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Purpose: This study was designed to improve the in vivo pharmacokinetics of long-circulating 

vincristine sulfate (VS)-loaded liposomes; three different long-circulating materials, chitosan, 

poly(ethylene glycol)-1,2-distearoyl sn-glycero-3-phosphatidylethanolamine (PEG-DSPE), 

and poly(ethylene glycol)-poly-lactide-co-glycolide (PEG-PLGA), were evaluated at the same 

coating molar ratio with the commercial product Marqibo® (vincristine sulfate liposome injec-

tion [VSLI]).

Materials and methods: VS-loaded liposomes were prepared by a pH gradient method 

and were then coated with chitosan, PEG-DSPE, or PEG-PLGA. Physicochemical properties, 

including the morphology, particle size, zeta potential, encapsulation efficiency (EE%), pH, 

drug loading, and in vitro release, were determined. Preservation stability and pharmacokinetic 

studies were performed to compare the membrane-coated liposomes with either commercially 

available liposomes or the VS solution.

Results: The sphere-like morphology of the vesicles was confirmed by transmission electron 

microscope. Increased particle size, especially for the chitosan formulation, was observed after 

the coating process. However, the EE% was ~99.0% with drug loading at 2.0 mg/mL, which did 

not change after the coating process. The coating of long-circulation materials, except for chitosan, 

resulted in negatively charged and stable vesicles at physiological pH. The near-zero zeta potential 

exhibited by the PEG-DSPE formulation leads to a longer circulation lifetime and improved absorp-

tion for VS, when compared with the PEG-PLGA formulation. Compared with the commercial 

product, PEG was responsible for a higher plasma VS concentration and a longer half-life.

Conclusion: PEG-DSPE coating may be related to better absorption, based on the stability 

and a pharmacokinetic improvement in the blood circulation time.

Keywords: vincristine sulfate, long-circulating materials, zeta potential, stability, pharmaco-

kinetics

Introduction
Cancer has become a leading cause of death, and it is reported that by 2020, 15 million new 

cases will be diagnosed every year.1 A primary issue for cancer treatment is achieving effi-

cient targeting for therapeutic agents to reach their intended site in vivo. Nanotechnology 

is an advanced technology allowing for design of a safe and efficient drug delivery 

system that could pave the way to overcome the physical barriers to drug targeting. The 

enhanced permeation and retention effect, which makes use of the difference in capil-

lary structure between normal and cancerous tissues, is responsible for the achievement 

of targeting delivery.2 Neoplastic tissues usually have “leaky” vasculature and limited 

lymphatic drainage, which will lead to enhanced permeation for nanoparticles to across 
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the vascular endothelium and achieve improved accumulation 

in the tumor. It was reported that the concentration of drug in 

the vessel should be high enough for at least 6 hours in order for 

the vehicle to be transported to the targeted tissue over time.3,4 

However, the major obstacle for prolonging the retention time 

of the drug to achieve effective targeting is the rapid opsoniza-

tion by the reticuloendothelial system (RES).5 An “invisible” 

surface of long-circulating nanoparticles (NPs) that can avoid 

opsonic adsorption and recognition by phagocytic cells is 

related to the physicochemical properties of NPs, including 

size distribution, surface charge, and chemistry.6–9

For many therapeutic drugs, liposomes are reported to 

effectively prolong the circulation time and reduce toxicity, 

and they can also improve drug accumulation in the targeted 

tissue.10 However, their application is strongly limited by their 

rapid uptake by the RES.11 Various methods have been used 

to avoid RES uptake, such as the modification of the lipo-

somal membrane with incorporation of poly(ethylene glycol) 

(PEG), which conjugates to various hydrophobic moieties in 

the liposomal membrane.12 For a series of PEG derivatives 

(MW 120–5,000 Da) used in hydrogenated soybean 

phosphatidylcholine (HSPC):choles terol:poly(ethylene 

glycol)-distearoylphosphatidylethanolamine (PEG-DSPE) 

liposomes with a size of 100 nm, it was reported that PEG 

with a molecular weight of ,750 Da promoted blood clear-

ance and PEG with a molecular weight of .1,000 Da did 

not further increase the residence time of the vehicles in the 

blood.12–15 Maruyama et al reported that liposomes (200 nm 

diameter) with PEG1000 or PEG2000 led to higher blood 

levels compared to liposomes with PEG5000.16 The liposome 

composition, including the lipids, PEG, and PEG–lipids, is 

likely to influence the performance of colloidal particles in 

the blood and the tissue distribution.4,16–18

In addition to PEG, long-circulating liposomes could 

also be obtained by incorporating ganglioside GM1, phos-

phatidylinositol, polysaccharides, or polyvinyl alcohol into 

the surface.19–21 Currently, polysaccharides are assumed to 

have potential for developing a long-circulating system.22 

Increased attention has been paid to chitosan because of its 

attractive biodegradability, biocompatibility, nontoxicity, 

and low cost.23 The water-soluble chitosan has a low molecu-

lar weight and exhibits excellent hydrophilicity without 

impairing the native biological properties. It was reported 

that a combination of PEG and water-soluble chitosan could 

strongly avoid macrophage uptake and prolong the in vivo 

half-life of liposomes.7 It was also reported that prolonged 

half-life of liposomes could also be achieved by the incor-

poration of cholesterol and neutral long-chain saturated 

phospholipids. Liposomes composed of sphingomyelin 

(SM) and cholesterol (55:45, molar ratio) showed improved 

longevity in blood when vincristine, vinorelbine, and cipro-

floxacin were encapsulated, owing to a strong resistance to 

plasma lipoproteins.24–27 In fact, the commercially available 

vincristine sulfate liposome injection ([VSLI], Marqibo®) 

contains this SM/cholesterol formulation-encapsulated 

vincristine sulfate (VS) to overcome the pharmacokinetic and 

dosing limitations of nonliposomal VS.28,29 VSLI exhibited 

greater anticancer activity and a larger maximum tolerated 

dose than free VS. However, the VSLI Kit was designed to 

contain three vials, which include sodium phosphate injec-

tion, sphingomyelin/cholesterol liposome injection, and 

VinCRIStine sulfate injection. The complicated preparation 

steps of VSLI involve mixing the three vials.

To facilitate the protocol for using VS injection and at 

least maintain its clinical efficacy, liposomal vesicles encap-

sulated with VS and modified with long-circulation materials 

were designed and studied in this article.

Although there is a large amount of literature concerning 

long-circulation modified liposomes for cancer treatment, 

few studies have investigated the relationship between 

coating composition and performance. Gaining a better 

understanding about this relationship will facilitate improved 

design and formulation for targeted drug delivery. The 

purpose of this study is to develop VS liposomes using dif-

ferent pharmaceutically acceptable excipients and adjust the 

properties of the liposomes with blood residence time. We 

investigated the influence of PEG-DSPE and poly(ethylene 

glycol)-poly-lactide-co-glycolide (PEG-PLGA), or chitosan 

with low molecular weight for prolonged residence time in 

blood. The impact of different modifying materials on the 

liposomal physical stability and circulation longevity was 

explored for the obtained formulations.

Materials and methods
Materials
VS (purity .99.1%) was obtained from Guangzhou Hanfang 

Pharmaceutical Co., Ltd (Guangzhou, People’s Republic of 

China). The internal standard (IS) epirubicin (purity .99.0%) 

was obtained from Shanghai Tauto Biotechnology Co., Ltd 

(Shanghai, People’s Republic of China). HSPC (.99% phos-

phatidylcholine), cholesterol, and PEG2000-DSPE (.99%) 

were purchased from Shanghai Advanced Vehicle Technology 

Pharmaceutical, Ltd (Shanghai, People’s Republic of China). 

PEG-PLGA (MW 20,000) with a 50:50 molar ratio of lactic 

to glycolic acid moieties and 2 kDa molecular weight PEG 

was supplied by Jinan Daigang Biomaterial Co., Ltd (Jinan, 

People’s Republic of China). Chitosan (MW 100 kDa) was 

purchased from Zhejiang Golden Shell Pharmaceutical Co., 
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Ltd (Zhejiang, People’s Republic of China). High-pressure 

liquid chromatography (HPLC)-purity grade methanol was 

purchased from Sigma-Aldrich Co. (St Louis, MO, USA). 

Distilled water was produced by a Milli-Q purification system 

(EMD Millipore, Billerica, MA, USA).

animals
Male Sprague Dawley rats (200±20 g) were obtained from 

Hunan SJA Laboratory Animal Co., Ltd (Hunan, People’s 

Republic of China; SYXK 2011-0003). All animal experi-

ments were carried out in accordance with the Guide for 

the Care and Use of Laboratory Animals of the National 

Research Council. The protocol was approved by the Insti-

tutional Animal Care and Use Committee of Jiangxi Uni-

versity of Traditional Chinese Medicine. Rats were given 

a commercial diet and water ad libitum. The animal room 

was well ventilated and had a regular 12:12-hour light–dark 

cycle throughout the experimental period.

Preparation of VS-loaded liposomal 
vesicles
The preparation of VS-loaded liposomes was described 

previously.10,30 Briefly, lipid films (PEG-DSPE:HSPC: 

cholesterol =1:22:10, molar ratio) were prepared by drying 

the lipid solution (3%, w/v) in chloroform under a vacuum. 

These lipid films were hydrated with 0.3 mM citrate (pH 4.0) 

to obtain multilamellar vesicles that were sonicated at 300 W 

for 8 minutes. The obtained suspension was then extruded 

through two stacked 0.45 µm and 0.22 µm filters. The loading 

of VS into these vesicles was conducted using a pH gradient.31 

A solution of VS (4 g/L) and sodium carbonate (500 mM, 

pH 11.0) was added into the liposomes. VS-loaded liposomes 

modified with PEG-DSPE (PEG-DSPE formulation) were 

obtained after 30 minutes at 60°C. To achieve a uniform 

size distribution of vesicles, the suspensions were extruded 

by a Nano DeBEE High Pressure Homogenizer (BEE Inter-

national Inc., South Easton, MA, USA). The PEG-PLGA 

formulation was prepared by a similar process, in which 

PEG-PLGA was added to the lipids with the same molar 

ratio as PEG-DSPE.

As for the chitosan formulation, chitosan was dissolved 

in pH 6.7 phosphate buffer (0.1%, w/v) and was added drop-

wise to the HSPC formulation (1:1, v/v) without the addition 

of PEG-PLGA or PEG-DSPE under magnetic stirring. The 

mixture was then incubated at 10°C for 60 minutes.32

Morphology analysis
The morphological examination of liposomes was per-

formed by a JEM-1200 EX electron microscope (JEOL, 

Tokyo, Japan) by conventional negative staining methods 

using 0.3% phosphotungstic acid buffer (pH =6.0) as a 

staining agent.33

Particle size and zeta potential analysis
The size and zeta potentials of the liposomes were measured 

by dynamic light scattering and electrophoretic light scatter-

ing, respectively, both using a PSA NANO2590 apparatus 

(Malvern Instruments, Malvern, UK) at 25°C.23

Determination of encapsulation efficiency
Encapsulation efficiency (EE%) was determined using the 

ultrafiltration technique for separating the nonentrapped 

drug from liposomes.33 For this, a 500 µL drug-loaded 

liposomal dispersion was placed in an ultrafiltration tube 

(Nanosep MF; Pall Corporation, Port Washington, NY, 

USA), which was fitted with a filter membrane (MW cutoff: 

10 kDa). The free drug in the underlying solution was col-

lected by centrifugation at 8,000 rpm for 15 minutes (3–18 K 

high-speed refrigerated centrifuge; Sigma-Aldrich Co.), and 

the drug content in the ultrafiltrate (c
free

) was determined 

by HPLC on a C
18

 Agilent column (Agilent Technologies, 

Santa Clara, CA, USA; 250×4.6 mm2, 5 µm) at 297 nm. 

The mobile phase was composed of a 4.5% ethanediamine 

solution (pH 7.0)–methanol (1:7, v:v), and the flow rate was 

1.0 mL/min. The column temperature was maintained at 

25°C, and the injection volume was 20 µL. Then, 0.5 mL of 

liposomal suspension was diluted with 2.0 mL of a mixture 

(acetone:chloroform =2:1, v:v) to determine the total drug 

concentration (c
total

) by HPLC. The EE% was calculated using 

the following equation:

 EE% total free

total

=
−

×
c c

c
100.  

stability
The physical stability of the products at 4°C was assessed 

by evaluation of the suspensions at predetermined 

time points.

In vitro release
In vitro release analysis was performed by a modified US 

Pharmacopoeia apparatus 4 with flow-through cells having 

a 12 mm diameter (Sotax CE7 smart; Sotax, Horsham, PA, 

USA) packed with glass beads (1 mm) in a closed system 

mode at 37°C.34 The release of VS from different liposomal 

preparations was assessed in both saline and 50% human 

plasma in saline. The HSPC formulation, PEG-DSPE 
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formulation, PEG-PLGA formulation, and chitosan formu-

lation were all evaluated. The preparations were dispersed 

in the cells using 100 mL of dissolution medium at a flow 

rate of 4 mL/min. One milliliter samples were withdrawn 

and replenished with an equal volume of blank fresh media. 

For the release evaluation in saline, the samples were then 

directly analyzed by HPLC. For the release evaluation in 50% 

plasma, due to the high plasma protein-binding rate of VS, 

the samples were treated as follows. Two-hundred microliters 

of the samples were added with 10 µL 0.1 M NaOH solution 

to alkalize the sample, then 2 mL of chloroform was added, 

and the sample was vortexed for 5 minutes. Afterward, the 

mixture was centrifuged for 10 minutes at 5,000 rpm, and the 

chloroform phase was separated before being dried under N
2
. 

The residue was resolved in the mobile phase. After vortex-

ing for 2 minutes, the sample solution was ready for HPLC 

analysis. The media replenishment was taken into account 

in the calculation of the cumulative percent release. All 

measurements were conducted in triplicate, and the mean 

values and standard deviations are reported.

The values of f1 and f2 were obtained by a mathematical 

comparison and calculated according to the method previ-

ously reported.35 Values for f1 (0–15) and f2 (50–100) verify 

the equivalence between the two tested dissolution curves.36 

VS release kinetics within 24 hours were then analyzed by 

four mathematical models.37–39

Pharmacokinetics studies
Thirty-six healthy Sprague Dawley rats (200±20 g) were 

randomly divided into six groups and were fasted overnight 

prior to the experiment. The rats in the control groups were 

injected with native VS solution and VSLI (1.2 mg of VS/kg, 

0.6 mL/kg) intravenously into the tail vein.40 The other three 

groups (the HSPC formulation, PEG-DSPE formulation, and 

PEG-PLGA formulation) were injected into the tail vein with 

a dose of 0.6 mL/kg and a concentration of 2.0 mg/mL. For the 

1.0 mg/mL chitosan formulation, the treated rats were injected 

at 1.2 mL/kg. After intravenous injection at designated 

time points (0.0167 hour, 0.05 hour, 0.083 hour, 0.25 hour, 

0.5 hour, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, and 

24 hours), 200 µL blood samples were withdrawn from the 

retro-orbital plexus. The blood samples were centrifuged at 

2,300× g for 5 minutes, and 100 µL of the separated plasma 

was kept at −80°C for analysis. Twenty microliters of the 

IS working solution was added to the sample before the 

addition of methanol (300 µL) to precipitate the protein. 

The mixture was centrifuged at 16,000 rpm (HC-3018R 

High Speed Refrigerated Centrifuge; Anhui USTC Zonkia 

Scientific Instruments Co., Ltd, People’s Republic of China) 

for 10 minutes to dissolve the drugs in the organic solvent. 

The obtained supernatant was subjected to HPLC/mass spec-

trometry analysis for the detection of VS by an LCMS-8040 

Liquid Chromatograph triple quadrupole mass spectrometer 

equipped with an electronic spray ion source in the positive 

mode (Shimadzu Corporation, Kyoto, Japan).

Chromatographic conditions
The chromatographic separation was determined on a C

18
 

Venusil MP column (150×4.6 mm2, 3 µm) at 297 nm. 

Gradient elution was used using solvent A (1% formic acid 

in water) and solvent B (acetonitrile) at 40°C. The gradient 

program used was as follows: initial phase from 0 minute to 

0.2 minute, a linear change from A-B (90:10, v:v) to A-B 

(75:25, v:v); from 0.2 minute to 1 minute, a linear change 

to A-B (60:40, v:v); from 1 minute to 2.5 minutes, a linear 

change to A-B (10:90, v:v); from 2.5 minutes to 2.51 minutes, 

linear change to A-B (90:10, v:v). The flow rate was main-

tained at 0.6 mL/min.

Mass spectrometry conditions
The mass spectrometer was operated in multiple reaction 

monitoring mode. The compounds were detected as doubly 

charged ions, and the MRM transitions of VS and IS were 

m/z 825.2 → 765.4 and m/z 544.1 → 397.1, respectively. The 

ionization source conditions included a capillary voltage of 

4 kV, a cone voltage of 50 V, and a desolvation temperature 

of 350°C. The optimized collision energy was 25 V for both 

VS and IS. The cone and desolvation gas flow rates were 

50 L/h and 500 L/h, respectively. Argon was used as colli-

sion gas at a pressure of ~35 psi.

The area under the concentration-time curve (AUC
0–t

) 

from zero to the last time point, the distribution phase half-

life (T1/2α), and the elimination phase half-life (T1/2β) of the 

drug were all obtained.

statistical analysis
All data were expressed as the mean ± standard deviation. 

Statistical analysis was conducted using a one-way analysis 

of variance with SPSS software (SPSS Inc., Chicago, IL, 

USA). Probability values 0.05 were considered significant.

Results and discussion
characterization of liposomes
The features of VS-loaded liposomes with different modify-

ing materials are summarized in Figure 1 and Table 1. In the 

morphological characterization, spherical-shaped particles 
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Figure 1 Transmission electron microscopy images of the (A) HSPC formulation, (B) chitosan formulation, (C) PEG-PLGA formulation, and (D) PEG-DSPE formulation.
Abbreviations: HSPC, hydrogenated soybean phosphatidylcholine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; PEG-DSPE, poly(ethylene glycol)-distearoyl-
phosphatidylethanolamine.

Table 1 Characterization of VS-loaded liposomes with different modifying materials

Samples Size (nm) Zeta potential (mV) EE (%) pH Drug loading (mg/mL)

hsPc formulation 110.5±3.5 −1.4±0.11 98.6±0.2 7.99 2.06±0.16
PEG-DSPE formulation 145.8±14.2 −3.9±0.17 99.6±0.5 7.43 2.02±0.04
PEG-PLGA formulation 135.0±17.2 −11.8±0.42 99.7±0.1 7.50 1.97±0.11
chitosan formulation 140.9±12.6 18.4±3.25 98.5±0.6 7.39 0.99±0.06

Note: Data expressed as mean ± standard deviation.
Abbreviations: VS, vincristine sulfate; EE, encapsulation efficiency; HSPC, hydrogenated soybean phosphatidylcholine; PEG-DSPE, poly(ethylene glycol)-distearoylphosphat-
idylethanolamine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide.

were found. The inner particles were observed in a lighter 

region surrounded by a dark coating, such as chitosan and 

PEG. Similar observations were reported by Prego et al41 

and Zahr et al.42

For all liposomes, the size was uniformly distributed 

so that the polydispersity index was ,0.2. The increase in 

particle size could be explained by the presence of long-

circulation materials surrounding the vesicles, which led to 

the appearance of larger vesicles. Higher surface negativity 

of the VS-loaded liposomes is attributed to the carboxyl 

acid groups of the PEG-capped PLGA chains and the use of 

HSPC in the lipid composition. The zeta-potential decreased 

to ~−4 mV when the liposomes were modified by PEG-

DSPE. This negative charge rises from the incorporation of 

PEG-DSPE, which is considered to also be influenced by the 

shielding effect of the hydrophilic PEG moiety.43

The size and zeta potential increased from 110.5 nm to 

140.9 nm and from −1.4 mV to 18.4 mV, respectively, for the 

uncoated HSPC liposomes (the HSPC formulation) compared 

to chitosan-coated liposomes (the chitosan formulation). 

The EE% was determined by HPLC. As shown in Table 1, 

the addition of chitosan and PEG-conjugated polymers did 

not influence the entrapment efficiency and drug loading of 

the liposomes.

stability
For the conventional liposomal suspension of the HSPC 

formulation, in the stability study, the EE% of VS was 
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constant in the first 5 months, but decreased by 11.2% in the 

sixth month, which also resulted in an increased particle size 

and decreased drug loading. The EE% of the PEG-DSPE for-

mulation and PEG-PLGA formulation decreased ,1% by the 

sixth month. Moreover, the EE% for the chitosan formulation 

dropped within 60 days with significantly increased particle 

size. No significant changes in the vesicle mean size or drug 

concentration were found for the PEG-PLGA and PEG-DSPE 

formulations during the long-term stability study (Table 2), 

and the vesicles had a semitransparent, homogeneous, and 

blue-opalescent appearance. Hence, the chitosan formula-

tion should be considered unstable. The decreased stability 

of the chitosan formulation compared to the other three 

preparations is assumed to be related to the zeta potential 

difference between them. Compared to the other prepara-

tions, the chitosan formulation is positively charged, while 

the others are negatively charged. The negatively charged 

liposomes exhibited a slower leakage behavior. This may be 

attributed to the positive charge of vincristine, which might 

bind strongly with the negative charges of the liposomal 

membrane, thereby improving the stability of the liposomes.44 

Thus, the formulation charge appeared to affect the leakage 

behavior and stability of vincristine in liposomes.

In vitro release
The cumulative release of VS (%) in saline versus the time 

plots of different preparations is shown in Figure 2.

The values of f1 and f2 for formulations were calculated 

by the mean values of the cumulative release of VS (%) 

at every time point. It showed that all preparations for 

liposomes showed a faster release at the beginning and a 

slower release thereafter, especially for the coated liposomes 

when compared to the HSPC formulation. We observed that 

the dissolution profile of conventional liposomes differed 

from all of the other preparations (Table 3). PEG-DSPE and 

chitosan formulations can be considered non-equivalent to 

each other. The formulation of PEG-DSPE is similar to that 

of PEG-PLGA. Furthermore, we also performed the linear-

ization of VS dissolution profiles by using four mathematical 

models, which will help us to better understand the differ-

ences between all of the tested preparations. Table 4 shows 

Table 2 Preservation stability for different VS-loaded liposomes stored in 4°C (n=3)

Time 0 d 5 d 10 d 20 d 60 d 90 d 120 d 150 d 180 d

hsPc  
formulation

Size (nm) 164.9 173.8 179.7 179.7 180.1 180.1 181.1 181.1 191.1
ee% 99.58 99.54 98.14 98.13 98.12 98.11 98.11 98.11 87.84
C (mg/mL) 2.25 2.24 2.24 2.21 2.18 2.17 2.17 1.91 1.87
ph 7.98 7.99 7.98 7.97 7.97 7.97 7.92 7.94 7.99

PEG-DSPE  
formulation

Size (nm) 121.5 118.4 125.7 125.2 125.9 124.6 123.3 125.4 125.3
ee% 99.91 99.96 99.95 99.96 99.93 99.93 99.99 99.99 99.99
C (mg/mL) 2.00 1.96 1.99 1.99 2.00 2.00 2.01 1.94 1.88
ph 7.28 7.28 7.29 7.27 7.27 7.28 7.28 7.26 7.28

PEG-PLGA  
formulation

Size (nm) 168.1 176.2 172.2 163.3 167.2 167.3 167.2 168.8 168.8
ee% 99.71 99.78 99.72 99.59 99.55 99.6 99.69 98.81 98.74
C (mg/mL) 2.09 2.08 2.07 2.09 2.09 2.07 2.05 2.06 2.06
ph 7.52 7.54 7.43 7.45 7.51 7.52 7.52 7.47 7.51

chitosan  
formulation

Size (nm) 152.5 149.9 153.3 153.3 196.8 – – – –
ee% 98.46 96.31 96.64 96.64 0 – – – –
C (mg/mL) 0.86 0.84 0.84 0.79 0.78 – – – –
ph 7.39 7.42 7.37 7.51 7.47 – – – –

Note: –: N/A.
Abbreviations: VS, vincristine sulfate; d, days; EE, encapsulation efficiency; C, concentration of VS; HSPC, hydrogenated soybean phosphatidylcholine; PEG-DSPE, 
poly(ethylene glycol)-distearoyl phosphatidylethanolamine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; N/A, not applicable.

Figure 2 In vitro release profiles of different liposomal preparations of VS in 
saline (n=3).
Abbreviations: VS, vincristine sulfate; HSPC, hydrogenated soybean phosphati-
dylcholine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; PEG-DSPE, 
poly(ethylene glycol)-distearoylphosphatidylethanolamine; h, hour.
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the related parameters and coefficients of these models. 

Considering the R2 values, the calculated first-order model 

failed to fit the PEG-DSPE, PEG-PLGA, and chitosan 

formulations; however, it could fit the HSPC formulation 

(R=0.996), which indicates that the release profiles of VS 

from these liposomal preparations are different from that 

observed for the HSPC formulation. The Higuchi model 

was found to fit the PEG-DSPE, PEG-PLGA, and chitosan 

formulations, but not the HSPC formulation. The release 

behavior of VS in the Higuchi model may be square root time 

dependent, which is often exhibited for some types of formu-

lations, such as plastic, wax matrices, and matrix tablets.35,45,46 

The zero-order model did not seem to adequately fit each 

preparation. The Weibull model was able to fit the dissolu-

tion data of the PEG-DSPE and Chitosan formulation.45 The 

cumulative release of VS (%) in plasma versus the time plots 

of different preparations is shown in Figure 3. The release 

behavior of all preparations in plasma proved to be faster to 

different degrees compared with those in saline, especially 

for the HSPC formulation and chitosan formulation. This 

observation was likely be related to the interaction between 

high-density lipoprotein and the lipids, which would sabotage 

the stability of the vesicles and accelerate the leakage of the 

drug. However, the release behaviors of the PEG-DSPE for-

mulation are similar to that of the PEG-PLGA formulation 

according to Tables 5 and 6.

Pharmacokinetics of Vs preparations
To fully describe how the body handles the foreign lipo-

somes, the in vivo blood clearance of the formulated 

liposomes were monitored and compared. VS was reported 

to be membrane permeable and the lipid composition 

would alter its leakage profiles.10,47 Therefore, the effect 

of lipid composition on the pharmacokinetics of VS was 

Table 3 f1 and f2 values for each comparison in saline

Comparisons f1a f2

HSPC/PEG-DSPE 54.19 19
HSPC/PEG-PLGA 49.48 20
HSPC/chitosan 40.23 23
PEG-DSPE/PEG-PLGA 10.11 75
PEG-DSPE/chitosan 34.75 49
PEG-PLGA/chitosan 22.33 56

Note: aThe f1 value is obtained when the first formulation on the left column is 
set as reference.
Abbreviations: HSPC, hydrogenated soybean phosphatidylcholine; PEG-DSPE, 
poly(ethylene glycol)-distearoylphosphatidylethanolamine; PEG-PLGA, poly(ethylene 
glycol)-poly-lactide-co-glycolide.

Table 4 Parameters and determination coefficients of the 
linearization of Vs release from different formulations in saline

Model Fitting equation R2

hsPc  
formulation

Zero-order equation Q=0.0351t+0.4015 0.601
First-order equation Ln(1−Q)=0.387t−0.128 0.992
Higuchi equation Q=0.210t1/2+0.204 0.824
Weibull equation Q=1−e−0.414(t−4.00) 0.463

PEG-DSPE  
formulation

Zero-order equation Q=0.0214t+0.2052 0.696
First-order equation Ln(1−Q)=0.021t−0.217 0.745
Higuchi equation Q=0.072t1/2+0.140 0.889
Weibull equation Q=1−e−0.274(t+0.886) 0.995

PEG-PLGA  
formulation

Zero-order equation Q=0.0127t+0.232 0.704
First-order equation Ln(1−Q)=0.022t−0.250 0.755
Higuchi equation Q=0.073t1/2+0.166 0.893
Weibull equation Q=1−e−0.042(t−2.00) 0.564

chitosan  
formulation

Zero-order equation Q=0.0136t+0.2658 0.635
First-order equation Ln(1−Q)=0.027t−0.287 0.704
Higuchi equation Q=0.080t1/2+0.191 0.850
Weibull equation Q=1−e−0.083(t−0.406) 0.960

Abbreviations: VS, vincristine sulfate; HSPC, hydrogenated soybean phosphati-
dylcholine; PEG-DSPE, poly(ethylene glycol)-distearoylphosphatidylethanolamin
e; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; Q, cumulative release 
of VS (%); t, time (hour); t1/2, the half power of t; Ln, natural log; e, mathematical 
constant.

Figure 3 In vitro release profiles of different liposomal preparations of VS in 
plasma (n=3).
Abbreviations: VS, vincristine sulfate; HSPC, hydrogenated soybean phosphati-
dylcholine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; PEG-DSPE, 
poly(ethylene glycol)-distearoylphosphatidylethanolamine; h, hour.

Table 5 f1 and f2 values for each comparison in plasma

Comparisons f1a f2

HSPC/PEG-DSPE 52.52 21
HSPC/PEG-PLGA 47.91 22
HSPC/chitosan 38.95 27
PEG-DSPE/PEG-PLGA 9.61 75
PEG-DSPE/chitosan 28.57 50
PEG-PLGA/chitosan 20.46 53

Note: aThe f1 value is obtained when the first formulation on the left column is 
set as reference.
Abbreviations: HSPC, hydrogenated soybean phosphatidylcholine; PEG-DSPE, 
poly(ethylene glycol)-distearoylphosphatidylethanolamine; PEG-PLGA, poly(ethylene 
glycol)-poly-lactide-co-glycolide.
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evaluated. The blood concentration-time profiles after 

the iv administration of different formulations in rats are 

shown in Figure 4. PKslover software was used for various 

compartmental analyses of all curves, and the results are 

listed in Table 7. The profile for VS solution is a three-

compartmental model. The HSPC, PEG-DSPE, PEG-PLGA 

formulations, and the commercially available liposomes are 

two-compartmental models, and the chitosan formulation is 

a one-compartmental model.

The relevant pharmacokinetic parameters, including 

the AUC, T1/2α, T1/2β, and T1/2γ were determined using the 

corresponding compartmental analysis and are listed in 

Table 8. It could be observed that the VS solution, HSPC, 

and commercial formulations exhibited a rapid elimination 

from the bloodstream and the remaining doses at 4 hours 

post-injection were 0.65% and 34.2% and 55.9%, respec-

tively. After the liposomes were coated with PEG-DSPE or 

PEG-PLGA, a significant prolongation of liposomes in the 

blood occurred. The AUC
0→∞ calculated for the PEG-DSPE 

formulation was 2.3-fold as high as that of the PEG-PLGA 

and chitosan formulations. Every half-life (T1/2) for the pre-

pared VS preparations was at least 1.4-fold as long as that 

of the marketed VS liposomes. In contrast, the marketed 

preparation did not show the same long-circulating property 

as that of the PEG-DSPE and PEG-PLGA formulation, 

disappearing from the blood with a T1/2 of 14.9 hours and 

18.2 hours, respectively. Furthermore, most of the prepa-

rations showed a biphasic clearance profile. Especially for 

PEG-DSPE, an obvious retardation in the clearance from 

the blood happened within the initial 12 hours after iv 

administration.

The physical properties of these liposomes may be 

contributing to the changes in circulation lifetimes of VS 

or its liposomes. There were no clear differences in drug 

loading or pH for all liposomes used in this study. However, 

the aforementioned zeta potential analysis of conventional 

liposomes or liposomes containing PEG-DSPE was slightly, 

but significantly, different. Although negatively charged 

liposomes tend to be easily removed after administration,48 

the addition of 3 mol% of PEG-DSPE to conventional lipo-

somes increased both the AUC and the circulation lifetimes 

of VS. This proved that besides a near-zero zeta potential, 

the composition of lipids can also induce slow clearance 

from the circulation for liposomal preparation. That result 

was assumed to be caused by the long-circulation effect of 

2,000 Da PEG. The same trend happened for the PEG-PLGA 

formulations. This result can be explained by the fact that 

the existence of PEG-DSPE could increase the hydrody-

namic radius because of PEG involvement. This change 

can shield and effectively reduce the negative charge to a 

near-zero zeta potential.49 PEG-coated nanoparticles were 

found to be useful for shielding the nanoparticles from the 

RES because of steric repulsion.50,51 A hydrated outer shell 

could be constructed by PEG, which could also shield the 

nanoparticles from being recognized and taken by the RES. 

All of the effects of PEG result in an extended drug half-life 

and improved tissue distribution.52,53

Table 6 Parameters and determination coefficients of the 
linearization of Vs release from different formulations in plasma

Model Fitting equation R2

hsPc  
formulation

Zero-order equation Q=3.544t+41.72 0.490
First-order equation Ln(1−Q)=−0.213t+3.628 0.625
Higuchi equation Q=21.48t1/2+23.35 0.758
Weibull equation Q=1−e−0.0367(t−4.193) 0.989

PEG-DSPE  
formulation

Zero-order equation Q=2.356t+18.70 0.741
First-order equation Ln(1−Q)=−0.04t+4.395 0.849
Higuchi equation Q=12.93t1/2+8.804 0.940
Weibull equation Q=1−e−0.032(t−6.117) 0.846

PEG-PLGA  
formulation

Zero-order equation Q=2.190t+21.45 0.685
First-order equation Ln(1−Q)=−0.037t+4.355 0.790
Higuchi equation Q=12.27t1/2+11.82 0.905
Weibull equation Q=1−e−0.031(t−5.697) 0.794

chitosan  
formulation

Zero-order equation Q=2.618t+24.75 0.635
First-order equation Ln(1−Q)=−0.051t+4.302 0.776
Higuchi equation Q=14.91t1/2+12.81 0.868
Weibull equation Q=1−e−0.040(t−6.726) 0.796

Abbreviations: VS, vincristine sulfate; HSPC, hydrogenated soybean phosphati-
dylcholine; PEG-DSPE, poly(ethylene glycol)-distearoylphosphatidylethanolamine; 
PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; Q, cumulative release 
of VS (%); t, time (hour); t1/2, the half power of t; Ln, natural log; e, mathematical 
constant.

Figure 4 Blood clearance profile of formulations after iv injection of 1.2 mg/kg of 
liposomal suspensions in rats.
Note: Data represented as mean ± sD, n=6.
Abbreviations: VS, vincristine sulfate; iv, intravenous; HSPC, hydrogenated soybean 
phosphati dylcholine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; 
PEG-DSPE, poly(ethylene glycol)-distearoylphosphatidylethanolamine; h, hour; SD, 
standard deviation;  VSLI, vincristine sulfate liposome injection.
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It was reported that the pharmacokinetic profiles of lipo-

somal vesicles with modified PEG-hydrophobic lipid are 

influenced mostly by the PEG moiety. It is usually unaffected 

by the conjugated lipids or the surface charge induced by the 

involvement of PEG-hydrophobic lipid.10 However, there were 

clear differences in the zeta potential between the PEG-DSPE 

and PEG-PLGA formulations. Under such circumstances, the in 

vivo drug concentration–time curves for these two preparations 

were significantly different, with 2.3-fold different AUC values. 

These results were unusual, and we assumed that there was a 

complicated reason for this observation. There are two possible 

reasons for this. First, the difference in the inner membrane 

permeability reported by the incorporation of the membrane 

modifying material PEG. Second, the uniformity of PEG-

hydrophobic lipids could also play a role. Further studies are 

necessary to understand this phenomenon more completely.

Chitosan has been used as a pharmaceutical excipient for 

drug delivery because of its favorable biological properties.54 

Similar to PEG, chitosan can also attenuate the phagocytic 

effects and enhance the longevity of NPs. When compared 

with the PEG-DSPE formulation, the relatively larger particle 

size and extremely positive charge of the chitosan formula-

tion was supposed to lead to a reduced long-term circulation 

ability for the in vivo pharmacokinetics profiles, which may 

relate to RES recognition.55,56

Although the obtained results might result from various 

other more complicated mechanisms, the pharmacoki-

netic work showed that the PEG-DSPE formulation had 

a longer term blood circulation when it was compared 

to the PEG-PLGA, chitosan, and commercial formula-

tions. Further studies are being performed to investigate 

these factors.

Table 7 Pharmacokinetic model fitting of VS solution, conventional liposome, and long-circulating liposome

VS solution Marqibo® 

(VSLI)
HSPC 
formulation

PEG-DSPE 
formulation

PEG-PLGA 
formulation

Chitosan 
formulation

R2 AIC R2 AIC R2 AIC R2 AIC R2 AIC R2 AIC

1 compartment 
model/W=1

0.997 −38.510 0.993 51.190 0.999 35.000 0.995 50.540 0.980 52.890 0.999 30.440

1 compartment 
model/W=1/c

0.997 −11.070 0.992 14.400 0.999 9.530 0.995 13.550 0.976 23.860 0.998 −0.990

1 compartment 
model/W=1/c2

0.021 17.210 0.991 −27.510 0.985 −16.670 0.994 −23.880 0.953 0.350 0.998 −31.770

2 compartment 
model/W=1

0.999 −60.500 0.998 38.210 0.999 13.480 0.999 32.023 0.998 31.730 0.999 19.060

2 compartment 
model/W=1/c

0.998 −20.95 0.998 0.020 0.999 −14.720 0.999 −1.910 0.998 11.160 0.999 −7.980

2 compartment 
model/W=1/c2

0.954 6.470 0.998 −36.470 0.999 −42.380 0.999 −34.920 0.990 −15.840 0.999 −30.280

3 Compartment 
model/W=1

0.999 −95.930 0.999 33.480 0.999 16.770 0.999 36.020 0.999 30.680 0.999 23.120

3 Compartment 
model/W=1/c

0.999 −52.010 0.999 −2.310 0.999 −10.970 0.999 2.090 0.999 −1.630 0.999 −3.980

3 compartment 
model/W=1/c2

0.999 −4.090 0.998 −32.47 0.995 −38.380 0.999 −30.920 0.999 32.090 0.999 −26.870

Abbreviations: VS, vincristine sulfate; AIC, akaikes information criterion; HSPC, hydrogenated soybean phosphatidylcholine; PEG-DSPE, poly(ethylene glycol)-distearoylph
osphatidylethanolamine; PEG-PLGA, poly(ethylene glycol)-poly-lactide-co-glycolide; VSLI, vincristine sulfate liposome injection.

Table 8 Parameters in blood circulation of various Vs formulations

AUC0→t (μg⋅h/L) AUC0→∞ (μg⋅h/L) T1/2α (h) T1/2β (h) T1/2γ (h)

Vs solution 0.489±0.1219 0.651±0.2780 0.0089±0.005 0.0787±0.204 14.85±10.247

Marqibo® (VSLI) 395.940±100.5 506.344±675.611 0.540±1.61 9.028±41.462 –

hsPc formulation 83.675±12.029 107.223±62.294 0.1885±1.005 3.709±5.832 –

PEG-DSPE formulation 446.209±63.862 546.239±65.881 0.650±0.633 14.902±2.425 –

PEG-PLGA formulation 160.915±197.495 231.697±117.593 1.93±1.868 18.239±12.609 –

chitosan formulation 226.192±37.282 233.167±31.268 4.74±0.874 – –

Notes: Data represented as mean ± sD, n=6. –: N/A.
Abbreviations: VS, vincristine sulfate; HSPC, hydrogenated soybean phosphatidylcholine; PEG-DSPE, poly(ethylene glycol)-distearoylphosphatidylethanolamine; PEG-PLGA, 
poly(ethylene glycol)-poly-lactide-co-glycolide; N/A, not applicable; SD, standard deviation; AUC, area under the concentration-time curve; T1/2α, the distribution phase half-life; 
T1/2β, the elimination phase half-life in two-compartmental model; T1/2γ, the elimination phase half-life in three-compartmental model; VSLI, vincristine sulfate liposome injection.
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Conclusion
Through a series of comparative studies with the chitosan, 

PEG-PLGA formulation, and VSLI, it was demonstrated that 

2 kDa PEG conjugated to DSPE very effectively increases 

the circulation and absorption of VS. Especially, when 

compared with VSLI, the PEG-DSPE formulation exhibited 

better clearance and higher AUC values, which demonstrates 

its potential to serve as a promising drug delivery system for 

VS with efficient targeted performance.
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