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Background: Vincristine is a potent therapeutic agent with well-defined activity against

hematologic malignancies and solid tumors. It is a cell-cycle specific drug with concentration

and exposure duration dependent activity. When used by liposomal delivery, it exhibits

enhanced anti-tumor activity. However, vincristine liposome formulation in the clinic is

supplied as a 3-vial-kit due to lacking sufficient stability. So it has to be prepared in situ

prior to use through a multi-step process.

Purpose: The purpose here is to develop a more stable and ready-to-use liposomal for-

mulation for vincritstine in one vial.

Patients and methods: A series of preparations were investigated based on sphingomye-

lin/cholesterol/PEG2000-DSPE lipid composition, with different drug/lipid (D/L) ratios (1/

10, 1/5, 1/2), using an active sucrose octasulfate triethylamine salt gradient loading method.

In this work, compared to generic vincristine sulfate liposome injection (GVM), the stability

both in vivo and in vitro and efficacy in vivo of novel vincristine liposomes were

investigated.

Results: It was shown that the degradation of vincristine during 2–8°C storage was signifi-

cantly decreased from 8.2% in 1 month (GVM) to 2.9% in 12 months (D/L ratio 1/5). The half-

time for sphingomyelin/cholesterol/PEG2000-DSPE liposomes in vivo could be adjusted from

17.4 h (D/L ratio 1/10) to 22.7 h (D/L ratio 1/2) in rats, while the half-time for GVM was only

11.1 h. The increase in drug retention contributed to the lower in vivo toxicity. The antitumor

efficacy was evaluated using a human melanoma tumor model and showed remarkable

improvement compared to GVM.

Conclusion: The study demonstrates that the new formulation with the drug/lipid ratio of 1/

5 owns a higher encapsulation efficiency, better stability, lower toxicity and superior anti-

tumor efficacy, which is screened out for further development.

Keywords: vincristine sulfate, liposome, TEA-SOS, storage stability, and anti-tumor

efficacy

Introduction
Vincristine (VCR) is a cytotoxic alkaloid that possesses extensive antitumor

activity.1 As a microtubule inhibitor, with an M-phase cell-cycle specific antitumor

mechanism, its efficacy is concentration and exposure duration dependent.2

However, the pharmacokinetic (PK) profile shows a rapid clearance rate and

a large volume of bio-distribution in body.3 These sub-optimal PK properties and

also the dose-related neurotoxicity prevent its full potential.4

Liposomal formulations have been shown to prolong plasma half-life and

increase drug accumulation in tumor tissue by enhancing permeability and retention

(EPR) effects while mitigating drug toxicity.5–8 In 2012, FDA approved vincristine
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sulfate liposome injection (VSLI;Marqibo®, Spectrum

Pharmaceuticals, Inc.,Henderson, NV,USA), which is

a sphingomyelin (SM)/cholesterol (Chol) liposome by

loading the drug with pH gradient method. It was con-

firmed to have good therapeutic effect on patients with

Philadelphia chromosome-negative (Ph-) acute lympho-

blastic leukemia (ALL).9 However, this VCR liposome

formulation faces several challenges. One issue is its

tedious preparation process. Due to its long-term stability

limitation after VCR encapsulation, in order to achieve

a nominally stable product, VSLI is supplied as a 3-vial-

kit and its preparation requires an on-site, multi-step drug

loading process and it must be in a biological safety

cabinet or by established pharmacy safety procedures.10

A big challenge for stable liposomal VCR preparation is

the chemical instability of VCR. Stability studies for VSLI

showed that after VCR-loading, degradation occurred within

24 h at room temperature.11 The typical degradation route for

VCR is oxidation and hydrolysis.12 Yunning et al13 attempted

to weaken the oxidation of VCR by adding antioxidants into

VCR preparations. The result exhibited a positive impact, yet

far from enough to long-term storage. The main degradation

route for VCR in an aqueous environment is hydrolysis.11 It

seems that VCR is most stable in solid state or in an insulated

oxygen environment. Freeze-driedVCR liposome formulation

has been developed.14 But the lyophilization process means

higher cost and longer manufacture time, usually one to sev-

eral days. Meanwhile, the encapsulation efficiency (EE) of

VCR would also be decreased during the rehydration process,

and the increase of free VCR would strengthen the safety

concern of drugs. Beside freeze–drying technology, different

drug loading methods can also influence the formulation sta-

bility through changing the existential form of encapsulated

VCR. By generating a transmembrane pH gradient, VSLI

successfully detains VCR in a solubilization state inside the

liposomes, but that does not prevent the drug hydrolysis.11,15,16

Ion gradient is another active loading method often used for

amphipathic weak bases. Two of the successful cases are

ammonium sulfate gradient and TEA-SOS gradient. Doxil®

(doxorubicin HCl liposome injection [DLI], Janssen, Raritan,

NJ, USA) was the first FDA approved nano-drug in 1995.17

By utilizing an ammonium sulfate gradient, DLI traps doxor-

ubicin as nanocrystals within the liposomes and has a shelf life

of approximately 18 months in a pre-loading formulation.18

The sucrose octasulfate triethylamine salt (TEA-SOS) gradi-

ent was first reported for irinotecan liposomes.19 TEA-SOS

could form electrostatically stabilized complexes with the

amphipathic drugs, such as irinotecan, which improves both

the encapsulation efficiency and the in vitro stability of the

formulation. This method has been successfully applied in

irinotecan liposome injection (Onivyde®, Merrimack

Pharmaceuticals, Inc., Cambridge, MA, USA). Other than

ammonium sulfate liposome, the inside of the TEA-SOS

liposome is composed of polyanion and a substituted ammo-

nium. This combination gives liposomes higher loading effi-

ciency, and more stable inner drug form with less drug

release,20 which may be feasible for VCR encapsulation with

a purpose of preventing VCR degradation in liposomes and

prolonging in vivo circulation time.

Further improvements that can be made for drug release

kinetics is altering the lipid composition. This will yield higher

drug retention within the liposome during systemic circulation

and decrease plasma clearance rate.17 By modifying the

amount of Chol in the membrane, the saturation and length

of the fatty acid chains will influence the membrane

permeability.21,22 In previous VCR liposomal development,

the composition varied from egg phosphatidylcholine (EPC)/

Chol to distearoyl phosphocholine (DSPC)/Chol and finally to

SM/Chol, which ultimately increased therapeutic activity after

i.v. administration.23 To reduce plasma clearance, integration

of the steric stabilizing lipid PEG-distearoyl phosphatidyletha-

nolamine (DSPE) at 5 mol% into the SM/Chol composition

significantly increased the circulation longevity of the SM/

Chol liposomes. Conversely, the antitumor effect was not

improved due to increased VCR leakage from the PEG-

containing liposomes.24 However, considering for a stable

VCR intention, it is still a meaningful effort using PEG-

modified liposome aiming at its potency enhancement.

This study seeks to optimize the VCR liposome delivery

system to extend its application potential by developing

a stable and ready-to-use formulation utilizing TEA-SOS

intraliposomal stabilization strategy and altering SM/Chol/

PEG-lipid composition. In addition, three different drug-to-

lipid ratios were investigated in terms of in vitro and in vivo

stability, pharmacokinetics, toxicities and antitumor efficacies

in animals. In all the studies, VSLI was used as a reference

formulation. Finally, this study provides a single vial solution

for novel commercial development of VCR liposome

formulation.

Materials and methods
Materials
SM, Chol and 1, 2-distearoyl-Sn-glycero-3-phosphoethanola-

mine-N-[methoxy (polyethylene glycol)-2000] (PEG2000-

DSPE, Mw=2805) were purchased from Lipoid GmbH
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(Ludwigshafen, Germany). TEA-SOS was donated from

Shanghai DDSome Laboratories CO., Ltd. (Shanghai,

People's Republic of China). Vincristine sulfate was obtained

from Guangzhou Hanfang Pharmaceutical Co., Ltd.

(Guangzhou, People's Republic of China). Histidine was pro-

vided by Shanghai Ajinomoto Amino Acid Co., Ltd.

(Shanghai, People's Republic of China). All other chemicals

were purchased from Sinopharm Chemical Reagent Co., Ltd.

(Shanghai, People's Republic of China). Human melanoma

cell line A375 was purchased from Shanghai Institute of

Pharmaceutical Industry (Shanghai, People's Republic of

China). All chemicals used were of analytical reagent grade

or above.

Animals
Male ICR mice (7–8 weeks old, 28±3 g weight), male

Wistar rats (8–9 weeks old, 235±10 g weight) and

BALB/c nude mouse (7–8 weeks old, 28±3 g weight)

were all purchased from SLAC Laboratory Animal

(Shanghai, People's Republic of China). 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 Animal Management Rules of the

Ministry of Health of the People’s Republic of China. The

protocol was approved by the Institutional Animal Care

and Use Committee of Fudan University. Animals were

given a commercial diet and water ad libitum.

Liposome preparation and drug loading
Preparation of stable and ready-to-use liposomal

VCR (SRLVs)

Required amounts of SM, Chol and PEG2000-DSPE

(79:20:1, w/w) were dissolved in appropriate amount of

ethanol (phospholipid/ethanol, 1:10, w/v). The resulting

organic phase was instilled by a syringe into a defined

volume of TEA-SOS (500 mM, 1:9, v/v) under magnetic

stirring at 65°C. Then, the formulation was stirred for 30 min

and extruded through an 80 nm polycarbonate membrane

(Whatman International Ltd, Maidstone, UK) at 65°C. The

extrusion step was repeated until a homogeneous batch of

liposomes with mean particle size of 95–105 nm was

obtained. Followed by cross-flow ultrafiltration, free TEA-

SOS and ethanol were removed and blank liposomes were

produced. An appropriate amount of vincristine sulfate was

dissolved with glucose and histidine to prepare a VCR solu-

tion. The lipid concentration of the blank liposome was

measured by HPLC and mixed with the vincristine sulfate

solution to a final lipid concentration of 10mg/mL (SRLV-1),

5 mg/mL (SRLV-2), or 2 mg/mL (SRLV-3), and a final drug

concentration of 1mg/mL.VCR-liposomes were obtained by

water bath the mixture at 65°C for 30 min.

Preparation of positive control drug

The formulation and preparation method of the control drug

were referred from labels and patents11,15,16 of VSLI.

Required amounts of SM and Chol (73.5:29.5, w/w) were

dissolved in an appropriate amount of CHCl3 (phospholipid:

CHCl3, 1:10, w/v) and then the solvent was removed under

negative pressure at 65°C. Spontaneously, liposome forma-

tion occurred thereafter and the dried film was hydrated

with prescribed amounts of citrate buffer (33.6 mg/mL citric

acid and 35.4 mg/mL sodium citrate) at 65°C. The suspen-

sion was then extruded through an 80 nm polycarbonate

membrane as above to a final liposome mean particle size

95–105 nm. VCR was loaded into the liposomes as

described in the label of VSLI.

Methods of VCR quantification
VCR quantification was determined by HPLC (2998 PDA

Detector, Waters, USA) at 297 nm and 30°C, using a C8

column (250×4.6 mm), 20 μL injection volume, methanol:

diethylamine buffer (70:30, v/v) as mobile phase, and

1.0 mL/min flow rate.

Particle size and zeta potential analysis
Both the particle size and zeta potential analysis of the lipo-

somes were measured by Nano-ZS90 Laser Particle Size

(Malvern Panalytical, Malvern, UK). The samples for particle

size determination were diluted in saline andmeasured 3 times

at 25°C. The zeta potential analysis was tested on the original

liquids. All measurements were performed in triplicate.

Cryogenic transmission electron

microscopy (Cryo-TEM)
Cryo-TEM was performed using a Talos F200C CryoTwin

Transmission Electron Microscope (Thermo Fisher

Scientific, Waltham, MA, USA) operated at an accelera-

tion voltage 200 kV in TEM uP SA Zoom Image mode.

Images were recorded on the BM-Ceta camera (Thermo

Fisher Scientific).

First, the grids with holey carbon film (Quantifoil

R 1.2/1.3; Quantifoil Micro Tools GmbH, Großlöbichau,

Germany) were activated for 20 s at 8 mA using a Femto

plasma cleaner (Diener Electronic, Ebhausen, Germany).

Sample preparations were performed by applying 5 μL of

the solution on the grid. Excess liquid was removed with
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filter paper and the samples were vitrified immediately

after blotting by plunging the grid into liquid ethane held

at approximately −183°C. Samples were kept under liquid

nitrogen until TEM analysis. Images at 45,000× were

captured for each sample.

Determination of encapsulation efficiency
Encapsulation efficiency (EE) was determined by

Sepharose Column method using a Sepharose CL-4B col-

umn (10×100 mm). A 200 μL VCR-liposome was loaded

on the column which was pre-equilibrated with saline and

then eluted with the same solution. Liposome-

encapsulated and free VCR were collected respectively.

Both encapsulated VCR (CLoaded) and free VCR (CFree)

collected from the Sepharose CL-4B column were deter-

mined by HPLC after diluted with methanol.

The EE was calculated according to the following

equation:

EEð%Þ ¼ Cloaded

Cloaded þ Cfree
� 100%

Stability
Storage stability

The stability of the four formulations after drug-loading

was investigated by the changes in encapsulation effi-

ciency and vincristine sulfate concentration. After drug

loading (as described in the Preparation of stable and

ready-to-use liposomal VCR and Preparation of positive

control drug sections), both EEs and VCR concentrations

of the four VCR liposomes were tested at time 0. For long-

term studies, all four samples were deposited in a freeze at

5±3°C (2–8°C) for 12 months and tested in the time of 1st

month, 3rd month, 6th month and 12th month. Under

accelerated storage conditions, the samples were stored

in a constant temperature humidity chamber at 25±2°C/

60% ±5% RH for 3 months. The accelerated stability test

results were measured in the time of 1st month, 2nd month

and 3rd month.

In vitro release

Two different in vitro release systems have been tested in

this study. In test A, 1 mL VCR-loaded liposomes were

diluted in 4 mL (4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid (HEPES)/NaCl serum solution (HEPES/

NaCl 2.38 g: 4.21 g: 1 L in 50% serum w/w, pH 7.2).

The diluted liposomal drug was then placed into a constant

temperature chamber at 37°C. In test B, 1 mLVCR-loaded

liposomes were diluted in 4 mL, C6H15NHCl/histidine

solution (50 mM: 200 mM, pH 6.5). This test was per-

formed at 37°C and 42°C respectively. EE was tested by

the sepharose column method as described in the

Determination of encapsulation efficiency section at 0,

0.5, 2, 4, 8, 12, and 24 h after dilution. The drug release

ratio (RR) was calculated as below:

RR %ð Þ¼ EE %ð Þ0�EE %ð ÞT
where EE(%)0 is the EE(%) of the samples at time 0

(immediately after dilution) and EE(%)T is the EE(%) at

a certain time T.

Animal experiments
Pharmacokinetics studies

Forty healthy Wistar rats (235±20 g) were randomly

assigned into four groups of 10. The animals were kept

in a temperature-controlled laboratory (25±2°C) with nat-

ural lighting, free diet, and were fasted overnight prior to

the experiment. All animals were given 1 mg/kg VCR

liposome intravenously. After administration, 300–400

μL blood samples were collected from the retro-orbital

plexus at designated time points (0.03, 0.5, 1, 2, 4, 8, 12,

24, and 48 h post-injection). The blood samples were

placed in heparin sodium anticoagulant tube and centri-

fuged at 1,600 g for 10 min. The separated plasma was

stored at −20°C until analysis.

In vivo toxicity study

Male ICR mice (7–8 weeks old) were housed in

a temperature-controlled laboratory (25±2°C) with natural

lighting and free diet. After 1 week’s acclimatization, 122

of them were randomized to 17 groups with 6–10 per

group. Bodyweights (BW) were recorded once a day dur-

ing the experiment.

In the single-dose study, 12 groups (n=6) were admi-

nistered with four different VCR liposomal formulations

at doses of 3, 4, or 5 mg/kg, separately, by i.v. injection

once and sacrificed after 15 days. In the repeated dose

study, four groups of mice (n=10) were administered

with four different VCR liposomal formulations (1 mg/

kg) by i.v. injection for five consecutive days and sacri-

ficed 15 days after the last dose. The control group

(n=10) were given saline (5 mL/kg) once by i.v. injec-

tion. The death rate (DR) was calculated as below at the

end of the experiment:

DRð%Þ ¼ Number of dead animals
Number of total animals

� 100%
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In vivo anticancer efficacy

Tumors were established by subcutaneous flank injec-

tions in mice with 2×105 human melanoma A375 cells

in 0.1 mL of phosphate buffered balanced salt solution

(PBS). Eleven days later, mice (with mean tumor

volume, 250±100 mm3) were randomized into five

treatment groups of 6 animals per group. Then, the

treated animals received three tail vein injections at

a dose of 2 mg/kg at day 1, day 5 and day 9. Group

5 were given 25 mL/kg saline solution i.v. on the

same day. Tumor size was measured by vernier caliper

twice a week, and tumor volume was calculated by the

following formula:

Tumor Volume = (Length x width2)/2.

On day 14 post-administration, all mice were sacrificed by

cervical dislocation to investigate the antitumor efficacy

based on both body weight and the tumor growth inhibi-

tion (TGI).

TGIð%Þ ¼ WControl �WTreated

WControl
� 100%

WTreated: average tumor weight in treatment group

WControl: average tumor weight in blank control group

Statistical analysis
All data were presented as the mean ± SD. Statistical ana-

lysis was conducted by Student’s t-test or ANOVA analysis.

Probability values <0.05 were considered significant.

Results
Preparation and characterization of VCR

liposomes
This study attempted to develop a stable nano-vehicle for

VCR composed of SM, Chol and PEG2000-DSPE

(79:20:1, w/w) with high drug loading efficiency. The

drug loading methods used for VCR liposomes are

shown in Figure 1. TEA-SOS gradient was chosen for

drug encapsulation of SRLVs (Figure 1A), while pH-

gradient was used for GVM preparation (Figure 1B).

When SRLVs were preparing, the blank liposome was

produced by the ethanol injection method, with a size of

100.9 nm, and then VCR was loaded actively into the

liposome by TEA-SOS gradient (Figure 1A). After drug

loading, three different formulations using one blank lipo-

some suspension were obtained with final drug/lipid ratios

of 1/10, 1/5 and 1/2, and the resulting products were

named SRLV-1, SRLV-2, and SRLV-3, respectively. As

shown in Table 1, the size distributions of three formula-

tions were similar, indicating that different VCR/lipid

ratios did not have a significant effect on particle size.

The GVM formulation, referring to VSLI, as a positive

control drug, was made by film dispersion method, and

a pH-gradient was used for VCR-loading (Figure 1B),

with mean size of 103.1 nm. PdIs (polydispersity index)

of the four formulations were all less than 0.1, demonstrat-

ing relatively narrow size distribution of the nanoparticles.

There was no significant particle size difference between

inter-preparations, conforming to the quality standard of

Liposome
aqueous phase

A B
Liposome

aqueous phaseExternal medium

TEA-SOS gradient

Neutral form of
vincristine

crosses bilayer

pH gradient

Figure 1 Mechanisms of VCR drug loading. (A) Schematic of the active loading method of vincristine sulfate into preformed liposomes using a TEA-SOS gradient. VCR

forms a gel-like precipitate due to the presence of SOS- inside the liposome. (B) Schematic of the active loading method of vincristine sulfate into performed liposomes using

a pH gradient. Detailed descriptions of the method and processes are given in the text.
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VSLI (100±5 nm). All size distributions meet the study

request for the following experiment evaluations.

Zeta potential and EE of VCR liposomes are presented in

Table 1. Both SRLVs and GVMwere composed with neutral

phospholipids, so the surface charges of four liposomes

showed no significant difference, from −2.15 to −2.66 mV.

By the advantage of active loading methods, the EEs of all

preparations were satisfied, with a minimum of 92.6%.

Figure 2 presents the photos of four formulations taken

by Cryo-TEM. Differences in inner liposomal morphology

between SRLVs and GVM were detected. For SRLVs,

a progressive increase in inner liposome shadow density

was observed as the drug/lipid ratio increased from 1/10 to

1/2 (Figure 2A–C). Figure 2D shows the inner structure of

GVM, with no obvious evidence for drug precipitates.

Storage stability of VCR liposomes
The storage stability of VCR liposomes was evaluated by the

changes of EE and vincristine sulfate concentration in suspen-

sion. In order to achieve a stable ready-to-use formulation, the

following experiment was performed. After drug loading and

filling into the final vials, all four products were stored at 2–8°C

for long-term (12 months) study and at 25°C for accelerated (3

months) study for the three SRLVs. As we can see in Figure 3A

Table 1 Characterization of SRLV-1, SRLV-2, SRLV-3 and GVM

Formulations VCR/lipid

ratio

Size distribution ζ potential

(mV)

EE

(%)
Mean size (nm) PdI

SRLV-1 1/10 103.0±0.8 0.097±0.012 −2.5±0.3 97.8±0.4

SRLV-2 1/5 103.6±0.6 0.091±0.014 −2.3±0.1 97.7±0.2

SRLV-3 1/2 101.4±0.8 0.065±0.020 −2.7±0.1 92.6±0.2

GVM 1/20 103.1±0.4 0.028±0.015 −2.2±0.4 96.2±0.7

Abbreviations: EE, encapsulation efficiency; Pdl, polydispersity index.

Figure 2 Cryo-EM micrographs of VCR liposome formulations. (A–C) SM/Chol/mPEG-DSPE (79/20/1, w/w) liposomes using a TEA-SOS gradient for VCR loading at

different drug/lipid ratios of 1/10 (A), 1/5 (B) and 1/2 (C). (D) SM/Chol (73.5:29.5, w/w) liposome using a pH gradient for VCR loading.
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and B, the vincristine sulfate concentration in suspension of

GVM decreased by 10.5% after 1-month storage at 2–8°C,

which already failed to meet the product quality standards

(90–110%, refer to US Pharmacopeia). In comparison, VCR

concentrations of SRLV-1 and SRLV-2 only decreased by 4.3%

and 2.9% separately after 12 months storage. For SRLV-3, on

the other hand, due to its lower initial EE (about 5% lower than

those of SRLV-1 and SRLV-2), the vincristine sulfate concentra-

tion quickly reduced by 8.2% after a 1-month refrigeration, and

it was maintained unchanged until the end of the experiment,

with a total 9.7% decline in 12 months of storage. In the 25°C

accelerated stability experiment (Figure 3C and D), the VCR

degradation became faster, with degradation ratios of 31.9% for

SRLV-1 and 5.5% for SRLV-2 in 3 months. Same performance

as at 2–8°C, the VCR concentration of SRLV-3 decreased fast

initially followed by a much slower decline, with 9.1% in the

first month and ending up with a total decrement of 10.6%. It is

clear that compared to GVM, the storage stabilities of SRLV-1,

SRLV-2 and SRLV-3 have been improved.

In vitro release
In this study, two in vitro release experiments were conducted

by using two different release media for better understanding

the release behaviors of four formulations. Figure 4A shows

the in vitro release rates in the HEPES/NaCl serum solution of

all VCR liposomes after 0.5, 2, 4, 8, 12, and 24 h at 37°C. As

can be seen, the drug release of GVM was much faster than

that of the other three samples, with a total release ratio of

20.7% at 24 h. The three TEA-SOS loaded liposomes pre-

sented VCR/lipid ratio-dependent release performances; the

higher the ratio, the slower the release. As a result, the final

drug release ratios were 8.4%, 4.9%, and 2.3% for SRLV-1,

SRLV-2, and SRLV-3, respectively.

To expedite drug leakage from SRLVs, the second test

was designed. TEAwas added into VCR-loaded TEA-SOS

liposomes, and the release behaviors of VCR from SRLV-

1, SRLV-2, and SRLV-3 were explored. In our previous

studies (unpublished), it has been shown that the presence

of NH4
+ in the external of liposomes would greatly accel-

erate the VCR release by enhancing its dissolution in the

internal phase liposomes, and inducing the VCR transfer

from inside to outside of the lipid bilayer. The tests were

measured under two temperatures, 37°C, close to human

physiological temperature (Figure 4A), and 42°C, 1°C

above the liquid-disordered phase transition temperature

(Figure 4B), to find out the difference of the in vitro

release regulations of the three formulations under both

gel and liquid-disordered phases. It is obvious that the

Figure 3 The changes of encapsulation efficiency (A and C) and vincristine sulfate concentration (B and D) for VCR liposome formulations. The formulations were stored

in the time of 0, 1, 3, 6 and 12 months at 2–8°C (A and B) and in the time of 0, 1, 2 and 3 months at 25±2°C/60% ±5% RH (C and D).
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release of three preparations happened much quicker than

that in the first test (Figure 4A). In the 37°C study, the

release ratios at 12 h were 38.4% (SRLV-1), 19.5%

(SRLV-2), and 19.7% (SRLV-3), respectively (Figure

4A). When the temperature goes up from 37°C to 42°C,

the lipid membrane transforms from the gel phase to the

liquid-disordered phase, and the membrane permeability is

significantly augmented. The release ratios at 12 h were

greatly increased to 93.1% (SRLV-1), 95.4% (SRLV-2),

and 71.7% (SRLV-3), respectively (Figure 4B). In general,

it can be concluded that SRLV showed better drug reten-

tion with a sustained drug release at higher drug/lipid ratio.

Pharmacokinetics study
Pharmacokinetics of drug-loaded liposomes may provide

clues for toxicity and efficacy. We further evaluated the

PK behaviors of VCR liposomes in Wistar rats. The total

VCR concentrations were examined in serum at 0.03, 0.5,

1, 2, 4, 8, 12, 24, and 48 h after intravenous injection with

1 mg/kg VCR liposomes. The plasma concentration–time

curves of GVM, SRLV-1, SRLV-2, and SRLV-3 are shown

in Figure 5. The corresponding pharmacokinetic para-

meters are presented in Table 2. As it is shown, the

blood half-lives (t1/2Z) for GVM, SRLV-1, SRLV-2, and

SRLV-3 were 11.1, 17.4, 19.2, and 22.7 h, respectively,

and the corresponding systemic exposure levels (AUC0-t)

were 138.5, 267.1, 366.0, and 366.1 mg/L h. For GVM,

the higher leakage rate resulted in shorter blood circulation

time and lower systemic exposure. In SRLVs groups,

when the VCR/lipid ratio went up, the blood circulation

time extended and the systemic exposure increased. For

SRLV-3, once again, a high clearance rate was shown in

the first hour and then the drug clearance slowed down at

the end of the experiment, which makes it consistent with

in vitro drug release. In general, both the in vivo blood

circulation times and systemic exposures of the three

Figure 4 In vitro release of VCR liposome formulations in medium. (A) In vitro release of SRLV-1, SRLV-2, SRLV-3, and GVM in HEPES/NaCl serum solution (pH 7.2) at 37°C

after 0.5, 2, 4, 8, 12, and 24 h incubation. (B and C) In vitro release of SRLV-1, SRLV-2 and SRLV-3 in triethylamine chloride/histidine solution (pH 6.5), at 37°C (B) or 42°C
(C) after 0.5, 2, 4, 8, 12, and 24 h incubation.

Figure 5 The plasma concentration of vincristine of VCR liposome formulations in rats after a single dose of 1 mg/kg intravenous injection. Blood samples were taken from

retro-orbital plexus at 0.03, 0.5, 1, 2, 4, 8, 12, 24, and 48 h after injection. Data are expressed as mean ± SD (n=10).
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TEA-SOS liposomes, SRLV-1, SRLV-2 and SRLV-3, are

significantly improved compared to those of the pH

liposome.

In vivo toxicity study
As previously described, the advantage of liposome as

a carrier technology for VCR is not only to prolong

in vivo circulation time, but also to reduce toxicity.

Here, both single-dose and multiple-dose toxicity studies

were set for differentiating formulations. Male ICR mice

were injected i.v. with varied doses of VCR liposomes

(Table 3). None of the 6 animals died from SRLV-2 at

a dose of 3.0 mg/kg, while the death rates of the rest

were 4, 3, and 1 of 6 for GVM, SRLV-1, and SRLV-3,

respectively. When the dose was raised up to 4.0 mg/kg,

all mice that were given GVM or SRLV-1 died. When

the dose was raised up to 5.0 mg/kg, all mice died. In

the multiple-dose study, 40 animals, 10 per group,

received 1.0 mg/kg VCR liposomes daily for 5 conse-

cutive days. All mice that received GVM or SRLV-1

died. One of six experimental animals from GVM

group died before the fourth administration. The total

death rates of GVM and SRLV-1 were similar in all dose

groups, but the death time was delayed when SRLV-1

was given. Among all the four VCR formulations,

SRLV-2 had the lowest toxicity with the lowest mortal-

ity and the latest death time. Weight loss and physical

abnormalities can be seen on all liposomal VCR treated

animals. None of the saline group developed any

adverse reaction, such as weight loss, behavior disorders

Table 2 Pharmacokinetics parameters of VCR liposome formulations in rats

PK parameters GVM SRLV-1 SRLV-2 SRLV-3

AUC0-t (mg/L h) 138.5±42.3 267.1±73.5 366.0±98.3 366.1±54.9

AUC0-∞ (mg/L h) 147.8±50.1 339.8±122.8 460. 5±194.5 463.2±56.1

t1/2z (h) 11.1±3.1 17.4±11.3 19.2±8.1 22.7±3.8

Cmax (mg/L) 26.5±3.2 25.4±5.1 28.5±4.6 25.8±2.4

MRT0-t (h) 9.8±2.1 13.0±3.1 16.0±1.4 16.5±0.4

MRT0-∞ (h) 12.8±4.0 24.6±11.4 29.6±8.8 30.9±3.3

Note: PK data in Wistar rats after a single dose of 1 mg/kg vincristine liposomes administered i.v. Data represented as mean ± SD (n=10).

Abbreviations: AUC0→t, area under the curve from 0 to tth hour; AUC0→∞, area under the curve during the whole time; t1/2z, half-life of elimination; Cmax, maximum

concentration; MRT0→t, mean residue time from 0 to t; MRT0→∞, mean residue time from 0 to ∞.

Table 3 Single dose and multi-dose toxicity studies of VCR liposome formulations in rats

Dose Formulations Dead/treated Day of death

Single-dose 3 mg/kg GVM 4/6 (67%) 6, 6, 7, 8

SRLV-1 3/6 (50%) 6, 7, 10

SRLV-2 0/6 (0) /

SRLV-3 1/6 (17%) 7

4 mg/kg GVM 6/6 (100%) 4, 4, 5, 5, 6, 6

SRLV-1 6/6 (100%) 5, 5, 6, 6, 6, 9

SRLV-2 1/6 (17%) 6

SRLV-3 3/6 (50%) 5, 6, 6

5 mg/kg GVM 6/6 (100%) 2, 3, 3, 3, 4, 4

SRLV-1 6/6 (100%) 3, 3, 4, 4, 4, 5

SRLV-2 6/6 (100%) 4, 5, 5, 5, 6, 7

SRLV-3 6/6 (100%) 3, 4, 4, 5, 5, 5

Multi-dose 1 mg/kg/day * 5 days GVM 10/10 (100%) 4, 6, 7, 7, 7, 8, 8, 8, 8,10

SRLV-1 10/10 (100%) 8, 9, 10, 10, 11, 11, 11, 12, 12, 16

SRLV-2 4/10 (40%) 10,11,11,13

SRLV-3 6/10 (60%) 9, 9, 10, 11, 12, 14

Notes: The fraction is the proportion of animals per group dying within 14 days after last dose of a specified formulation at a given dose level. Percentage group mortality is

in parentheses. Death were recorded from day 0 to 14 days after the last dose. The fraction is the proportion of animals per group dying within 14 days after last dose of

a specified formulation at a given dose level. Percentage group mortality is in parentheses.
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or death. On day 14 after the last dose, all living mice

started to heal and gained weight for 3 consecutive days.

In conclusion, the toxicity of liposomal VCR depends on

not only the in vivo drug clearance rate but also the drug

encapsulation efficiency.

In vivo anti-tumor efficacy
The in vivo curative efficacy of liposomal VCR was further

evaluated using male BALB/c nude mice bearing human

melanoma tumor. Mice were treated by 2 mg/kg liposomal

VCR or 25 mL/kg saline solution i.v. on day 1, day 5

and day 9. All animals were sacrificed on day 14 and the

tumor weights were measured. As shown in Figure 6A, all

drug-treated groups exhibited significant therapeutic effect.

After the second injection, the tumor size of four treatment

group started to reduce, while the tumor size of control

group kept rising. Figure 6B showed the final TGIs of four

groups. Compared with that of GVM, the TGIs of SRLV-1,

SRLV-2 and SRLV-3 were enhanced, and they were pre-

sented on trends with drug/lipid ratios. While the drug/lipid

ratios increased from 1/10, 1/5 to 1/2, the TGI also elevated

from 66.34%, 74.75% to 76.24% respectively. In order to

assess the side effects of the treatment, animal behavior and

body weight were recorded once a day. The average body

weights of GVM, SRLV-1, SRLV-2, SRLV-3, and saline

group decreased by 15.7%, 15.0%, 6.3%, 12.1%, and 8.3%

on the 14th day, separately. Considering the anti-tumor

efficacy and body weight loss, SRLV-2 seems an appropriate

candidate for further development.

Discussion
Liposomal delivery has been shown to improve pharma-

cokinetic profile, reduce the toxicity and widen the ther-

apeutic index of certain anticancer drugs. In this study, we

Figure 6 Antitumor activities of VCR liposome formulations on male BALB/c nude mice bearing human melanoma (NHEM) model. Therapeutic effects are shown as tumor

volume change (A) and tumor growth inhibition (B). NHEM tumors were implanted in the dorsal flank of nude mice as described in Materials and methods. Once tumors

were appropriately sized (∼250 mm3), mice were treated with VCR liposome formulations at a dose level of 2 mg/kg at day 1, day 5, and day 9. The control group was given

25 mL/kg saline solution i.v. on the same day. All mice began treatment on day 11 after tumor implantation. Tumor weight was recorded at day 14 post-administration. Data

represented as mean ± SD (n=6). *p<0.05 as compared to control.
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have successfully developed a drug delivery system for

VCR. It is composed of a neutral phospholipid SM for

liposome formation, Chol for membrane fluidity modifica-

tion, mPEG-DSPE for avoiding the aggregation of lipo-

somes and TEA-SOS liposome core for drug retention.

SM naturally exists in plasma membranes.25 Because of

its asymmetric molecular structure and extensive hydro-

gen-binding capacity,26 compared to other lipid mem-

branes, SM bilayer membranes exhibit a decreased

molecule interval and less membrane fluidity, together

resulting in a lower drug leakage. Chol is commonly

used in liposomal formulations for membrane fluidity

modification.27 Ellens et al28 and Kiani et al29 found out

that SM with Chol is highly resistant to the destabilization

caused by plasma lipoproteins, which can increase the

blood circulation time of VCR.

In order to avoid liposome aggregation with the purpose of

improving long-term storage stability,30 the surfaces of SM/

Chol liposomes with PEG (PEG2000-DSPE) were modified.

Liposomes with PEG have been demonstrated to stabilize

liposomes both in vitro and in vivo,31 and PEG-modified

liposomes have been widely used to prolong in vivo circula-

tion time, so called long-circulating liposomes, such as dox-

orubicin HCl liposome injection. However, in recent years, it

was found that the invisibility of PEG-coated liposomes from

the cellular uptake further prevented their rapid escape from

endosomes, which led to a subdued efficacy.32 To overcome

this so called “PEG dilemma” limitation,33 trace of PEG2000-

DSPE (1% of total lipid, w/w) was added. Previous studies

(unpublished) showed that small amount of PEG-lipid, such as

1% or less, made no difference on pharmacokinetic character-

istics and biodistribution profiles of liposomal drugs, but their

stabilities in vitro obviously were improved.

Different drug encapsulating methods can be used to

enable drugs loading into liposomes. The simplest way for

drug encapsulation is the passive loading method. By dissol-

ving a water-soluble drug in the aqueous buffer for lipid

hydration, it is easy to acquire a liposomal formulation with

approximately equal drug concentration both inside and out-

side of liposomes. This method is simple, with a direct pre-

paration procedure and low cost for manufacture, but resulting

in low EE. The active loading methods, in contrast, require

top-end equipment and high cost in production, but result in

high EE (usually above 90%).34 Figure 1A shows the drug-

loading principle of SOS-TEA gradient. When uncharged

VCR molecules pass the lipid membrane from outside to

inside of the liposome, they bind with SOS− inside the

liposome to form gel-like precipitates ((VCR-NH3)2SOS)

and retain in the liposomes. Meanwhile, when TEAmolecules

escape from the liposomes, protons would be generated,

resulting in a more acidic liposome core. For amphipathic

weak bases, such as VCR, an acidic liposome core would

enable more drug molecules to transfer into the liposomes.

The loading capability of liposome depends on the amount of

SOS− inside the liposome. On the other hand, VCR in pH-

gradient liposomes exists in a different form. By generating

a transmembrane pH gradient between the inside and outside

the medium of the blank liposomes, uncharged VCR mole-

cules that cross the lipid bilayer become protonated due to the

acidic inner phase, and then the molecules retain within the

liposomes (Figure 1B). These two drug loading methods both

lead to high EE, but entirely different VCR existence forms in

liposomes.

As stated in the introduction, the TEA-SOS gradient

was chosen for VCR loading in this research to prevent the

degradation of VCR by form precipitates while VCR

transfer into liposomes and minimum the VCR leakage

from the liposomes. As shown above (Figure 2A–C),

increasing internal shadow densities are observed with

Cryo-TEM as the drug/lipid ratio increased from 1/10 to

1/2. Unlike linear precipitates observed for doxorubicin

liposomes along with great liposomal deformation34–36 or

the empty structure for GVM (Figure 2D), the shadow

inside liposomes with little deformation could possibly

represent an amorphous or gel-like flexible precipitate. It

is no surprise that the shadow densities increased with the

increasing of amount of VCR encapsulated in individual

liposome, indicating a tighter precipitate structure at the

higher VCR contents.

Both in vitro and in vivo release studies demonstrate

that the release rates of VCR liposomes could be regulated

by the drug/lipid ratio. The higher the drug/lipid ratio is,

the slower the VCR releases. Meanwhile, the increased

VCR/lipid ratio also leads to a better antitumor efficacy.

This may be related to higher plasma concentration and

prolonged blood circulation time of VCR liposomes.

Combined with the Cryo-TEM phenomena, there is reason

to speculate that the compactness of precipitate could

influence the drug release rates. It is interesting that

Noble et al managed to encapsulate VCR into DSPC/

Chol/mPEG liposomes at a molar ratio of 3/2/0.015 by

TEA-SOS gradient in 2009.37 They similarly investigated

the in vivo release behavior of VCR liposomes with dif-

ferent drug/lipid ratios, but resulting in an opposite trend.
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According to their research, the formulation with the low-

est drug/lipid ratio has the longest in vivo retention time

(t1/2 31.2 h of 95.1 g drug/mol lipid, t1/2 18.8 h of 192

g drug/mol lipid, t1/2 20.0 h of 375 g drug/mol lipid). The

reason for the difference is unknown, but it is worth

further investigation.

The change of EE is a classic evaluation indicator for

liposomal formulations to assess the storage stability.38 In

this experiment, the EEs of the four preparations maintained

at high levels (＞ 95%) under the designed storage conditions.

The EE of SRLV-3 after one-month storage increased even

from 92.6% to 97.9% at 2–8°C and 97.6% at 25°C (Figure 3A

and C). As mentioned before, VCR is chemically instable and

easy to hydrolyze. However, after transferring from outside to

inside the liposomes, VCR would be protected from hydro-

lysis by the formation of precipitation. Yet the unencapsulated

free VCR remains uncovered in the external phase buffer and

will be in degradation. The EE of VCR liposomes is calculated

as loaded VCR divide by total VCR (free VCR plus loaded).

While free VCR hydrolyzed as time increased, and if the

loaded VCR is released very little, the EE showed an illusion

of increasing. The reduction of VCR content along with

increased EE after 1-month storage provides new evidence

for the degradation of free VCR. Therefore, EE is neither

sensitive nor specific in stability evaluation of VCR

liposomes.

Because of the slower in vivo and in vitro drug release,

we predicated a lower toxicity for SRLV-3, but it turned

out to be the opposite. Although SRLV-3 performed better

than both GVM and SRLV-1 on the in vitro drug release

and pharmacokinetics studies, the death rate was higher

and the death time was earlier than those of SRLV-2. It

should be noted that both treatment effect and toxicity

were optimized for SRLV-2 and SRLV-3, compared with

GVM. Nevertheless, SRLV-2 demonstrated the best ther-

apeutic effect with the highest TGI and the least body

weight loss. One other result to note is that no animal

died during the experiment, although the cumulative dose

(6.0 mg/kg) of treatment groups was higher than that of

toxicological study. In the toxicological study, all mice

died after a single dose of 5.0 mg/kg and 30 of 40 died

after a multiple dose of 1.0 mg/kg/day for 5 consecutive

days (cumulative dose 5.0 mg/kg). This result suggests

that enough recovery time can largely improve toxicity

tolerance of mice. The reason why SRLV-2 presented the

lowest toxicity, or in other words, why SRLV-3 has the

slowest VCR release ratio and best TGI but resulted

a higher toxicity than SRLV-2 is unknown.

The last point of discussion concerns the contradiction

between the decreased drug release ratio and the increased

toxicity and antitumor efficiency, as reflected by the study

outcomes of SRLV-3 (D/L ratio 1/2) and SRLV-2 (D/L ratio

1/5). A possible explanation for this is the structural damage of

liposome caused by high D/L ratio. In one study of doxorubi-

cin liposome, Johnston et al36 found that growing precipitate

would lead to physical disruption of the liposome bilayer and

resulting in leakage of encapsulated drug or degradation of the

ion gradient, giving rise to the pH gradient driving drug load-

ing. According to the experiment, when the D/L ratio

increased above the critical value (1/5), growing crystal

would cause lipid membrane damage. A similar rule was

obtained on pH gradient drug encapsulation VCR liposomes.

With the increasing D/L ratio, leakage of inner phase sucrose

was observed. Although we utilized a different drug loading

gradient in this research and VCR existed in a gel-like state

inside the liposomes instead of the linear crystal precipitates of

doxorubicin, the results of Johnston et all36 should be particu-

larly instructive. Further work will focus on the influence of

VCR precipitates to lipid membrane and the relation between

in vivo release and antitumor efficiency leading to optimized

therapeutic properties.

Conclusion
Compared to the positive control drug used in this research,

the new formulation achieved the following advantages:

enhanced stability, improved antitumor efficacy and low-

ered toxicity. Among the three preparations with varied

drug/lipid ratios which have been explored in this study,

the formulation with drug/lipid ratio of 1/5 (SRLV-2) per-

formed the best, with a high EE, the lowest degradation rate

after 12 months at 2–8°C and 3 months at 25°C storage, the

lowest death rate in the toxicity study and approximately

highest anti-tumor efficacy on human melanoma tumor

model. More importantly, the improved stability of the

new liposomal VCR eliminates the need for multi-step

preparation at the hospital pharmacy and could provide

important advantages in practice in terms of convenience

and safety. Therefore, there is potential for clinical transla-

tion of this single-vial formulation.
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