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Paclitaxel (PTX), a BCS class IV drug that is characterized by its poor solubility and is a substrate for P-glycopro-
tein, is one of the most widely used antineoplastic agents. However, oral administration of PTX for chemotherapy 
is highly challenging. The aim of this study was to develop bile-salt liposomes (BS-Lips) to enhance the absorption 
of PTX and thus improve its therapeutic outcome. The BS-Lips were prepared by the thin-film hydration method 
and characterized in terms of particle size and morphology. Drug release and in vitro stability in simulated gastro-
intestinal fluids and in media of different pH values were evaluated, as well as in vivo performance, including 
antitumor activity and pharmacokinetics in rats, with the plasma concentrations determined by a HPLC method. 
The PTX-loaded BS-Lips were successfully prepared with a diameter of approximately 150 nm and an entrapment 
efficiency of greater than 90 percent. Moreover, the BS-Lips were not affected by gastrointestinal enzymes or pH 
alternation, as evident from the unchanged particle size and the drug retained in BS-Lips after 6 h incubation. The 
insertion of bile salt into the lipid layer of liposomes increased the lymphatic transport of PTX by twofold. Impor-
tantly, BS-Lips increased the oral bioavailability of PTX by 2.5 and 4-fold, respectively, compared with conventional 
liposomes (Lips) and Taxol (free drug), thereby displaying a better inhibition of tumor growth that was similar to the 
group injected intravenously with Taxol. In conclusion, the BS-Lips represent promising vehicles for the oral delivery 
of PTX, thereby enabling an intravenous-to-oral switch for cancer chemotherapy.

1. Introduction
Palcitaxel (PTX) is one of the most widely used antineoplastic 
agents with a broad spectrum of antitumor activity against a wide 
range of cancer diseases, including leukemia, lung cancer, meta-
static breast and refractory ovarian cancer (Dahmani et al. 2012; 
Jauhari and Dash 2006; Rowinsky et al. 1992). Currently, the 
drug is administered as an intravenous infusion in a mixture of 
Cremophor EL and alcohol because of its poor solubility in water. 
However, various side effects, including hypersensitivity reactions, 
hyperlipidaemia, neurotoxicity, allergic shock and altered phar-
macokinetics, are incurred by such formulations, thereby greatly 
compromising the therapeutic effect (Agüeros et al. 2010; Sharma 
et al. 2015; Zabaleta et al. 2012). To improve the therapeutic 
index, a new PTX formulation for intravenous injection, a protein 
bound-PTX nanoformulation without the inclusion of toxic surfac-
tants and organic solvents, was developed and approved by the 
FDA in 2005 (Koudelka and Turánek 2012; Sharma et al. 2015).

However, among the administration routes, oral delivery is consid-
ered to be most readily accepted route of drug administration, owing 
to its better compliance, flexibility in formulation and reduced cost 
(Luo et al. 2014; Yin et al. 2013). In particular, oral delivery of anti-
cancer drugs for chemotherapy is an interesting topic in 21st century 
medicine as it may alter the current regimen of chemotherapy and 
provide improved patient care, comfort, reduction in healthcare costs 
and reduction in side effects (Mei et al. 2013; Narvekar et al. 2014; 
Schoener and Peppas 2012).  However, the oral administration of 
anticancer drugs such as PTX, mitoxantrone, vinblastine, irinotecan 
and docetaxel is very challenging due to their low aqueous solu-
bilities, poor intestinal permeabilities, metabolism by cytochrome 
P-450 enzyme and high level of P-gp efflux (Mazzaferro et al. 2013; 
Shapira et al. 2012; Thanki et al. 2013).
A nanocarrier is an efficient tool to encapsulate poorly soluble 
drugs and to protect therapeutic molecules, prolonging their blood 
circulation and changing the tissue distribution (Bertrand et al. 
2014; Trickler et al. 2008). To achieve oral PTX delivery, several 
nanocarriers such as microemulsions (Nornoo et al. 2009; Pandita 
et al. 2011), liposomes (Pawar et al. 2014), polymeric micelles 
(Dahmani et al. 2012; Mo et al. 2011) and solid lipid nanoparticles 
(Baek and Cho 2015; Miglietta et al. 2000) have been reported. 
However, all of the reported nanocarriers have a low drug payload, 
poor stability in the gastrointestinal tract, low intestinal permea-
bility, low bioavailability, or an unfavorable biocompatibility for 
oral PTX administration (Thanki et al. 2013). Thus, a new nano-
carrier for oral PTX delivery is highly desired.
BS-Lips, vesicles that are prepared by incorporating bile salts such 
as deoxycholate (a non-ionic surfactant) into the lipid bilayers of 
the liposomes (Senior 2001), are promising carriers for the oral 
administration of biological macromolecular drugs such as insulin, 
vaccines and salmon calcitonin (Mann et al. 2006; Niu et al. 2012; 
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Song et al. 2005). Compared to Lips, BS-Lips are more competent 
for resistance to disruption by digestive enzymes and physiological 
bile salts in the gastrointestinal tract (Niu et al. 2012). Moreover, the 
incorporation of bile salt helps to promote the transit of liposomes 
through the gastrointestinal tract epithelia by a membrane-destabi-
lizing effect through the interaction between the bile salt and the 
intestinal epithelia (Zabaleta et al. 2012). Thus, it is hypothesized 
that the BS-Lips possess great potential for solving the problems 
encountered in delivering PTX via the gastrointestinal tract.
Thus, in this study we show the use of BS-Lips for the oral delivery 
of PTX for the purpose of increasing its oral bioavailability and 
thus improving its therapeutic index. The aims of the present study 
were to (i) prepare the PTX-loaded BS-Lips, (ii) study their stability 
in simulated gastrointestinal fluids, (iii) investigate its pharma-
cokinetics in rats and examine the intestinal lymphatic transport 
and (iv) evaluate its antitumor activities in H22-bearing mice. In 
previous reports, BS-Lips were only used to deliver macromo-
lecular drugs such as insulin or conventional insoluble drugs such 
as fenofibrate. To the best of our knowledge, this report is the first 
on the oral delivery of anticancer drugs for chemotherapy by using 
BS-Lips, which would greatly expand the application of BS-Lips 
in disease treatment. Importantly, the insertion of bile salt into the 
lipid layer of liposomes enhanced lymphatic transport of PTX 
by 2-fold and resulted in an increase in the oral bioavailability of 
PTX by 2.5 and 4-fold, respectively, compared with conventional 
liposomes and Taxol (free drug).

2. Investigations and results

2.1. Preparation and characterization of BS-Lips
The BS-Lips were fabricated via the thin-film hydration method. 
The impact of SDC/SPC molar ratios on EE (%) of PTX and 
particle size of BS-Lips is displayed in Fig. 1. When the ratio was 
changed from 1:1 to 1:3, an increase of EE (%) from 50% to 90% 
was observed; however, the EE (%) was not altered any more as 
the ratio was varied from 1:3 to 1:10 (Fig. 1 A). The particle size 

of BS-Lips was also impacted by SDC/SPC molar ratios, which 
BS-Lips with smallest diameter size were obtained at 1:4 ratio 
(Fig. 1 B). Thus, 1:4 of SDC/SPC ratio was selected as optimized 
formulation for BS-Lips.
The diameter size/zeta-potential of BS-Lips was 154.3 nm/4.8 
mV (Fig. 2 A), and the PI was 0.23, which was less than 0.3, thus 
indicating a homogeneous nanoparticle formulation (He et al. 
2013). As shown in the TEM examination (Fig. 2 B), spherical 

Fig.1:  Influence of SDC/SPC molar ratios on (A) EE (%) and (B) particle size of 
BS-Lips (n = 3).

particles with a particle size within the range of 100 to 200 nm 
were observed, therefore corresponding to those measured using 
DLS. The PTX drug was well encapsulated into the BS-Lips and 
the conventional Lips, with an EE (%) of greater than 90%.

2.2. In vitro drug release
The PTX release from the PTX formulations is shown in Fig. 3. 
A sustained release profile over time was observed from BS-Lips 
and conventional Lips; however, the PTX release from the former 
was slower than from the latter, with around 50 percent of the PTX 
released from Lips by 36 h, while only 40 % of the drug were released 

Fig. 2:  (A) Particle size and size distribution by intensity and (B) TEM image of 
BS-Lips.

Fig. 3:  In vitro drug release from conventional Lips and BS-Lips in pH 6.8 PBS 
containing 1% (w/w) SDS.

from BS-Lips. It was shown previously that the insertion of a surfac-
tant such as HS-15 or Cremophor-EL into the structure of the lipid 
bilayer would help to improve the in vitro stability of liposomes and 
thus reduce the release of drug (Ji et al. 2012). Bile salt is a nonionic 
surfactant, thus a similar effect on the stability of liposomes would be 
produced when it was inserted into the lipid bilayer. 
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Fig. 4: Influence of (A and B) simulated gastrointestinal tract fluids and (C and D) pH on the particle size and retained drug in BS-Lips after 6 h incubation.

Fig. 5:  Drug plasma concentration–time profile of PTX after intravenous injection of 
Taxol in rats. Data are represented as the mean ± S.D. (n = 6).

2.3. Stability study in simulated gastrointestinal fl uids 
and media of different pH values
It is well known that the stability of nanoscale drug delivery systems 
is affected by the physicochemical environment of the gastrointestinal 
tract, which can reduce the amount of drug for transport across the 
intestinal epithelium and ultimately compromise the therapeutic 
outcome (Parmentier et al. 2011). Therefore, we performed a stability 
study of BS-Lips in simulated gastrointestinal fluids and in media of 
different pH values. The effects of SGF and SIF on the particle size and 
retained drug in BS-Lips are shown in Fig. 4 (A and B). The particle 
size and retained drug in BS-Lips were not influenced by both SGF 
and SIF as evident by the largely unaltered particle size and the high 
amount of retained drug (greater than 90 %) at the various time points. 
The influence of pH values on the particle size and retained drug in 
BS-Lips is shown in Fig. 4 (C and D). After 6 h of incubation in media 
at pH 1.2, 4.5, 6.8, 7.4 and 8.0, which simulate the pH conditions of 

the stomach, pylorus, small intestine, caecum and colon sections, 
respectively (McConnell et al. 2008; McDowell and McLeod 2007), 
there was no change in the particle size or the retained drug.

2.4. Pharmacokinetics in rats
The plasma concentration profiles of PTX after a single intrave-
nous administration of Taxol (free drug) at 10 mg/kg are depicted 

Table 1:  Pharmacokinetic parameters of PTX post oral administra-
tion of BS-Lips, Lips and Taxol and intravenous injection of 
Taxol in rats (n=6)

 Formulations Tmax (h) Cmax (μg/mL) T1/2 (h) AUC0−t (μg·h/mL) F (%)

Taxol (intrave-
nous injection)

0.083±0.00 8.51±2.08 2.73±0.45 6.45±1.25 –

Taxol (oral) 1.25±0.66 0.25±0.076 2.40±0.53 0.67±0.45 10.38
Lips (oral) 0.83±0.15 0.43±0.17 3.88±0.87  1.05±0.48 16.28
BS-Lips (oral) 0.83±0.15 0.70±0.36a, b 4.92±1.22  2.56±0.87a, b 39.69

a P<0.01 vs Lips (oral); b P<0.001 vs Taxol (oral)
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in Fig. 5. The plasma PTX concentration declined rapidly within 
2 h, and the drug was cleared rapidly. The C

max
 was approximately 

8.51 μg/mL. The mean values obtained for AUC
0–t

 and T
1/2

 were 
6.45 μg·h/mL and 2.73 h, respectively (Table). 
The plasma concentration–time curves and pharmacokinetic 
parameters of PTX after oral administration of conventional Lips, 
BS-Lips and Taxol in rats are shown in Fig. 6 and the Table. After 
an identical dose of PTX was administered to rats through the PTX 
formulations, the plasma concentration reached the maximum 
concentration at approximately 1 h and then decreased slowly. 

(Trevaskis et al. 2008). As indicated in Fig. 7, the plasma concen-
trations obtained from rats pretreated with a chylomicron flow 
blocker were significantly lower than that of control rats (Fig. 6), 
irrespective of the difference in formulations. It thus indicated 
that the intestinal lymphatic transport played an important role 
for the absorption of PTX. In detail, approximately 45% and 20% 
decrease in C

max
 and AUC

0-t
, respectively, for Lips and approxi-

mately 55% and 60% reduction in C
max

 and AUC
0-t

, respectively, 
for BS-Lips were observed. It thus indicated that the fraction of 
lymphatic absorption from the latter was greater than the former.

Fig. 6:  Drug plasma concentration–time profile of PTX after oral administration of BS-
Lips, Lips and Taxol in rats. Data are represented as the mean ± S.D. (n = 6).

Fig.7:  Drug concentration–time profiles of PTX in rats treated with cycloheximide or 
saline (control) after oral administration of BS-Lips and Lips in rats. Data are 
represented as the mean ± S.D. (n = 6).

Compared with Taxol, Lips and BS-Lips increased the C
max 

by 
more than 2- and 3-fold, respectively, and increased the AUC

0-t
 by 

approximately 1.5- and 4-fold, respectively, indicating enhanced 
absorption. Importantly, the C

max 
and AUC

0-t
 of BS-Lips were 

approximately 1.7- and more than 2.5-fold greater than those of 
Lips, respectively, which revealed that the insertion of bile salt 
into the lipid layer significantly improved the oral bioavailability 
of PTX. Moreover, the F% of BS-Lips was up to 39.7%, further 
confirming the better absorption of PTX.

2.5. Intestinal lymphatic transport
For a lipid formulation, lymphatic transport had significant impact 
on the oral bioavailability of a number of highly lipophilic drugs 

2.6. In vivo antitumor study
The in vivo antitumor activity of the PTX formulations was assessed in 
H22-bearing mice. When the average tumor volume in mice reached 
approximately 100 mm3, treatments were carried out via intravenous 
injection of saline and Taxol and via oral administration of BS-Lips at 
three doses and of Lips. Saline was used as a control formulation. Body 
weight and tumor volume were examined every 3 days. The growth 
curves of the H22 tumors in mice after the treatment are displayed 
in Fig. 8 (A). The tumor volume from the saline group increased by 
approximately 35-fold after 30 days, indicating no antitumor effect. 
For the group injected with Taxol, the increase in tumor volume was 
approximately 14-fold, thus demonstrating that PTX significantly 
suppressed the tumor growth. The increase in tumor volume was 
approximately 25-fold for conventional Lips and 19-, 14- and 10-fold 
for the low, medium and high doses of BS-Lips, respectively. These 
results suggested that oral PTX in the forms of Lips and BS-Lips 
also inhibited the tumor growth significantly. However, BS-Lips, 
displaying a dose-dependent  tumor growth  inhibition, exhibited a 
better antitumor effect than the conventional Lips. Most importantly, a 

Fig. 8:  (A) Tumor volume and (B) body weight change fold increases in H22-bearing 
mice after oral administration of BS-Lips at three doses and Lips or intrave-
nous injection of Taxol every other day, with saline used as a control.
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similar inhibition of tumor growth was obtained from the groups that 
were orally administered BS-Lips and from the groups intravenously 
injected with Taxol at a dose of 10 mg/kg, further confirming the more 
effective inhibition of tumor growth by BS-Lips. 
The changes in body weight of the mice treated with the various 
formulations are shown in Fig. 8 (B). All the groups, except for 
the group orally administered BS-Lips at a high dose, did not lose 
any body weight after administration, indicating the safety of the 
various formulations. However, the oral administration of BS-Lips 
at a high dose resulted in a significant decrease in body weight, 
indicating a serious side effect.

2.7. Conclusions
BS-Lips with a diameter of 150 nm were prepared for enhancing the 
absorption of PTX. The BS-Lips was able to maintain their integrity 
in simulated gastrointestinal fluid, enhance lymph PTX transport and 
thus increase oral bioavailability of PTX by 2.5 and 4-fold compared 
with conventional Lips and Taxol, respectively, thus resulting in better 
antitumor activity. In summary, the present BS-Lips are promising 
nanocarrier systems for the oral delivery of PTX, thereby achieving an 
intravenous-to-oral switch for cancer chemotherapy.

3. Discussion
It was demonstrated that the investigated BS-Lips remain intact 
in the presence of the gastrointestinal enzymes and pH alter-
ations. Oral administration is an attractive route to deliver drugs 
incorporated in nanocarriers because of its ease of administration 
and patient compliance (Ensign et al. 2012; Gamboa and Leong 
2013). However, drugs administered orally are challenged by an 
acidic environment, gastrointestinal enzymes, pH alterations and 
a tight monolayer of endothelial cells present throughout the 
gastrointestinal tract (Bakhru et al. 2013; Sakuma et al. 2001). The 
maintenance of intact nanoparticles is very critical for enhanced 
drug absorption (Niu et al. 2011, 2014). The enhanced stability of 
BS-Lips was related to the incorporation of bile salt into the lipid 
bilayer. Previous reports indicated that insertion of a surfactant into 
the structure of a lipid bilayer helps to maintain the integrity of 
liposomes by  steric hindrance of the pancreatic enzymes or the 
membrane spanning structure that may increase the intermolecular 
forces in the membrane (Ji et al. 2012; Parmentier et al. 2011), thus 
reducing the drug leakage. Moreover, the membrane of BS-Lips 
would become more flexible due to the presence of bile salt in 
the lipid bilayer, which is beneficial for reducing the leakage of 
drug induced by membrane distortion in acidic medium (Hu et al. 
2013). In fact, the present report was in line with a previous report 
that BS-Lips had good protection of insulin against enzymatic 
degradation by pepsin, trypsin and α-chymotrypsin in vitro and a 
sustained hypoglycemic effect for 24 h (Niu et al. 2012).
The insertion of bile salt into the lipid layer of liposomes could 
promote the lymphatic transport of PTX into systemic circulation. 
The uptake by lymph node macrophages was significantly affected 
by bilayer fluidity of liposomes, with being more susceptible to 
uptake by macrophages for increased bilayer fluidity (Oussoren 
et al. 1997). The BS-Lips are known to have increased membrane 
fluidity in contrast to conventional liposomes (Chen et al. 2011). 
Thus, BS-Lips were preferred to be uptaken by lymph node macro-
phages. Second, the surfactants, such as bile salt and Tween-80, 
could increase the permeability of intestinal membrane, promote 
the affinity between lipid particles and the intestinal membrane 
and open the tight junctions in the epithelial lining (Li et al. 2009; 
Sun et al. 2011). Additionally, intestinal administration of a small 
amount of bile salt could stimulate a rapid increase in biliary 
phospholipid output, thus resulting in an increase in lymph lipid 
transport (Trevaskis et al. 2005). 
The oral bioavailability of PTX in the BS-Lips was markedly improved 
as compared to conventional Lips, resulting in better tumor growth 
inhibition. The oral bioavailability of P-gp drug substrates such as PTX 
that exhibit very poor absorption can be enhanced by their formulation 
into nanocarriers, probably as a result of active nanocarrier uptake by 
the enterocytes mediated by a transcytosis or endocytosis process 

(Attili-Qadri et al. 2013; Roger et al. 2009). Thus, the maintenance 
of intact of BS-Lips in the gastrointestinal tract was very important. 
BS-Lips maintained its integrity in SGF or SIF, thus increasing the 
chance that the nanocarriers were able to transit across the intestinal 
epithelium barrier. Moreover, this translocation was further enhanced 
by the incorporation of bile salt into the membrane, owing to that 
he presence of bile salt in the lipid bilayer may allow conventional 
liposomes to undergo a vesicle–micelle transition, producing mixed 
micelles that behave as good vehicles for drugs, especially insoluble 
ones, as well as one of the most important mesophases for absorption 
(Chen et al. 2009; Porter et al. 2007). For a lipid formulation, intes-
tinal lymphatic transport plays a very important role in the absorption 
enhancement of lipophilic drugs since the drug can be delivered to 
systemic circulation without first-passing effect of liver; moreover, the 
lymphatic transport can be enhanced by the oral absorption of intact 
nanoparticles (He et al. 2015). Here, we confirmed that lymphatic 
absorption of PTX was enhanced significantly due to the addition of 
bile salt. We therefore ascribed the good absorption of PTX through 
BS-Lips to two main factors: the maintenance of BS-Lips integrity in 
the gastrointestinal tract and enhanced lymphatic absorption by the 
incorporation of bile salt into the formulation. 

4. Experimental

4.1. Materials
PTX was from Cisen Pharmaceutical Co. Ltd. (Shandong, China). Taxol was obtained 
from Bristol-Myers Squibb (China) Investment Co. Ltd. (Shanghai, China). SPC 
(greater than 70% phosphatidylcholine) was from Taiwei Pharmaceutical Co. Ltd. 
(Shanghai, China). SDC, pepsin, pancreatin, cholesterol and SLS were supplied by 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).  H22 cells were from the 
Shandong Academy of Medical Sciences (Shandong, China). Fetal bovine serum and 
Dulbecco’s Modified Eagle Medium were purchased from Invitrogen Life Technol-
ogies Inc. (California, USA). Male Wistar rats (200–250 g) and ICR mice (20–25 
g) were from Vital River Laboratory Animal Technology Co. Ltd. (SCXK [JING] 
20120001, Beijing, China). All other reagents used were of analytical grade.

4.2. Preparation of BS-Lips
The PTX-loaded BS-Lips were prepared by the thin-film hydration method previously 
reported by Chen et al (2009). Briefly, 10 mg of PTX, 334 mg of SPC and 50 mg of 
SDC were first dissolved in 10  mL of ethyl ether, followed by evaporation of the 
mixture under vacuum at 35 °C to form a thin film. A crude dispersion of liposomes 
was fabricated by adding 10  mL of phosphate buffer (pH 7.4) into the lipid film 
and hydrating for 20 min in a water bath at 30 °C. Subsequently, the particle size of 
BS-Lips was reduced by further homogenization using a high-pressure homogenizer 
(Niro-Soavi, S.p.A., Parma, Italy) at 200 bar for 15 cycles. The PTX-loaded Lips were 
prepared as described above, except for replacing the SDC with 10 mg of cholesterol.

4.3. Characterization of BS-Lips

4.3.1. Particle size and zeta-potential determination
The determination of the particle size, PI and zeta-potential of BS-Lips and Lips were 
performed on a 3000 HS Potential/Particle Sizer (Malvern Instruments, Malvern, 
UK). Three parallel measurements were carried out for each sample. 

4.3.2. Transmission electron microscopy
One drop of the BS-Lips suspensions was placed onto on a copper grid and dried for 
1 min at 25 °C after blotting off the excess sample with filter paper. Subsequently, 
one drop of phosphotungstic acid (2%, w/v, pH 6.5) was dripped onto the grid and 
maintained for 1 min for staining. Upon removal of the excess staining solution, the 
sample was air-dried for 15  min at 25 °C and then examined using TEM (H-700, 
Hitachi, Japan) with a field-emission gun at an acceleration voltage of 200 kV.

4.3.3. Encapsulation effi ciency 
The EE was estimated from the following formula: EE (%) = (PTX encapsulated in 
BS-Lips /total PTX added) × 100%. The drug content was measured by the HPLC 
system (Agilent 1200, USA) with a column (150 mm × 4.6 mm, Diamonsil™, Dikma). 
The mobile phase was a mixture of acetonitrile and water (70:30, v/v) pumped at a 
flow rate of 1.0 mL/min at 30 °C (Biswas et al. 2012). The sample injection volume 
was 20 μL, and the detection wavelength was 227 nm.

4.4. In vitro drug release
The drug release from BS-Lips or Lips was determined using a dialysis method 
described in a previous report (Bao et al. 2014). Briefly, 1 mL of sample was placed 
in a dialysis bag (MWCO = 10,000 Da) and then was immersed in 50 mL of PBS 
contained 1% SDS (w/v). The addition of SDS was for solubilizing the released drug. 
The release medium was stirred at a speed of 100 rpm at 37 °C in water bath. At each 
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predetermined time point, 1 mL of the external medium was withdrawn and replaced 
with equal volume of fresh medium. The amount of PTX was measured by the HPLC 
method described above. Triplicates of each sample were assessed.

4.5. Stability in simulated gastrointestinal fl uids and media with differ-

ent pH values 
The stability study of PTX-loaded BS-Lips was performed in SGF (USP XXIII, pH 
1.2, pepsin 0.32% w/v), in SIF (USP XXIII, pH 7.5, pancreatin 1% w/v) and in media 
with different pH values (pH 1.2, 4.5, 6.8 and 8.0). The media at pH 1.2 was 0.1 M 
HCl without pepsin, media at pH 4.5 was acetate buffer solution, and media at pH 
6.8 or 8.0 was phosphate buffer solution. Briefly, 1 mL of PTX-loaded BS-Lips was 
mixed with 1 mL of the test fluids and then incubated for 6 h at 37 °C. Six hour later, 
the samples were centrifuged at 1,000 × g for 1 min to remove the insoluble particles. 
The particle size of the supernatant was determined by the 3000 HS Particle Sizer 
(Malvern Instruments, Malvern, UK), and the drug content was assayed by the HPLC 
method described above.

4.6. Pharmacokinetics in rats
The rats used in the experiments received care according to the Shandong University 
Unit for Laboratory Animal Medicine guidelines. The animal experiments were 
conducted using protocols approved by the Shandong University Institutional Animal 
Care and Use Committee. 
The pharmacokinetics study of the PTX formulations, BS-Lips, Lips and 
Taxol were performed in Wistar rats. Twenty-four rats were fasted for 12 h and 
randomly divided into four groups (A, B, C and D, n=6). Groups A, B and C 
were orally administered the PTX formulations of BS-Lips, Lips and Taxol at 
PTX dose of 10 mg/kg, while group D was administered Taxol (free drug) via 
a tail vein injection at a dose of 10 mg/kg. At predetermined time points of 0.17, 
0.25, 0.5, 0.75, 1, 2, 4, 12 h, 0.5 mL of blood sample was sampled from the sinus 
jugularis and placed into heparinized tubes. Plasma samples were harvested 
by centrifugation (AnkeTGL-16G, Feige, Shanghai) for 5 min at 4,000 × g 
and stored at –20 °C until analysis. 

4.7. Intestinal lymphatic transport
To examine the intestinal lymphatic transport, a chylomicron flow blocking rat model 
was used (Dahan and Hoffman 2005; Lind et al. 2008). Twelve rats were randomly 
divided into two groups (n=6) which were treated with an intraperitoneal injection of 
3 mg/kg cycloheximide in saline (0.6 mg/mL). One hour later, BS-Lips and Lips were 
orally administered to the rats at the PTX dose of 10 mg/kg. The blood samples were 
collected as described above.

4.8. Sample preparation and analytical methods
The plasma concentration was assayed using an HPLC system (Agilent 1200, 
Agilent Technologies, USA) described in a previous report with minor modifications 
(Zhang et al. 2008). Briefly, 200 μL of plasma, 50 μL of internal standard (20 μg/mL 
diazepard in methanol) and 2 mL of tetra-butyl methyl ether were mixed in a plastic 
tube and vortexed for 60 s. The supernatant was dried with a stream of nitrogen at 
room temperature. Subsequently, the dried residue was reconstituted with 100 μL of 
mobile phase, vortexed for 5 min and centrifuged at 10, 000 × g for 5 min. Finally, 
20 μL aliquots of the supernatant were injected into the HPLC system. The separation 
was performed on a RP-column (250 mm × 4.6 mm, Dikma) with a mobile phase of 
methanol/water (65:35, v/v) at 40 °C. The flow rate was 1.0 mL/min, and the detec-
tion wavelength was set at 227.0 nm using UV detection. The regression equations 
were applied for each experiment (R2=0.9998). The method for the detection of drug 
concentration in plasma was specific, selective and accurate.

4.9. In vivo antitumor study
The in vivo antitumor activity of the PTX formulations was assessed in H22-bearing 
mice. The mice were injected subcutaneously in the right flank with 0.2 mL of cell 
suspension (2 × 107 cells). When the tumor volume reached 100 mm3, the H22-bearing 
mice were randomly divided into 6 groups (A, B, C, D, E, F and G, n=9). Groups 
A and B were injected via the tail vein with saline and Taxol (free drug), respec-
tively, while the other four groups were orally administered BS-Lips at three doses 
or Lips. For administration to the mice, a single dose of 10 mg/kg of PTX was used 
for Taxol and Lips, while three doses (5, 10 and 20 mg/kg of PTX) for BS-Lips were 
used. The administration interval was once every 3 days for 30 days. The volume of 
the tumor was monitored during the treatment period using the following formula: 
Tumor volume (mm3) = (a × b2)/2, where a and b indicate the largest diameter and the 
smallest diameter, respectively. Additionally, the toxicities of the PTX formulations 
were assessed by monitoring the relative body weight every 3 days.

4.10. Data analysis
The pharmacokinetic parameters of PTX were calculated by a non-compartmental 
analysis with the DAS professional software version 2.0 (Chinese Pharmacology 
Society, Anhui, China). The data are expressed as the mean ± standard deviation. A 
two-sided t-test was conducted for the comparisons between the formulations. P < 
0.05 indicates a significant difference.
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