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ABSTRACT
Purpose The in vitro and in vivo properties of PEGylated pH-
sensitive liposomes (PSL) prepared by pre- and post-insertion
techniques were investigated.
Methods A pre-insertion or post-insertion technique was used
for PSL PEGylation. For the first time, confocal laser scanning
microscopy coupled with a modified calcein self-quench assay
was applied to evaluate the endosome escape capability. PSL
cellular uptake was evaluated using macrophages and the cytotox-
icity using a gemcitabine (model drug)-resistant MIA PaCa-2 cells.
The pharmacokinetics of PSL encapsulated gemcitabine was in-
vestigated in rats.
Results PEGylat ion reduced the pH-sensi t iv i ty in a
concentration-dependent manner (0.5–5% mol). Both
PEGylation methods reduced the uptake of PSL by macrophages
by over 60%. Cytotoxicity was ranked in the order: post-inserted
PSL ≥ pre-inserted PSL > non-PSL > gemcitabine solution, con-
sistent with the confocal microscopic observation and pH-sensi-
tivity. Both pre and post-inserted PSL resulted in significant reduc-
tions (p<0.05) in plasma clearance (58.6 and 38.4 ml/h/kg), in-
creases in the area-under-the-concentration-time curve (56.9 and
87.1 μM·h) and half-life (6.1 and 6.2 h) compared to gemcitabine
solution (152.9 ml/h/kg, 22.2 μM·h and 1.4 h).
Conclusion PEGylation by post-insertion offers advantages over
pre-insertion to obtain PSL with enhanced pH-sensitivity, more
ef fect ive intra-cytoplasmic del ivery, and a super ior
pharmacokinetics.
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ABBREVIATIONS
AE Attachment efficiency
CL Classical non-pH-sensitive PEGylated liposomes
DL Drug loading
DMEM Dulbecco’s Modified Eagle’s Medium
EE Entrapment efficiency
MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-

tetrazolium bromide
PC Pancreatic cancer
PEG Polyethylene glycol
PSL pH-sensitive liposomes
RES Reticulo-endothelial system (RES)
SVI Small Volume Incubation
TEM Cryo-transmission electron microscopy
TFHE Thin film hydration extrusion

INTRODUCTION

Liposomes are considered to be one of themost biocompatible
vesicular drug carriers with a capacity for accommodating
both hydrophilic and hydrophobic compounds. Since their
discovery in the 1960s by Bangham (1), in vitro studies have
indicated that liposomes are taken into cells via endocytosis
whichmay increase the efficiency of intracellular drug delivery
(2,3). However, after endocytosis by cells, the conventional
liposomes, entrapped in the endosome organelle, is destined
for the lysosome, where the contents may be degraded by
enzymes. This may limit the extent of intracellular drug

H. Xu : Z. Wu (*)
School of Pharmacy, Faculty of Medical and Health Sciences University of
Auckland, Private Bag 92019, Auckland 1142, New Zealand
e-mail: z.wu@auckland.ac.nz

J. W. Paxton
Department of Pharmacology, Faculty of Medical and Health Sciences
University of Auckland, Auckland, New Zealand

Pharm Res (2015) 32:2428–2438
DOI 10.1007/s11095-015-1635-0

Enhanced pH-Respons iveness , Cel lu lar Traf f ick ing,
Cytotoxicity and Long-circulation of PEGylated Liposomes
with Post-insertion Technique Using Gemcitabine as a Model
Drug



available to its site of action, such as DNA (4–6). To address
this limitation, pH-sensitive liposomes (PSL) may be used to
enhance the intracellular delivery of drug content to cytosol via
a process known as ‘endosome escape’ [11, 12]. PSL are de-
signed to be stable at the physiological pH, but destabilize
under acidic conditions by using pH-sensitive lipid compo-
n e n t s , s u c h a s 1 , 2 - d i o l e o y l - s n - g l y c e r o - 3 -
phosphoethanolamine (DOPE) in the liposomal membrane.
PSL take advantage of the acidification of the endosomal lu-
men (as acidic as pH 5–5.5) (7,8) to allow protonation of the
head group of DOPE, resulting in an inversion of DOPE into
an unstable hexagonal phase. The latter is key factor for cyto-
plasmic delivery of the entrapped compounds and controlled
release of its cargo in pathological tissues, such as tumours or
inflamed and infected areas which exhibit an acidic environ-
ment as compared to normal tissues (9). By enhancing intra-
cellular drug delivery and the endosome escape pathway, PSL
may bypass multi-drug resistant efflux pumps and thus restore
the cell’s sensitivity to some drugs (10). To date, PSL have
been applied to macrophage cell target delivery (6), intracellu-
lar transport of antigens (9), efficient delivery of neoplastic drugs
or recombinant proteins (11) and intracellular transport of ge-
netic material for antisense therapies (5). However, in addition
to the pH-sensitivity, the in vivo efficacy of PSL depends strongly
on their interactions with serum components that influence
their pharmacokinetics (6,9). After intravenous administration,
PSL are cleared rapidly from blood circulation by the reticulo-
endothelial system (RES), accumulating in the liver and spleen
(12), which is an issue if the target site is not in these organs. To
overcome this problem, surface coating with polyethylene gly-
col (PEG) polymer (termed PEGylation) provides steric inhibi-
tion of opsonin proteins adhering to the liposome surface, thus
avoiding recognition and the subsequent rapid clearance by the
RES, and leading to a prolonged circulation time which is key
factor for PSL’s in vivo tumor accumulation (13).

Although PEGylation has been reported to prolong circu-
lation time (14), in vitro studies have suggested that PEGylation
may reduce the pH-sensitivity, cellular uptake (15) and endo-
some escape of the PSL (16). Currently, two techniques, pre-
insertion (the traditional method) and post-insertion are used
to prepare PEGylated liposomes. With the former, the
PEGylated phospholipids are added to other lipids, such as
DOPE and cholesteryl hemisuccinate (CHEMS), during lipo-
somemembrane preparation, allowing the PEG chains to link
to both internal and external layers of the liposome. With the
post-insertion method, the PEGylated lipid is grafted on the
external layer of the preformed liposomes (17,18). The latter
was demonstrated to have better retention of the entrapped
drug than the classical non-pH-sensitive PEGylated liposomes
(CL), and a superior pharmacokinetics in vivo, possible due to
reduced leakage of the drug (17,18). To our knowledge, there
have been no reports on whether the pre-insertion or post-
insertion method can cause significant differences in the pH-

sensitivity, cellular trafficking, cytotoxicity and pharmacoki-
netics of the resulting PSL. Furthermore, there are few phar-
macokinetic data on PSL gemcitabine published in the litera-
ture to date.

Gemcitabine, a potent first-line drug commonly used for
the treatment of pancreatic cancer (PC) was selected as a
model drug to investigate the PSL effect on cytotoxicity and
pharmacokinetics. Gemcitabine is phosphorylated to its active
moiety in the cell, which inhibits DNA synthesis (2,19).
However, after systemic admistration, rapid conversion into
the inactive metabolite by cytidine deaminase and develop-
ment of resistance has been reported to markedly reduce the
clinical efficacy of gemcitabine (20–22).

Our aim was to develop a PEGylated PSL with improved
pH-sensitivity, more effective intracellular delivery and supe-
rior in vivo pharmacokinetics for compounds encapsulated in
the aqueous core. We have investigated the in vitro and in vivo
properties of PEGylated PSL prepared by pre- and post-
insertion techniques, including their cellular uptake and endo-
some escape capabilities, in vitro drug release and their phar-
macokinetics in rats. PSL formulations containing a model
drug, gemcitabine, were developed and their cytotoxicity to-
wards a drug-resistant PC cell line (MIA PaCa-2) was com-
pared. In addition, a high drug loading (DL) is desirable to
increase the cytotoxicity to cancer cells in vitro, as well as to
reduce possible side effects caused by liposomal phospholipids
and cholesterol (23,24). Based on our previous study with CL,
a ‘small volume incubation (SVI)’ method was developed to
increase the loading of gemcitabine into the PSL when active
loading cannot be applied (3).

MATERIALS AND METHODS

Materials

Cholesteryl hemisuccinate (CHEMS), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) and N-(carbonyl-
methoxypolyethylene-glycol-2000)-1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE-mPEG2000) were purchased
from Avanti Polar Lipids (Alabama, USA), and 1,2-
dipalmitoyl-sn-glycero-3-phospocholinemonohydrate
(DPPC) and N-(carbonyl-methoxypolyethylene-glycol-2000)-
1,2-distearoyl-sn-glycero-3-phospho-thanolamine (DSPE-
mPEG2000) from Lipoid (Steinhausen, Switzerland).
Cholesterol, gemcitabine (purity >98%), calcein and 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide
(MTT, for cytotoxicity studies) were from Sigma (Auckland,
New Zealand). Milli-Q water was prepared using a water
purification system (Millipore Corp., Bedford, MA, USA).
All the other materials for this study were of analytical grade.

For the pharmacokinetic study, Sprague–Dawley (SD) rats
(195–205 g) were obtained from the Vernon Jansen Unit (The
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University of Auckland), and maintained according to the
standards relating to the care and management of experimen-
tal animals of New Zealand.

All procedures were approved by the Committee on
Animal Experiments of The University of Auckland (Ethics
approval number 001228).

Preparation of PEGylated pH-Sensitive Liposomes

PEGylation by the Pre-Insertion Method

PSL (DOPE: CHEMS at a fix molar ratio of 6:4, with either
DSPE-mPEG2000 or DOPE-mPEG2000), and CL (DPPC:
cholesterol: DSPE-mPEG2000 = 6:3:0.28) were prepared
using the thin-film hydration-extrusion (TFHE) method.
The ratio of PEGylated lipid to total lipids were, 0 0.5,
1, 3 and 5%. Briefly, the mixture of lipids was dissolved in
1 ml of chloroform: methanol (3:1, v/v). The thin film of
the lipid was then obtained by removal of the organic
solvent using a rotary evaporator under vacuum (R-215,
Büchi, Switzerland). Further traces of the organic solvent
were removed by flowing nitrogen at 45°C for 40 min.
After hydration with 1 ml PBS (pH 7.4, 30 mM, with the
osmotic pressure adjusted to 100 mOsm using NaCl), li-
posomes were extruded 20 times through a 200 nm mem-
brane. The liposomes pellet was obtained by ultracentri-
fugation of the above suspension at 186,000×g for 1 h at
4°C, and kept at 4°C for further study.

PEGylation by the Post-Insertion Method

Briefly, blank liposomes (DOPE: CHEMS: = 6:4) were pre-
pared using the above protocol. Blank liposomes were then
incubated with different amounts of DSPE-mPEG2000 aque-
ous solutions (possibly with micelles, prepared using TFHE
method, extruded through 50 nmmembrane) for 1 h to make
the final molar % of DSPE-mPEG2000 at 0.5, 1, 3 and 5%.
The liposomes were obtained by ultracentrifuge at 186,000×g
for 1 h at 4°C.

Preparation of Calcein or Drug Containing PSL

To prepare liposomes for the pH-responsiveness study and
confocal microscopic analysis, the hydrophilic fluorescent
dye calcein in aqueous solution (80 mM, pH 7.4, adjusted to
320 mOsm with NaCl) was used as the hydration solution.

To prepare gemcitabine PSL for cytotoxicity and pharma-
cokinetic studies, the previously reported Small Volume
Incubation (SVI) method was modified for incorporation of
gemcitabine into preformed PSL (3). Briefly, gemcitabine hy-
drochloride (9 mg) was dissolved in 2 ml Milli-Q water. The
pH was adjusted to 7.4 with 0.1 M NaOH and equal aliquots
were added to 6 separate tubes. After removal of all the water

using a vacuum concentrator, the gemcitabine powder was re-
suspended with 20 μl of 50 mM PBS (7.4) with vortexing for
3 min with preformed empty liposome pellets (total lipids
10 mg, containing 3% DSPE-mPEG2000). The mixture was
then incubated at 60°C for 3 h for drug loading.

The gemcitabine CL containing 3% DSPE-mPEG2000
used for the cytotoxicity study were prepared as previously
(3). After loading with gemcitabine, the predicted osmotic
pressure in the liposomal cores was approximately
300 mOsm for both PSL and CL which is close to the osmotic
pressure of blood.

Determination of Attachment Efficiency (AE)
of PEGylated Lipid

The liposomal AE of the PEGylated lipids was determined by
a previously reported HPLC method with modification (18).
After incubation of the PEGylated lipid (either DSPE-mPEG
and DOPE-mPEG) with the preformed non-PEGylated lipo-
somes at 60°C for 1 h, the free DSPE-mPEG and DOPE-
mPEG micelles were separated by ultracentrifugation at
186,000×g (a previous study confirmed that under these con-
ditions the liposomes were maintained in the pellet without
micelle formation). The PSL pellet was then dissolved in the
mobile phase (methanol: isopropanol, 95:5, at a flow rate of
1 ml/min), and the lipid contents (DOPE, CHEMS and
DSPE-mPEG2000) analysed by HPLC using an Agilent
1100 system with a refractive index (RI) detector and a
Phenomenex C18 column (250×4.6 mm i.d., 5 μm particle
size) at 35°C. The AE was calculated using the following
equation:

AE %ð Þ ¼ Mpellet=Mtotal � 100 ð1Þ

Where Mpellet is the mass of PEGylated lipids attached, and
Mtotal the total mass of PEGylated lipid used in preparation.

Determination of Entrapment Efficiency (EE) and Drug
Loading (DL)

To determine the EE and DL of gemcitabine in various lipo-
somes, un-entrapped gemcitabine was removed by gel-
filtration using a Sephadex G50 column (bead size, 20–
80 μm). The liposome proportion was collected after gel-fil-
tration. To obtain the concentration of the encapsulated
gemcitabine (Min), 100 μl of the filtered liposome suspension
was diluted with 900 μl of 10% Triton-X100 solution and
votexed to dissolve the vesicles before analysis for gemcitabine
using a validated reverse-phase HPLC method (3). EE and
DL were calculated using the following equations:

EE %ð Þ ¼ Min=Mtotal � 100 ð2Þ
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DL %ð Þ ¼ Min=Mlip � 100 ð3Þ

WhereMtotal the total drug mass used in preparation andMlip

is the total mass of drug loaded liposomes.

Particle Size, Zeta Potential and Morphology

The particle size distribution and zeta potential of various
liposomes were measured by a laser diffraction particle
analyser (Nano-ZS Malvern Instruments Ltd, UK).

The morphology of the drug loaded liposomes was exam-
ined by cryo-transmission electron microscopy (TEM) (FEI
Tecnai G2 Spirit Twin 120Kv). Briefly, a 3 mm 200-mesh
copper grid was placed on top of one drop of liposome sus-
pension (0.2mg/ml) and incubated for 2min. The surplus was
then removed by filter paper, and the liposome sample on the
mesh was immediately frozen using ethane in a liquid nitrogen
system until TEM analysis.

pH-Sensitivity of Liposomes

To develop sterically stabilized (PEGylated) PSL, a number of
formulations were investigated. The optimal molar ratio 6:4
for DOPE: CHEMS for pH-sensitivity was chosen based on
the literature (9). DOPE-mPEG2000 or DSPE-mPEG2000
was compared, at different concentrations (0–5%). The pH-
sensitivity of liposomes was evaluated using a calcein self-
quenching assay with modification (6,25). Following the leak-
age of encapsulated calcein (80 mM, self-quenched) from
PSL, calcein was diluted by the extra-liposomal medium,
resulting in an increase in fluorescence of the whole liposome
suspension. Free calcein was removed from liposomes by a
SephadexG50 column using 10mMPBS (adjusted to isotonic
with NaCl) after preparation and then 100 μl of liposome
sample was added to 900 μl PBS (150 mM with 1 mM
EDTA) with different pH values (5, 5.5, 6.0, 6.5 and 7.4).
The final concentration of total phospholipids (DOPE,
DPPC, DSPE-mPEG2000 and DOPE-mPEG2000) was con-
trolled at 200 nM. After 10 min incubation at 37°C, the
calcein fluorescence was measured at each pH by a plate
reader (excitation, 470 nm and emission, 509 nm). The total
fluorescence was obtained by destroying the liposome with
10% of Triton-X100, followed by dilution with PBS
(pH 7.4, 100 mM isotonic adjusted with NaCl). The final
concentration of Triton-X100 was 0.1%. To calibrate the
pH effect on the fluorescence of calcein, different standard
curves of calcein at each pH were prepared to quantify the
amount of calcein. The pH-sensitivity of the liposomes was
calculated using the following equation:

Calcein Release %ð Þ ¼ MpH− M 7:4
� �.

M 100%−M7:4ð Þ � 100 ð4Þ

Where M7.4 is the mass of calcein released to medium at
pH7.4, MpH is the mass released at different pH buffers, and
M100% is the total mass of calcein entrapped in the liposomes.

Liposomal Uptake by Macrophage-Like Cells

To predict their capacity for prolonged circulation in vivo, a
macrophage-like cell line (RAW 264.7 from ATCC, TIB-71)
was used to evaluate the uptake of the different PSL formula-
tions. A lower cellular uptake would indicate a possible stealth
property, i.e., avoidance of the clearance by RES (26). Calcein
(as a marker) was encapsulated into PSL with different molar
ratios of DSPE-mPEG2000 (0, 1, 3 and 5%). The cells were
seeded at a density of 2×105 cells/well in a 24-well plate in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplement-
ed with 10% FBS, 100 UI/ml penicillin and 100 μg/ml strep-
tomycin (complete DMEM), and maintained at 37°C for 24 h
in an incubator with 5% CO2/95% air. The cells were then
treated with 1 ml complete DMEM with different liposome
suspensions. After 3 h incubation, the cells were washed 3
times with PBS, followed by the addition of 1 ml Triton-
X100 solution and sonicated for 30 min to extract the intra-
cellular calcein. After centrifuge at 125×g for 5 min, the su-
pernatant was obtained and measured using a fluorimeter
(Molecular Devices, US) with excitation and emission wave-
lengths of 470 and 509 nm, respectively. A standard curve of
calcein in 10% Triton-X100 (pH 7.4, adjusted with NaOH)
was prepared for the calculation of calcein. The background
absorbance of media-only controls was subtracted from the
sample readings, and uptake was expressed as the percentage
of the control liposomes (non-PEGylated). Experiments were
conducted in triplicate.

Intracellular Delivery Efficiency and Endosome Escape

To investigate the endosome escape ability of the PSL formu-
lations, a calcein self-quenching assay in combination with
confocal laser scanning microscopy was firstly applied in this
study. In contrast to the conventional assay, only the calcein
released from the liposomes through the endosome escape
pathway (e.g., when concentration <80 mM) to cytoplasm
can be measured. There would be no interference by the
fluorescence encapsulated in the liposomes even if they are
internalized in the cells. MIA PaCa-2 cells were incubated
with various calcein-containing liposomes for 2 h at 37°C
under a humidified (95%) CO2 (5%) atmosphere. The cells
were washed three times with PBS before fixing with 4%
paraformaldehyde in PBS for 15 min at room temperature
and rinsing three times with PBS. Cells were stained with a
nucleus dye, 4′, 6-diamidino-2-phenylindole dihydrochloride
(DAPI) for 5 min, followed by 3 rinses with PBS. Mounting
media was then added to the cells which were covered with a
glass slide for microscopic observations. The location of
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intracellular fluorescence was validated using a confocal laser
scanning microscope (Olympus Fluoview FV1000, Olympus
Corporation, Japan) with excitation wavelengths of 405 nm
for DAPI, and 488 nm for calcein. All the optical sections were
recorded with the same settings for each colour detected.

In Vitro Gemcitabine Release

The pH-dependent drug release from selected PSL was investi-
gated using a dialysis method. Cellulose acetate dialysis bags (12–
14 kDa, molecular weight cut-off) containing 1 ml of the lipo-
some suspension were placed in 50 ml release medium (PBS,
pH 7.4 or 6.5, 125 mM, adjusted with NaCl to 320 mOsm) at
37°C with stirring throughout the experiment. At different time
intervals, a 0.1 ml sample was withdrawn and replaced with the
same volume of freshmedium. Samples were analysed byHPLC
and the % of the drug released was calculated.

Release profiles were compared using a similarity factor (f2)
model based on the sum-squared error of the differences in
percentage of cumulative release between two formulations
(Tj and Rj).

f 2 ¼ 50 log 1þ 1
.
n

� �X n

j¼1
wj R j−T j

�� ��2h i−0:5
� 100

� �

ð5Þ
Where, n represents the total number of time points, and wj is
an optional weight factor. The f2 values may range from 0 to
100, and if the f2 is between 50 and 100, the two profiles are
considered to be similar (27).

Cytotoxicity to Drug Resistant Pancreatic Cells

MIA PaCa-2 cells (a gift from the Auckland Cancer Society
Research Centre) were cultured in complete DMEM and
maintained at 37°C in an incubator with 5% CO2/95% air.
The MTT cell viability assay was used to evaluate the cyto-
toxic effects of various gemcitabine liposomes in MIA PaCa-2
cells. Gemcitabine solution and blank liposomes were used as
references. Cells were seeded (5×103 cells/well) in a 96-well
plate in phenol-red free DMEM and cultured for 24 h. Cells
were treated with free gemcitabine solutions, gemcitabine
PSL prepared by pre- and post-insertion methods, and
empty PSL, respectively. At 24 and 48 h, the medium was
removed and the cells were washed with PBS before the cell
viability was measured using the routine protocol for MTT
assay (3) Cell viability was expressed as a percentage of control
(untreated cells). Independent experiments were conducted at
least in duplicate (n=3, for each experiment).

Pharmacokinetics in Rats

Sprague–Dawley (SD) rats were randomly divided into three
formulation groups (n=4): gemcitabine solution and the

gemcitabine loaded PSL PEGylated by pre-insertion or post-
insertion method (both PSL with DOPE: CHEMS: DSPE-
mPEG2000 = 6:4:0.3, DL=4.2%). Each formulation (1 mL)
was injected via the tail vein at 1 mg/kg equivalent gemcitabine.
Blood samples (100–200 μl) were collected from the tail vein at 0
(before injection), 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8 and 24 h after
drug administration. The plasma (50 μl) was obtained after cen-
trifugation (3000 rpm) and added to 0.5 ml acetonitrile. After
vortexing for 3 min, the mixture was centrifuged and the super-
natant collected. A further 0.5 ml acetonitrile was added to the
precipitate and the extraction process repeated. The combined
supernatants were evaporated to dryness using a concentrator
and the residue re-dissolved by vortexing for 3 min with 50 μl
Triton-X100 solution (10%). The sample was centrifuged and
the supernatant was collected for HPLC analysis of gemcitabine
(3). The quantification of gemcitabine was calculated using an
external standard curve (ranging from 0.1 to 10 μM, r2=0.9997)
prepared with spiked plasma samples subjected to the same ex-
traction protocol. No interference was observed from plasma
components and the recovery after extraction for each concen-
tration level was all over 95%.

The pharmacokinetic profiles of the gemcitabine formulations
were fitted to a non-compartmental model using WinNonlin®
version 5.3 (Pharsight, Mountain View, CA, USA). The area
under the concentration-time profile curve (AUC) was calculated
by the log trapezoidal rule with extrapolation of the terminal
slope to infinity by log-linear regression. The elimination half-
life (T½) was calculated by the equation T½=ln2/λ (λ is the rate
constant associated with the terminal elimination phase). The
model-independent pharmacokinetic parameters, clearance
(Cl), volume of distribution (Vd), and mean residence time
(MRT) were calculated by the following equations: Cl = Dose/
AUC; Vd = (Dose x AUMC)/(AUC)2, and MRT = AUMC/
AUC; where AUMC represents the total area under the first
moment of the concentration-time curve.

Statistical Analysis

Data were compared using one-way ANOVA (Analysis of
Variance) with Tukey’s multiple comparisons test using
Origin 8.0 and the p value for significance was set at 0.05.

RESULTS

PEGylated Liposomes and Attachment Efficiency

The HPLC results showed that the AE of DSPE-mPEG2000
to PSL was greater than 97% regardless of the concentration
used (0.5–3%). A longer incubation time (>1 h) did not further
increase the attachment efficiency significantly, indicating
that 1 h incubation was sufficient to complete the post-
insertion process.
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Increasing the amount of DSPE-mPEG2000 using the pre-
insertion method significantly reduced the liposome size
(p<0.05); whereas no significant difference was observed using
the post-insertion method (Table I). In all cases, the
Polydispersity Index ranged from 0.05 to 0.08, indicating a
mono-dispersal profile.

With the addition of DSPE-mPEG2000 at 1%, the zeta
potential of all the liposomes significantly reduced from −37
to around−8 mV. However, not further change was observed
when PEG density was increased.

pH-Sensitivity

The addition of DSPE-mPEG2000 and particularly DOPE-
MPEG2000 decreased the pH-sensitivity of the liposomes de-
pending on the density of PEG (0.5–5%) (Fig. 1a).

The post-insertion of PEGylated lipid also significantly
(p<0.05) increased the in vitro pH sensitivity of the liposomes
(Fig. 1b); and with the same molar ratio of PEG, the release of
calcein from at pH 5.0 almost double that of liposomes pro-
duced by the pre-insertion method.

Characterization of pH-sensitive Gemcitabine
Liposomes

Using the modified SVI method, a high EE (28.2±0.5%) and
DL (4.2±1% w/w) for gemcitabine were obtained (to our
knowledge, the highest EE that have been reported for
gemcitabine with a PSL size of approximately 160 nm).
PEGylation (3% DSPE-mPEG2000) with post-insertion
method resulted in larger vesicles than with pre-insertion
(160 nm vs 140 nm). However, no difference was observed
in their zeta potential (−8.1±0.3) or morphology, as shown in
the TEM (Fig. 2).

Uptake by Macrophage-Like Cells (RAW 264.7)

The post-insertion of 0.5% DSPE-mPEG2000 effectively re-
duced the macrophage uptake of liposomes to less than 40%
(p<0.05, compared to non-PEGylated PSL) by RAW 264.7
cells (as measured by intracellular calcein accumulation) was
observed (Fig. 3), suggesting stealth properties and the poten-
tial for long-circulation of the PEGylated PSL in vivo. There is
no significant difference among all the PEGylated PSL
(p>0.05), indicating that increase the ratio of DSPE-
mPEG2000 cannot further reduce the uptake.

Intracellular Delivery Efficiency and Endosome Escape

The strongest intracellular calcein fluorescence was observed
with PSL without PEGylation (Fig. 4). With the addition of
3% DSPE-mPEG2000, the intracellular signal of calcein was
remarkably decreased Furthermore, cells incubated with pre-
insertion PSL showed more distinct ‘bright dots’ (probably
endosomes) around the nucleus than in the cells treated with
the PSL prepared by the post-insertion, suggesting a slightly
better endosomal escape of the calcein from the latter formu-
lation. With the CL, a very weak signal was observed in the
MIA PaCa-2 cells.

In vitro Drug Release

At pH 7.4, there was little release of gemcitabine over 24 h
from CL, and this was not altered at the lower pH (f2=97.2).
In contrast, the release rate of gemcitabine from PSL was
significantly greater than the CL. Compared with pre-inser-
tion, post-insertion resulted in PSL with more rapid release at
acidic condition (f2=31.0), but not at the physiological pH
(f2=78.7) (Fig. 5).

Cytotoxicity to Drug-Resistant Pancreatic Cancer Cells

Blank liposomes (diluted to lipid concentrations equivalent to
the gemcitabine-loaded liposomes) were not cytotoxic to the
MIA PACa-2 cells over 48 h exposure (>92% cell viability).
Free gemcitabine in solution demonstrated no significant cy-
totoxicity (cell viability >96%) over the concentration range of
5 to 50 μM after 24 h exposure, but viability had fallen to
approximately 50% after 48 h. The CL increased gemcitabine
cytotoxicity at high concentration (50 mM, p<0.05) com-
pared to gemcitabine solution. In contrast, treatment with
gemcitabine PSL (drug to lipid ratio 4.2%, w/w) caused sig-
nificant cytotoxicity (p<0.05) after 24 h exposure, with cell
viability reduced to 45±9% at 50 μM, compared to both
CL and gemcitabine solution (Fig. 6).

Table I Effect of DSPE-mPEG2000 Grafting on Particle Size and Zeta
Potential of Different Liposome Formulations Prepared by Post- and Pre-
Insertion Methods

PEGylation method DSPE-mPEG2000
(% mol)

Size (nm) Zeta potential
(mV)

Pre-insertion 0 164.0±0.9 −37.5±0.5

1 159.2±0.5 −8.3±0.4

3 143.7±0.7 −8.1±0.4

5 134.8±1.2 −8.4±0.8

Post-insertion 1 160.6±1.1 −8.2±0.6

3 159.2±0.9 −8.4±1.1

5 159.7±1.1 −8.0±0.9
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Pharmacokinetics in Rats

The plasma gemcitabine concentration-time profiles af-
ter i.v. administration of gemcitabine formulations are
shown in Fig. 7 and the pharmacokinetic parameters in
Table II. Compared with the gemcitabine solution,
both PSL formulations (pre- and post-insertion method)
resulted a significant reduction in gemcitabine’s plasma
Cl, leading to an approximate 2.5- to 4-fold increase
in the AUC0-∞. The elimination T1/2 and MRT of
both PSL were also increased by approximately 5-fold
and 3-fold, respectively, compared to gemcitabine
solution.

Comparison of two PSL formulations also indicated signif-
icant differences in gemcitabine’s pharmacokinetics (p<0.05)
with the post-insertion PSL giving a significantly lower Cl and
a smaller Vd, resulting in a 1.5-fold higher plasma exposure to
gemcitabine. Interestingly, although both PSL formulations
showed a different distribution phase in the initial 2 h after
injection, they exhibited a similar elimination pattern thereaf-
ter with an elimination T1/2 of approximately 6 h.

DISCUSSION

Conventional intravenous chemotherapy with liposomes fre-
quently suffers from fast clearance caused by the RES and the
limitation of efficient intra-cytoplasmic delivery (9). The use of
PEGylated liposomes as drug carriers offers a potential means
of altering a drug’s pharmacokinetics and lessen healthy tissue
distribution to reduce toxicity, as has been demonstrated for
Doxil® (28).With an improvement in endosome-escape ability
by the post-insertion technique, PSL may deliver their cargo
more efficiently to the cytoplasm and thus increase a drug’s
availability at the intracellular site of action, compared to con-
ventional liposomes (29,30). Therefore, long-circulation and
high pH-sensitivity of the liposomes are both critical proper-
ties for in vivo systemic application of PSL. In this study, two
methods (pre-insertion and post-insertion) were explored for
PEGylation. The post-insertion method resulted PSL with a
high pH-sensitivity, while maintaining the in vivo long-
circulation properties.

Due to the pH-sensitivity of the lipids, it is impossible to
load a weak base, such as gemcitabine, into PSL using active

Fig. 1 pH-dependent leakage of calcein after 10min from different PSL formulations with and without PEGylation: (a) pre-insertionwith various PEGylated lipids,
and (b) comparison of pre-insertion and post insertion of DSPE-mPEG2000. Data are mean±SD (n=3).

Fig. 2 Cryo-TEM morphology of
PEGylatd PSL prepared by pre-
insertion (a) and post insertion (b).
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loading, which requires a low pH solution to be entrapped in
the liposome core to create a trans-membrane pH gradient.
Furthermore, our previous study (3) suggested that
gemcitabine cannot be actively loaded using an ammonium
sulphate gradient due to its low pKa (3.6). A low DL in lipo-
somes may limit its anti-cancer effect, especially for drug re-
sistant cells (31–33). Our modified SVI method increased the
DL for gemcitabine to 4.2% w/w (16.8% mol), compared to
the 10% mol reported by Bersani et al. (34).

As has been previously reported (15), PEGylation with
either DSPE-mPEG2000 or DOPE-mPEG2000 signifi-
cantly reduced the pH-sensitivity of the liposome in a
concentration dependent manner (Fig. 1). Compared to
DOPE-mPEG2000, DSPE-mPEG2000 could significantly

enhance the pH-sensitivity of PSL (increased by 1–2%
calcein release at pH 5.0). Therefore, only DSPE-
mPEG2000 was chosen for the post-insertion study. In
addition, based on our SVI method for gemcitabine load-
ing, it is difficult to load gemcitabine at 60°C using PSL
with less than 3% of DSPE-mPEG because of stability
issue (particle size increased significantly to unacceptable
level) and the macrophage-like cell uptake study, as a
prediction of long-circulation, showed no further improve-
ment in the ‘stealth’ property as DSPE-mPEG2000 in-
creased from 3 to 5%. Therefore, except for investigation
of pH sensitivity and uptake study by macrophage-like
cells, all the other studies were carried out using PSL with
3% (in molar) DSPE-mPEG2000.

Fig. 3 Uptake by macrophage-like cells of different PSL formulations prepared
by pre-insertion and post-insertion methods. Data are mean±SD (n=3).

Fig. 4 Confocal microscopy analysis of MIA PaCa-2 cells treated with different liposome formulations encapsulating 80 mM calcein.

Fig. 5 Cumulative release of gemcitabine from different liposomes (all con-
taining 3%DSPE-mPEG2000) in PBS (pH 7.4 and 6.5). Data are mean±SD
(n=3).
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Apart from the shielding effect of the PEG layer to the pH-
sensitive membrane to the proton (H+), another possible fac-
tor could be the reduction of the liposome’s zeta potential
from −37 to −8 mV as a result of PEGylation, which caused
a reduction in the attraction force between DOPE and H+

(Fig. 8). However the post-insertion technique produced PSL
with more acid sensitivity than the traditional pre-insertion
method as demonstrated by both calcein- and gemcitabine
release studies. A possible mechanism for this is that the
PEG chain, when grafted on both sides of the bilayer by the
pre-insertion method, caused an increased viscosity of the in-
ner liposomal liquid, and thus inhibiting the sterical transfor-
mation of the DOPE in the membrane in response to the
lower pH conditions. With PEG on the external layer, even
though the density of PEG chain is low, the concentration of
PEG close to the liposome surface is high which may cause
increased viscosity at the close-to-surface area and inhibited
ion exchange, as well as transformation of DOPE (Fig. 8).
Three possible mechanisms of PSL ‘endosome escape’ have
been proposed: pH-dependent release, followed by passive
diffusion from the endosome; destabilization of endosomal
membrane; and membrane fusion of PSL with endosomes

(4,29). The first may be the major mechanism, based on the
finding that the efficiency of cytoplasmic delivery decreased
when the molecular weight of the entrapped compound in-
creased (35). Therefore an increased pH-dependant release is
a possible mechanism to enhance intracellular delivery.

In addition, the in vitro release study showed a faster release
of gemcitabine from PSL than CL. This could also be partially
due to the low transition temperature (Tc) of the main com-
ponent DOPE in PSL than DPPC in the CL (−15°C versus
41°C). At the temperature of the release media (37°C), the
fluidity of the liposome bilayers is higher than that at the Tc
which could increase the permeability of the membrane to
gemcitabine. This may also contribute to the smaller T1/2 of
gemcitabine PSL relative toDoxil (27 h) (28). However, it does
not follow that this will lead to a lower antitumor effect as a
slow drug release rate at the tumour site may reduce the anti-
tumour efficacy (36,37). Only the PSL prepared by post-
insertion method showed an enhanced release at pH 6.5 (tu-
mour extra-cellular pH) and this property may facilitate the
drug diffusion into deeper area of tissue such as tumours or
inflamed and infected areas which exhibit an acidic
environment.

To differentiate endosome escape of liposomes after inter-
nalization, a novel calcein self-quench assay with confocal la-
ser scanningmicroscopy was designed without the disturbance
of the unreleased calcein after endocytosis. At low concentra-
tions (0–20 μM, data not shown) fluorescence intensity of
calcein is proportional to the concentration. However, the
fluorescence of calcein is self-quenched at 80 mM.
Therefore, the internalized PSL containing 80 mM calcein
can only be recognised after endosome escape and dilution
with cytoplasm.

Confocal microscopy indicated that the cytoplasmic deliv-
ery of PSL decreased after PEGylation, possibly due to a re-
duced uptake of liposome due to the grafted PEG, or a re-
duced pH-sensitivity of the liposome. Furthermore, the post-
insertion method appeared to have a greater calcein release to

Fig. 6 MIA PaCa-2 cell viability
after exposure to free gemcitabine
in solution and different
gemcitabine-loaded liposomes (a:
24 h and b: 48 h). Results are mean
±SD, n=6 from two independent
experiments.

Fig. 7 Gemcitabine pharmacokinetic profiles in plasma following i.v. injection
of gemcitabine solution or gemcitabine-loaded PSL in rats. Data are mean±
SD, n=4.
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the cytoplasm (less bright dots were observed and the flores-
cence was more uniform than pre-insertion formulations), in-
dicating an increased endosome escape. The more effective
intracellular drug delivery of PSL was further supported by
the greater in vitro cytotoxicity with gemcitabine PSL.
Cytotoxicity towards MIA PaCa-2 was ranked in the order,
post-inserted PSL ≥ pre-inserted PSL > CL > drug solution,
which was consistent with the confocal microscopic observa-
tion for endosome escape.

With regard to possible ‘stealth’ properties, both the post-
and pre-insertion methods reduced PSL uptake by RAW
264.7 cells by 50% and more (Fig. 3). Although, the pre-
inserted PSL showed a slight decrease of the average uptake
as DSPE-mPEG2000 increased from 1 to 5%, there was no
statistically significant difference among all the PEGylated
formulations. Thus, the model did not differentiate the
RAW 264.7 cell uptake by pre- and post-insertion method
although a slightly lower uptake was observed with post-
insertion when 5% DSPE-mPEG2000 was used. In vivo, both
PSL formulations resulted in 2.5 (pre-inserted) to 4-fold (post-
inserted) increases in gemcitabine AUC and 4.5-fold increase
in the elimination T½, compared to gemcitabine solution.
PEGylation by post-insertion which increased PEG chain
density in the PSL external layers appeared to offer an

advantage over pre-insertion as the resulting PSL exhibited
a decreased Vd and plasma clearance rate, resulting in an
approximate 50% increase in gemcitabine’s plasma AUC.
Since the in vivo efficacy of PSL depends strongly on the clear-
ance rate by RES (6), an effective delivery system of PSL is
highly dependent on their prolonged circulation time (38,39).
A half-life of 6 h is generally considered to be sufficient to
exploit better efficacy in vivo (40).

CONCLUSION

In the present study both PSL formulations demonstrated
better intracellular delivery, greater cytotoxicity towards resis-
tant pancreatic cancer cells, and superior in vivo exposure with
a longer elimination half-life using gemcitabine as a model
drug. The research highlighted that the PSL produced by
the post-insertion method had better pH sensitivity, greater
endosome escape capacity, andmore optimal pharmacokinet-
ics which is the prerequisite for all the in vivo systemic applica-
tion of PSL.
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