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Purpose: Imatinib inhibits platelet-derived growth factor receptor (PDGFR), and evidence
shows that PDGFR participates in the development and progression of cervical cancer. Although
imatinib has exhibited preclinical activity against cervical cancer, only minimal clinical thera-
peutic efficacy was observed. This poor therapeutic efficacy may be due to insufficient drug
delivery to the tumor cells and plasma protein binding. Therefore, the purpose of this study was
to explore a novel folate receptor (FR)-targeted delivery system via imatinib-loaded liposomes
to enhance drug delivery to tumor cells and to reduce plasma protein binding.

Methods: Imatinib was remote-loaded into FR-targeted liposomes which were prepared by
thin film hydration followed by polycarbonate membrane extrusion. Encapsulation efficiency,
mean size diameter, and drug retention were characterized and cellular uptake, cell cytotoxicity,
and cell apoptosis on cervical cancer HeLa cells were evaluated. Comparative pharmacokinetic
studies were also carried out with FR-targeted imatinib liposomes, simple imatinib liposomes,
and free imatinib.

Results: High encapsulation efficiency (>90%), appropriate mean particle size (143.5 nm),
and zeta potential (—15.97 mV) were obtained for FR-targeted imatinib liposomes. The drug
release profile showed minimal imatinib leakage (<<5%) in phosphate-buffered saline (PBS)
at pH =7.4 within 72 hours of incubation, while more leakage (>25%) was observed in PBS
at pH =5.5. This indicates that these liposomes possess a certain degree of pH sensitivity.
Cytotoxicity assays demonstrated that the FR-targeted imatinib liposomes promoted a six-fold
IC,, reduction on the non-targeted imatinib liposomes from 910 to 150 uM. In addition, FR-
targeted imatinib liposomes enhanced HeLa cell apoptosis in vitro compared to the non-targeted
imatinib liposomes. Pharmacokinetic parameters indicated that both targeted and non-targeted
liposomes exhibited long circulation properties in Kunming mice.

Conclusion: These findings indicate that the nano-sized FR-targeted PDGFR antagonist
imatinib liposomes may constitute a promising strategy in cervical cancer therapy through the
combination of active targeting and molecular targeting.
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Introduction

Cervical cancer is the fourth leading cause of cancer death in females worldwide.'
Standard treatment for more advanced cervical cancer is radiation combined with chemo-
therapy or concurrent chemoradiation.?® The suboptimal clinical outcome arising from
chemoradiation emphasizes the need for new drugs and/or drug delivery platforms.
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Imatinib mesylate (Gleevec®; Novartis, Basel,
Switzerland) is the standard treatment for chronic myeloid
leukemia (CML) and gastrointestinal stromal tumor (GIST).**
Additionally, imatinib prevents platelet-derived growth factor
receptor (PDGFR) activation and the subsequent signaling
pathway, which is responsible for cell proliferation, migra-
tion, and angiogenesis.*® PDGFR is an attractive therapeutic
target for cervical cancer, since PDGFR and its ligands are
frequently expressed in cervical cancer and play an important
role in tumor pathogenesis. Moreover, cervical cancer cell
line growth could be inhibited by the PDGFR antagonist
imatinib.”!! However, imatinib has shown minimal therapeu-
tic activity as second-line treatment of recurrent or metastatic
cervical cancer expressing PDGFR in clinical trials.'? Similar
minimal therapeutic results were also obtained with other
solid tumors like prostate and ovarian cancer in the clinical
study.!>!* The reason for the treatment failure of imatinib
is most likely that the drug concentration in the body can-
not reach the effective anti-tumor concentration. In vitro
studies showed that the IC, of imatinib on PDGFR highly
expressed tumor cell lines, such as prostate, ovarian, and
cervical cancer, was in the 10-15 uM range, which is far
higher than the plasma concentration arising from the usual
imatinib dose of 400 mg/day.*!>"!” Furthermore, nonspecific
drug binding in the plasma, particularly alpha-1-acid glyco-
protein (AGP) binding can decrease the free, and therefore
active, concentration of the drug, and hence reduce the tumor
cellular concentration of imatinib.'® Therefore, considering
the referred nonspecific drug binding with AGP and the fact
that the allowed imatinib dose cannot reach the effective
cancer cellular concentration, we hypothesized that loading
of imatinib in a drug delivery system would be a promising
therapeutic approach in cervical cancer.

Liposomes are small synthetic lipid vesicles that exhibit
biocompatible and biodegradable features for their appli-
cation as drug delivery systems to protect the drugs from
premature inactivation and to modulate pharmacokinet-
ics, biodistribution, and drug solubility." Liposomes have
been designed as a delivery system to improve the overall
therapeutic index of encapsulated anticancer drugs, due
to preferential delivery and accumulation at tumor tissues
as compared to free drugs.?*?! Through controlling the
particle size at ~100—200 nm and surface modification
with biocompatible polymers (such as polyethylene glycol
[PEG]), liposomes can exhibit prolonged systemic circula-
tion time, escape their uptake by macrophages, and increase
tumor localization by up to ten-fold or more as a result of
the enhanced permeability and retention (EPR) effect.?2%

Meanwhile, encapsulated imatinib can avoid nonspecific
binding such as AGP and decrease systemic toxicity.

On the basis of the EPR effect, liposomes further modi-
fied by tumor-active—targeted ligands such as antibodies,
peptides, and small compounds like folate have been widely
investigated.?*** The application of liposomal formulations
as carriers for anticancer drug modified by tumor-active—
targeted ligand folate has been attempted and described in
the literature in recent years.?? Folate and folate conjugates
can bind to the folate receptor (FR) with high affinity and
enter the FR elevated malignant cells by receptor-mediated
endocytosis,***! and meanwhile avoid being endocytosed by
those normal cells that express a low level of FRs.* Thus,
adding folic acid (FA) to the distal ends of liposome-anchored
PEG molecules can further improve tumor cell selectivity
and the uptake efficiency of liposomes.

The main aim of the present work was the development
of a novel FR-targeted liposomal formulation that could
exhibit efficient and stable encapsulation of imatinib and
therefore mediate its delivery to the solid tumor effectively
and specifically. Characterization of the liposomes, includ-
ing transmission electron microscopy (TEM) morphology,
size, and zeta potential, was carried out. Drug entrapment
efficiency, drug loading capacity, release properties in vitro,
and pharmacokinetic properties were tested. The in vitro
growth inhibition activity, cellular uptake efficiency, and cell
apoptosis of folate receptor-targeted liposomal formulations
of imatinib were also investigated by a cervical cancer HeLa
cell model which overexpresses PDGFR.’

Materials and methods

Materials

Imatinib mesylate with a purity of 99% was synthesized in
the authors’ laboratory.** Hydrogenated soy phosphatidyl-
choline (HSPC) and monomethoxy polyethylene glycol, -
H000-DSPE) were
purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
USA). Cholesterol (CHOL) was obtained from J&K Chemi-

cal Ltd (Beijing, People’s Republic of China). Sephadex

distearoyl phosphatidylethanolamine (mPEG

G-25 gel-filtration columns were obtained from Amersham
Biosciences (Uppsala, Switzerland). Sepharose CL-4B
chromatography media was purchased from Sigma-Aldrich
(St Louis, MO, USA). FA was purchased from Huixing
Biological and Chemical Reagents Co, Ltd (Shanghai,
People’s Republic of China). Calcein was purchased from
Aladdin Reagent Co (Shanghai, People’s Republic of China).
Folate-PEG,,. -CHEMS was synthesized in the authors’

3350
laboratory.>* All reagents and solvents were of analytical or
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high-performance liquid chromatography (HPLC) grade and
were used without further purification.

The human cervical carcinoma HeLa cell line and the
human lung carcinoma A549 cell line were provided by Tongji
Hospital (Tongji Medical College, Huazhong University
of Science and Technology, Hubei, People’s Republic of
China). L-glutamine, trypsin (1:250), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), and EDTA-
Na, were purchased from Amresco (Solon, OH, USA).
Penicillin-streptomycin (100,000 units/mL) was supplied
by Hyclone (Logan, UT, USA). Fetal bovine serum (FBS)
was a product of Hangzhou Sijiqing Biological Engineering
Materials Co, Ltd (Hangzhou, People’s Republic of China).
The Annexin-V/FITC (fluorescein isothiocyanate) and pro-
pidium iodide (PI) apoptosis detection kit was purchased
from Molecular Probes, Inc. (Eugene, OR, USA). Roswell
Park Memorial Institute medium (RPMI)—1640 10x medium
without FA was purchased from Sigma-Aldrich.

Female Kunming mice (25 g, 8 weeks old) were pur-
chased from the Animal Center of Tongji Medical College,
Huazhong University of Science and Technology, People’s
Republic of China.

Liposome preparation and drug loading

FR-targeted liposomes loaded with imatinib (F-L-imatinib)
and non-targeted control liposomes loaded with imatinib
(L-imatinib) were prepared by thin film hydration fol-
lowed by polycarbonate membrane extrusion. Imatinib was
remote-loaded into the liposomes using a transmembrane
pH gradient.** The lipid compositions of L-imatinib and
F-L-imatinib were HSPC/CHOL/mPEG,,, -DSPE at a molar
ratio of 55:40:5, and HSPC/CHOL/mPEG,,, -DSPE/folate-
PEG,,,,-CHEMS at a molar ratio of 55:40:4:1, respectively.
Briefly, the lipids (68 mg) in CHCI, were dried by rotary
evaporation at 40°C and further dried under vacuum to
remove traces of CHCI,. The lipid film was hydrated with
ammonium sulfate (2 mL, 300 mM) for 30 minutes at 60°C
with occasional vortex mixing. The suspension of lipids was
then extruded five times through a 100 nm pore-size polycar-
bonate membrane using a Lipex Extruder (Northern Lipids
Inc., Vancouver, BC, Canada) driven by pressurized nitrogen
at 60°C to produce unilamellar vesicles. Liposomes were then
subjected to size exclusion chromatography on Sephadex
G-25 columns to replace the extravesicular medium with
phosphate-buffered saline (PBS, pH7.4) and establish a
transmembrane pH gradient for active loading. Imatinib
was dissolved in deionized H,O and added to the above
prepared liposomes at different imatinib-to-total lipid ratios

(1:2, 1:3, 1:4, 1:6, 1:8, mol:mol), followed by 30 minutes of
incubation at 60°C. Residual-free imatinib in the liposomal
preparation was removed by size exclusion chromatography
on a Sepharose CL-4B column.

Fluorescent liposomes (calcein liposomes) were prepared
using the above described procedures except that the lipid
film was hydrated in 50 mM calcein instead of the ammo-
nium sulfate solution. The lipid compositions of FR-targeted
liposomes loaded with calcein (F-L-calcein) and non-targeted
control liposomes loaded with calcein (L-calcein) were the
same as the liposomes containing imatinib. Briefly, the lipids
were dissolved in CHCI, and dried into a thin film by rotary
evaporation and then further dried under vacuum. The lipid
film was hydrated with 2 mL of 50 mM calcein for 30 minutes
at 60°C with occasional vortex mixing. The suspension of
lipids was then extruded five times through a 100 nm pore-
size polycarbonate membrane using a Lipex Extruder driven
by pressurized nitrogen at 60°C. Residual-free calcein in
the liposomal preparation was removed by size exclusion
chromatography on a Sepharose CL-4B column.

Drug quantification

Imatinib concentration in the liposomes was determined
by measuring absorption at 265 nm on an Agilent HPLC
system (1100-series; Santa Clara, CA, USA) following
liposome lysis in 10% Triton X-100. Calcein concentration
in the liposomes was determined by measuring absorbance
at 492 nm on a ultraviolet-visible spectrometer (Shanghai
Spectrum Instruments Co, Ltd, Shanghai, People’s Republic
of China) following liposome lysis in 10% Triton X-100.
Drug encapsulation efficiency (EE%) was determined by
running samples through a Sepharose CL-4B column, and
calculated using the following equation:

Weight of encapsulated drug
Weight of feed drug

EE% =

x100%. (1)

Drug loading capacity (DL%) was calculated according
to the following equation:

Weight of encapsulated drug
Weight of total lipids

DL% =

x 100%.  (2)

Evaluation of the physicochemical

characteristics of liposomes

The particle size and zeta potential were determined using
a Zetasizer 3000 laser particle size analyzer (Malvern
Instruments, Malvern, UK). The morphology of liposomes
was observed under TEM (Tecnai G2 20 TWIN; FEI Ltd,
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Hillsboro, OR, USA). A drop of the diluted liposome dis-
persion was applied onto a carbon-coated 300-mesh copper
grid and left for 1.5 minutes to allow adherence between
liposomes and the carbon substrate. After excess of disper-
sion was removed with filter paper, the grid was kept in
1% weight per volume phosphotungstic acid solution for
2 minutes and allowed to dry in air for 10 minutes before
examination under the TEM.

Evaluation of in vitro stability

of liposomes during storage

Stability of liposomes after storage at 4°C for a period of
30 days was analyzed by determining the remaining drug,
the vesicle size, and zeta potential. Samples were withdrawn
periodically and the remaining drug in the liposomes was
measured as mentioned above in the determination of drug
EE%. The sizes and size distributions were evaluated using
a Zetasizer during this period. The zeta potential was deter-
mined using a Zetasizer at storage start and end points.

In vitro release study

Drug release from liposomes into PBS (pH 7.4 and pH 5.5,
PBS) was monitored by a dialysis method. A prepared dialy-
sis bag (molecular weight cut off 3,500 Da) containing 3 mL
suspension of liposomes was incubated in the PBS (200 mL)
at 37°Cx1°C under mild stirring (120 rpm). At various time
points during the dialysis process, an aliquot of 1 mL was
taken from the supernatant of the PBS. After removal of the
supernatant, the same volume of fresh PBS was replaced.
The amount of the imatinib within the collected supernatant
was measured by HPLC.

Cell culture

HeLa and A549 cells were grown in RPMI-1640 folate-free
media, supplemented with 10% (volume per volume) heat-
inactivated FBS, 100 U/mL of penicillin, and 100 pg/mL of
streptomycin, and maintained in a humidified atmosphere
containing 5% CO, at 37°C. Cell lines were maintained
within their exponential growth phase.

In vitro cytotoxicity assay

The cytotoxicity of liposomes was determined by the MTT
assay. Approximately 6,000 cells (HeLa or A549 cells) per
well were seeded in 96-well plates and allowed to attach
overnight. The following day, 100 uL containing serial
dilutions of drug formulations, including free imatinib,
L-imatinib, or F-L-imatinib and blank liposomes were added
to the cells. The plates were subsequently incubated at 37°C

for 72 hours. At the end of this incubation period, 20 UL of
MTT in media (5 mg/mL) was added to the cells and the
plates were incubated for a further 4 hours. Finally, the pre-
cipitated formazan was solubilized in 150 UL of dimethyl
sulfoxide and absorbance was read at 492 nm using a plate
reader (Multiskan MK3; Thermo Fisher Scientific, Waltham,
MA, USA).

Cellular uptake

Fluorescence imaging of cells

Binding and internalization of the liposomes in HeLa cells
were examined by fluorescence microscope. HeLa cells were
plated in six-well plates at 37°C under 5% CO, in folate-free
RPMI 1640 medium containing 10% FBS. The cells were
grown until 80% confluence was reached. The medium was
then removed and replaced with fresh medium (without
serum). L-Calcein or F-L-Calcein and F-L-Calcein plus
I mM FA were added. All liposomes contained calcein at
a concentration of 15 uM. FA was used as an FR-blocking
agent. After incubation at 37°C for 1 hour, the cells were
washed three times with cold PBS and were then examined
on an Olympus IX71 fluorescence microscope (PerkinElmer,
Waltham, MA, USA).

Quantitative analysis of cellular uptake

HeLa cells grown in a monolayer were suspended by brief
treatment with trypsin, and then washed three times with
folate-free RPMI 1640 medium (without serum). Aliquots
of HeLa cell suspension were incubated with L-calcein or
F-L-calcein for 1 hour at 37°C. To determine the role of FR
binding, | mM FA was added to the incubation media as the
FR-blocking group. After incubation at 37°C for 1 hour, the
cells were washed three times with cold PBS to removed
unbound liposomes. The fluorescence intensity of cells was
analyzed by flow cytometry (FCM) on a BD-LSR cytometer
(BD Biosciences, San Jose, CA, USA).

Cell apoptosis assay

HeLa cells were seeded in six-well plates at a density of
5x10* cells per well and allowed to attach overnight. On
the following day, 2 mL drug formulations, including free
imatinib, L-imatinib, or F-L-imatinib with or without 1 mM
free folate were added to the cells. After 24 hours, cells were
gently trypsinized and collected in tubes for FCM detection.
Before detection, 5 UL of Annexin-V/FITC and 10 puL of PI
were added to the binding-buffer—containing cells. Stained
cells were analyzed by flow cytometry, using a BD-LSR
cytometer, and detections were performed within 1 hour.
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The FITC+/PI- phase indicated early apoptosis, whereas
the FITC+/PI+ phase indicated late apoptosis.

Pharmacokinetic studies

Experimental animals and study design

Female Kunming mice (25 g, 8 weeks old) were housed and
handled according to the guidelines of the Experimental
Animal Ethics Committee of Huazhong University of Science
and Technology. Mice (four per group) were given intra-
venous injections of different drug formulations, including
free imatinib, L-imatinib, or F-L-imatinib at a drug dose of
14.5 mg/kg via the tail vein. Blood samples were collected
in heparin-treated tubes at various time points. Plasma was
isolated by centrifugation (10 minutes, 5,000 rpm, 4°C) and
stored at —35°C until HPLC analysis.

Sample processing and analysis

Imatinib concentration in the plasma was measured using
HPLC. Plasma was added to an equal volume of methanol, vor-
tex mixed, and centrifuged (15,000 rpm, 15 minutes, 4°C), after
which 100 uL of the supernatant was transferred to a clean tube
and evaporated to dryness under nitrogen. For HPLC sample
loading, 100 uL of 0.1% phosphoric acid (volume per volume)
was used to reconstitute the residue and a 20 uL aliquot was
injected onto the C ¢ reverse phase column for analysis. The
retention time for imatinib was about 7.6 minutes and linearity
was obtained in the range of 0.5-300 ug/mL.

Pharmacokinetic analysis

Pharmacokinetic parameters were determined using the
software WinNonlin (Pharsight, Mountain View, CA, USA),
including area under the curve (AUC), mean residence time
(MRT), total body clearance (CL), and plasma half-lives for
the elimination phase (T 1)

Statistical analysis

All data are shown as means * standard deviation (SD) unless
specifically noted. Student’s #-test or one-way analyses of
variance (ANOVA) were performed. A P-value <0.05 was
considered to be statistically significant.

Results
Synthesis and characterization

of liposomes

Imatinib was encapsulated into the FR-targeted (folate-
PEG3350
remote-loading method with an ammonium sulfate gradient.

-CHEMS) and non-targeted liposomes using a

In order to determine the influence of imatinib/lipid (I/L)

incubation ratio on loading, several ratios (1:2, 1:3, 1:4, 1:6,
1:8, mol:mol) were tested on the F-L-imatinib (Figure 1).
While a I/L incubation ratio of 1:4 or lower provided excel-
lent EE% values (>90%), only the incubation ratio of 1:4
provided the highest loading capacity close to 0.23 mol
imatinib/mol of total lipids.

Under the same loading conditions, non-targeted liposomes
appeared to have a higher EE% value of 95.2%1.26%; how-
ever, no relevant differences were observed in terms of encap-
sulation parameters between the two imatinib liposomes. The
obtained optimal encapsulation parameters of the formulations
are summarized in Table 1. The morphology of the FR-targeted
imatinib liposomes was observed in a TEM image as shown in
Figure 2. The F-L-imatinib formed discrete spherical vesicles
at nanometer sizes. The average particle size of the prepared
F-L-imatinib was further determined as shown in Figure 3.
F-L-imatinib and L-imatinib presented similar size distribu-
tions with a mean diameter of around 140 nm. The zeta poten-
tials of F-L-imatinib and L-imatinib were —15.97+1.89 mV and
—24.1312.43 mV, respectively. The negative zeta potentials
might be due to the presence of the negatively charged lipid
mPEG, -DSPE in the formulation.*® A lower proportion of

2000

mPEG

2000
on the surface than L-imatinib. These results indicate that

-DSPE in F-L-imatinib gave it a less negative charge

imatinib can be successfully loaded into liposomes with a high

EE% value. It appears that folate-PEG,,, -CHEMS would not

interfere with imatinib entrapment.

In vitro stability studies during storage
The stability of the imatinib liposome formulations was
monitored by changes in zeta potential, particle size, and drug

100 -
80 1
60 4

40 1

Imatinib EE%

20 A1

1:2 1:3 1:4 1:6 1:8
I/L ratio (mol:mol)

Figure | Effect of initial imatinib-to-total lipid (I/L) ratio (mol:mol) on imatinib
EE% of F-L-imatinib.

Note: Each value represents the mean + SD (n=3).

Abbreviations: EE, encapsulation efficiency; F-L-imatinib, folate receptor-targeted
liposomal imatinib; SD, standard deviation.
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Table | Physicochemical properties of F-L-imatinib and L-imatinib

Samples EE% DL% Size (nm) PDI Zeta potential (mV)
F-L-imatinib 90.7+0.91 19.33+0.44 143.5+2.96 0.123+0.017 —-15.97+1.89
L-imatinib 95.2+1.26 20.99+0.20 134.8+3.74 0.088+0.015 —24.13£2.43

Note: Each value represents the mean + SD (n=3).

Abbreviations: DL, drug loading capacity; EE, encapsulation efficiency; F-L-imatinib, folate receptor-targeted liposomal imatinib; L-imatinib, non-targeted liposomal imatinib;

PDI, polydispersity index.

retention during storage at 4°C. The zeta potential at the start and
end points was—15.97£1.89 mV and —17.4743.06 mV, respec-
tively. The zeta potential exhibited little change over the 1 month
of storage, and reflects the stability of F-L-imatinib. As shown
in Figure 4, the results also indicate that during storage at 4°C,
no significant variation in liposome size and drug retention was
detected. It appears that both liposomal formulations showed
excellent stability during the storage and no drug precipitation
or liposome aggregation was observed for at least 30 days.

In vitro release

The in vitro stability studies were performed in PBS buffer at
37°C=£1°C to ascertain the effect of pH on the drug release at
pH 5.5 and 7.4 and to predict the in vivo stability profile of
F-L-imatinib and L-imatinib. The releasing rate was calcu-
lated at several time points within 72 hours and drug leakage
profiles were plotted (Figure 5). At the physiological pH 7.4
in PBS at 37°C£1°C, F-L-imatinib and L-imatinib showed
very similar imatinib release profiles. Both types of imatinib-
encapsulated liposomes showed minimal imatinib leakage

—200 nm—

Figure 2 Transmission electron microscopy images of F-L-imatinib.
Abbreviation: F-L-imatinib, folate receptor-targeted liposomal imatinib.

in PBS within 72 hours of incubation, and more than 95%
of the encapsulated imatinib was still retained in liposomes.
However, when incubating at pH 5.5, corresponding to the pH
in endosomal compartments, the imatinib release from both
targeted and non-targeted liposomes increased significantly.
At 72 hours of incubation, the cumulative release percentages
of F-L-imatinib and L-imatinib reached 29.5% and 10.9%,
respectively, at pH 5.5. Clearly, the findings indicate that the
incubation pH has an impact on the stability profile of the
liposomes. The reason for the increased drug release is due
to the collapse of the transmembrane pH gradient of these
liposomes at the lower pH value. Thus, it can be concluded
that F-L-imatinib and L-imatinib are stable under the physi-
ological pH, and that these liposomes exhibit pH-sensitive
properties.

In vitro cytotoxicity assay

The cytotoxicity of F-L-imatinib, L-imatinib, and imatinib
solution was determined in HeLa cells and A549 cells using
an MTT assay. The results are summarized in Table 2.
In FR-positive and PDGFR-positive HeLa cells, both the
F-L-imatinib and imatinib solutions induced cell death in
a dose-dependent manner. L-imatinib did not demonstrate
significant antitumor efficacy, with an IC,  of 906 uM.
When imatinib was loaded into FR-targeted liposomes,
it revealed growth inhibition activity (IC,; =151 uM) that
was six times higher than that of L-imatinib. Free imatinib
solution showed a much lower IC, of 15.7 uM, as was
expected. Both the liposomal drug formulations exhibited at
least ten times lower growth inhibition activity as compared
to the free drug. This is in agreement with results obtained
from previous studies.?”*® Empty liposomes were tested as
controls and did not induce significant cell death (data not
shown). In contrast, in FR-negative and PDGFR-positive
A549 cells,?” neither F-L-imatinib nor L-imatinib showed
significant antitumor efficacy. Only free imatinib solution
showed dose-dependent inhibition to A549 cells with an
IC, of 34.6 uM. All the results showed that the FR-targeted
liposomal imatinib led to a significant increase in antitumor
activity via folate-mediated endocytosis in HeLa cells as
compared to simple liposomes (P<<0.05).
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100
Effective diameter:  143.1 nm
Polydispersity: 0.098
Avg count rate: 429.4 keps
75| Baseline index: 8.2
Elapsed time: 00:03:00
2
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2
£
25
0 :
5.0 5,000.0

Diameter (nm)

Figure 3 Size distribution of F-L-imatinib.
Note: The mean diameter of the liposomes was 143.1 nm and the PDI was 0.098.

Abbreviations: F-L-imatinib, folate receptor-targeted liposomal imatinib; PDI, polydispersity index.

Cellular uptake of F-L-calcein

compared to L-calcein

In order to demonstrate that F-L-imatinib can be taken up
efficiently by HeLa cells via folate-mediated endocytosis,
the calcein-labeled liposomes were prepared and the cel-
lular uptake of liposomes by HeLa cells was visualized by
fluorescence microscopy and quantitatively analyzed using
FCM. Green fluorescence was associated with liposomal
calcein. As shown in Figure 6, the fluorescence intensity of
the F-L-calcein group was significantly higher than that of the
L-calcein group, and intensity decreased when free FA was
added. The study indicates that FR-targeted liposomes can be
more efficiently taken up by the FR-positive cells compared
to the non-targeted liposomes and the FR-mediated endocy-
tosis can be blocked by free FA. Meanwhile, FCM results
indicated that the cellular uptake of FR-targeted liposomal
calcein was about 40 times higher than that of non-targeted
liposomal calcein (Figure 7). These data demonstrate that

180 4 r 120
<
T 100 &
E -i m
£ S
=
Q T
g | E///,F/—z 5
»n 1407 reo ©O
Q c
© 2
= c
© Q
Q. 120 r60 @
—&— Particle size o
—a— Retention of drug
100 T T T 40
0 10 20 30
Time (days)

Figure 4 Stability of F-L-imatinib as measured by the particle size (n=3) and the
drug retention (n=3).

Note: Liposomes were stored at 4°C prior to analysis.

Abbreviation: F-L-imatinib, folate receptor-targeted liposomal imatinib.

FR-targeted liposomes could effectively target the HeLa cells
through the FR-mediated endocytosis process.

Cellular apoptosis assay

To assess the apoptosis of tumor cells induced by various
imatinib formulations, FCM analysis using HeLa cells was
performed. As shown in Figures 8 and 9, incubation of HeLa
cells with L-imatinib induced apoptosis in 10.9% of cells after
24 hours, whereas cells incubated with F-L-imatinib at the
same concentration showed a significantly higher apoptotic
rate of 26.4% (P<0.05). When the free FA was added, the
percentage of cell apoptosis induced by F-L-imatinib fell to
16.5%. The result can be explained by the fact that the excess
free FA competitively binds to FRs, resulting in lower bind-
ing of folate-linked liposomes. These results are entirely con-
sistent with the report for a folate-linked liposomal curcumin

35 4
—8— L-liposome at pH 7.4
30 —O— F-L-liposome at pH 7.4
7 —v— L-liposome at pH 5.5
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Figure 5 In vitro release of imatinib from F-L-imatinib or L-imatinib in pH 7.4 PBS
or pH 5.5 PBS at 37°C+1°C.

Note: Each value represents the mean + SD (n=3).

Abbreviations: F-L-imatinib, folate receptor-targeted imatinib;
L-imatinib, non-targeted liposomal imatinib; SD, standard deviation; PBS, phosphate-
buffered saline.
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Table 2 IC50 of F-L-imatinib, L-imatinib, and free imatinib against
Hela cells and A549 cells at 72 hours

Treatment group IC,, (WM) of HeLa IC,, (uM) of A549
F-L-imatinib I51£15.5 >1,200

L-imatinib 906+67.1* >1,200

Free imatinib 15.7+1.3*% 34.613.6

Notes: Each value represents the mean £ SD (n=5); *P<<0.05, versus F-L-imatinib.
Abbreviations: F-L-imatinib, folate receptor-targeted liposomal imatinib; IC,,
half maximal inhibitory concentration; L-imatinib, non-targeted liposomal imatinib;
SD, standard deviation.

formulation in the previous study.*! Both F-L-imatinib and
F-L-imatinib plus 1mM of free FA showed dose-dependent
apoptosis to HeLa cells (Figure 10). However, cells treated
with L-imatinib still showed little apoptosis when the con-
centration was raised to 350 uM. It appears that L-imatinib
is stable in cell culture medium at pH 7.4 and internalizing
of the drug is limited in the tumor cells.

Figure 6 Uptake of F-L-calcein and L-calcein by Hela cells.

Notes: Hela cells were treated with F-L-calcein, F-L-calcein plus | mM of free
folic acid, or L-calcein at 37°C for | hour. Left panels indicate cells visualized in the
fluorescence mode; right panels indicate the same fields in the phase-contrast mode.
(A and B) cells treated with PBS as control; (C and D) cells treated with L-calcein;
(E and F) cells treated with F-L-calcein; (G and H) cells treated with F-L-calcein plus
I mM free folic acid.

Abbreviations: F-L-calcein, folate receptor-targeted liposomal calcein; L-calcein,
non-targeted liposomal calcein; PBS, phosphate-buffered saline.
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Figure 7 Uptake of liposomal calcein by cultured Hela cells measured by flow
cytometry.

Notes: Hela cells were treated with L-calcein, F-L-calcein, or F-L-calcein plus | mM
free folic acid for | hour at 37°C. The cells were then washed with PBS and then
analyzed by flow cytometry.

Abbreviations: FA, folic acid; Fl, fluorescence intensity; F-L-calcein, folate
receptor-targeted liposomal calcein; L-calcein, non-targeted liposomal calcein; PBS,
phosphate-buffered saline; FLI-H, fluorescence intensity in green channel of flow
cytometer.

Pharmacokinetic properties

of imatinib-loaded liposomes

In addition to drug release properties, the circulation lifetime
of liposomes following intravenous administration is an
important parameter in the evaluation of the performance of
liposome—drug formulations. This is because long-circulating
systems accumulate more effectively at tumor sites, leading
to improved therapeutic benefits. The circulation lifetimes of
F-L-imatinib and L-imatinib were examined in Kunming mice
and the plasma clearance kinetics are shown in Figure 11 and
Table 3. As expected, free imatinib showed rapid clearance
from the plasma. Meanwhile, the circulation time data demon-
strates that both liposomal imatinib formulations showed much
longer circulation times than the free imatinib (P<<0.05). The
shorter T

128
L-imatinib reflects that the presence of folate-PEG

value observed for F-L-imatinib compared with
115,"CHEMS
lipid increases liposome clearance, which is consistent with the
findings in other studies,”** although the ANOVA results show

that the difference is not statistically significant (P>0.05).

Discussion
The presence of PDGFR in a number of human solid
tumors, such as cervical cancer, is correlated with tumor
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Figure 8 Typical pictures of cellular apoptosis analyzed by flow cytometry.
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Notes: Hela cells were treated with different formulations (A-D) for 24 hours. The final concentration of imatinib in these formulations is 350 uM. (A) untreated control;

(B) F-L-imatinib; (C) L-imatinib; (D) F-L-imatinib plus | mM of free folic acid.

Abbreviations: F-L-imatinib, folate receptor-targeted liposomal imatinib; L-imatinib, non-targeted liposomal imatinib; FITC-A, fluorescein isothiocyanate apoptosis;

PI-A, propidium iodide apoptosis; Q, quadrant.

metastasis and poor prognosis.* Thus, PDGFR provides a
novel therapeutic target for solid tumor treatment. In a cervi-
cal carcinoma chemosensitivity assay, 66.6% of cases were
sensitive to imatinib, the rate of which was only lower than
paclitaxel (93.8%), and far higher than cisplatin (13.3%) and
carboplatin (7.6%).!! The research prompted a clinical study
to evaluate the efficacy of imatinib for patients with cervical
carcinoma as second-line treatment of recurrent or metastatic
cervical cancer expressing PDGFR-o. The results, however,
demonstrated that imatinib has poor efficacy in patients with
cervical cancer at doses up to 600 mg a day."> We hypoth-
esized that loading of imatinib in a drug delivery system
to reduce nonspecific drug binding with AGP and increase
imatinib cancer cellular concentration would be a promising
therapeutic approach in the treatment of cervical cancer. In
our current study, we designed FR-targeted sterically stabi-
lized liposomes encapsulating imatinib to improve the thera-
peutic effect of imatinib in the treatment of cervical cancer via
the combination of active targeting and molecular targeting.

30
25 4

20 4

Apoptosis rate %

F-L-imatinib F-L-imatinib
plus 1 mM of

free folic acid

Untreated
control

L-imatinib

Figure 9 Mean apoptosis rate of each group.

Notes: Each value represents the mean + SD (n=3); *P<<0.05.
Abbreviations: F-L-imatinib, receptor-targeted liposomal
L-imatinib, non-targeted liposomal imatinib; SD, standard deviation.

folate imatinib;

A systematic approach was undertaken to develop and char-
acterize preparation methods and liposome formulations in
order to control drug leakage, and thus maintain optimal
drug loading inside the liposomes to increase the delivery of
the drug to tumor tissues. Characterization of the developed
formulations was performed in terms of loading parameters,
mean size diameter, drug retention, and growth inhibition
activity against a HeLa cell line.

Few studies have reported imatinib encapsulation into
liposomes.** Since imatinib has four protonizable amine
functional groups and is uncharged as a neutral form at
physiological pH, it is possible to perform an active entrap-
ment approach, in which imatinib can cross the liposomal
membrane and be entrapped in the liposomal lumen due to
its protonation at acidic pH values. Active drug loading is
known for enhanced in vitro and in vivo drug retention when

30 1
—e— F-L-imatinib
—O— F-L-imatinib plus free folic acid
—v— L-imatinib
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R
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-
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Figure 10 Dose—response curves obtained for Hela cells treated with different
imatinib formulations.

Notes: The rate of apoptotic cells was determined by FCM. Each value represents
the mean + SD (n=3).

Abbreviations: FCM, flow cytometry; F-L-imatinib, folate receptor-targeted
liposomal imatinib; L-imatinib, non-targeted liposomal imatinib; SD, standard
deviation.
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Figure 11 Pharmacokinetic profiles of various imatinib formulations.

Notes: Kunming mice were given intravenous injections of the various formulations
at a dose of 14.5 mg/kg via the tail vein. Each value represents the mean + SD (n=4).
Abbreviations: F-L-imatinib, folate receptor-targeted liposomal imatinib;
L-imatinib, non-targeted liposomal imatinib; SD, standard deviation.

compared to passive methods. Using the active procedure,
the ammonium sulfate gradient method was selected, and
imatinib was encapsulated inside the liposomes at very high
efficiency (>90%) and drug loading (I/L molar ratio, 1:4.4).
In the preparation, F-L-imatinib had an average particle size
of 140 nm with a narrow size distribution (low polydispersity
index values), which was verified in TEM images. The uniform
nanoscale sizes of the liposomes could give these nanopar-
ticles a consistent kinetic profile in vivo, which could help the
liposomes to exhibit the EPR effect. As we all know, passive
targeting of liposomes can occur through the EPR effect.
Because blood vessels in tumors are abnormal and leaky (gaps
about 400—600 nm), drug carriers loaded with anticancer drugs
of an average size of ~200 nm or less are appropriate for the
EPR effect.* Meanwhile, both L-imatinib and F-L-imatinib
possessed negative zeta potentials, which might be due to the
-DSPE in

2000
the formulation. With an increasing amount of negative charge

presence of the negatively charged lipid mPEG

on the surface of liposomes, the physical stability of liposomes
against aggregation and fusion can be increased.®

In vitro and in vivo release of liposomes is another
important factor in evaluating the properties of drug-loaded
liposomes. To simulate the drug release profile in the

bloodstream and in endosomes, PBS (pH =7.4 and pH =5.5)
was chosen. The results in PBS (pH =7.4) showed that less
than 5% of both loaded drug was released from F-L-imatinib
and L-imatinib over 72 hours, suggesting that imatinib could
remain stable in the internal water phase of the liposomes
during blood circulation before the drug carrier targets the
tumor site. Meanwhile, when incubated in PBS (pH =5.5),
the imatinib release from both targeted and non-targeted
liposomes increased significantly, suggesting that these
liposomes possess pH sensitivity and can release the drug
in the acidic environment of endosomes after being internal-
ized into tumor cells. The increased drug release is due to the
transmembrane pH gradient collapse of these liposomes on
the lower pH. The result is consistent with a previous report
by Lee et al.* In their study, the collapse of the translipo-
somal pH gradient indirectly drove much more leakage of
doxorubicin from liposomes. Compared with L-imatinib,
F-L-imatinib exhibits much more drug release at pH 5.5,
because folate-PEG,, -CHEMS decreases the rigidity and
stability of the lipid bilayer membrane of liposomes at an
acidic pH. The addition of folate-PEG,,,-CHEMS made
the lipid membranes more heterogeneous due to the poor
lipid packing, and thus increased membrane permeability.*
Pharmacokinetic tests in vivo echoed the results of the drug
release in vitro. Only when the drug release is slower than
the liposome clearance will the liposome control the drug
pharmacokinetics and bio-distribution and express the EPR
effect for passive targeting.”> From the results of the test,
liposomal imatinib showed a markedly different pharma-
cokinetic profile from free imatinib. Compared with free
imatinib, liposomal imatinib can achieve a much higher
plasma concentration over time, larger AUC, longer half-life
and mean retention time, and lower clearance rate from the
body. These data suggest that the process of imatinib in vivo
could be changed by drug carriers, and liposomal imatinib is
stable in the blood circulation with greatly prolonged blood
circulation time. Therefore, with the longer blood circulation
time and higher plasma concentration, the liposomal drug
has more chance to perfuse into tumor tissues.

Table 3 Pharmacokinetic parameters of three imatinib formations in Kunming mice following intravenous administration at a dose of

14.5 mg/kg via the tail vein

AUC (ug-hours/mL) T, 53 (hours) CL (mL/hours) MRT (hours)
Free imatinib 18.732+0.500* 1.869+0.634* 0.759£0.01 I* 1.345+0.306*
F-L-imatinib 579.835+24.064 5.595+2.114 0.025+0.001 3.678+0.408
L-imatinib 857.184+98.202* 6.151£1.558 0.017+0.002* 4.787+0.608*

Notes: Each value represents the mean + SD (n=4); *P<<0.05, versus F-L-imatinib.

Abbreviations: AUC, area under the curve; CL, total body clearance; F-L-imatinib, folate receptor-targeted liposomal imatinib; L-imatinib, non-targeted liposomal

imatinib; MRT, mean residence time; T, ,

i Plasma half-life for the elimination phase; SD, standard deviation.
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The HeLa cell line used in our study is a FR(+) cell line
derived from a human cervical cancer. As expected, our FR-
targeted liposomal calcein was more efficiently taken up by
the HeLa cells, which was confirmed by the liposomal calcein
uptake study. The uptake could be blocked by 1 mM free FA,
suggesting that internalization of F-L-calcein was specifically
mediated by an FR-mediated endocytosis process. The higher
internalization efficiency demonstrated that liposomes con-
jugated with folate-PEG, . -CHEMS could effectively target
the HeLa cells through the FR, which had previously been
proved by reports on different lipid compositions or differ-
ent cell lines.?*3!** Consistent with the cellular uptake test,
an FR-dependence cytotoxicity was demonstrated in a cell-
killing test. F-L-imatinib was able to induce cell death more
efficiently in HeLa cells compared to L-imatinib. L-imatinib
showed low cytotoxicity to HeLa cells, because very little ima-
tinib leaked from L-imatinib in the cell culture medium at pH
7.4 and liposomes without an internalizing ligand resulted in
little chance to be endocytosed by tumor cells.* F-L-imatinib
exhibited an efficient killing effect on HeLa cells, although
it has a similar drug release profile to L-imatinib at pH 7.4.
The reason is that F-L-imatinib can be taken up efficiently by
HeLa cells via FR-mediated endocytosis and releases imatinib
at an acidic pH as in endosomes, which had been proved in
the cellular uptake test and in vitro drug release study. Free
imatinib can be directly taken up by HeLa cells through diffu-
sion, so it had a lower IC,  value compared to both liposomal
formulations. Apoptosis induced by F-L-imatinib was signifi-
cantly greater than that seen in cells treated with L-imatinib
and the result is consistent with the cytotoxicity assay. The
results of the apoptosis test showed that F-L-imatinib can
induce more apoptosis in HeLa cells through the combination
of active targeting and molecular targeting.

We built a delivery system of FR-targeted liposomes
with encapsulated imatinib in this study. From the results,
the drug delivery system in our study is in the appropriate
nanoscale size range and exhibits a longer systemic circula-
tion time to allow it to concentrate in tumor tissues through
the passive-targeting effect; it can specifically target to
tumor cells and induce more cell death and cell apoptosis
and also has the characteristic of pH sensitivity to make the
drug stable in blood circulation and only release the drug in
endosomes after uptake by tumor cells. These results sug-
gest that F-L-imatinib possesses the basic characteristics of
targeted delivery systems and has the potency to improve
the antitumor effects of imatinib. The actual effect of F-L-
imatinib will be confirmed in vivo by animal models and
clinical research in future.

Conclusion

In conclusion, we have successfully encapsulated imatinib in
folate-linked liposomes and demonstrated that F-L-imatinib
could specifically target HeLa cells, and thus induce specific
and efficient death and apoptosis of HeLa cells. This new
therapeutic approach may be useful for the treatment of
cervical cancer with an enhanced therapeutic potential and
decreased toxicity when compared to free imatinib.
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