi
diffusion equation (Eq. (3)) at the initial stage (during approxi-
mately 16 h), and displayed a slower release afterwards. The initial
fasterrelease was derived from drug located at the outer layer of the
particles while the later slower one from that incorporated in the
nanoparticle core and released in a prolonged way via the erosion or
degradation of the matrix. The same release tendency of PTX from
P80-LCNPs and DSPE-PEG-LCNPs at the later 72 h implied similar
internal hierarchical structures for PTX encapsulation. However, a
subtle difference was observed between the release of PTX from
P80-LCNPs and DSPE-PEG-LCNPs at early time points, with a lag
time of 1h in DSPE-PEG-LCNPs and different diffusion coefficients
(12.726 h=1/2 in DSPE-PEG-LCNPs vs. 7.804 h—1/2 in P80-LCNPs). The
observed lag time was believed relate to the partitioning of the
lipophilic PTX from the lipid regions to the PEG shell and then into
release medium, which could be made slower by the “twig-like”
hydrogel layer of DSPE-PEG-LCNPs (Fig. 5).

As shown in Table 4, the clearance rate of the PTX formu-
lations followed the order: Taxol, PTX-loaded P80-LCNPs, and
PTX-loaded DSPE-PEG-LCNPs. The bioavailability of PTX-loaded
DSPE-PEG-LCNPs was significant higher than that obtained of Taxol.
In the meanwhile, although not statistically significant, PTX-loaded
P80-LCNPs showed improved pharmacokinetic parameters when
compared with Taxol, especially the AUC_.y. Together with the
results from the in vitro release and in vivo pharmacokinetics, the
noticeably protective effect of DSPE-PEG-LCNPs could be explained
by two reasons: firstly, the enhanced “stealth” effect (Alexis et al.,
2008; Cui et al., 2011; Li and Huang, 2008) of DSPE-PEG-LCNPs by
their longer PEG chains might contribute to higher plasma levels
and longer half life in systemic circulation compared with that
of P80-LCNPs (Fig. 5A and C). It is generally believed that the
surface-grafted PEG shell can reduce plasma protein binding for
solid particles surfaces, thereby prolonging circulation lifetimes
(Maechling-Strasser et al., 1989; Mori et al., 1982; Otsuka et al.,
2003; Cullis et al., 1998; Woodle and Lasic, 1992). Secondly, the
difference in particle size between PS80-LCNPs (85.8 nm, P.I. = 0.362,
with 158.9 £ 13.6 nm (69.20%) in NICOMP distribution) and DSPE-
PEG-LCNPs (55.8nm, P..=0.288, with 88.8+9.1 nm (74.20%) in
NICOMP distribution) might also affect the pharmacokinetic pro-
files. As is well known, smaller particles are more slowly cleared
from systemic circulation than the larger ones (Miiller et al., 2001).
Therefore, the thicker PEG hydrogel layer and smaller particle size
of DSPE-PEG-LCNPs might be the major contributors to their slower
clearance.

5. Conclusion

PTX-loaded DSPE-PEG-LCNPs carriers for i.v. delivery were
prepared in this study. DSPE-PEG was served as an alternative
stabilizing agent to P80 for the dispersed LCNPs. The PTX-loaded
DSPE-PEG-LCNPs exhibited a similar biphasic sustained release
pattern as PTX-loaded P80-LCNPs in the in vitro release study but
showed much higher AUC and slower clearance compared with
Taxol in the in vivo pharmacokinetic study. The results together
indicated that DSPE-PEG-LCNPs might serve as potential nanocar-
riers for enhancingi.v. bioavailability of poorly water-soluble drugs.
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