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amongst others, correlated to the blood circulation 
time, which can be significantly prolonged by the 
incorporation of polyethylene glycol (PEG) grafted 
lipids in the bilayer [10–12]. However, PEG prevents 
normal interaction of the carrier with cells and other de-
stabilizing factors, or when the drug carrier is intended 
for intracellular penetration. To this problem there are 
several approaches, including the use of pH-sensitive 
pharmaceutical nanocarriers based on the fact that many 
pathological sites, including tumors, demonstrate acidifi -
cation. For example, A.A. Kale and V.P. Torchilin devel-
oped PEGylated TATp-modifi ed pH-sensitive liposomes 
comprising a cell-penetrating function, TATp, and a 
protective pH-sensitive coating formed by PEG-Hz-PE, 
with lowered pH values and removal of PEG coat, which 
should result in the enhanced internalization of the nano-
carriers into target cells [13]. Junhwa Shin et al. devel-
oped a pH-sensitive PEG-PE modifi ed liposomes based 
on acid-labile vinyl ether with lowered pH values and 
removal of PEG coat [14]. 

 In our previous study, novel mPEG-Hz-Chol con-
jugate was synthesized with the hydrazone bond and 
the physicochemical characterization was tested in vitro 
pH-dependent degradation. The particle size, transmis-
sion electron microscopy (TEM), and in vitro releasing 

 INTRODUCTION 

 As is known, paclitaxel (PTX), one of the most effec-
tive anticancer drugs on the market today, has been 
demonstrated in clinical trials against a wide variety of 
tumors, including ovarian carcinoma, breast cancer, head 
and neck cancers, and non-small cell lung cancer [1–4]. 
However, its low aqueous solubility is one of the big-
gest shortcomings of PTX. The current clinical dosage 
form of PTX is dissolved in a mixture of Cremophor ®  
EL (poly-oxyethylated caster oil) and ethanol (50:50, 
v/v) and needs to be diluted before injection. However, 
Cremophor ®  EL has been associated with serious side-
effects and leads to hypersensitivity, nephrotoxicity, and 
neurotoxicity in many patients [3]. In order to increase 
the therapeutic effi ciency and reduce the side-effects 
caused by these vehicles, much effort has been devoted to 
improving the aqueous solubility of PTX without using 
Cremophor ®  EL [5]. 

 Liposomal formulations serve as one of the promis-
ing approaches since the association of drugs with lipid 
carriers results in a dramatic improvement of the phar-
macokinetics of the drug, resulting in reduced toxicities 
and improved therapeutic effi cacies [6–9]. The extent 
of liposome accumulation in the tumor interstitium is, 
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capacity of mPEG2000-Hz-Chol modifi ed liposomes 
were evaluated. Cytotoxicity assay and cellular uptake 
of PTX loaded mPEG2000-Hz-Chol liposomes were 
measured.  

 In the present study, we report on the development of 
a novel mPEG-Hz-Chol conjugate modifi ed pH-sensitive 
liposomes containing PTX. The pH-sensitive liposomes 
were evaluated in terms of stability, pharmacokinetics, 
tissue distribution, and anti-tumor effi cacy. Scheme 1 
shows pH-sensitive liposomes following the change of pH 
value. Scheme 2 shows the structure of mPEG-Hz-Chol.   

 MATERIALS AND METHODS  

 Materials 

 Soybean phosphatidylcholine (S100PC) was purchased from 
Dongshang Co. Ltd. (Shanghai, China). Cholesterol (Chol) 
was obtained from China Medicine Shanghai Chemical Re-
agent Corporation (Shanghai, China). PTX was supplied by 
Taihua Natural Plant Pharmaceutical Co. Ltd. (China). The 
pH-sensitive conjugate mPEG-Hz-chol was synthesized in 
our lab. All other chemicals were analytical grade. 

 Sprague-Dawley (SD) rats and Kunming mice were ob-
tained from the Laboratory Animal Center of Nantong Uni-
versity. BALB/c mice were obtained from Yangzhou Univer-
sity. All the animals were pathogen-free and allowed to access 
food and water freely. All the animal experiments were in 
accordance with  Guide for the Care and Use of Laboratory 
Animals  published by the National Institutes of Health.   

 Preparation of Liposomes 

 The plain liposomes composed of S100PC/chol/PTX 
(90:10:3) and the pH-sensitive liposomes composed of 
S100PC/chol/mPEG2000-Hz-Chol/PTX (90:10:3:3) were 
prepared by the thin-fi lm hydration method. Briefl y, the 
hydrophobic excipients, PTX, cholesterol and lipids were 
dissolved in chloroform and transferred into a suitable 
conical fl ask. The fl ask was evaporated under reduced 
pressure. The dry lipid formed was hydrated with phos-
phate buffer saline (pH 7.4). The liposomal suspension 
was fi ltered through 0.2  m m polycarbonate fi lters and 
stored at 4 ° C until use.   

 Stability 

 Due to its affecting the tissue distribution and clear-
ance, the particle size plays an important role in the 
alternation of pharmacokinetics. However, it is also 
important to study the stability of the liposomes formu-
lation before the research of pharmacokinetics and tis-
sue distribution. The stability of the liposomes before 
or after freeze-drying was observed by investigating 
the aggregation of liposomes in PBS, or PBS with 50% 
FBS at 37 ° C. The change of the mean particle size was 
measured before and after 1 h, 12 h, 24 h incubation [15]. 
The particle sizes of the liposomes were measured with 
a particle sizer 3000HS (Malvern Instruments, UK) and 
analyzed by the Zetasizer 3000H (Malvern software).   

 Pharmacokinetic Studies 

 SD rats (220-260 g) were chosen to examine the pharma-
cokinetics of mPEG2000-Hz-Chol modifi ed liposomes 
containing PTX (PTX-ML) and unmodifi ed plain lipo-
somes containing PTX (PTX-PL) as the control. Rats 
were randomly divided into the following three groups 
(n � 6): (1) PTX-ML (7 mg/kg); (2) PTX-PL (7 mg/kg); 
and (3) Taxol ®  (7 mg/kg). Drugs were intravenously 
administrated through the tail vein. The blood samples 
(0.5 mL) were collected from the plexus venous in the 
eyeground at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 
and 12 h. The plasma were obtained by centrifugation 
at 5000 rpm for 10 min and stored at −20 ° C. 140 µL of 
blood sample, 10 µL of internal standard (Diazepard in 
methanol), and 290 µL of acetonitrile were added into 
a protein precipitation tube. The mixture was vortexed 
for 5min and centrifugated at 8000 rpm for 10 min. 20 
µL of the solution were injected onto the HPLC system. 
The HPLC was equipped with a reverse-phase column 
(4.6mm � 250 mm, Hanbon, Jiangsu, China) at 35 ° C and 
with a UV spectrophotometer (Agilent Technologies, 
Palo Alto, CA, USA). The mobile phase was a mixture 

    Scheme 1. pH-sensitive liposomes following the change of pH 
value.    

    Scheme 2. The structure of mPEG-Hz-Chol.    
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of methanol and water (72:28 v/v). The samples were 
delivered at a fl ow rate of 1.0 mL/min and detected at a 
wavelength of 227 nm. Drug and Statistics for Windows 
(DAS ver 2.0) was utilized to analyze the pharmacokinetic 
parameters of the area under the plasma concentration 
time curve (AUC0- ∞ ), the apparent volume of distribu-
tion (Vd), total body clearance (CL), elimination half-life 
(t1/2 β ) and mean residence time (MRT) of PTX for each 
formulation [16–18].   

 Tissue Distribution Studies 

 To assess the effect of pH-sensitive liposomes on tissue 
distribution of PTX, Kunming mice (18–22 g) were used in 
three formulations (Taxol ® , PTX-ML, and PTX-PL) after 
intravenous administration via caudal vein at the dose of 
10 mg/kg bodyweight. After 0.25, 0.5, 1, 2, 4, 6, 8, 12, and 
24 h of injection, blood samples were collected from the 
eyes of six mice in each group, after which the mice were 
sacrifi ced by cervical dislocation. Then the blood was im-
mediately treated as described in Section 2.4. The organs 
(heart, liver, spleen, lung, and kidney) were removed and 
washed twice with physiological solution (0.9% NaCl), 
weighed, and homogenized. 150 µL of homogenate, 10 µL 
of internal standard (Diazepard in methanol), and 290 µL 
of acetonitrile were added. The mixture was vortexed for 
5 min and centrifugated at 15,000 rpm for 10 min. 20 µL 
of the supernatant was injected onto the HPLC system. 
The concentrations of PTX in samples were analyzed un-
der the condition described in Section 2.4. The parameters 
of blood, heart, liver, spleen, lung, and kidney were evalu-
ated using the statistical moment method.   

 In Vivo Tumor Effi cacy Study 

 The BALB/c mice model was prepared with inoculation 
of approximately 1 � 10 6  hepatoma solidity (Heps) cell at 
the right fl ank of the mice using a 1.0 ml syringe. Ani-
mals were kept in an SPF facility and had free access to 

food and water. When the tumor volume became about 
100-200 mm 3 , pH-sensitive liposomes and Taxol ®  were 
intravenously administered (20 mg/kg) to the plain lipo-
somes by tail vein every other day. After 4 times i.v., all 
the mice were weighed and sacrifi ced by cervical verte-
bra dislocation followed by separation and measurement 
of the tumor. Normal saline was injected for the control 
group. The tumor volumes of mice were monitored every 
other day. In order to determine the tumor volume, each 
individual tumor size was measured with a caliper and the 
tumor volume was calculated using the following equation: 
(W 2   � L)/2, where W is the tumor measurement at the wid-
est point and L is the tumor dimension at the longest point.    

 RESULTS AND DISCUSSION  

 Stability Studies 

 An increase in particle size of liposomes generally results 
in rapid uptake by the reticuloendothelial system (RES) 
with subsequent rapid clearance and a short half-life. 
Thus, controlling and maintaining liposomes at small and 
uniform sizes are critical in developing a viable phar-
maceutical product. The particle size distribution of the 
liposomes prepared in this study showed that there was 
no signifi cant change in liposome particle size before and 
after freeze-drying when incubated in PBS or PBS with 
50% FBS (Table 1), suggesting that the freeze-drying cy-
cle used was optimum and the formulation preserved the 
integrity of the liposomes. It is interesting to note that the 
particle sizes of liposomes before and after freeze-drying 
were almost constant for up to 24 h, which could be used 
for pharmacokinetics and tissue distribution studies.   

 Pharmacokinetic Studies 

 To assess the pharmacokinetic behavior of PTX loaded in the 
plain and pH-sensitive modifi ed liposomes, each formulation 
was at a dose of 7 mg/kg. The pharmacokinetic parameters 

    Table 1.  Stability of plain liposomes and pH-sensitive liposomes with change of particle sizes with different media at 37˚C for 1 h, 
12 h, 24h  

 Time   (h) 

    Plain liposomes        pH-sensitive liposomes 

 PBS  PBS  �  FBS  PBS  PBS  �  FBS 

 Before   freez-drying   1  138.5  �  3.8  140.4  �  4.1  137.6  �  4.5  142.3  �  4.3 
 12  175.1  �  5.7  224.6  �  7.2  185.4  �  8.1  246.8  �  7.9 
 24  213.7  �  6.5  258.9  �  6.3  237.5  �  5.9  284.2  �  8.8 

 After   freez-drying   1  157.1  �  6.8  198.6  �  9.3  181.5  �  6.8  234.7  �  8.7 
 12  226.4  �  6.3  247.6  �  7.7  238.9  �  8.1  245.2  �  9.3 
 24  312.6  �  9.5  346.8  �  6.8  294.2  �  5.4  322.7  �  8.5 
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for PTX in plasma were estimated by the compartmental 
method. The drug concentrations were detected by HPLC 
analysis, which has been validated. The plasma concentra-
tion profi les of PTX after intravenous injection of Taxol ® , 
the plain liposomes (PL), and the modifi ed liposomes (ML) 
are shown in Fig. 1. The pharmacokinetic parameters of 
PTX are shown in Table 2. Free PTX in Taxol ®  was quickly 
removed from the circulating system after intravenous in-
jection with a rapid distribution phase (t1/2 α (h) � 0.12h) 
and a rapid terminal elimination phase (t1/2 β (h) � 1.93 h), 
and was under the HPLC detection limit after 6 h. But the 
plain liposomes and modifi ed liposomes could be detected 
after 8 h and 12 h. However, liposomal formulations sig-
nifi cantly changed the PTX pharmacokinetic parameters 
in comparison with Taxol ® . The values of t1/2 β , MRT, 
and AUC were found to be higher in liposomes than the 
Taxol ® . The total body clearance of PTX incorporated in 
plain and modifi ed liposomes decreased 1.4- and 2.9-fold, 
respectively, compared to the Taxol ®  formulation. The 
longer t1/2 β  in the modifi ed liposomes than in the plain 
liposomes might be about the reduced uptake of liposomal 
drug by the elements of the mononuclear phagocytic sys-
tem (MPS) and hence to the reduced clearance.   

 Tissue Distribution Studies 

 The concentration of PTX in each tissue was determined 
by HPLC analysis. The observed PTX concentrations in 
blood and tissues were estimated to obtain the pharma-
cokinetic parameters by statistical moment analysis. The 
maximum concentration (Cmax) (ug/ml or ug/g) and 
the time of maximum concentration (Tmax) (h) values 
were obtained from visual inspection of the data. Tables 3 
and 4 summarize   the AUC (0-tn) and MRT (0-tn) values 
of PTX in various tissues and blood. Fig. 2 shows the 
distribution of PTX into various organs after intravenous 
administration of Taxol ®  or liposome formulations via 
tail vein. The plasma concentration of PTX in Taxol ®  
was almost negligible at 8 h, because it may be rapidly 
uptaken and cleared by the liver and spleen. (Fig. 2). 
However, when PTX was encapsulated in liposomes, 
the plasma concentration was maintained for up to 24 h. 
Moreover, the modifi ed pH-sensitive liposomes showed 
higher plasma level than that of plain liposomes, which 
is consistent with the results from the pharmacokinetic 
study in rats (Fig. 1). As shown in Fig. 2, the PTX con-
centrations of the PTX-PL group were higher than the 
Taxol ®  and PTX-ML group in liver and spleen. Tables 
3 and 4 also demonstrate lower AUC (0-tn) values for 
PTX-ML and Taxol ®  groups in liver and spleen than the 
PTX-PL group. Therefore, the liposomes may decrease the 
elimination by the RES and accumulation in the liver and 
spleen. The AUC (0-tn) values of PTX-ML in liver and 
spleen were 1.67- and 2.03-fold lower than that of PTX-
PL. This might decrease the accumulation toxic effect 
in liver and spleen. It is interesting that the pH-sensitive 

    Table 2 . The main pharmacokinetics parameters after intravenous 
administration of injection, PL and ML to rats (mean � S.D. 
n � 5)  

 Parameters  Taxol  ® 
 Plain 

Liposomes 
 Modifi ed 

Liposomes 

 t1/2  α  (h)   0.12  �  0.06   0.16  �  0.15   0.16  �  0.06 
 t1/2  β  (h)   1.93  �  0.64   2.22  �  1.24    3.64  �  1.38  * 
 V(L/kg)   0.40  �  0.28   0.26  �  0.20   0.33  �  0.16 
 CL(L/h/kg)   0.46  �  0.10   0.34  �  0.09    0.16  �  0.11  * 
 AUC((mg/ml)h)  15.80  �  3.31  21.96  �  7.82   23.06  �  3.60  * 
 MRT(h)   1.55  �  0.53   2.46  �  0.99    3.31  �  0.54  * 

    * Signifi cantly different from Taxol ®  (p � 0.05)    

    Table 3.   AUC (0-tn) (( m g/ml) * h or ( m g /g) * h) of PTX in blood 
and tissues (n � 6)  

 Tissue  Taxol  ®  PTX-PL  PTX-ML 

 Blood  29.2788  42.4602  88.1039 
 Heart  60.293  49.0285  36.2822 
 Liver  224.0518  890.5646  534.0974 
 Spleen  69.3386  456.7069  224.5975 
 Lung  96.9596  121.4949  80.9712 
 Kidney  53.4846  50.9218  91.0696 

    Table 4.   MRT (0-tn) (h) of PTX in blood and tissues (n � 6)  

 Tissue  Taxol  ®  PTX-PL  PTX-ML 

 Blood  1.2322  2.7616  5.4299 
 Heart  2.1977  2.2973  2.4284 
 Liver  2.2374  7.8998  6.3563 
 Spleen  2.436  6.5144  7.3836 
 Lung  2.4401  4.4692  3.6345 
 Kidney  1.61  2.6644  5.0527 
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Figue 1.    Plasma concentration profi les of PTX after intravenous 
administration in rats. Taxol  ®  (PTX-INJ ), PTX in plain liposome 
(PTX-PL ) and modifi ed liposome (PTX-ML ) (mean  �  S.D., 
n   �   5)   . 
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Figue 2.    The PTX concentration of three groups (Taxol, PTX-PL and PTX-ML) in tissues at different time points (0.25, 0.5, 1, 2, 4, 6, 
8, 12, 24 h) (mean  �  S.D., n   �   6).    

    Figue 3. Change of body weight after injection in BALB/c 
mice inoculated with Heps cancer cells. Taxol  ®   ( ), 
plain liposome ( ) and pH-sensitive liposome ( ) was 
intravenously injected (20 mg/kg). Normal saline ( ) was 
injected as a control. The zero point of X-axis indicates 
the fi rst day of PTX injection. Each data represents the 
mean  �  standard deviation (n   �   5).    
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liposomes might have lower accumulation in the liver 
and spleen than the plain liposomes; thus it is safe and 
necessary for application of nano-particles in drug deliv-
ery system [17, 18].   

 In Vivo Anti-tumor Effi cacy 

 The anti-tumor effi cacy of plain liposomes and pH-sen-
sitive liposomes in vivo were evaluated in tumor-bearing 
BALB/c mice at a dose of 20 mg/kg body weight. As 

shown in Fig. 3 and Fig. 4, First reference to Figs. 3 and 
4 liposomal formulations suppressed the growth of tumor 
as compared with the saline control group. The tumor 
volume of the saline control group was excessively en-
larged (about 1000 mm 3 ), while other groups were much 
smaller. The pH-sensitive liposomes suppressed tumor 
growth most effi ciently, followed by the plain liposomes 
and Taxol ®  (p � 0.05). As shown in Fig. 5, liposomal 
formulations also suppressed the growth of tumor as 
compared with the saline control group (A). The pH-sen-
sitive liposomes (D) also suppressed tumor growth most 
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 Figue 4.    The effect of PTX on the inhibition of tumor growth 
in BALB/c mice inoculated with Heps cancer cells. Taxol  ®   
( ), plain liposome ( ) and pH-sensitive liposome ( ) was 
intravenously injected (20 mg/kg). Normal saline (  ) was 
injected as a control. The zero point of X-axis indicates the fi rst 
day of PTX injection. Each data represents the mean  �  standard 
deviation (n   �   5).    
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Figue 5.    Pathology section of tumor with different PTX formulation. Normal saline as a control (A), Taxol  ®   (B), plain liposome (C) 
and pH-sensitive liposome (D). (hematoxylin and eosin,original magnifi cation   �  200).    

effi ciently, followed by the plain liposomes (C) and Taxol ®  
(B).This enhanced anti-tumor activity of the pH-sensi-
tive liposomes could be explained by the increased local 
concentration of PTX near the tumor via EPR effect [19, 
20]. These results indicate that PTX loaded in liposomes 
could be more slowly released from the pH-sensitive li-
posome than plain liposomes and then diffused passively 
into the tumor cells or the PTX-loaded liposomes might 

    Table 5.  In vivo antitumor effect of Taxol ® , plain liposomes and pH-sensitive liposomes in tumor bearing mice model  

 Drug 

 Body weight (g)  Tumor value (cm 3 ) 

 Before   i.v.  After   i.v.  Before i.v.  After   i.v.  Tumor weight (g) 

 Saline  21.91 � 0.07 25.00 � 1.58 0.14 � 0.02 1.17  � 0.20 0.52  � 0.12
 Taxol 24.59 � 1.48 24.56 � 0.25 0.17 � 0.09   0.71 � 0.26 *   0.31 �  0.03 * 
 Plain liposomes 24.50 � 1.12 22.44 � 1.01 0.16 � 0.07   0.67 � 0.22 *   0.26 � 0.08 * 
 pH-sensitive liposomes 24.13 � 1.36 22.13 � 0.83 0.15 � 0.06   0.62 � 0.19 *    0.21 � 0.10 *  * 

   Data represent mean value � SD, n � 5   
  * p  �  0.05,  *  * p  �  0.01, compared with normal saline group    

be directly internalized by endocytosis after delivery to 
target cells by EPR effect.    

 CONCLUSION 

 In this research, the pH-sensitive liposomes modifi ed by 
novel mPEG-Hz-Chol conjugate were evaluated in vivo. 
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The stability result indicated that there was no signifi cant 
change in liposome particle size before and after freeze-
drying when incubated in PBS or PBS with 50% FBS. It 
is interesting to note that the particle sizes of liposomes 
before and after freeze-drying were almost constant for 
up to 24 h, which could be used for the pharmacokinet-
ics and tissue distribution studies. Pharmacokinetics 
and tissue distribution studies certifi ed that pH-sensitive 
liposomes might prolong the t1/2 β  and decrease Cl and 
the accumulation toxic effect in liver and spleen more 
than the plain liposomes. The pH-sensitive liposomes 
suppressed tumor growth most effi ciently, followed by 
the plain liposomes and Taxol ®  (p � 0.05). This enhanced 
anti-tumor activity of the pH-sensitive liposomes could 
be explained by the increased local concentration of 
PTX near the tumor via EPR effect. 

 These results suggest that it is interesting that 
mPEG-Hz-Chol conjugates could be used to modifi ed 
pH-sensitive liposomes as a novel potential and promis-
ing nano-carrier in the future.  

 Declaration of interest :  The authors report no confl icts 
of interest. The authors alone are responsible for the 
content and writing of the paper.  
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