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ABSTRACT

Purpose The objective of this study was to develop high-content
gemcitabine PEGylated liposomes to reverse gemcitabine resis-
tance in pancreatic tumour cells. The mechanism of drug loading
into liposomes was also investigated.

Methods To increase the drug entrapment efficiency (EE) and
drug loading (DL), a novel passive loading approach named Small
Volume Incubation method (SVI) was developed and compared
to the reverse phase evaporation (REV) and remote loading
methods. The in vitro cytotoxicity was evaluated using MIA
PaCa-2 and Panc-1 cell lines.

Results The EE for remote loading was 12.3+0.3%, much
lower than expected and a burst release was observed with the
resultant liposomes. Using the optimized SVI method, increased
EE (37 = 19%) and DL (4%, wAv) were obtained. The liposomes
(2005 nm) showed minimal drug leakage, good stability, and
significant improvement in cytotoxicity to the gemcitabine-
resistant pancreatic cancer cell lines.

Conclusions Remote loading was not suitable for loading
gemcitabine into liposomes. pK,>4.6 for basic drugs and intra-
liposomal precipitation of loaded compounds were suggested as
an additional requirement to the current criteria for remote
loading using ammonium sulphate gradient (pK, < | ). High DL
is essential for liposomes to reverse gemcitabine resistance in
pancreatic cell lines.

KEY WORDS gemcitabine - gemcitabine-resistant pancreatic
cancer cells - PEGylatedliposome - remote loading - small volume
incubation

ABBREVIATIONS

DL Drug loading

EE Entrapment efficiency
MDR  Multidrug resistance

MTT  3-(4, 5-dimethylthiazol-2-y1)-2,
5-diphenyl-tetrazolium bromide
PEG  Polyethylene glycol

REV  Reverse phase evaporation

SV Small volume incubation

TFH  Thin film hydration

INTRODUCTION

Gemucitabine, a weak base with pK, 3.6, is a potent ant-
cancer drug commonly used for the treatment of pancreatic
cancer and other solid tumours, such as lung cancer, bladder
cancer and metastatic breast cancer (1-3). Furthermore,
gemcitabine 1s a prodrug which must be taken up by the cell
and phosphorylated within the cell to form the active moiety,
gemcitabine triphosphate, which inhibits the synthesis of DNA
(2). However, after systemic administration, gemcitabine is
rapidly converted into the inactive metabolite by cytidine
deaminase and excreted through the urine with a half life
ranging from 9 to 22 min, which limits its anti-cancer effect
(4=7). Furthermore, multidrug resistance (MDR) has been
reported, significantly reduced the clinical efficacy of
gemcitabine (8).
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Liposomes are nontoxic vesicular drug carriers with an
aqueous core enclosed in one or more phospholipid bilayers
with the capacity to accommodate both water soluble and
lipid soluble drugs. It has been well documented that the
cytotoxicity of many anti-cancer drugs is increased both i vitro
and i viwo by using liposomes as carriers (9—11). In addition
cell culture studies have indicated that liposomes are taken
into cells z2a endocytosis which may increase the efficiency of
drug delivery for compounds such as gemcitabine which re-
quire active transport into the cell (2). PEGylated liposomes
such as Doxil® have been employed as carriers for a number
of drugs to obtain a longer circulating time  vwo (12—14). To
date, a number of research groups have investigated
PEGylated liposomal delivery of gemcitabine, and have
shown enhanced tumour cytotoxicity both  vitro cell culture
and i viwo tumour models. For liposome formulation, high
drug entrapment efficiency (EE) and drug loading (DL) are
desirable. Apart from any economic advantage, a high DL
could increase the amount of drug loading into liposomes
which leads to further increase in the anti-tumour effect as
well as reduction of the side effects caused by phospholipids
and cholesterol (15,16). However, the DL for gemcitabine is
less than 1% to date, which limits its anti-cancer effect
(10,17,18), especially for the gemcitabine resistant cell lines.

Currently several methods have been reported for loading
gemcitabine into liposomes. These include the thin film hy-
dration (TFH) method, the reverse phase evaporation vesicle
(REV) method and a remote loading method using an am-
monium sulphate gradient (10,17,19). With the TFH and
REV methods, an EE 0f 47% (17) and 67% (10) was achieved
for gemcitabine respectively, but in both methods the lipo-
somes were >1pm, and thus regarded as unsuitable for tu-
mour targeting. With a reduction in size of the liposomes to
200 nm by extrusion, the EE reduced dramatically to around
5%, corresponding to a decrease in the total inner aqueous
core volume (20-22).

Remote (or active) loading of a weak base into liposomes
using trans-membrane gradients of ammonium sulphate, is
one of the most widely used approaches for achieving a high
EE. Based on the literature, this method is suitable for loading
a weak base with a pK,<11 and log P value ranging from
—2.5 to 2.0 (23-25). According to the above requirements,
gemcitabine (pK,=3.6, log P=—1.4) would appear to be a
good candidate for remote loading, and EEs of over 90% have
been reported for gemcitabine by this method since 2004
(9,19,26-28). However, our substantial data and some other
studies reported a low EE of less than 20% using this method
(29,30). This raised the question of whether gemcitabine is
suitable for remote loading using ammonium sulphate. If not,
the current prerequisites of pK,<11 and log P (—2.5 to 2.0)
need to be re-considered. There is a crucial need to investigate
the mechanism by which gemcitabine is loaded into liposomes
when ammonium sulphate gradient is used.
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The aim of this study was to investigate the mechanism for
gemcitabine loading into liposomes and to develop liposomes
of acceptable size with high EE and DL for reversing
gemcitabine resistance in pancreatic cancer cell lines.
Furthermore, a novel method for the preparation of
gemcitabine loaded liposomes was developed to improve the
EE, DL and their @ witro effects on the cytotoxicity using
gemcitabine-resistant cell lines. The effect of the freeze-thaw
process on micelle formation was also addressed.

MATERIALS AND METHODS
Materials

The phospholipids, 1,2-dipalmitoyl-sn-glycero-3-
phospocholinemonohydrate (DPPC) and N-(carbonyl-
methoxypolyethylene-glycol-2000)-1,2-distearoyl-sn-glycero-
3-phospho-thanolamine (DSPE-MPEG2000) were purchased
from Lipoid (Steinhausen, Switzerland). Cholesterol,
gemcitabine (purity >98%) and 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) for cyto-
toxicity studies were purchased 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.

Reverse Phase Evaporation Method (REV)

Thin film was prepared as follows: the lipid mixture (10 mg in
total) of DPPC: cholesterol: DSPE-MPEG2000 was used to
prepare liposomes at a molar ratio of 6:3:1 unless otherwise
stated. The mixture 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 a vacuum condition (R-215, Biichi,
Switzerland). Further traces of the organic solvent were re-
moved by flowing nitrogen at 45°C for 40 min.

The lipid thin film was hydrated using 1 ml of diethyl ether,
mixed with 0.5 ml of gemcitabine hydrochloride solution
(I mM) and sonicated for 2 min. The diethyl ether was then
removed by rotary evaporation, followed by extrusion (10
times) through a 200 nm pore size polycarbonate membrane
with a sterilized extrusion device (Gastight, Hamilton, New
Zealand). The free un-entrapped gemcitabine was then re-
moved by gel filtration through a Sephadex G50 column
(Sigma-Aldrich, Auckland, New Zealand).

Thin Film Hydration (TFH)-Extrusion Method

The thin film, prepared as described above, was hydrated with
0.5 ml of 1 mM gemcitabine hydrochloride solution with
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stirring at 45°C for 40 min. The multilamellar lipo-
somes were then submitted to 10 cycles of freezing (with
liquid nitrogen) and thawing (with a water base at 4°C).
The liposome suspension was extruded through 400 nm
and then 200 nm pore size polycarbonate membrane
filters with a stainless steel extruder. The free gemcitabine was
removed by gel filtration using a Sephadex G50
column.

Since the freeze-thaw cycling time is crucial for the
particle size distribution of the resultant liposomes, three
freeze-thaw time spans (3, 5 and 7 min) were investi-
gated. The freeze-thaw cycle was fixed at 10 for the
major studies.

Remote Loading Using Ammonium Sulphate Gradient

Liposomes were prepared as described in the literature
(19,26). The lipid thin film was hydrated with 0.5 ml of
250 mM ammonium sulphate solution with stirring at
45°C for 40 min. Thereafter the process followed was
the same as the TFH-extrusion method described above.
Free ammonium sulphate was removed by ultracentri-
fuge at 186,000%Xg (FLA-55, Beckman, USA) at 4°C for 1 h.
Finally, the liposome pellet was resuspended in 0.5 ml
of isotonic gemcitabine solution (I mM) and kept at
60°C for 3 h.

To explore whether the ammonium sulphate gradient
could effectively improve the EE of gemcitabine, differ-
ent ammonium sulphate gradients were investigated
(120 mM and 250 mM) compared with PBS buffer
(pH 7 and 5.5).

Passive Loading with Small Volume Incubation (SVI) Methods

A novel method was developed for gemcitabine loading.
Firstly, blank liposomes were obtained through the
TFH-extrusion method using phosphate buffer (pH 7,
50 mM, adjusted with NaCl to isotonic) as the hydra-
tion solution. The liposomes were then ultracentrifuged
at 186,000%g at 4°C for 1 h, the supernatant was
removed, and 20 pl of concentrated (25 mM)
gemcitabine isotonic solution was added to the liposome
pellets. The total amount of gemcitabine was maintained at
the same level as for the remote loading method described
above. After vortexing for 3 min, the mixture was
incubated at 60°C for 3 h. Iinally the mixture was
constituted to 0.5 ml with isotonic sodium chloride solution
(pH adjusted to 7).

To further improve drug loading (drug-to-lipid ratio) the
above method (SVI;) was modified by using 20 pl of
gemcitabine suspension (1.5 mg) for drug loading (SVIy).
The dissolution from this suspension was found to be fast
enough for a complete drug loading into the liposomes at

60°C. Taking the effect of osmotic pressure into consider-
ation, the empty liposomes were prepared with Milli-Q) water
instead of PBS buffer. All the other processes were the same as
that used in SVI;.

In addition, blank liposomes loaded with ammonium
sulphate (250 mM) were also used for drug loading with
the SVI, method for investigation of  vitro release.

Particle Size, Zeta Potential and Morphology

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

The morphology of the liposomes was examined by trans-
mission electron microscopy (TEM) (FEI Tecnai G2 Spirit
Twin 120Kv) using negative staining. Briefly, a 3 mm 200-
mesh copper grid was put on top of one drop of liposome
suspension (0.2 mg/ml). After 2 min incubation, the surplus
was removed by filter paper, and the liposome sample on the
mesh stained with 2% uranyl acetate solution and incubated
for a further 1 min. The sample was dried at room tempera-
ture before use.

Entrapment Efficiency (EE) and Drug Loading (DL)

The EE of gemcitabine in liposomes was measured via a
gel-filtration method using a Sephadex G50 column
(bead size, 20-80 um). The free gemcitabine was sepa-
rated completely from the liposomes after 10 min, and
100 pl of the filtered liposome suspension was diluted
with 900 pl of 10% triton-X 100 solution and sonicated
for 15 min before analysis for gemcitabine using a
validated reverse-phase HPLC method. A HP 1200
series liquid chromatograph comprising a quaternary
pump, vacuum degasser, auto-sampler injector, thermostated
column compartment and diode array detector was
used, with data acquisition by Chemstation software
(Agilent Corporation, Germany).

Entrapment efficiency (EE) and drug loading (DL) were
calculated using the following equations:

EE (%) = My, /Mg X 100 (1)

DL (%) = Mi,/My, x 100 (2)

where M, is the drug amount entrapped, M, the total drug
amount used in preparation and My, the total mass of lipo-
somes containing the drug. For the liposomes prepared with
REV without extrusion, the particle size (> 1 um) was too
large to pass through the Sephadex column. The EE of
gemcitabine was measured using a dilution and ultra-
filtration method (50 kDa) (20). Briefly, 0.1 ml of the
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liposome suspension was diluted with 0.9 ml PBS buffer
(pH 7.0), and un-entrapped gemcitabine (Cg..) was sep-
arated by ultra-filtration. The gemcitabine concentration
was then measured, and the EE calculated using the
following equation.

EE (%) = (1=Ciec/Crow) X 100 (3)

where Cj,,, 1s the total gemcitabine concentration after dilu-
tion with PBS.

Release Profiles

The release rates for gemcitabine from various lipo-
somes were investigated using a dialysis method.
Cellulose acetate dialysis bags (molecular weight cut off
12—14 kDa) containing 1 ml of the liposome suspension
were placed in 50 ml release medium (phosphate buffer
solution, pH 7.4, 50 mM, adjusted with sodium chloride
to isotonic). The release medium was kept 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 fresh medium. Samples were
analyzed by HPLC and the % of the drug released was
calculated.

The Ritger-Peppas model was used to investigate the ki-
netics of gemcitabine release from the liposomes:

M/M,, = K¢" (4)

where M/M,, presents the fraction of drug released at
time t, K is the constant of the release rate, and n stands
for the diffusion exponent which is an indicator of the
mechanism of drug release. In spherical carriers, 2<0.43
indicates a Fickian diffusion; if 0.43<n2<0.85, a non-
Fickian transport; and if #>0.85, a zero order drug
release mechanism dominates (31,32).

In addition, release profiles from different liposomes
were compared using a similarity factor (f5). fo is a
logarithmic transformation of the sum-squared error of
the differences in % release between two formulations
(Tj and R;) through all the time points. The f, may
range from 0 to 100, and it has been suggested by the
U.S. Food and Drug Administration (FDA) that if the f,
is between 50 and 100, the two profiles are considered
to be similar (33).

fy =50 log{[l +(1/m) Z‘i"zle|RJ—TJ|2}fo’5} x 100% (5)

where m represents the total time points, and; wj is an optional
weight factor.
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In Vitro Cytotoxicity

Pancreatic cancer cell lines, MIA PaCa-2 and PANC-1 (both
gifts from the Auckland Cancer Society Research Centre)
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin (complete DMEM) and main-
tained in an incubator with 5% CQOy/95% air at 37°C.

The MTT cell viability assay was used to evaluate the
cytotoxic effects of various gemcitabine liposomes in MIA
PaCa-2 and PANC-1 cell lines. Gemcitabine solution and a
mixture of drug solution with empty liposomes were used as
references. Cells were seeded at 5% 10° cells/well in a 96-well
plate in phenol-red free complete DMEM and incubated for
24 h. Cells were treated in triplicate with free gemcitabine,
gemcitabine liposomes, empty liposomes and empty liposomes
plus free gemcitabine, and incubated for 24 and 48 h. At each
time point, the medium was removed and the cells were washed
with PBS. The MTT (Sigma-Aldrich) was dissolved in PBS
(5 mg/ml) and then further diluted in phenol-red free complete
DMEM to 0.5 mg/ml. A volume of 100 pl of MTT solution
was added to each well and incubated for 2 h, after which the
medium was removed and the precipitated formazan dissolved
i 100 pL. DMSO on a shaker for 10 min. Samples were read
at 540 nm on a plate reader (Molecular Devices). The back-
ground absorbance of medium only controls was subtracted
from the sample readings, and cytotoxicity was expressed as a
percentage of control (untreated cells). Experiments were con-
ducted at least in duplicate (=6, for each experiment).

Stability

The physicochemical stability of the gemcitabine loaded lipo-
somes prepared by the SVI method was investigated.
Liposomes were stored in the form of ultra-centrifuged pellets
or suspension (in PBS buffer) at 4°C away from light. Particle
size, zeta potential of liposomes and chemical stability of the
drug were monitored over 3 months.

Statistical Analysis

Results are mainly expressed as mean = SD. Data were
compared by two-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

The REV Method

With the REV method, the EE of gemcitabine measured
before extrusion was 54.21+0.1% (r=3), similar to that
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reported (10). However, the liposome was larger than
1,000 nm. After extrusion through a 200 nm membrane, the
liposomal size was reduced to 200£5 nm, but the EE also
decreased to 5.4%0.1%, with a DL of 0.08+0.001%.

TFH-Extrusion Method

The EE of gemcitabine prepared by the TFH method with
passive loading (volume 0.5 ml) was 5.7 +0.2%, with a particle
size of 200£5 nm. The DL was 0.08£0.001% similar to the
REV. As shown in Fig. 1, with 3 min for each freeze-thaw
cycling, small liposomes or micelles with a particle size less
than 50 nm were produced. It was difficult to separate these

——500 nm——

Fig. I Transmission electron micrographs of liposome suspensions. (a) is the
sample prepared with a 3 min freeze-thaw time; (b) is obtained by 5 min
freeze-thaw time; (for (a) and (b) the formulation was DPPC: cholesterol:
DSPE-MPEG2000 = 6é: 3: 1), and (c) is the liposomes prepared with less
DSPE-MPEG2000 and no freeze-thaw process (DPPC: cholesterol: DSPE-
MPEG2000 = 6: 3: 0.3).

small particles from the supernatant by ultracentrifuge. In
contrast, 5> min and 7 min resulted in a narrower particle size
distribution, and larger pellets. No significant difference was
found between 5 min and 7 min (p>0.05). Interestingly, these
small particles were not observed in the liposomes prepared
with low level of DSPE-MPEG2000 (3% in molar ratio) even
where no freeze-thaw process was applied.

Remote Loading of Gemcitabine Using Ammonium Sulphate
Gradient

In remote loading, different ammonium sulphate gradients, 0
(isotonic PBS buffer, pH 7 and pH 5.5), 120 and 250 mM
(both at pH 5.5) were compared to evaluate the impact of
ammonium sulphate on EE. Without ammonium sulphate,
the EE of gemcitabine at pH 7 and 5.5 was 7.6 £0.2% and 7.9
+0.3%, respectively. Increasing the concentration of ammo-
nium sulphate from 120 to 250 mM only increased the EE
from 9.7£0.2% to 12.4£0.4%. The particle size of the lipo-
somes was kept at 200+ 10 nm. The highest DL using ammo-
nium sulphate gradient was 0.18%0.006%.

Passive Loading with SVI Methods and the Optimized Conditions

With both passive loading and remote loading, the EE was
increased dramatically when the gemcitabine solution was
condensed to a small volume (from 500 pl to 20 pl).

With the SVI; method, the optimized incubation time on
the EE of gemcitabine was determined to be 3 h to give an EE
of 37.0£ 1% with a particle size of 200 £ 10 nm. Increasing the
loading time from 3 to 4 h showed little increase in EE
(p>0.05), suggesting that 3 h was sufficient to reach the
equilibrium for drug loading.

The EE for SVI, where a small volume of drug suspension
was used for drug loading was 30%1% which was slightly
lower than SVI;, 37%. However, the drug loading increased
8-fold from 0.5% to 4.0%, which is the highest drug loading
reported for gemcitabine-liposomes to date [10].

Drug Release Profile

The liposomes prepared without ammonium sulphate, either
with SVI; or SVI,, showed little release (<4%) at 1 h, and no
more than 10% at 24 h (Fig. 2). Despite the different drug levels
in the liposomes, their % release profiles were similar (f; was 83
(33)). In contrast, a burst release from the liposomes within
15 min (40-60%) was observed when ammonium sulphate
was used in any of the methods. Furthermore, the release rate
from the conventional remote loaded liposomes was significant-
ly reduced when the release medium (290 mOsm) was adjusted
to be isotonic to the liposomal cores (550 mOsm).

The calculated exponent in the Ritger-Peppas equation (n)
for gemcitabine released from liposomes prepared by SVI;,

@ Springer
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Fig. 2 Drug release profiles from liposomes prepared with SVI; method
(inverted triangle), SVI, method (black circle) (both without the use of ammo-
nium sulphate), conventional remote loading method (white square) and SVI,
method with ammonium sulphate (white circle), and the liposomes prepared
with conventional remote loading method when dialysis medium adjusted to
550 mOsm (black square). Data are mean = SD (n=3).

SVI,, remote loading, and SVIy plus remote loading was
0.021, 0.27, 0.08 and 0.072, respectively, indicating Fickian
diffusion as the major mechanism for drug release.

In Vitro Cytotoxicity

A strong resistance to free gemcitabine was demonstrated in
both MIA PaCa-2 and PANC-1 cell lines with cytotoxicity
remaining relatively constant within the gemcitabine concen-
tration from 10 to 200 pM. Surprisingly, repeated experi-
ments demonstrated that the liposomes of low DL (0.17—
0.5%, w/w) prepared with either the remote loading or
SVI, did not show improved cytotoxicity compared to the
drug solution at this concentration range. Higher concentra-
tions could not be investigated as the empty liposomes showed
significant cytotoxicity.

In contrast, treatment with gemcitabine liposomes pre-
pared by SVI, with a high drug loading (drug to lipid ratio
4%, w/w) (L-gem (SVI,)) was significantly more cytotoxic
than free gemcitabine at 100 and 200 uM after 24 h, and at
50, 100 and 200 pM in MIA PaCa-2 cells after 48 h (Fig. 3).
Similarly, in PANC-1 cells, gemcitabine liposomes were sig-
nificantly more cytotoxic than free gemcitabine at 100 and
200 uM at 24 h and at 50, 100 and 200 pM at 48 h after
treatment. Blank liposomes (L-blank, SVI,) in the presence or
absence of free gemcitabine were not significantly cytotoxic
after 24 h exposure, but did display some toxicity in both cell
lines after 48 h exposure. However, the cytotoxicity was to a
much lesser extent when compared to liposomal gemcitabine.

Stability

The particle size and zeta potential were stable regardless of
whether the liposomes were stored in the form of pellets or
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suspension for 2 months. However after 3 months, the zeta
potential for both the liposome pellet and suspension de-
creased by approximately 5 mV. In addition, gemcitabine
was chemically stable in both pellets and suspension forms
over this time frame (p>0.05) Table 1.

DISCUSSION

In this study, different methods for preparation of gemcitabine
loaded liposomes were investigated. Efforts were made to
understand the mechanism by which the drug was loaded into
the liposomal aqueous core to increase the entrapment effi-
ciency and drug loading. For the REV method, initially a w/o
emulsion was formed to increase the inner aqueous liposomal
core, and hence the EE of gemcitabine was increased to
54.2%, similar to that previously reported (10). However,
the size of the liposomes, greater than 1,000 nm was too large
for i vwo use to exploit the enhanced permeability and reten-
tion effect (34,35). Extrusion of the liposomes was able to
reduce their size and the total volume of the inner aqueous
core was reduced, leading to a decrease in EE to~6%.

The TEM data indicated that both the freeze-thaw time
and the amount of DSPE-MPEG2000 were crucial to the
liposome size. The 3 min thaw in 45°C water bath was not
long enough to completely warm it up to above the transition
temperature of DPPC (41°C), reducing the efficiency of the
freeze-thaw process. Furthermore, the low efficiency of the
freeze-thaw step led to a lack of uniformity of the lipid bilayers,
especially in the presence of DSPE-MPEG2000. As reported,
the addition of PEGylated lipids could cause a decrease in the
particle size, and even the formation of micelles with a particle
size less than 50 nm due to the polarity of the PEG chain
(36,37) As a result, the poor distribution of DSPE-MPEG2000
caused by the inefficient freeze-thaw (3 min) led to a higher
ratio of DSPE-MPEG2000 in certain areas of the bilayers.
When the multilamellar liposomes passed through the poly-
carbonate membrane, the higher ratio of DSPE-MPEG2000
would facilitate the formation of smaller liposomes or even
micelles. In contrast, with 5 min of the liposome suspension at
45°C, which was above the transition temperature of DPPC
(41°C), no liposomes with a particle size less than 50 nm were
observed.

Figure 4 shows the proposed mechanism of the remote
loading for the weak base, gemcitabine. With the diffusion
of the ammonia, the pH of the internal aqueous core would
reduce aslow as pH 3.6 (24). In our study, the external pH was
controlled (pH 7) using isotonic PBS buffer. The pH gradient
is the direct driving force for weak bases, such as doxorubicin,
by maintaining the drug ionized inside the liposomes and thus
makes it unable to diffuse to the external liposomal media
(16,38). In this case, there was a concentration gradient of
unionized weak base between the internal and external
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Fig. 3 In vitro cytotoxicity of gemcitabine loaded liposome prepared by SVI;, method (drug loading 4%). Results are the means = SE, n =6 from two different

experiments (**, p<0.01, *** »<0.0001).

environment. When the weak base inside the liposome
achieves its maximum concentration, a precipitate would be
formed, which would further maintain the transmembrane
concentration gradient of the unionized weak base. For ex-
ample, the pK, of doxorubicin is 8.68, and when the pH
inside the liposomes is 3.6, the concentration of the ionized
doxorubicin is 120,000 times higher than the unionized moi-
ety. However, if the pH of the extra liposomal medium is fixed
at 8.68, the initial concentration of unionized and ionized
doxorubicin will be the same, and there is a large transmem-
brane concentration gradient of unionized doxorubicin. The
driving force will not disappear until the inside concentration
of the unionized doxorubicin is equal with the outside. As a

Table | Stability of Liposomes Prepared by SVI| Protected from Light and
Stored at 4°C as Pellets or in Suspensions (Mean =+ SD, n=3)

Storage form Time Particle size  Zeta Gemcitabine
(month) potential (%)
Liposome pellet 0 169612 —150+x03 100=1.1
| 173210 —147x04 99.1x1.7
2 171917 —159+03 99.8+14
3 166409 —192+05 99.7+1.6
Liposome suspension 0O 1643+0.7 —149+03 10004
| 162515 —143+£04 99.8+03
2 164408 —162+04 101+0.7
3 1629+15 —=20.7+05 101+04

result, the EE of doxorubicin is usually over 90% using an
ammonium sulphate gradient. However, in the case of
gemcitabine with a pK, of 3.6, even if the internal pH of the
liposomes reaches 3.6, the concentration ratio of unionized
and 1onized gemcitabine would be 1:1. If the external pH of
the liposomes was adjusted to 7, the concentration ratio of the
unionized to ionized gemcitabine would be 2500:1 (the ion-
ized species is negligible). When the equilibration is achieved,
the concentration of unionized gemcitabine in the liposomal
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Fig. 4 The proposed mechanism for remote loading of gemcitabine (G)
using ammonium sulphate.
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core is equal to that in the outside media. Therefore, the total
concentration of gemcitabine (ionized and unionized) in the
liposomes will only be twice that in the external medium,
which would be too low to precipitate, hence the driving force
with precipitation of inner gemcitabine does not exist. This
assumption also explains why the EE for remote loading was 2
times higher compared to passive loading, TFH, without
ammonium sulphate (12.4+0.4% versus 5.7 +0.2%).

As reported in the current literature, a pK,<11 is only one
prerequisite when ammonium sulphate is used for the remote
loading of a weak base (23,25). There must be a minimum
pK, limit for the candidate to achieve an acceptable EE. Since
ammonium sulphate can only reduce the pH to 3.6 (24), a
minimum pK, value of 4.6 for basic drugs will be needed to
maintain the majority (> 90) of the drug molecules to be
1onised and locked in the liposomal aqueous cores. The re-
lease study also highlighted the important role of osmotic
pressure on gemcitabine release. Higher intra-liposomal os-
motic pressure generated by 250 mM ammonium sulphate
(550 mOsm) and loaded gemcitabine (SVI,) caused a burst
release of gemcitabine. Therefore, precipitation of loaded
drug in the liposome aqueous core is desirable to reduce the
intra-liposomal osmotic pressure to prevent drug leakage.

In this study, a novel method named small volume incuba-
tion (SVI), where a small volume of condensed drug solution
was used for drug loading, was found to be effective in incor-
porating the drug in the liposome. Based on this observation,
the mechanism for drug loading was considered to be passive
diffusion. In this case the drug loading will reach maximum
when the drug concentration gradient cross the bilayers is
zero. Therefore the EE will be determined by the ratio of
the volume of the inner aqueous core, Vj, to the volume of the
external medium, V.. After equilibration of the system, the
EE of any drug can be calculated according to Eq. 6 (20).

EE = Vin/(vin + ch) (6)

As reported, if the total lipid of unilamellar liposomes is
fixed, the V;, is proportional to the vesicle particle size (20).
This is why the reverse evaporation method gave a high EE
with giant liposomes, but reduced in size was reduced by
extrusion. The small volume incubation method minimizes
the external volume of the drug solution to achieve a higher
EE. The less the external volume, the higher the EE will be.
The small volume incubation method is a passive loading
process, which can increase the EE of drugs with high water
solubility. In contrast using the REV method to increase the
EE of gemcitabine to 67% (10), usually resulted in liposomes
of more than 1,000 nm (without extrusion) with an unaccept-
able Polydispersity Index over 0.5. A particle size of 1,000 nm
is not acceptable due to its quick clearance from the blood-
stream and the loss of its EPR effect.

@ Springer

The rapid release of gemcitabine from liposomes prepared
via remote loading may be explained by the high osmotic
pressure of the inner aqueous core, 550 versus 290 mOsm for
the release medium. The higher osmotic pressure inside the
liposome may cause it to swell due to the influx of water, and
thus cause leakage of the gemcitabine. The data showed
Fickian transport for gemcitabine, indicating that the
gemcitabine gradient across the bilayers is the crucial factor
controlling drug release. For the m viwo evaluation, a slower
drug release is preferred in order to deliver more drugs to the
tumour and limit entry to the healthy tissues.

The physicochemical stability of the liposome stored in the
form of pellet was equal with suspensions. However, less drug
leakage was expected from the pellet than from the suspen-
sions, which could be predicted with the drug release data
(Fickian transport).

In the cytotoxicity study, the free gemcitabine plus empty
liposome was used as a reference to evaluate the importance of
drug loading. In other words, if gemcitabine was not loaded
and maintained in the liposome, the mixture of these two did
not enhance the cytotoxicity of gemecitabine. For the liposome
prepared by remote loading and SVI; method with low
gemcitabine concentration (25 mM, 20 pl), the cytotoxicity
was similar to that of the empty liposome plus free
gemcitabine, whereas the liposomes prepared by remote load-
ing were even less cytotoxic, possibly due to the rapid leakage
caused by higher internal osmotic pressure (550 mOsm,
250 mM ammonium sulphate). As liposomes are considered
to be taken up via energy-mediated endocytosts, followed by
release of drug from the endosome, allowing an efficient
delivery to the cytoplasm and consequently the nucleus
(39,40), a higher drug loading means a greater amount of
drug could be taken up by the cell using the same amount of
energy. This is consistent with other reports (15,16).
Furthermore, according to the release study, a high drug
loading can generate a greater gemcitabine gradient, resulting
in a sustained drug release rate. Therefore, the current study
highlighted that a high drug loading has both increased the
economic implication in the manufacture and implication in
the cytotoxicity.

CONCLUSIONS

This is the first study demonstrating that the remote loading
method using ammonium sulphate gradient is not effective to
increase EE for basic drugs with a low pK,, such as
gemcitabine. Furthermore, the ammonium sulphate in the
liposomes core caused rapid drug leakage due to the higher
osmotic pressure. The minimum pK, of weak bases for re-
mote loading should be > 3.6 to achieve at least a 2-fold
increase in EE, compared to normal passive loading. pK,>
4.6 and intra-liposomal precipitation of loaded compounds
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were suggested in order to achieved higher EE and avoid
burst release caused by ammonium sulphate (250 mM,
550 mOsm). Although the freeze-thaw effect on liposome size
has been reported, the ability to remove micelles in the pres-
ence of a high ratio of PEGylated lipid is a novel finding.
Liposomes with high content of gemcitabine (4.0%, w/w) and
acceptable size were obtained with the new Small Volume
Incubation method. The present i vitro study also indicated
that high drug content in the liposomes is vital to improve
gemcitabine’s cytotoxicity in resistant pancreatic cancer cell
lines. Therefore the high drug-loaded liposomes deserve fur-
ther mvestigation.
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