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ABSTRACT

Purpose PEGylated pH-sensitive liposomes (PSL) dual-
loaded with gemcitabine and curcumin were investigated for
the potential application in gemcitabine-resistant pancreatic
ductal adenocarcinoma (PDAC) treatment. Curcumin was
employed as an inhibitor of the efflux transporter, multidrug
resistance protein 5 (MRP5) in PDAC cells.

Methods Liposomes were prepared with gemcitabine in the
core and curcumin in the bilayers. The effects of curcumin on
pH-sensitivity and ‘endosome escape’ of PSL with different
PEGylation were investigated using a calcein self-quench as-
say. The effects of curcumin on intracellular gemecitabine con-
centrations, and cytotoxicity to a MIA PaCa-2 PDAC cell line
was evaluated. The pharmacokinetics were investigated in rats
following intravenous injection.

Results The addition of curcumin to the PSL bilayers (0.2-
1 mol%)slightly decreased the pH-sensitivity of PSL, but to a
less extent than PEGylation (0—5 mol%). Co-treatment with
curcumin increased gemcitabine cellular accumulation in a
concentration-dependent manner, and resulted in synergistic
cytotoxicity towards MIA PaCa-2cells.Both these effects were
augmented by the use of PSL, particularly when the two drugs
were co-loaded in PSL. In rats, the dual-drug loaded PSL
produced significantly reduced (p < 0.05) plasma clearance
(CL) and volume of distribution (V) for both drugs, alongside
3 to 4-fold increases in the area-under-the-concentration-time
curves compared to the free drugs. Additionally, curcumin
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slightly increase the plasma concentrations of gemcitabine
possibly also via the MRP) inhibition effect.

Conclusion Co-delivery of curcumin with gemcitabine using
PSL not only increased the intracellular gemcitabine concen-
tration thus cytotoxicity to MIA PaCa-2 cells but also signifi-
cantly improved the pharmacokinetic profiles for both drugs.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), comprising 90%
of pancreatic cancer, is a highly aggressive tumour with a 2—
9% five-year survival rate (1). The poor prognosis is mainly
due to its metastatic nature and a low response to chemo-
therapies (2). The rapid development of multidrug resistance
(MDR) is another major contributing factor to chemothera-
peutic failure (3, 4). A commonly reported mechanism for
MDR involves high expression of ATP-binding cassette
(ABC) efflux transporters, such as P-glycoprotein (P-gp), and
multidrug resistance proteins 1-9 (MRP1 - MRP9) (5) which
facilitate the efflux of anticancer drugs from cancer cells (3, 4).
Furthermore, ABC transporters also play a potential role in
cancer development and progression (6). Therefore, targeting
ABC transporters is important to develop more effective tu-
mour therapies.

Gemucitabine, a nucleoside analogue, is the first-line che-
motherapy for the treatment of PDAC. After administration,
gemcitabine (prodrug) is phosphorylated in the cell to its active
moieties which inhibits DNA synthesis (7, 8). However, before
reaching its target, about 90% of it is rapidly inactivated by
cytidine deaminase, resulting in a short half-life ranging from
32 to 94 min in patients (8). Moreover, the rapid development
of chemoresistance has been common (9): although gemcita-
bine can enter cells, the drug may be ejected by the ABC
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transporters, leading to insufficient intracellular concentra-
tions at its DNA target (6, 10, 11). Thus it is essential to deliver
a large dose to the cancer cells, overwhelming the efflux
transporters.

Curcumin is a naturally occurring polyphenolic compound
found in the rhizomes of Curcuma longa. It has intrinsic antican-
cer activity (12, 13) and is capable of reversing chemoresist-
ance, such as vincristine ingastric carcinoma SGC7901 (14)
and vinblastine in KB-V1 cells by decreasing P-gp expression
and function (15, 16). In a phase II clinical study, oral admin-
istration of curcumin increased the response rate to gemcita-
bine treatment in patients with advanced pancreatic cancer
without causing toxicity (17). However, curcumin has a low
water solubility (log P 2.5) and poor i vwo stability which
limited its bioavailability and subsequently the anticancer ef-
fect (12, 18). Curcumin is reported to sensitize pancreatic can-
cer cells to gemcitabine via modulation of micro RNAs, such
as miR-200 and miR-21, which play important roles in cancer
recurrence and anti-apoptotic effects (9). Therefore,curcumin
has been employed as a chemo-sensitizing agent in combina-
tion with anti-cancer drugs delivered using different nanome-
dicine platforms to improve treatment of various cancers (19) .
Previously, over-expression of MRP5 efflux transporters has
been reported to be associated with gemcitabine resistance in
PDAC and lung cancer cells (5, 20, 21). Paxton’s group con-
firmed the over-expression of MRP5 in PDAC cell models
(PANC-1 and MIA PaCa-2) decreased cellular accumulation
and sensitivity to gemcitabine. However, these deficits were
reversed by inhibition of MRP5 with curcumin (22).

Liposomes, considered to be the most versatile drug car-
riers capable of incorporating both hydrophilic and lipophilic
compounds, have been intensively investigated for anti-cancer
drug delivery (23-25). Since the discovery by Alec Bangham
in the1960s (26), liposomes have undergone significant refine-
ment, particularly with the PEGylation technology— the sur-
face coating with polyethylene glycol (PEG) polymers (27-30).
Liposomal nanoparticles can be internalized into cells via en-
docytosis, delivering a large payload to the cancer cells (8,
31).A distinct advantage of liposomes is that they may carry
multiple drugs (such as gemcitabine and curcumin) in the
same systems, synchronizing the drug pharmacokinetics at
the systemic and even cellular level (32). However, after endo-
cytosis, the traditional non-pH-sensitive liposome (NPSL) can
be entrapped in the endosomes and, within 35 min, trans-
ferred to lysosomes (33). This process may reduce the extent
of intracellular drug availability to its site of action, such as
DNA, both due to the ‘entrapment’ and the degradation by
lysosomal enzymes (33, 34). To circumvent this limitation,
pH-sensitive liposomes (PSL) have been suggested as an ap-
proach to enhance the cytoplasmic delivery via ‘endosome
escape’ (11, 12). PSLs are stable at neutral pH but destabilize
under acidic conditions, for example, in endosomes or lyso-
somes (pH 5-5.5), (35, 36). To prevent the rapid clearance of
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PSL by the reticulo-endothelial system, same as to convention-
al liposomes, PEGylation is required to provide steric inhibi-
tion of opsonization, increasing the circulation time (37). A
long half-life >6 h is considered to be vital to achieve tumour
targeting (38). However, PEGylation can remarkably reduce
the pH-sensitivity of the PSL (39). Therefore, the PEGylation
degree of PSL should be leveraged for both long circulation
and pH-sensitivity.

In this study, a PSL delivery system with an optimal degree
of PEGylation, was designed for dual delivery of gemcitabine
and curcumin to potentize gemcitabine treatment of PDAC.
It was hypothesized that after systemic delivery, superior in-
tracellular drug delivery would be achieved through endo-
some escape of PSL. Then, curcumin, would inhibit MRP5-
mediated gemcitabine efflux, and thus maintain the cellular
concentration of gemcitabine at a lethal level. To determine
the PEGylation degree of PSL, a calcein leakage assay (39)
was employed to investigate the pH-sensitivity of various
PEGylated PSLs. The effects of curcumin on the pH-
sensitivity of PSL, cellular concentration and cytotoxicity of
gemcitabine were evaluated in a MIA PaCa-2 cell line, which
was proven to over-express MRP5 (21). Finally, the pharma-
cokinetics of liposomal formulations were compared with free
drug solutions in rats.

MATERIALS AND METHODS
Materials

To prepare PSL, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), cholesteryl hemisuccinate (CHEMS), and
N-(carbonyl-methoxypolyethylene-glycol-2000)-1,2-dis-
tearoyl-sn-glycero-3-phospho-thanolamine (DSPE-
mPEG2000) were purchased from Avanti Polar Lipids
(Alabama, USA). For preparation of NPLS, phospholipid
1,2-dipalmitoyl-sn-glycero-3-phospocholinemonohydrate
(DPPC) was gift from Lipoid (Steinhausen, Switzerland).
Gemcitabine (purity >98%), curcumin (purity >80%), choles-
terol, and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide (M'T'T) for cytotoxicity studies were pur-
chased from Sigma (Auckland, New Zealand). The MIA
PaCa-2 cell line was from the Auckland Cancer Society
Research Centre, University of Auckland. Milli-Q) water was
prepared using a water purification system (Millipore Corp.,
Bedford, USA). All the other chemical materials were of ana-
lytical grade.

Sprague-Dawley (SD) rats of 6-8 weeks were used in the
pharmacokinetic study which was conducted at the Vernon
Jansen Unit, The University of Auckland. Animals were han-
dled according to the standards relating to the care and man-
agement of experimental animals of New Zealand. The
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experimental protocol was approved by the University’s
Animal Experiment Committee (ethics number 001228).

Preparation of Gemcitabine and Curcumin Loaded PSL

PSL with or without PEGylation (DOPE: CHEMS: DSPE-
mPEG2000 at molar ratios of 6:4:0, 6:4:0.3 or 6:4:0.5) were
prepared using the thin-film hydration extrusion method (40).
Conventional non-pH sensitive liposomes (NPSL) were com-
posed of DPPC: cholesterol: DSPE-mPEG2000 at molar ra-
tios 6:3:0.28.

Firstly, the mixture of lipids including DSPE-mPEG2000
(10 mg) with curcumin (0, 0.1, 0.05, or 0.025 mg for invest-
gation of its influence on the pH-sensitivity and 0.2 mg in
dual-drug loaded PSL) was dissolved in 1 ml of solvent, a
mixture of chloroform: methanol (volume ratio 3:1). The or-
ganic solvent was then removed using an R-215rotary evapo-
rator under vacuum conditions (Biichi, Switzerland). The
resulting lipidic thin-film was hydrated using 1 ml of phos-
phate buffer solution (PBS) (10 mM, pH 7.4) and extruded
through polycarbonate membranes with pore size 400 nm
and 200 nm with a stainless steel Avanti Polar extruder. The
liposomes were pelleted by ultra-centrifuged at 186,000 g at
4°C for 1 h.

In addition to the above “pre-insertion” technique, post-
insertion was also applied to PEGylate curcumin-loaded PSL
and NPSL as it potently enhance the long-circulation property
and pH-sensitivity (39). Briefly, DSPE-mPEG2000 in aqueous
solutions (possibly micelles) prepared using thin-film hydration
method was added to preformed non-PEGylated liposomes
and incubated for 1 h. Drug loading efficiency and
PEGylation degree were compared to determine the suitable
PEGylation method.

Gemocitabine was loaded into the above liposomes using
the Small Volume Incubation (SVI) method previously
reported (31). By taking advantage of the small molecule size
of gemcitabine which enables the drug to diffuse into lipo-
somes, this method improved the drug loading efficiency by
increase the trans-liposomal drug concentration gradient.
Briefly, a 20 pl aliquot of gemcitabine isotonic solution
(25 mmol or 0.3 mg) in PBS (10 mM, pH 7.4; adjusted to
320 mOsm with sodium chloride) was added to the liposomal
pellet. After vortexing to suspend the liposomes in the drug
solution, the mixture was kept at 60°C for 3 h. By reducing
extra—/intra liposomal aqueous phase volume ratio during
the drug loading process, a relatively high entrapment effi-
ciency (EE) for gemcitabine was obtained (31).

Characterization of Calcein, Gemcitabine,
and Curcumin Loaded PSL

The particle size, and distribution (indicated by the polydis-
persity index; PDI), zeta potential of drug-loaded liposomes

were measured by a Nano-ZS Zetasizer based on dynamic
light scattering (Malvern Instruments Ltd., UK). Milli-Q) wa-
ter at 25°C was used as dilution media. Measurement was
performed in triplicate to obtain the average values.

To observed the liposomal morphology, one drop of lipo-
some suspension (0.2 mg/ml of lipids in PBS) was placed on a
3 mm 200-mesh copper grid, and stained with a 2% uranyl
acetate solution. After a 2 min incubation, the surplus was
removed by filter paper. The sample was then dried at room
temperature before examined using a transmission electron
microscope (TEM) (FEI Tecnai G* Spirit Twin 120Kv).

To determine the EE and drug loading content (DL), a gel-
filtration method based on a Sephadex G50 column (bead size
20-80 um, Sigma) was used to separate liposomes from un-
encapsulated drug(s). To determine the drug mass encapsulat-
ed in liposomes (M;,), an aliquot of 100 ul filtered liposome
suspension was taken and dissolved with 900 pl of 10%
Triton-X100. The released gemcitabine and curcumin was
analysed using a validated reversed phase HPLC (40). The
EE and DL were obtained using the following equations:

M.
EE (%) = —"x 100
total
Min

Where; M,,,is the total drug mass used in preparation and
Mis the mass of drug loaded liposomes.

pH-Sensitivity of the Liposomal Bilayers

The PSLs were prepared as described above except that a
concentrated calcein solution (80 mM in PBS) was used to
hydrate the thin-films. The DPPC based NPSL were used as
a reference formulation. The un-entrapped calcein was re-
moved by a Sephadex G50 column. A calcein self-
quenching assay was used to investigate the effect of the addi-
tion of curcumin and PEGylation (DSPE-mPEG2000 3%
versus 5%) on the pH-sensitivity of the resulting PSL (41).
Calcein is self-quenching with a ‘bell-shaped’ fluorescence-
concentration profile. Strong fluorescence intensities were
found when concentrations reduced, approximately propor-
tional to the concentrations in the range of 0.1-10 uM (42).
Thus the leaked calcein from the liposome diluted by the
medium sufficiently will result in an increase in fluorescence.
Briefly, after Sephadex G50 column filtration, 100 pL of cal-
cein loaded liposome sample was collected and mixed with
900 uL. PBS (0.15 M with 1 mM EDTA) at different pH levels
(5.0 to 7.4). After incubation at 37°C for 10 min, 200 pL of the
mixture containing release calcein was transferred to a 96-well
plate, and fluorescence was measured with a plate reader (Ex/
Em: 470/509 nm). The total fluorescence was obtained by
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destroying the liposome with 10% of Triton-X 100 and then
diluted with PBS (7.4) 100 times. To correct the pH effect on
the fluorescent intensity, standard curves (0.1-5 pM) were
prepared at the corresponding PBS for the determination of
the amount of calcein. The percent release, R (%), was calcu-
lated as follows:

Mypy—M74

R (%) =
(%) M o0y, —M7.4

x 100

where M; 4 was the mass of calcein released at pH 7.4, M,z
was the mass released into each of acidic buffers, and M g,
was the mass of the total calcein entrapped in the liposomes.

Curcumin Effect on Gemcitabine Cellular
Accumulation in MIA PaCa-2 Cells

To evaluate the MRP5 inhibitory effect of curcumin on the
cellular accumulation of gemecitabine, a MIA PaCa-2 cell line
that had been previously demonstrated to over-express MRP5
was used (22). The cells were maintained in a Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum, 100 UI/ml penicillin, and
100 pg/ml streptomycin in complete DMEM. The cells were
seeded into a 6-well plate at a density of 8 X 10° cells/2 ml/
well. Following an incubation at 37°C for 24 h, cells were
treated with 1 ml complete DMEM containing free gemcita-
bine at a fixed concentration (100 pM) and curcumin at dif-
ferent concentrations (0—100 pM) either in liposomes or as
solutions pre-dissolved in 1% DMSO. A gemcitabine solution,
rather than liposomal formulation, was used to avoid any
influence of the liposome on the cellular uptake of gemcita-
bine. After 3 h incubation, the cells were washed 3 times with
PBS. The washed cells were lysed with 1.5 ml ethanol with the
aid of sonication for 30 min to extract the intracellular gemci-
tabine. The lysates were centrifuged at 125 X g for 5 min, the
supernatant was collected, evaporated to dryness using a con-
centrator, and the residue re-dissolved with 100 pl of a 10%
Triton-X100 solution and vortexing for 3 min. After further
centrifugation, the supernatant was analyzed for gemcitabine
by HPLC (31). Experiments were conducted in triplicate.

A preliminary MTT study showed no toxicity to the cells
following the treatment with all the formulations at these con-
centration levels for 3 h.

In Vitro Drug Release Profiles

The release profiles from the gemcitabine-curcumin dual-
loaded PSL were investigated using cellulose acetate dialysis
bags MWCO 12-14 kDa). Liposomes (from 20 mg lipid-
s)jwere suspended in 1 ml PBS (pH 7.4)were dialyzed against
50 ml of the release medium phosphate buffer(50 mM,
pH 7.4, 320 mOsm) which was maintained at 37°C. At dif-
ferent time intervals, 10 pl of the liposomal sample was
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withdrawn from the dialysis bags, dissolved in a 10% Triton-
X100 solution, and analyzed with HPLC (40) to determine
the drug released. The Ritger-Peppas model was used to in-
vestigate the drug release kinetics (43, 44):

M,

=K
M-

where % represents the proportion of drug released at time
t with a release rate constant; A, The n value stands for the
diffusion exponent, with 7 < 0.43 indicating a Fickian diffusion
from the carriers dominates, whereas; 0.43 <7 < 0.85 denotes
a non-Fickian transport dominates; and n > 0.85, a zero-order
drug release mechanism.

In Vitro Cytotoxicity

The MT'T cell viability assay was used to evaluate the cyto-
toxic effects of various liposome formulations in the MIA
PaCa-2 cells. The PSL with a PEGylation degree of 3% was
used 1n this study. Cells were seeded in a 96-well plate at 5000
cells/well and incubated for 24 h in phenol-red free DMEM.
Cells in each well (n = 3) were treated with PSL loaded with
gemcitabine or curcumin, or both (curcumin to gemcitabine
molar ratio 1:1, approximately 1.5:1 w/w).The free drugs and
blank liposomes were used as references. Following treatment
for 24, 48, and 72 h, the medium was removed and the cells
washed with PBS prior to MTT cell viability assay. Samples
were read at 540 nm on a plate reader (Molecular Devices,
USA). The background absorbance from the medium was
subtracted, and cell viability was calculated as %o of the control
(medium treated) cells. The experiments were run in
duplicate.

Pharmacokinetics

The pharmacokinetics of gemcitabine and curcumin co-
loaded in PSL (PEGylated with 3% mol DSPE-mPEG2000)
was investigated following intravenous (i.v.) administration
with a solution containing free drugs as a reference. To inves-
tigate the potential effect that curcumin on the pharmacoki-
netics gemcitabine, a gemcitabine alone solution was added as
a control.

Twelve SD rats (male; weighting 200 £5 g) were ran-
domly divided into three formulation groups (n=4); dual-
drug loaded PSL, free drug combination in solution and a
free gemcitabine solution. Each formulation (1 mL) was
injected via the tail vein at an equivalent dose of 1 mg/kg
gemcitabine and 1.2 mg/kg curcumin. Blood samples
(100-200 pl) were collected from the tail vein before in-
jection and at 0, 15 min, 30 min, and up to 24 h following
injection. Animal behaviours were closely monitored for
any signs of stress or systemic toxicity.
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After centrifugation, the plasma (50 pl) was mixed with
0.5 ml acetonitrile. After mixing by vortexing for 3 min, the
proteins were precipitated, and sample was centrifuged. The
supernatant was collected. The precipitant was mixed with a
further 0.5 ml acetonitrile and the extraction process repeat-
ed. The combined supernatants were evaporated to dryness
using a concentrator and the residue was dissolved with 50 ul
Triton-X100 solution (10%) by vortexing for 3 min. After
centrifugation to remove the particulate matters, the superna-
tant was subjected to HPLC analysis. The gradient method
for the simultaneous determination of gemcitabine and
curcumin (40) was used. No interference was observed
from the plasma and the extraction recovery of each
concentration was >95% for both gemcitabine and cur-
cumin. The assay was linear in the concentration range
of 0.1-10 uM for both drugs with satisfactory intra- and
inter-day precision and accuracies (40).

The non-compartmental model was used to calculate the
pharmacokinetic parameters for gemcitabine and curcumin
using WinNonlin® version 5.3 (Pharsight, Mountain View,
USA).

Statistical Analysis

Data are expressed as means * standard deviation (SD). The
one-way Analysis of Variance (ANOVA) with Tukey’s multi-
ple comparisons was used for statistical analysis using Origin
8.0 software with p value 0.05 set for significance.

RESULTS

In this study, various PEGylated liposomes were successfully
prepared with thin-film hydration with DSPE-mPEG2000
added in the lipid phase (pre-insertion method). It is worth
noting that the “post-insertion” technique was also applied
to PEGylate curcumin-loaded PSL and NPSL as this ap-
proach would leverage the long-circulation property and
pH-sensitivity better than the pre-insertion method (39).
However, when incubating liposomes with the DSPE-
mPEG2000 solution (possibly micelles), there was a significant
relocation of curcumin from the liposome bilayer to the
micelles. Furthermore, the attachment efficiency of the
DSPE-mPEG2000 was reduced to an unacceptable level (<
20%). Therefore, the post-insertion technique was dropped.

Characterization of Gemcitabine and Curcumin
Loaded PSL

With the modified SVI method, EE for gemcitabine of 35.1 *
0.5% and 92 £ 1% for curcumin was obtained. This is much
higher compared to 5.5% EE for gemcitabine previously
reported using either a thin film hydration extrusion or

reverse-phase evaporation method (31)). The PSL had a uni-
form particle size and a slightly negative zeta potential
(Table I). DL (w/w) was 0.5 £ 0.01% (1.7 £ 0.02%, in molar
ratio) and 0.9 £ 0.02% (2.7 + 0.01%, in molar ratio) for gem-
citabine and curcumin, respectively. As shown in Tig. 1, the
resulting PSL were unilamellar with their size corresponding
to that obtained by the particle analyzer. In addition, encap-
sulation of gemcitabine, curcumin, or calcein did not alter the
PSL’s particle size.

Effects of Curcumin Incorporation and PEGylation
on pH-Sensitivity

As shown in Fig. 2A, the addition of curcumin (DL, 0.25-1%)
decreased the pH-sensitivity of the liposomes when pH < 6.0
in a DL dependent manor (p < 0.05).

The PEGylation with DSPE-mPEG2000 was demonstrat-
ed to have a stronger effect in reducing the PSL pH-sensitivity,
compared to the presence of curcumin in the membrane(Fig.
2). Increasing PEG density from 3% to 5% reduced the pH-
responsiveness at pH 5.5-6 but not at pH 5. Addition of cur-
cumin to the bilayers, however, only showed little negative
effect the pH-sensitivities of the PEGylated PSLs investigated.

Based on these results, PSL with 3% mol DSPE-
mPEG2000 was finalized for the next in vitro and in vivo studies.

Effect of Curcumin on the Cellular Accumulation
of Gemcitabine in MIA PaCa-2

The effect of curcumin loaded PSL, NPSL (both with 3%
PEGylation), water solution, and blank liposomes on gemci-
tabine accumulation were evaluated using MIA PaCa-2 cells.
As shown in Fig. 3, the accumulation of gemcitabine increased
with the increase in curcumin concentration, for all curcumin
formulations. In addition, the ability of the curcumin formu-
lations to enhance the cellular accumulation of gemcitabine
was ranked as PSL > solution > NPSL at high concentrations.
However, at low concentrations NPSL were superior to PSL,
however at 50 and 100 pM, curcumin in PSL increased cel-
lular accumulation of gemcitabine about 30 times, compared
to a 5-time increase by non pH-sensitive liposomal curcumin.

Interestingly, the blank liposome also increased gemcita-
bine cellular accumulation at high lipid concentrations (equal
to the lipid concentration of liposomes containing curcumin

50-100 pM) (p < 0.0001).

In Vitro Drug Release Profiles
The release of gemcitabine and curcumin from PSL followed

a similar trend with gemcitabine approximately 10% slower
than curcumin at each of the time points over 24 h (Fig. 4).
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Table I The Average Particle Size,

Size Distribution (PDI) and Zeta Compounds loaded Particle size (nm) PDI Zeta potential (-mV)
Potential of PSLs Before and After
Loaded with Different Compounds Blank 146.2 = 0.7 0.07 = <0.0l 9.1 £ 0.5
(Al PSLs Contained 3 mol% DSPE- Gemditabine &curcumin 147.4 = 0.6 0.07 = 0.0l 89 + 0.3
QOFGD00). Data are means = Gemcitabine 1452 + 05 0.09 + 00l 8.1+ 04

' Calcein 146.7 = 0.6 0.08 = 0.01 83 =08

For both gemcitabine and curcumin, exponents (n) from In addition, all the liposomal formulations demonstrated a
the Ritger-Peppas equation were below 0.43, indicating a  concentration-dependent cytotoxicity at each time period
Fickian diffusion mechanism predominated. (»<0.01). Blank liposomes with equivalent lipid concentra-

tions did not show significant cytotoxicity following 72 h ex-
posure with cell viabilities of 93 + 3%.
Combination Effect of Curcumin on Cytotoxicity
of Gemcitabine
PSL Stability
A strong gemcitabine-resistance was observed in the MIA
PACa-2 cells with no significant cytotoxic effects (cell viability =~ Table II shows the physicochemical properties of
>96%) even at the concentration up to 25 pM after 24 h  gemcitabine-curcumin PSL prepared by the SVI method
exposure to free drug (Fig. 5). In contrast, all other treatments ~ and stored as liposomal pellets over a 3-month period with
with PSL loaded with gemcitabine or curcumin or both drugs ~ no significant changes over this time frame at 4°C (p > 0.05).
led to great decrease in cell viability (30-70%) in a dose de-
pendent manner.
In contrast, treatment with gemcitabine PSL (2.5-25 uM)

caused significant cytotoxicity (p <0.01) after 48 h exposure, 1001 i o.zg: ;gll:
resulting in an IC5 2:3 i 0.1 uM. The gemcitabir-le.-curcumin sod & o g;g: l;glﬁ
PSL demonstrated significant enhanced cytotoxicity at con- A —o— 0% CL
centrations >5 uM (p < 0.01-0.0001) compared to the single o g 60-
drug-loaded PSLs. At 72 h, less than 1% of the MIA PaCa-2 3
cells were viable after treatment with dual-drug loaded PSL at ﬁ 40+
25 uM. The single drug loaded PSLs also showed high cyto-
toxicity as exposure time increased. =

04 —

pH
—=— 3% DSPE-mPEG2000
4.0 -®— 3% DSPE-mPEG2000 with curcumin (DL, 0.92%)
35 —&— 5% DSPE-mPEG2000
’ v 5% DSPE-mPEG2000 with curcumin (DL, 0.92%)
~ 3.0
R
< 2.5
B § 20]
~ 154
1.04
0.5+
0.0+
-0.5 T T T T T T

pH

Fig. 2 The effect of curcumin and PEGylation on pH-responsive release of
calcein from the PSLs: Different concentrations (0—19% w/w) of curcumin in
Fig. 1 Transmission electron microscopic (TEM) image showing the mor- non-PEGylated PSLs (A); and PSLs with different PEGylation degrees (3% vs
phology of PSLs (containing 3% mol DSPE-mPEG2000) co-loaded with gem- 5%) (B). Data are mean = SD from three experiments.

citabine and curcumin.
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ree curcumin
CL curcumin

4 E==3 PSL curcumin

1 [ Blank PSL

(5]
S
(=
(=]

1000

]

100 4

Gemcitabine accumulation (%)

Curcumin (pM)

Fig. 3 Cellular accumulation of gemcitabine by MIA PaCa-2 cells after a
exposure for 3 h and the influence of co-incubation with different curcumin
formulations: free drug, conventional liposomes (CL; non pH-sensitive) and
PSL. Both liposomes contained 3% DSPE-mPEG2000. Data are means =
SD (n =3).

Pharmacokinetics

Following drug administration none of the animals showed
any signs of stress.

The gradient HPLC method was validated following ex-
traction from plasma samples spiked with both gemcitabine
and curcumin. No interference was observed at the retention
time for both gemcitabine and curcumin. The extraction re-
coveries following a two-step protein precipitation using ace-
tonitrile were in the range of 97% to 103 + 0.6% for both
drugs. The assays for both drugs had satisfactory intra-day
and inter-day precision and accuracy at concentrations of
0.5, 5 and 10 pM with relative standard deviations varying

100+ —%— Curcumin

90 O— Gemcitabine .
80 - ’
70
60 -
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40 1
30 1 £
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Release (%)
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Fig. 4 Cumulative release profiles of gemcitabine and curcumin from dual-
drug loaded PSL in an isotonic PBS (50 mM, pH 7.4, 320 mOsm) at 37°C
using dialysis technique. Mean = SD (n = 3 dialysis bags).

0.2-1.72% and recoveries ranging from 95.6 £ 1.5% to 103
+0.6% (n = 3). The calculated LOQ and LOD for both gem-
citabine and curcumin were 0.03 pM and 0.01 pM,
respectively.

The plasma drug concentration-time profiles after z.0. ad-
ministration of their free solutions and PSL formulation are
shown in Fig. 6.

The gemcitabine-curcumin PSL resulted in a significantly
reduced Clearance (CL) of gemcitabine (p < 0.05), leading to
an approximately 2.5-fold increase in the AUC_, compared
to gemcitabine solution (Table III). The elimination phase
half-life (T'},9) and mean retention time (MRT) were in-
creased by approximately 5-fold and 3-fold, respectively.

The presence of curcumin appeared to increase the gemci-
tabine concentrations in plasma although did not significantly
change the pharmacokinetic parameters of the gemcitabine
solution (p > 0.05 for all the cases).

Remarkedly, the V4 and CL of curcumin in the PSL were
reduced by 4 to 4.6-fold (p < 0.05). which lead to significantly
higher curcumin concentrations at the earlier time points (e.g.,
7.5-fold at 15 min). Not surprisingly, the V4 and CL values of
free curcumin (lipophilic) were much higher than those of
gemcitabine (hydrophilic).

DISCUSSION

MRP5 has been reported to be over-expressed in several
PDAC cell lines (e.g. MIA PaCa-2) and confers resistance to
gemcitabine (22). Therefore, co-treatment with curcumin may
potentially enhance gemcitabine activity in PC by inhibition
of MRP5. In addition, curcumin possesses many anticancer
properties making it an attractive agent as a combination
therapy to treat drug-resistant cancer (32).

PSL was constructed with DOPE/CHEMS/DSPE-
mPEG2000. At neutral pH, CHEMS 1is 1onized, stabilizing
the bilayer. Once the carboxyl group of CHEMS (pK, 5.8)
is protonated at low pH, the bilayer of DOPE is converted to
an invert hexagonal (Hyj) structure, releasing the drug content
(45, 46). As previously reported (23), increasing PEGylation
degree (DSPE-mPEG2000 (0-5%) significantly reduced the
pH-sensitivity of PSL (Fig. 2). This is due to the shielding of the
pH-sensitive membrane to the proton (H") by the PEG layer.
Additionally, reduction in the liposomal zeta potential from
—37 mV (non-PEGylation) to =8 mV as a result of
PEGylation may decrease the attraction to H' around the
liposomal surface (23).

Compared to PEGylation, the effect of incorporation of
curcumin on the pH-sensitivity of PSL was insignificant (Fig.
2). Curcumin in the liposome bilayers may inhibit the trans-
formation of the DOPE when contacting H". However, cur-
cumin had no significant effect on the zeta potential of the
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resulting PSL which may be the most important reason for the
nsignificant effect on pH-sensitivity.

In this study the formulation effects on pH-sensitivity was
tested using a rapid i vitro calcein leakage assay. Our previous
study (39) demonstrated that this calcein leakage assay results
closely reflect the endosome escape property of PSL in MIA
PaCa-2 cells that was observed with confocal microscopy: a
rapid calcein leakage  vitro in 10 min corresponded to a

Concentration (nM)

strong intracellularly well-distributed calcein fluorescence at
2 h. In contrary, if calcein leakage is slow the intracellular
fluorescence remains as ‘dots’ or invisible.

In MIA PaCa-2 cells, the intracellular accumulation of
gemcitabine was increased by co-incubation with curcumin
solution or its liposomal formulations in a concentration-
dependent manner from 5 to 100 uM (Fig. 3). Previous studies
by Paxton et al. showed functional expression of MRP5 in

Table Il Stability of Dual-Drug

Zeta potential (mV) Gemcitabine (%) Curcumin (%)

Loaded PSL Stored at 4°C as Pellets ~ Time (month) Particle size (nm)
with Light Protection (Data are
means =+ SD’ n= 3) 0 1435 =26

| 1436 = 1.6

2 1435+ 25

3 143.1 £ 0.8

-89 =03 100 = 1.5 100 = 1.8
—-83 =02 [0l = 1.3 99.9 =33
—8.2 = 0.1 102 = 1.2 99.8 = 33
9.1 =02 102 =05 1035 £ 0.3
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Fig. 6 The pharmacokinetic profiles of gemcitabine (A) and curcumin (B) in
plasma following i.v. injection of gemcitabine solutions with and without cur-
cumin or gemcitabine-curcumin PSL in rats. The dose for gemcitabine and
curcuminis | mg/kgand |.2 mg/kg, respectively. Data are mean = SD, n = 4
rats.

MIA PaCa-2 cells and identified curcumin as an MRP5 in-
hibitor (22). It worth noting that the same group also found
that curcumin (free drug solution at 2—20 pM) inhibited hu-
man equilibrative nucleoside transporter 1 (the influx trans-
porter for gemcitabine) in MIA Paca-2 cells following 1-h co-
incubation (47). It is plausible that curcumin increased

gemcitabine accumulation by inhibiting MRP5. As a lipophil-
ic compound (log P 2.5), curcumin may more readily interact
with MRP5 on the cell membrane than liposomal bilayers
(22). Gurcumin in PSL significantly increased gemcitabine
accumulation in the cells (p <0.01), more effective than cur-
cumin in NPSL at >50 pM. However, it remains unclear why
NPSL was more effective than PSL curcumin at 1-10 pM.
Interestingly, co-treatment with blank PSL at high concentra-
tions also enhanced gemcitabine accumulation by the cells.
This may be caused by the passive diffusion of extracellular
gemcitabine into PSL followed by internalization to MIA
PaCa-2 cells. To maintain cell viability and reduce interfer-
ence of gemcitabine metabolites, intracellular drug concentra-
tions were measured after 3 h. The MRP5 inhibition effect of
curcumin might be more clearly manifested as time is extend-
ed or intracellular gemcitabine concentration is increased.
Previous data indicated that the NPSL did enhance cyto-
toxicity compared to free gemcitabine when the DL was be-
low 0.5% (31). In contrast, the PSL with the same DL in the
present study significantly increased the potency of gemcita-
bine (Fig. 5). The PSL s considered to be taken up via energy-
mediated endocytosts, followed by ‘endosomal escape’, allow-
ing an efficient drug exposure to nucleus (48, 49). Significantly,
the PSL further increased the gemcitabine cytotoxicity to MIA
PaCa-2 by addition of curcumin. Three possible contributing
factors from curcumin may be involved: i) inhibition of MRP5
mediated efflux of gemcitabine (Fig. 3); ii) sensitizing the cells
to gemcitabine by modulation of miR-200 and miR-21 (9);
and 111) exerting anticancer effect by various pathways.
Following ¢.v. administration to rats, the dual-drug loaded
PSL resulted in a 2.5-fold increase in AUC, and a 4.5-fold
longer T /9, compared to the gemcitabine solution (Fig. 6;
Table III). Since the extravasation efficiency of liposomes
from blood vessels to tumours relies on both local blood flow
and their microvascular permeability (50). Therefore a pro-
longed circulation time is essential (51, 52) with a minimal 6 h
half-life required in tumour-targeted drug delivery (53).
Interestingly, the co-administration of curcumin solution re-
duced both V4 and CL of gemcitabine, resulting in the AUC
of gemcitabine, although not statistically different (p values
0.06-0.07).. This is likely due to the inhibiting effect of curcu-
min on the MRP5, which are found in the basolateral

Table Il Plasma Pharmacokinetic

Parameters in Rats Following a Formulation AUCo. UM - h) Vg (mikg) CL (mih/kg) Tip(h) MRT (h)
Single i.v. Bolus Injection of
Gemditabine Alone or in Gemcitabine
Combination with Curcumin in a Single-drug solution 222 = 3.5 302.6 = 71.5 152.9 + 24.6 4 +0.2 [.5+02
?ﬁ'ﬁ;ﬁg Zr:dPSILZa:g/[Izgse of Dualdrugsoluion 332 * 85 2050 =515  1062+312  13=00 17=02
Respectively, Data are mean + 5D Dual-drug PSL 620 + 57 4110 = 705 54051 6307 47 =0l
(n=4) Curcumin
Dual-drug solution 04 = 0.1 54,561 = 7065 16,280 + 5872 22+ 1.2 [.2 = 0.1
Dual-drug PSL [.5+02 13,852 + 5128 3557 + 657 24 + 0.6 0.5+ 0.1

@ Springer



1218

Pharm Res (2021) 38:1209-1219

membrane of many organs particularly liver (5, 20, 21). In a
previous report, the CL of doxorubicin (P-gp substrate), was
reduced by co-administration with curcumin via P-gp inhibi-
tion (54).

The plasma curcumin concentration in rats at the dose of
1.2 mg/kg was similar to the reported clinical trial data with a
peak range of 0.06-0.1 uM (29 to 412 ng/ml) after orally
taking 8 g/day (7). Compared to free curcumin solution,
PSL provided a curcumin concentration in plasma >1 pM
during the first 1 h after injection. Similar concentrations were
reported for a 5 mg/kg dose of a liposomal formulation (55)
and 30 mg/kg for curcumin loaded in a lipid-based nanopar-
ticulate system after 1.v. injection in mice (56). Furthermore,
the PSL favourably reduced the CL and Vd of curcumin with
an approximately 4-fold increase in AUC in rats. Therefore,
further studies are warranted to investigate the # vwo anti-
tumour effects of gemcitabine-curcumin dual loaded PSL.
However, the dose of gemcitabine 1 mg/kg used in the phar-
macokinetic study following bolus injection to rats is equiva-
lent to 10 mg in an adult patient of 60 kg (~5 mg/m” by body
surface) (57) while the clinical dose by intravenous infusion
over 30 min for free gemcitabine is 1000 mg/m”. Therefore,
a significant increase in DL (the drug to lipid ratio) in the PSL
1s required to allow clinical dosing. On the other hand, an
effective intracellular delivery approach with liposomal pro-
tection from drug inactivation and combination with curcu-
min may both reduce the gemcitabine dose required in the
clinical translation.

CONCLUSIONS

In the present study, curcumin-gemcitabine PSL demonstrat-
ed better gemcitabine intracellular accumulation and greater
cytotoxicity towards pancreatic cancer cells, compared to
gemcitabine only PSL. Co-encapsulation within the same
PSL system resulted in superior 2 vivo exposure for both gem-
citabine and curcumin and significantly improved pharmaco-
kinetic profiles. The research highlighted that curcumin could
enhance the efficacy of gemcitabine via inhibition of MRP)
efflux transporter which mediated gemcitabine resistance in
PC cells. The  vivo anti-tumour effect of the gemcitabine-
curcumin PSL deserves further investigation.
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