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ABSTRACT

The purpose of the study was to design lipid-based-nanosuspensions (LNS) for Docetaxel (DTX) without
Tween 80 for clinical intravenous administration (i.v.). DTX-LNS were prepared by high pressure homoge-
nization method, and then lyophilization was carried out to improve the stability. The physical-chemical
properties in terms of particle size, size distribution, zeta potential and morphology were evaluated,
respectively. The in vitro cytotoxic activity was assessed by MTT against SKOV-3 and malignant melanoma
B16 cells. The in vivo pharmacokinetics, tissue distribution as well as antitumor efficacy were investi-
gated in B16 melanoma-bearing Kunming mice. The particle size and zeta potential of DTX-LNS were
(200.0 £3.42)nm and (—11.15+0.99) mV, respectively. Compared with Duopafei®, it was shown that
DTX-LNS exhibited higher antitumor efficacy by reducing tumor volume (P<0.05) and increasing sur-
vival rate in B16 melanoma-bearing mice and strongly reduced the anticancer drug toxicity. The results
of biodistribution studies clearly indicated the superiority of DTX-LNS to Duopafei® in increasing the
accumulation of DTX within tumor and the organs rich in macrophages (liver, lungs and spleen), while,
the drug concentration in heart and kidney decreased. Together these results suggested that DTX-LNS
could effectively inhibit tumor growth, reduce toxicity during the therapeutic procedure and hold the
potential to be an appropriate choice for the clinical administration of DTX.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the past decades, significant number of drug candi-
dates were identified in drug discovery programs, but most of
them (40-70%) are quite often poorly soluble. This challenges drug
delivery institutions in industry or academia to develop innovative
approaches to reach a high bioavailability after oral administra-
tion or make intravenously injectable forms available. Among these
innovative formulations, lipid-based nanocarriers are an important
class of carriers.

DTX, which belongs to the taxoid family, is widely used in
the treatment of ovarian cancer (Kaye et al., 1997), breast cancer
(Campora et al., 2008), non-small cell lung cancer (Fossella et al.,
1995) and other tumors (Clarke and Rivory, 1999). However, the
clinical application of DTX is limited by the poor aqueous solubil-
ity, low bioavailability and high toxicity. Presently used Taxotere®
and Duopafei® in clinical contain high concentration of nonionic
surfactant Tween 80. Adverse reactions due to either the drug itself
or the solvent system have been reported in patients (e.g., hyper-
sensitivity, fluid retention, neurotoxicity, musculoskeletal toxicity
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and neutropenia) (Chu et al., 2000). In order to eliminate the
Tween 80-based vehicle and increase the drug solubility, alterna-
tive dosage forms have been developed, such as microparticulate
lipoidal vesicles (liposomes) (Naik et al., 2010; Zhai et al., 2010),
cyclodextrins (Grosse et al., 1998), polymeric nanoparticles (Hwang
et al.,, 2008), micelles (Li et al., 2008), solid lipid nanoparticles
(SLN) (Xu et al., 2009) and nanostructured lipid carriers (NLC) (Li
et al., 2009). Among these forms, liposomes, NLC and SLN belong
to lipid-based nanocarriers which have such favorable charac-
teristics as: (a) improved drug dispersibility; (b) enhanced drug
solubilization; (c) enhanced drug transmembrane transport capa-
bility and (d) increased therapeutic efficacy and reduced toxicity. In
the present study, as an innovative lipid-based nanocarrier, lipid-
based-nanosuspensions (LNS) have been developed. Using single
injectable phospholipids as the stabilizer, LNS hold the advantages
of lipid-based nanocarriers, while avoiding their shortcomings. For
example, (1) LNS have no drug leakage problems, which were con-
sidered to be the common disadvantages of SLN (Miiller et al., 2000;
Mulleretal.,2002); (2) carry adequate amounts of drug and without
excessive loading of the organism with foreign material; (3) formu-
late compounds that are insoluble in both water and oil (Kocbek
et al., 2006). Besides, (4) the drug loading of LNS is high and the
administration volume is significantly reduced (Rabinow, 2004);
(5) LNS is appropriate for large-scale production.
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Recently, several techniques such as precipitation methods
(Sjostrom et al., 1993; Trotta et al., 2001), milling methods (Ain-Ai
and Gupta, 2008) and homogenization methods (Keck and Muller,
2006) were developed to produce drug nanosuspensions. Among
these methods, high pressure homogenization is the simplest one
and has been successfully employed in large-scale production.

Above all, a new concept of lipid-based nanocarrier: lipid-
based-nanosuspensions (LNS) were proposed. The lipid-based
nanocarriers used DTX as a model drug and were produced by
high pressure homogenization method. LNS were total avoidance of
organic solvents during the production process, could be success-
fully employed for large-scale production and conveniently applied
in clinical.

It has been previously reported that several DTX delivery sys-
tems such as SLN and DTX-loaded PEGylated-NPs had achieved
the satisfied antitumor effect in liver cancer and colon cancer
(Senthilkumar et al., 2008; Xu et al., 2009). However, the antitumor
efficacy evaluation of DTX loaded nanosuspensions against malig-
nant melanoma was rarely reported. In our study, DTX loaded LNS
was first developed for murine malignant melanoma treatment.
High pressure homogenization was used to the LNS preparation.
The morphology, particle size and zeta potential were character-
ized. In vitro drug release was assessed using the dialysis bag
diffusion technique. In vitro cytotoxicity of Duopafei® and LNS
were performed using SKOV-3 and B16 cells. Finally, in vivo anti-
tumor efficacy and the pharmacokinetics as well as the drug tissue
distribution was evaluated in Kunming mice bearing B16 cells.
DTX loaded LNS could avoid the serious hypersensitivity reactions
caused by Tween 80 and be stable, safe and convenient for clinical
administration.

2. Materials and methods
2.1. Materials

Injectable soya lecithin (phosphatidylcholine accounts for 95%,
pH 5.0-7.0) was provided by Shanghai Taiwan Pharmaceutical Co.,
Ltd. (Shanghai, China). Duopafei® was provided by Qilu Pharmaceu-
tical Co., Ltd. (Jinan, China). All reagents for HPLC analysis, including
acetonitrile and methanol were of HPLC grade. All the other chem-
icals and reagents used were of analytical purity grade or higher,
obtained commercially.

Human ovary cancer cells (SKOV-3) and mouse malignant
melanoma (B16) cell line were obtained from Shandong Institute
of Immunopharmacology and Immunotherapy (Shandong, China).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) was purchased from Sigma-Aldrich (China).

2.2. Preparation of DTX-LNS

The DTX-LNS were prepared by high pressure homogeniza-
tion. Soya lecithin (1%, w/v) was dissolved in water to obtain
the aqueous surfactant solution, which was poured on the DTX
(0.1%, w/v) powder and was totally mixed under high speed
shearing to obtain drug suspensions. These coarse suspensions
were then circulated through the high pressure homogenizer
(NS1001L, Niro Soavi S.P.A., Italy) until an equilibrium size was
reached.

The fresh prepared LNS were dispensed into glass vials and man-
nitol (5%, w/v) was added to the vials as lyoprotectant and frozen for
24 h at —80°C. This was then transferred to a freeze-dryer (LGJO.5,
Beijing Four-Ring Scientific Instrument Co., China), and dried for
48 h at —40°C at a pressure of 0.5 mbar to get the lyophilized DTX-
LNS.

2.3. HPLC analysis of DTX

DTX concentration was measured at 230 nm by HPLC method
(SPD-10Avp Shimadzu pump, LC-10Avp Shimadzu UV-vis detec-
tor). Samples were chromatographed on a 4.6 mm x 250 mm
reverse phase stainless steel column packed with 5 wm particles
(Venusil XBP C-18, Agela, China) eluted with a mobile phase con-
sisting of acetonitrile/water (55:45, v/v) ataflow rate of 1.0 mL/min.
The column temperature was maintained at room temperature. The
samples were properly diluted by methanol and directly injected
(20 L) into the HPLC system without further treatment. The cal-
ibration curve of peak area against concentration of DTX was
A=12,684C—722.76(r2=0.9998) under the concentration of DTX
1-50 pg/mL (12 =0.9998, where A: peak area and C: DTX concen-
tration) and the limit of detection was 0.02 pg/mL.

2.4. Characterization of DTX-LNS

The solution of LNS is bluish in color, which is caused by the light
scattering of the nanoparticles in the solution.

The morphology of LNS was examined by transmission elec-
tron microscopy (TEM). Samples were prepared by placing a drop
of fresh prepared nanosuspensions onto a copper grid and air-
dried; following negative staining with a drop of 3% aqueous
solution of sodium phosphotungstate for contrast enhancement
(Sun et al., 2008). The Zeta potential was measured by the Laser
Doppler Anemometry (LDA) on ZetaPlus Zeta Potential Analyzer
(Brookheaven Instruments Corporation). And the average particle
size and polydispersity index were determined by dynamic light
scattering (DLS) (Zetasizer 3000SH, Malvern Instruments, UK). The
lyophilized LNS were suspended with PBS (pH 7.4) before mea-
sured. All measurements were performed at 25°C. Calculation of
the size and polydispersity index was achieved using the software
provided by the manufacturer. Experimental values were calcu-
lated from the measurements performed at least in triplicates.

2.5. Stability of LNS

The physical stability of the lyophilized LNS was evaluated at
4+2°Cand 25 +2°C. The changes in particle size and drug content
were recorded over the period of 3 months.

2.6. Invitro release studies

The in vitro release of DTX from DTX-LNS was conducted by
dialysis bag diffusion method. Lyophilized DTX-LNS, Duopafei®
were suspended in 2 mL of de-ionized water (final DTX concen-
tration, 100 pwg/mL) and placed into a pre-swelled dialysis bag with
8-12 kDa molecular weight cutoff. The bag was incubated in 15 mL
release medium (0.5% of Tween 80 in PBS, pH 7.4) at 374+0.5°C
under horizontal shaking (Yanasarn et al., 2009). At predetermined
time points, the dialysis bag was taken out and re-placed into a
new container filling with 15 mL fresh medium. The amount of
DTX released was determined by an HPLC method as described in
Section 2.3. Sink condition was maintained throughout the release
period. Data obtained in triplicate were analyzed graphically.

2.7. Invitro cytotoxicity studies

The cytotoxicity of DTX-LNS was tested in SKOV-3 and mouse
B16 cells using the MTT assay (Mosmann, 1983). Briefly, cells were
seeded in a 96-well plate at a density of 4000 viable cells per
well and incubated for 24 h to allow cell attachment. Cells were
exposed to a series of doses of Duopafei®, blank-LNS, and DTX-
LNS, respectively, at 37 °C. The range of concentrations of DTX used
was 0.01,0.1,1, 2 and 10 wM. After 96 h of incubation, 20 WL of MTT
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(5 mg/mL)was added to each well of the plate. 4 h later, 200 p.L/well
of DMSO was added to dissolve the contents in the plate, and the
absorbance of the obtained DMSO solution was measured at 570 nm
and 630 nm by a microplate reader (FL600, Bio-Tek Inc., Winooski,
VT). Untreated cells were taken as control with 100% viability and
cells without addition of MTT were used as blank to calibrate the
spectrophotometer to zero absorbance (Danhier et al., 2009).

2.8. Animals

The Kunming mice (female) weighing about 18-22 g and at the
age of 6-8 weeks were used in this study, which were supplied
by the Medical Animal Test Center of Shandong University. The
animals were acclimatized for at least 1-2 weeks before experi-
mentation, fed with standard diet, and allowed water ad libitum.
All experiments were carried out in compliance with the Animal
Management Rules of the Ministry of Health of the People’s Repub-
lic of China (document no. 55,2001) and the guidelines for the Care
and Use of Laboratory Animals of China Pharmaceutical University.

2.9. In vivo antitumor efficacy

Kunming mice implanted with B16 cells were used to qualify the
efficacy of DTX-LNS by i.v. The mice were subcutaneously injected
at the right axillary space with 0.1 mL of cell suspension contain-
ing 5 x 10 B16 cells (Zhang et al., 2009). Treatments were started
after 8-10 days of implantation. The mice with tumor volume of
~100 mm? were selected and this day was designated as ‘Day 0’. On
Day 0, the mice were randomly assigned to four treatment groups,
with five mice in each group. Each group of mice was treated every
three days with the different formulations as described in the fol-
lowing: (A) DTX-LNS (DTX concentration of 20 mg/kg, diluted in
physiological saline); (B) Duopafei® (dosage of 20 mg/kg, diluted in
physiological saline); (C) N.S (D) blank-LNS.

All mice were labeled, and tumors were measured every other
day with calipers during the period of study. The tumor volume
was calculated by the formula: V=(W?2 x L)/2, where W is the tumor
measurement at the widest point and L the tumor dimension at the
longest point. Each animal was weighed at the time of treatment,
so that dosages could be adjusted to achieve the mg/kg amounts
reported. Animals also were weighed every other day during the
experiment period. The body weights of mice were monitored as
an index of systemic toxicity (Oh et al., 2008). After 21 days, the ani-
mals were killed, and the tumor mass was harvested, weighed and
photographed. The tumor inhibition ratio (TIR) could be defined
as follows: TIR (%)= ((Wc — W;)/We) x 100%. W and W; stand for
the average tumor weight for control group and treatment group,
respectively (Zhang et al., 2009).

2.10. Pharmacokinetics and tissue distribution

The mice with tumor were selected randomly and equally
divided into two groups as subjects. Two formulations, Duopafei®
and DTX-LNS were administered to the two groups respectively at
a 60 mg/kg dose level via the tail vein. Blood samples which were
taken from the retro-orbital plexus at predetermined time points
(5,15,30,45min; 1, 2, 3,4, 5, 6, 7and 8 h post i.v. dose), were cen-
trifuged (4000 rpm, 15 min) and plasma was collected and stored.
The mice were then euthanized by cervical dislocation, and the
tumor, heart, liver, spleen, lung, kidney were collected, washed,
weighed and homogenized (Ultra-turrax homogenizer (IKS T10),
[IKAWerke GmbH & Co., Germany) in 1 mL of physiological saline.
After collection, both plasma and tissue samples were stored at
—20°C until further analysis.

2.11. Serum and tissue sample analysis

The plasma samples were extracted as previously reported.
DTX plasmatic concentrations were determined as follows. Briefly,
200 L of plasma samples was extracted by adding 250 uL
methanol and 250 pL acetonitrile vortex-mixing the samples for
30s. The mixture was then centrifuged for 15 min at 15,000 rpm,
and the supernatant was transferred, filtered and injected into the
HPLC system.

The tissue sample was weighed accurately and homogenized
using a tissue homogenizer after addition of 1 mL physiologic saline.
200 p.L tissue homogenates were processed similarly to the above
disposal methods for plasma samples and analyzed by HPLC.

2.12. Pharmacokinetics and statistical analysis

The main pharmacokinetic parameters were calculated by the
statistical moment method using the DAS 2.0 software. The area
under the plasma concentration-time profiles (AUC), the distribu-
tion (Tyj24) and elimination half-life (T;5p), the mean residence
time (MRT), and total plasma clearance (CL) were calculated. All
studies were repeated a minimum of three times and measured
at least in triplicate. Results were reported as means=+SD (SD:
standard deviation). Statistical significance was analyzed using
the Student’s t-test. Differences between experimental groups
were considered significant when the P-value was less than 0.05
(P<0.05).

3. Results and discussion
3.1. Characterization of DTX-LNS

The DTX-LNS were homogenized applying 5, 10, 15, 20, 25
homogenization cycles at 100 MPa, respectively, and the particle
diameter and polydispersity index (PI) were analyzed. The mean
particle size of the suspensions decreased with the cycle number
increased. There was no significant difference in the diameters of
DTX-LNS between 20 cycles and 25 cycles (P>0.05), while, PI of 20
cycles was smaller than that of 25 cycles (P<0.05). It was indicated
that both the diameter and Pl were closely related to the cycle num-
ber. Based on the above results, cycle number of 20 was selected in
the preparation of DTX-LNS.

The photographs of the premixed suspension before high pres-
sure homogenization (A), the coarse DTX-LNS (B), and the DTX-LNS
(C) are shown in Fig. 1. Adkins et al. (2008) had reported that an
appearance of nanoparticles with particle size ranging from 50
to 200 nm showed transparent liquid. The transparent DTX-LNS
obtained in the present study appear to be micronized completely
from its appearance.

The TEM micrographs of the fresh-prepared DTX-LNS and the
freeze-dried DTX-LNS are shown in Fig. 2. The particle diameters
of the tow kinds of DTX-LNS ranged from 50 to 400 nm. The mean
particle size of the fresh-prepared DTX-LNS and the freeze-dried
DTX-LNS were 200.0 +3.42 nm and 223.3 +4.28 nm, respectively.
The zeta potentials were —11.154+0.99 mV and —10.87 £ 0.39 mV,
respectively.

3.2. Stability of DTX-LNS

The physical stability of the lyophilized DTX-LNS was evalu-
ated over 3 months at 44+2°C and 25+ 2°C. During this storage
period, the particle size was not significantly changed and more
than 99% of DTX remained in the nanosuspensions, indicating that
the lyophilized product has a shelf-life of at least 3 months.
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Fig. 1. Photographs of DTX-LNS: (A) premixed suspension before high pressure homogenization, (B) the coarse DTX-LNS, and (C) DTX-LNS.

3.3. Invitro release studies

The release experiment was conducted under sink conditions
and the dynamic dialysis was employed for separation of free drug
from DTX-LNS. Both the release behavior of DTX from DTX-LNS
and Duopafei® followed the first-order kinetics equation and could
be expressed by the following equation, respectively: for DTX-
LNS: In(100 — Q)=—-0.1961t+4.5543, r2=0.9946; for Duopafei®:
In(100 — Q)= —0.1859¢ +4.4038, r2 =0.9991. The release profiles of
DTX-LNS and Duopafei® are shown in Fig. 3.1t was obvious that DTX
released from DTX-LNS was much similar to Duopafei®. Approxi-
mately 100% DTX in DTX-LNS and Duopafei ® was released within
24 h. This phenomenon could be attributed to the increased surface
area of the drug and possible better contact between nanosus-

B. Freeze-dried

A. Fresh-prepared

Fig. 2. Transmission electron photomicrograms of DTX-LNS: (A) fresh-prepared and
(B) freeze-dried.

1201
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Fig. 3. In vitro release profile of DTX from Duopafei® and DTX-LNS in phosphate
buffered saline (0.5% of Tween 80® in PBS, pH 7.4) at 37 +0.5°C (n=3).

pensions and dissolution medium which could be favorable to the
dissolution of the drug. Besides, the nanometer scale size of DTX-
LNS after lyophilization could be considered to be another reason
for that. According to Noyes-Whitney equation, an increase in sol-
ubility and decrease in particle size led to an increased dissolution
rate (Bohm and Muller, 1999; Rebecca and Johnson, 1989).

3.4. Invitro cytotoxicity

The in vitro cytotoxic activity of Duopafei®, blank-LNS and
DTX-LNS was assessed by MTT assay in SKOV-3 and B16 cells,
respectively. The half maximal inhibitory concentration (IC50) of
Duopafei® and DTX-LNS for SKOV-3 and B16 (n=3) is presented in
Table 1. It was shown that both Duopafei ® and DTX-LNS exhibited
clear dose-dependent cytotoxicity against these cell lines with the
concentration of loaded DTX increased from 0.01 to 10 wM. How-
ever, blank-LNS had no effects on the cell viability and showed
similar result as the nontreated cells (P>0.5). Because the main
composition of blank-LNS was soya lecithin which was a good bio-

Table 1

The IC50 of Duopafei®, DTX-LNS and blank-LNS to SKOV-3 and B16 cells. The cyto-
toxicity of DTX-LNS was tested in SKOV-3 and mouse B16 cells using the MTT assay
and the range of concentrations of DTX used was from 0.01 to 10 wM. All the date
are presented as mean+SD (n=3).

Cell line Duopafei® DTX-LNS Blank-LNS
SKOV-3 0.08 + 0.04 0.08 + 0.03 15.21 £ 0.21
B16 0.72 + 0.10 0.69 + 0.15 2559+ 1.0
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Fig.4. Antitumor effects (in terms of tumor growth) of DTX-LNS, Duopafei®, blank-
LNS and N.S on B16 tumor-bearing mice after i.v. administration. (A) Variation of
tumor volume and (B) tumor weight of each treatment group. **P<0.01, compared
with Duopafei®. Data were given as mean=SD (n=5).

compatible material, could be totally metabolized and non-toxic to
cells. Therefore, the cytotoxicity of Duopafei® and DTX-LNS could
be attributed to the toxic effects of DTX. With the concentration
increased, the toxicity enhanced, which suggested that the drug
concentration played a major role in the in vitro cytotoxicity of DTX.
These results also indicated that the cytotoxicity of drug-loaded
nanoparticles was nearly the same as that of free drug. Similar
results were also reported in the previous studies (Li et al., 2008;
Zhang et al., 2004, 2007).

3.5. In vivo antitumor effect

The in vivo antitumor effects of DTX-LNS were assessed using
B16 bearing mice as the model animals. Fig. 4(A) depicts the
changes of tumor volume and the weights of excised tumor mass
are shown in Fig. 4(B). It was found that the tumor volumes of
DTX-LNS group were smaller than those of Duopafei® group after
injection two weeks (P<0.05) and significant differences in tumor
weights were observed between Duopafei® groups and the groups
receiving DTX-LNS at the same dose (P<0.01), indicating that DTX-
LNS could effectively inhibit tumor growth, while no antitumor
effect was observed in the group of N.S and blank-LNS. As shown
in Fig. 5, these typical photographs of excised sarcomas from the
tested groups provide a direct visual representation of the tumor
suppression effect.

The tumor inhibition rates of DTX-LNS and Duopafei® group
compared with N.S group are listed in Table 2. The DTX-LNS group
showed more significant tumor inhibition rate (84.51 + 3.49)% than
Duopafei® (62.17 £6.45)% (P<0.01).

Fig. 6 depicts the variation of relative body weight of the mice.
These results suggested that the mice experienced a large weight
increase from the day of the administration of different formula-
tions to the end of the experiment. These increases were 18.58%,
51.50% and 37.80% for N.S, blank-LNS and DTX-LNS, respectively.
But the body weight of the group treated with Duopafei® experi-
enced a slight weight loss (less than 10%). This weight loss induced
by Duopafei® was much significant than those induced by DTX-LNS
(P<0.01). The analysis of body weight variations could be used to

N.S

. . . N Jw

Blank-LNS . . . . q
@ ¢ o
¢ ¢

Fig. 5. Photographs of tumors from each treatment group excised on Day 21. Data
were given as mean+SD (n=5).

Dupafei® o ©

C J
DTX-LNS | @ w

define the adverse effects of the different therapy regiments (Zheng
etal., 2009). It could be concluded that that DTX-LNS exhibited less
toxicity to mice than Duopafei®. Therefore, it would facilitate the
clinical application of DTX-LNS when administered intravenously
under the present experiment condition. Moreover, it was observed
that the mice of Duopafei® group were in a weak state in the aspects
of movement and spirit and two mice died during the experiment,
whereas no obvious alteration was observed in the DTX-LNS group.
It could be speculated that the tumor inhibition ability of DTX-LNS
increased survival rates of B16 bearing mice. Thus, nanosized drug
carriers possess advantages of reducing the high dose dependent
toxicity of anticancer drugs while, simultaneously increasing their
anticancer efficacy (Hwang et al., 2008).

To further verify the lower toxicity of DTX-LNS compared with
Duopafei®, twenty B16 bearing mice were used as the model ani-
mals in the following study. Among the 10 mice injected with
20 mg/kg Duopafei®, one mouse died after 10 days, and 7 other mice
died within 35 days. It was likely due to the high toxic effects of free
DTX and the solvent system. In contrast, the other 10 mice treated
with 20 mg/kg DTX-LNS were all alive after 35 days. It could be
concluded that DTX-LNS could increase survival rates by reducing
in vivo toxicity of normal tissues.

Overall, these findings indicated that DTX-LNS showed higher
efficacy and much lower side effects in B16 bearing mice model
compared with Duopafei®, which could be attributed to following
reasons. Firstly, DTX-loaded LNS showed much better toleration
in vivo compared with Duopafei®. Efficacy and therapeutic value
of DTX could be substantially diminished by severe systemic tox-
icity. Cytotoxic drugs typically show a steep dose-response curve
and high dose intensity was required to ensure therapeutic suc-
cess, which led to a dilemma between high drug dose with high

—&r— DTX-LNS
—&— Duopafei®
sor —0— NS
—0O— Blank-LNS

Body weight (g)

t(d)

Fig. 6. Body weight change observed in B16-tumor bearing mice treated with dif-
ferent formulations. Data were given as mean £ SD (n=5).
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Table 2
The TIR of DTX-LNS and Duopafei® group.
Groups Dose (mg/kg) Animals number (start/end) Average tumor weight (g) TIR (100%)
N.S - 10/10 11.86 + 3.46 -
DTX-LNS 20 10/10 1.84 +£ 041 84.51 + 3.497##
Duopafei® 20 10/8 449 + 0.77 62.17 + 6.45"
" P<0.01vs.N.S.
## P<0.01 vs. Duopafei®
6001 DTX-INS
—0o0—DTXINS 250 [0.0833h
= 500 —a— Duopafei® = @025k
£ =Y @0.5h
E) =
% = 75k
= 400 S EB0.75!
g g B1h
o =1
= 300H 5 E2h
] Jé' B3h
& 200! 3 B4k
<] g B5h
£ 3
§ 100} 2 @sh
R B7h
w
0 3 5 - 4 SN J I—_' @8h
0 2 4 6 8 10
t(h)
Fig. 7. The mean plasma concentration-time curves of DTX in B16-bearing mice ©0.0833h
afterasingle i.v. dose (60 mg/kg) of Duopafei® and DTX-LNS, the data were presented 0.25h
as mean=+SD (n=4). " m0.5h
“g"ﬁ ®0.75h
Table 3 F @1h
Plasma pharmacokinetic parameters after i.v. of Duopafei® and DTX-LNS at a dose -2 &2h
of 60 mg/kg of DTX (mean +SD, n=4). g a3h
] @dh
Pharmacokinetic parameters Formulations § =EL]
- 3 .
Duopafei DTX-LNS 2 a7h
Crmax (pg/mL) 481.62 + 13.23 248.58 + 21.19” g a8h
Tij2q () 0.31 + 0.06 0.13 £ 0.05 =
Tijp (h) 1.78 £ 0.11 3.29 £ 0.18" .
AUCo._, (mg/Lh) 308.42 + 20.23 404.05 + 26.19™ spleen
MRT (h) 1.76 £ 0.15 3.37 £ 022"

" P<0.05 vs. Duopafei®.
" P<0.01 vs. Duopafei®.

risk of normal tissue toxicity and low drug dose with low therapeu-
tic effect (Wong et al., 2007). In addition, only when the cytotoxic
anticancer drug reached the tumor could it exert therapeutic effect.
It could be speculated that compared with Duopafei®, DTX-loaded
LNSresulted in higher accumulation in both the liver and the tumor.
LNS could increase drug concentration in tumor via the enhanced
permeability and retention (EPR) effect. To prove our speculation,
biodistribution studies were carried out.

3.6. Pharmacokinetics and tissue distribution

The standard curves having DTX concentrations ranging from
0.5 to 50 pg/mL exhibited good linearity and correlation coef-
ficients over this concentration range were 0.9994-0.9999 for
plasma and all measured organs.

Lv. administration of both Duopafei® and DTX-LNS was
well tolerated by all B16 tumor-bearing mice. The plasma
concentration-time profiles of DTX of Duopafei® and DTX-LNS are
shown in Fig. 7 and the corresponding pharmacokinetic parame-
ters are in Table 3. Although both plasma profiles were found to
be fitted with the two-compartment model, DTX-LNS exhibiting
a very rapid distribution phase (Tj;,=0.13+0.05h) compared
to Duopafei® (T1/2¢=0.31£0.06 h). The peak plasma concen-
tration (Cmax) achieved from Duopafei® (481.62 4+ 13.23 pug/mL)
was significantly higher (P<0.01) than that from DTX-LNS
(248.58+21.19 pg/mL). The plasma AUCy, of DTX-LNS

Fig. 8. Concentrations of DTX in different tissues at 8 h following i.v. of Duopafei®
and DTX-LNS of 60 mg/kg to B16 bearing mice (n=4).

(404.05+26.19mg/Lh) was approximately 1.31-fold greater
than that of Duopafei® (308.42+20.23 mg/Lh), and overall the
mean residence time (MRT, 3.37 +0.22 h) for the DTX-LNS formu-
lation was considerably longer (1.92-fold) than that observed for
the Duopafei®. These results indicted that the plasma pharmacoki-
netics of DTX given in the LNS formulation were different from
Duopafei®. It was reported the uptake of nanoparticles by RES
organs following intravenous injection might taken from a few
minutes to hours, depending on the particle size and composition
(Manjunath and Venkateswarlu, 2005). The DTX nanoparticles
uptaken by RES, might dissolve slowly in phagocytic cell and
release into blood circulation, and remain a longer blood level
compared with Duopafei®.

In contrast to the plasma profiles, in all tissues (except the
heart and kidney), significantly higher DTX concentrations in DTX-
LNS group were observed in B16 tumor-bearing mice compared
with Duopafei® (P<0.01) (Fig. 8). For both DTX-LNS and Duopafei®
group, the highest level of DTX in all the collected tissues was
observed at 5 min after i.v.administration. AUC(g_gy and MRTg_g )
values of tested organs for the two formulations are given in Table 4.
The AUC(_gn) and MRTy_gpy values of DTX-LNS were found to
be much higher than that of Duopafei® in liver, spleen and lung
(P<0.01). It could be explained that these nanosuspensions had
a relatively large mean diameter (223.3+4.28 nm). They could
circulate in the blood as submicron particles for a certain time
period, and then they might be recognized as foreign matters and
rapidly cleared by phagocytic cells of mononuclear phagocyte sys-
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Table 4
Average pharmacokinetic parameters (n=4) of DTX after i.v. of Duopafei®, DTX-LNS
to B16 bearing mice with dose of 60 mg/kg.

AUC(o_s) (mg/Lh) MRT(o.g) (h)

DTX-LNS
Heart 77.92 + 536" 1.37 £ 0.02"
Liver 220.05 + 23.43" 2.58 +£0.16"
Spleen 394.41 + 32117 2.63 +£0.15"
Lung 250.76 + 20.41" 3.78 + 0.12"
Kidney 102.05 + 4.64° 1.19 £ 0.07"
Tumor 53.259 + 3.63° 5.20 + 0.97"
Duopafei®
Heart 134.07 + 10.13 1.86 + 0.08
Liver 47.49 + 8.90 0.89 + 0.05
Spleen 104.59 + 4.62 1.88 + 0.07
Lung 107.65 + 8.82 1.88 + 0.21
Kidney 141.52 + 19.27 3.26 + 0.24
Tumor 38.07 +£ 140 2.69 + 0.05
" P<0.05 compared with Duopafei®.
™ P<0.01 compared with Duopafei®.
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tissue accumulation{pg/g)

Fig. 9. Mean DTX content of heart, liver, spleen, lung, kidney and tumor after i.v. of
Duopafei® and DTX-LNS. *P<0.05, **P<0.01 compared with Duopafei®.

tem (MPS) which abounded in special tissues and organs, such as
liver, lung and spleen (Gao et al., 2008). Therefore, DTX-LNS had a
markedly higher concentration compared with Duopafei ® in these
organs, meanwhile the drug concentration in heart and kidney
decreased. Similar results were reported by Peters et al. (2000).

The mean DTX contents of heart, liver, spleen, lung, kidney and
tumor after i.v. of two formulations are shown in Fig. 9. For DTX-
LNS group, 18.31%, 36.09% and 20.60% DTX were distributed in
liver, spleen and lung, respectively. Compared with the amount
of DTX accumulated within the organs rich in macrophages (liver,
lungs and spleen), the amount of drug targeted to tumor was
lower. In order to reach all viable cells in the tumor, anticancer
drugs must be delivered efficiently through the tumor vascula-
ture, cross the vessel wall, and traverse the tumor tissue (Tredan
et al., 2007). Therefore, nanosuspensions targeted to tumor by
EPR (enhanced permeability and retention) effect might be rela-
tively difficult. Nevertheless, nanoparticles could be engulfed by
MPS rapidly to increase the drug concentration in liver. The pas-
sive targeting of DTX-LNS to liver might suggest an enhanced
therapeutic effect on liver cancers, and it still needs further
investigation.

4. Conclusion

In the present study, DTX-LNS were successfully prepared by
high pressure homogenization. Compared with Duopafei®, DTX-
LNS showed higher antitumor efficacy, increased survival rate in
B16 cells bearing mice and strongly reduced anticancer drug tox-
icity. So we have applied for patents to protect our achievement
(Wang et al., 2010).

Above all, LNS were total avoidance of organic solvents during
the production process, could be successfully employed for large-
scale production and conveniently applied in clinical.

In our future work, we will warrant more strict research in order
to further research the in vivo antitumor effect and toxicity of the
DTX-LNS. We will also focus on the development of stealth and
active targeting LNS carriers modified with functionalized surface
coatings, and ultimately, the feasibility and advantages of clinical
applications.
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