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Purpose: To develop an intravesical instillation system for the treatment of bladder cancer,
rapamycin (Rap) was encapsulated into liposomes and then homogeneously dispersed
throughout a poloxamer 407 (P407)-based hydrogel.

Methods: Rap-loaded conventional liposomes (R-CL) and folate-modified liposomes
(R-FL) were prepared using a film hydration method and pre-loading technique, and char-
acterized by particle size, drug entrapment efficiency, and drug loading. The cellular uptake
behavior in folate receptor-expressing bladder cancer cells was observed by flow cytometry
and confocal laser scanning microscopy using a fluorescent probe. In vitro cytotoxic effects
were evaluated using MTT assay, colony forming assay, and Western blot. For in vivo
intravesical instillation, Rap-loaded liposomes were dispersed in P407-gel, generating R-
CL/P407 and R-FL/P407. Gel-forming capacities and drug release were evaluated. Using the
MBT2/Luc orthotopic bladder cancer mouse model, in vivo antitumor efficacy was evaluated
according to regions of interest (ROI) measurement.

Results: R-CL and R-FL were successfully prepared, at approximately <160 nm, 42%
entrapment efficiency, and 57 pg/mg drug loading. FL cellular uptake was enhanced over
2-fold than that of CL; folate receptor-mediated endocytosis was confirmed using a compe-
titive assay with folic acid pretreatment. In vitro cytotoxic effects increased dose-depen-
dently. Rap-loaded liposomes inhibited mTOR signaling and induced autophagy in urothelial
carcinoma cells. With gelation time of <30 seconds and gel duration of >12 hrs, both R-CL/
P407 and R-FL/P407 preparations transformed into gel immediately after instillation into the
mouse bladder. Drug release from the liposomal gel was erosion controlled. In orthotopic
bladder cancer mouse model, statistically significant differences in ROI values were found
between R-CL/P407 and R-FL/P407 groups at day 11 (P=0.0273) and day 14 (P=0.0088),
indicating the highest tumor growth inhibition by R-FL/P407.

Conclusion: Intravesical instillation of R-FL/P407 might represent a good candidate for
bladder cancer treatment, owing to its enhanced retention and FR-targeting.

Keywords: bladder cancer, prolonged retention, enhanced uptake, antitumor efficacy,

autophagy, mTOR signaling

Introduction

Bladder cancer accounts for approximately 90% of cancers of the urinary tract and
is one of the most common cancers in both men and women.' Bladder urothelial
cell carcinomas generally consist of a superficial disease termed non-muscle-inva-
sive bladder cancer, with the treatment and prognosis normally dependent on how
deep the bladder cancer has invaded.” The standard therapy comprises a combina-
tion of transurethral resection and intravesical instillation of chemotherapeutic

agents.’ In particular, mitomycin C has been used to decrease the risk of
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recurrence” and doxorubicin and/or paclitaxel can be used
as a drug of second choice depending on the response to
the treatments.” However, in clinical practice, intravesical
immunotherapy with Bacillus Calmette-Guérin, an appli-
cation unique among cancer therapeutics, represents the
most effective treatment to reduce disease progression and
rate of recurrence.’

Rapamycin (Rap), a macrocylic lactone first discovered
as a product of the soil bacteria Streptomyces hygroscopi-
cus, has been used as an immune-suppressant to prevent
rejection in organ transplantation.” Recently, a potent anti-
tumor activity of Rap in a variety of solid tumors has been
reported.® '® Intravesical administration of Rap was highly
effective for suppressing bladder tumorigenesis,'' support-
ing its potential as a chemotherapeutic agent for bladder
cancer therapy. However, because of its poor water solu-
bility, the therapeutic application of Rap and development
of effective dosage forms have been very limited.'? In
addition, the presence of the luminal urothelial surface
covered by a continuous mucin layer in the bladder is a
crucial factor that prevents the adhesion of foreign sub-
stances and limits the absorption or penetration of instilled
drugs.”

To overcome these obstacles, nanoparticulate carrier
systems including liposomes have been widely utilized®
with numerous studies having reported the use of lipo-
somes as a vehicle for anticancer drugs for the treatment
of bladder cancer and urinary tract disorders.'*'®
Moreover, liposomal nanocarriers can be further surface-
modified for targeted drug delivery. Various ligands
including specific small molecules and antibodies have
been widely introduced for selective binding of the carriers
to the target cells.” Specifically, folate has been exten-
sively used as a targeting molecule to the folate receptor
(FR), which is highly overexpressed in most malignant
tumors of epithelial origin.'® The high affinity to FR con-
sequently results an increased cellular uptake, as FR
recognition facilitates the delivery of folate-tethered sub-
stances via receptor-mediated endocytosis.'>** Thus, FR-
targeting strategies impart substantial beneficial impact on
the treatment of FR-expressing cancer cells.

Intravesical drug delivery permits the direct adminis-
tration of therapeutic agents into the bladder via insertion
of a urethral catheter,?' thereby affording minimized sys-
temic effects and improved exposure of the diseased tis-
sues to therapeutic agents. Moreover, as the urothelial
layer of the bladder is not vascularized, systemic admin-
istration of drug is undesirable.”* Previously, to extend

drug residence in the bladder, we had developed a
thermo-sensitive hydrogel formulation using poloxamer
407 (P407),” a well-recognized temperature-sensitive
polymer approved by the United States Food and Drug
Administration as being non-toxic. Owing to its thermo-
reversible properties, P407 can remain in a free-flowing
solution at low temperature (<21 °C) but forms a gel
inside the bladder consequent to the elevated body tem-
perature. This thermo-sensitive hydrogel has been exten-
sively reported to serve as a depot on the bladder wall,**
offering enhanced residence time in the bladder with con-
tinuous release of drugs. Moreover, numerous literatures
dealt with the therapeutically beneficial use of hydrogels in
terms of time-controlled drug delivery.>®2®

In the present study, Rap-loaded liposomal hydrogels
were fabricated, in which Rap was encapsulated into lipo-
somes and homogeneously dispersed throughout the P407-
based hydrogels. The respective systems comprised either
Rap-loaded conventional liposomes (R-CL) or Rap-loaded
folate-modified liposomes (R-FL) within a polymeric net-
work of P407 hydrogel, designated as R-CL/P407 or R-
FL/P407, respectively. These systems were characterized
with regards to both in vitro properties such as cell uptake,
cytotoxicity, and drug release, along with in vivo antitu-
mor efficacies in an orthotopic mouse cancer model. As
postulated in Figure 1, intravesical instillation of R-FL/
P407, R-FL continuously released from the hydrogel
matrix in an erosion-controlled manner, followed by FR-
mediated endocytosis, thus enhancing target cell apoptosis
through autophagy induced by Rap.

Materials and methods

Materials

Rap (purity >99%) was kindly provided by Chong Kun
Dang Pharm. Co. (Yongin, Korea). Soy phosphatidylcholine
(SPC; purity >99%) and distearoylphosphatidylethanola-
mine-polyethylene glycolyggo-folate (DSPE-PEGyqg0-Fol;
DP,xF) were purchased from Avanti® Polar Lipids
(Alabaster, AL, USA). 1,1’-dioctadecyl-3,3,3’,3'-tetramethy-
lindocarbocyanine perchlorate (Dil), phosphate buffered
saline (PBS) tablets, and cholesterol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Folic acid was pur-
chased from Duksan Pure Chemical Co., Ltd. (Seoul,
Korea). Acetonitrile, chloroform, dimethylsulfoxide, and
other solvents purchased from commercial sources were of
analytical or cell culture grade. The following antibodies
were purchased from Cell Signaling Technology (Danvers,
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Figure | Schematic representation of intravesical instillation of R-FL/P407, followed by gelation in the bladder, erosion-controlled R-FL release, and enhanced absorption via

FR-mediated endocytosis.

Abbreviations: R-FL, rapamycin-loaded folate-modified liposome; P407, poloxamer 407; DP,«F, distearoylphosphatidylethanolamine-polyethylene glycolygo-folate; FR,

folate receptor.

MA, USA): rabbit polyclonal antibodies against phosphory-
lated AMPKa (Thr172), phosphorylated mTOR (Ser2448),
phosphorylated 4EBP-1, phosphorylated p70S6 (Ser371),
phosphorylated ULK1 (Ser555 and Ser757), and cleaved
PARP. Mouse monoclonal antibody against B-actin was
purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Rabbit polyclonal antibodies against LC3B, p62,
and beclin-1 were purchased from Abcam (Cambridge,
MA, USA).

Preparation of liposomal samples

A thin lipid film hydration method was used to prepare
all liposomal vesicles.” Briefly, to prepare R-FL, SPC
and cholesterol (9:1 molar ratio) were dissolved in a
mixture of methanol and chloroform (2:1 v/v) in a
round-bottomed flask, and DP,xF was added at 0.01—
1% of the liposomal constituents, then Rap was dis-
solved (1 mg/mL) in the mixture using a pre-loading
technique.>® The organic solvent was then removed via

rotary vacuum evaporation, followed by application of a
nitrogen gas stream for 1 hr to remove the solvent
traces. The thin lipid film was hydrated with 10 mM
PBS (pH 7.4). The liposomal solution was then extruded
with a mini-Extruder (Avanti® Polar Lipids), using 10
passes through a 200 nm polyethersulfone membrane to
obtain homogenous size distributions. R-CL was pre-
pared by the same procedure, excluding the addition of
DP,kF. To observe the cellular uptake of liposomes, Dil
(a lipophilic red fluorescent probe) was loaded instead
of Rap at a concentration of 100 ug/mL. The unencap-
sulated Rap or Dil was purified by ultra-centrifugation
at 14,000 g for 15 min using Amicon® ultra-centrifugal
filters (molecular weight cut off 100 kDa, Millipore,
Billerica, MA, USA). Empty liposomes (CL and FL)
were prepared without the addition of Rap or Dil. All
prepared samples were filtered through a 0.2 um syringe
filter to maintain sterility for in vitro and in vivo experi-
ments, then stored at 4 °C until use.
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Particle size and zeta potential (ZP)

analysis

Liposomal stock solutions were diluted with distilled
water and examined for size distribution and polydisper-
sity index (PDI) using a dynamic light scattering particle
size analyzer (Zetasizer Nano-ZS; Marlvern Instruments,
Worcestershire, UK) equipped with a 50-mV laser at a
scattering angle of 90°. ZP measurements were obtained
using disposable capillary cells and the M3-PALS mea-
surement technology that accompanied the Zetasizer
system.

High performance liquid chromatography
(HPLC) assay of Rap and Dil

Quantitative determination of Rap was performed by using
an HPLC system consisting of separations modules
(Waters® €2695), a UV detector (Waters®™ €2489), and a
data station (Empower™ 3), which were purchased from
Waters® Corporation (Milford, MA, USA). Rap was sepa-
rated by using a CI8 Column (Kromasil®, 5 um,
4.6x250 mm; Akzo Nobel, Bohus, Sweden) with acetoni-
trile and water (75:25, v/v) as a mobile phase delivered at
a flow rate of 1 mL/min. The column temperature was set
to 40 °C.*' Rap was detected at 277 nm, with an injection
volume of 50 pL. The amount of Dil was separately
quantified by using the same HPLC system with a fluor-
escence detector (Waters® W2475). Chromatography was
carried out on a C18 Column (Shiseido, Tokyo, Japan)
with 0.05 M dimethyl sulfate and methanol (2:98, v/v) as
a mobile phase. The excitation and emission wavelengths
were set at 549 and 565 nm, respectively.

Determination of entrapment efficiency

(EE) and drug loading (DL)

The EE and DL of Rap or Dil in liposomal samples were
determined via ultra-filtration, using Amicon® ultra-cen-
trifugal filters. Briefly, an aliquot of the suspension was
added to the sample reservoir and centrifuged for 15 min
at 14,000 g to determine the concentration of free drug in
the filtrate. The following equations were used for the
calculations:

Wr— Wr
— X

T

EE (%) = 100
Wr — W

DL (ug/mg) = 7,

where W, Wg, and Wy represent the total amount of the
drug, the free amount of the drug, and the total amount of
lipid, respectively.

Colloidal stability of liposomes

To evaluate the colloidal stability, liposomal samples were
stored at 4 °C and 25 °C for one month. Aliquots were
withdrawn periodically and subjected to particle size and
ZP determination using dynamic light scattering. The per-
centage of initial drug loading was assessed using HPLC
as described above.

Transmission electron microscopy

The morphology of R-L and R-FL was examined by using
a transmission electron microscope (JEM1010; JEOL,
Tokyo, Japan) operating at an acceleration voltage of 80
kV. Prior to staining, samples were diluted 1,000-fold by
using distilled water and deposited onto the carbon-coated
copper grid. A drop of 2% uranyl acetate solution was then
applied to stain the samples. After washing with distilled
water and drying at 25 °C, the replica on the grid was
prepared on a sample holder and then subjected to exam-
ination under transmission electron microscopy.

Cell culture

Human 5637, and HT1376 urothelial carcinoma (URCa)
cells were purchased from the American Type Culture
Collection (Manassas, VA, USA). MBT2 mouse bladder
cancer cells were purchased from the Korean Cell Line
Bank (Seoul, Korea). All cells were maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum
(GIBCO-BRL, Gaithersburg, MD, USA) and penicillin/
spectromycin in a humidified atmosphere using a 5%
CO, incubator (Thermo Scientific, Waltham, MA, USA).
The cells were sub-cultured every 3—5 days and used for
experiments at passages 5-20.

Flow cytometry

The intracellular uptake behavior of CL and FL in 5637,
HT1376, and MBT2 cells was investigated quantitatively
by determining the mean fluorescence intensity (MFI) of
Dil by flow cytometry using a FACSCalibur (Becton
Dickinson, Bedford, MA, USA). Briefly, the cells were
seeded into six-well plates at a density of 5x10° cells per
well. After 24 hrs of incubation, the medium was removed
and replaced with fresh medium after the cells were
washed twice with PBS. Then, the cells were incubated
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for 2 hrs at 37 °C in medium (2 mL) with CL and FL
of Dil (100 ng).
Subsequently, the cells were washed twice with PBS,

containing equivalent amounts
harvested using trypsin-EDTA, and suspended in PBS
(I mL). The cell suspensions were introduced into the
flow cytometer. Cell-associated fluorescence was quantita-
tively determined by counting 10* events detected in the
FL2 channel. Only the viable cells were gated for fluores-
cence analysis. Separately, to examine the role of folate
binding on liposomal uptake, a competitive binding assay
was performed with FL as previously reported.?’ Briefly,
1 mM of free folic acid was added to the medium in the
FR blocking group 30 mins prior to the treatment.
Following incubation for 2 hrs at 37 °C, cells were then
washed two times with PBS to remove excess FA and
unbound liposomes. The subsequent steps were performed
using the same procedure as described above. All experi-
ments were performed in triplicate.

Confocal laser scanning microscopy (CLSM)
To observe the time-dependent intracellular translocation
of FL, CLSM was performed.”° Briefly, cells were seeded
in chambered glass slides (Thermo Scientific Nunc) at a
density of 5x10* cells per well and incubated for 24 hrs at
37 °C. After 24 hrs, the cells were washed twice with PBS,
which was then replaced with fresh medium containing
FL, in which the concentration of Dil was 100 ng/mL.
Following incubation, the cells were washed twice with
PBS and fixed with 4% formaldehyde in PBS for 15 mins
at room temperature. The cells were mounted by using
Vectashield mounting medium containing DAPI (H-1200)
to stain the nuclei and avoid fading. Finally, the cells were
observed by using a confocal laser scanning microscope
(Zeiss LSM 700 Meta confocal microscope; Carl Zeiss
Meditec AG, Jena, Germany) under 400x magnification.

Cell viability assay

The in vitro cytotoxicity of various Rap formulations was
analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay and colony-forming
ability as previously reported.®? Cells were treated with
Rap, R-CL, or R-FL at various concentrations and incu-
bated for 24, 48, and 72 hrs. Cell viability was measured
using a microplate reader and calculated as the percentage
of viable cells relative to untreated controls. The cytotoxi-
city of empty liposomal formulations was also evaluated
using the same procedure. To assess their colony formation
ability, cells were re-plated after 3 days in 12 well plates at

a low density (5x107 cells per well) in complete medium for
2 weeks. The medium was replaced with fresh complete
culture medium every 3 days. Colonies were fixed with ice-
cold methanol and stained with crystal violet (0.1%; Sigma-
Aldrich). Colony numbers were counted visually and colo-
nies measuring at least 50 pm were counted.

Western blot analysis

After treatment with Rap, R-CL, or R-FL for 6 or 12 hrs,
the cells were lysed and the total cell lysates subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously.>* Equal amounts of
protein samples (20 pg/lane) were separated on 8% or 15%
SDS-PAGE gels and then transferred onto polyvinylidene
difluoride membranes (Millipore, Burlington, MA, USA).
The membranes were blocked with Tris-buffered saline and
0.1% Tween 20 (TBS-T) containing 5% skim milk, and
incubated with the primary antibodies overnight at 4 °C.
The membrane was washed three times with TBS-T, fol-
lowing which the secondary antibody (1:5000) was added
and the membrane was incubated for 1 hr at room tempera-
ture. The protein bands were visualized using an enhanced
chemiluminescence solution (Bio-Rad, Hercules, CA, USA)
and detected with a ChemiDoc gel imaging system (Bio-
Rad). All experiments were performed in triplicate.

Preparation of the liposomal gel

The “cold method” was adopted to prepare the P407 hydro-
gel vehicle.”*** Briefly, an exact amount of P407 granules
(2 g) was added to PBS solution (10 mL) in flat-bottomed
screw-capped glass vials and gently mixed with magnetic
stirrers for 24 hrs at 4 °C until all the pluronic granules were
completely dissolved and a clear solution was obtained.
Then, the R-CL and R-FL dispersions were added to the
above 20% (w/w) P407 solutions to generate a final Rap
concentration equal to 0.4 mg/mL. The mixture was stirred
for another 24 hrs at 4 °C for homogenous dispersion, then
stored in a refrigerator until use.

Characterization of the liposomal gel

The sol—gel transition characteristics of the liposomal gel
were determined using the test-tube inversion method as
previously reported.?® Briefly, a 5 mL test tube containing
1 mL of sample was placed in a water-bath and heated
slowly from 4 °C to 37 °C at a rate of 1 °C/min. At each
temperature point, the flowability was observed by gently
tilting the test tube. The temperature at which the sample
did not flow for 30 seconds was determined as the gelation
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temperature (G-Temp). The gelation time (G-Time) of the
samples was similarly determined at 37 °C in a water-bath.
The samples were placed into a test tube at a constant
temperature of 37 °C and the tubes were inverted every
5 seconds. The time at which the samples did not flow for
30 seconds was recorded as the G-time. Separately, the gel
strength of the samples was evaluated in terms of gel
duration (G-dur) at 37 °C, which was measured by a
previously reported method.*® Briefly, a pre-weighed test
tube containing 1 mL of the sample was equilibrated at
37 °C; the weight of the remaining sample was calculated
from the difference in the weight of the tube. PBS medium
(2 mL) was equilibrated at 37 °C and carefully layered
over the surface of the gel. Tubes containing the sample
and PBS medium were placed in an incubation chamber
(SI-900R, Jeio Tech, Daejeon, Korea) maintained at 37 °C.
After predetermined time intervals, the entire volume of
PBS medium was removed and the weight of the test tube
was measured. The percentage of gel erosion was obtained
from the weight difference and plotted as a function of
time. G-Dur was calculated for a reduction of weight
>90% by the extrapolation of the percentage of decreased
weight versus the time plot. All measurements were per-
formed in triplicate.

Drug release from liposomal gels

The in vitro drug release of R-CL/P407 and R-FL/P407
was investigated using a membrane-less diffusion method
with test tubes as previously reported.*> An aliquot (1 mL)
of the sample was gently distributed into the pre-weighed
test-tube and equilibrated to 37 °C by placing in a water
bath until gel formation occurred. Then, 2 mL of the
release medium (pH 7.4 PBS containing 0.5% sodium
lauryl sulfate) pre-equilibrated at 37 °C was carefully
layered over the surface of the liposomal gel and the
tube was placed in an incubation chamber at 37 °C. At
pre-determined time points, the whole medium was col-
lected for HPLC analysis and replaced by the same
amount of fresh medium. To confirm the release of lipo-
somal vesicles, the collected media were subjected for the
preliminary observation of particle size distribution and
ZP measurement as described above. The cumulative
amount of released Rap (%) was calculated according to
the following equation:

vYyG+ve,
Released Rap (%) = < 2 + > x 100

mo

where V is the volume of release medium (2 mL), C; and
C, are the drug concentrations at the sampling timepoints,
and m, is the total amount of drug in the gel. Separation of
free Rap from liposomal Rap was carried out by ultra-
centrifugation (14,000 g, 15 mins) using Amicon® ultra-
centrifugal filters (MWCO 100 kDa). Rap-encapsulating
liposomal pellets were lysed wusing Triton X-100
(0.5% w/v). The filtrate and the lysed sample were each
subjected to HPLC analysis as above. Simultaneously,
according to the gravimetric method,” gel erosion (%)
was evaluated by determining the weight changes after
emptying the release medium and calculated using the
following equation: [(Wo—W)/Wo] x100 (%), where W,
and W, are the initial weight of liposomal gel loaded into a
tube and the final weight of liposomal gel remaining in the

tube at time t, respectively.

In vivo antitumor efficacy in an orthotopic

bladder cancer mouse model

Prior to the efficacy evaluation, an orthotopic bladder
cancer mouse model was established as previously
reported.*® Briefly, female C3H mice at 5 weeks of age
(Orient Bio Co., Seongnam, Korea) were purchased and
held for an acclimation period of 1 week. MBT2 cells
expressing luciferase (MBT2/Luc; 2.0x10° cells in PBS)
were then instilled via the urethra using a 24-gauge cathe-
ter (i.d. 0.31 mm; o.d. 0.55 mm; length 19 mm). After six
days, D-luciferin, a substrate for luciferase, was adminis-
tered at 150 mg/kg by intraperitoneal injection, and biolu-
minescence was detected using an in vitro imaging system
(IVIS) (Lumina XRMS Series; PerkinElmer Inc.,
Waltham, MA, USA) to evaluate tumor growth. The ani-
mal experiment was approved by the Institutional Animal
Care and Use Committee of Chung-Ang University
(2019-00061, Seoul, Korea), National Cancer Center
Institute (NCC-15-257B, National
Center, Goyang, Korea) and was carried out in accordance
with the National Institute of Health Guidelines for the
Care and Use of Laboratory Animals.

Research Cancer

To evaluate in vivo antitumor efficacy, a total of 21
mice were randomly divided into three groups (n=7 for
each group): group 1 received P407 hydrogel (Control);
group 2 received R-CL/P407; and group 3 received the R-
FL/P407. The instilled Rap dose was 1 mg/kg. The pre-
pared formulations (50 pL) were instilled into the bladder
lumen via urinary catheterization and each treatment was
retained in the bladder for 2 hrs by tying off the orifice of
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the urethra. The mouse was observed for cancer progres-
sion using an IVIS every 3—4 days and the instillation was
performed one day after IVIS imaging to avoid extreme
stresses. The bioluminescence signal (BLS) was acquired
and analyzed using Living Image software version 2.50
(Xenogen, Alameda, CA, USA). Regions of interest (ROI)
from displayed images were drawn manually around the
BLS and quantified.>® On day 14, all mice were sacrificed
by CO, asphyxiation and the bladders were harvested. The
harvested bladders were frozen in liquid nitrogen and then
homogenized in protein extraction buffer for Western blot
analysis.

Statistical analysis
Values are presented as the means + standard deviation
(n>3). Statistical significance was determined using the
Student’s #-test and considered significant at P<0.05,
unless otherwise stated.

Results and discussion

Characteristics of prepared liposomes
Liposomal systems composed of SPC and cholesterol were
prepared and further surface-modified with folate by

introducing DP,F. The addition of DP,xF was first opti-
mized via a cell uptake study using Dil as a fluorescent
probe. In all cell lines tested, MFI gradually increased with
increasing DP,iF addition up to 0.5 mol% but did not
increase beyond this level (Figure 2A). Thus, DP,kF addi-
tion was fixed at 0.5 mol% throughout the subsequent
experiments. The physical characteristics of the prepared
liposomes in either the empty (CL and FL) or Rap-loaded
(R-CL and R-FL) state were evaluated in terms of particle
size, size distribution, EE, and DL (Table 1). The average
size of prepared liposomes ranged from 150—160 nm with
a PDI value <0.2, indicating a homogenous dispersion.
Neither Rap encapsulation nor surface modification with
folate altered the liposomal size although the latter
increased the ZP approximately 2-fold, which might be
due to the presence of negatively charged functional
groups derived from the DP,F anchored on the liposomal
bilayer. This result was in accordance with an earlier
report that folate-modification imparted negative charge
on the surface of the liposomes.”® Both types of Rap-
loaded liposomes (R-CL and R-FL) exhibited relatively
low EE and DL, which might be attributed to the hydro-
phobicity of Rap, which was mainly localized into the

A
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80 1 -~HT1376
-o-MBT2-Luc
L 60
=
40
20 - T T T "
0 0.01 0.1 0.5 1
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D) i o i n i dim s i Bn y — 100
/\\ ,/'/ &
PRUL |- P — : f/‘l' ........... 80 %
> Iy
% *f '\ S
> | / =]
C 104 Vo X onnsnnnms 60 o
o |I‘j \ °
=} |
g R 2
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Figure 2 Characterization of prepared liposomes.

Notes: (A) Optimization of ligand density of R-FL evaluated by flow cytometry.

Liposomes were loaded with Dil for MFI quantification. (B) Transmission electron

microscopy images of liposomes. Scale bar indicates 200 nm. (C) Size distribution of R-FL by frequency. Data represent the means + SD (n=3).
Abbreviations: MFl, mean fluorescence intensity; DP,cF, distearoylphosphatidylethanolamine-polyethylene glycolyogo-folate; R, rapamycin; R-CL, rapamycin-loaded con-

ventional liposome; R-FL, rapamycin-loaded folate-modified liposome.
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Table I Composition and physical characteristics of prepared liposomes

Empty liposomes Rap-loaded liposomes
CL FL R-CL R-FL
Composition (mol ratio)
SPC 90 89.5 90 89.5
Cholesterol 10 10 10 10
DP,«F - 0.5 - 0.5
Rap (added) - - 10 10
Physical properties
Size (nm) 155.8+0.21 157.1£0.77 156.7+0.84 158.8+£0.24
PDI 0.18+0.02 0.17+0.04 0.14+0.02 0.18+0.03
ZP (mV) —7.5940.62 —16.49+0.61 —8.01+0.27 —17.26+0.25
EE (%) - - 42.4+0.47 42.1+0.22
DL (ng/mg) - - 57.32+0.41 56.67+0.29

Notes: Values represent the mean * SD (n=3).

Abbreviations: CL, conventional liposome; FL, folate-modified liposome; R-CL, rapamycin-loaded conventional liposome; R-FL, rapamycin-loaded folate-modified
liposome; SPC, soy phosphatidylcholine; DP«F, distearoylphosphatidylethanolamine-polyethylene glycol,ggo-folate; Rap, rapamycin; PDI, polydispersity index; ZP, zeta

potential; EE, entrapment efficiency; DL, drug loading.

phospholipid bilayer.?® In addition, folate-modification did
not alter the degree of Rap encapsulation in the liposomes,
as evinced by negligible difference between R-CL and R-
FL. In addition, similar results were obtained when the
fluorescent probe Dil was introduced instead of Rap in the
same liposomal preparations (Table S1).

R-CL and R-FL both presented spherical shape, which
did not differ significantly (Figure 2B). The size distribu-
tion of both systems was narrow and unimodal, mostly in
the range of 100-300 nm. A representative size-frequency
curve of R-FL is depicted in Figure 2C. Based on these
properties, both nanocarrier systems might be beneficial
for drug delivery to tumoral tissues as nanocarriers with
particle size <500 nm can readily pass across the enlarged
gap junctions, leading to well-recognized enhanced per-
meation and retention effects.>’*® In addition, it has been
reported that spherical particles are normally readily taken
up by cancer cells owing to the shorter membrane wrap-
ping time for internalization.>® Furthermore, the folate-
modification on the surface may render R-FL as desirable
for cancer-specific delivery.

Colloidal dispersion stability of prepared

liposomes

The colloidal stability of R-FL was evaluated during
storage at 4 °C and 25 °C for 4 weeks. As shown in
Figure 3, R-FL was stable at 4 °C in terms of particle
size, PDI, ZP, and drug loading, which were consistently
maintained throughout the experiment. Similar behaviors

were obtained with R-CL (Figure S1), indicating that
both liposomes had excellent colloidal stability. The pre-
sence of cholesterol in the liposomal bilayer may con-
tribute to the stability enhancement by increasing the
packing of phospholipid molecules and improving vesicle
resistance to aggregation.*® For example, the in vitro and
in vivo stability of liposomes composed of egg phospha-
tidylcholine and cholesterol was dependent on the cho-
lesterol content, suggesting that liposomes containing
10% molar ratio of cholesterol are stable for up to
10 weeks at 4 °C.*!' In addition, the presence of choles-
terol may have contributed to the rigidity of the liposomal
bilayer thus rendering the membrane less permeable,
which might underlie the negligible changes in the drug
loading amount after 1 month at 4 °C.** Specifically, the
high ZP-values in R-FL might be helpful for stabilizing
the colloidal dispersion through the repulsive force
between the particles.*

In comparison, during storage at 25 °C, slight changes
were observed, revealing significant difference at P<0.05
for several time points. In particular, an increasing trend
in particle size was observed and size distributions broa-
dened, as evidenced by PDI values >0.3 after 4 weeks,
even though no visual aggregation was observed. In turn,
ZP-values were slightly decreased, although the values
were still high enough to ensure sufficient repulsion to
inhibit particle aggregation. Drug loading was also
slightly decreased, indicating that drug leakage may
have accelerated as the temperature increased.
Numerous studies have reported that with increasing
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Figure 3 Stability evaluation of R-FL during storage at 4 °C (e) and 25 °C (A) for 4 weeks.
Notes: Statistical analysis was performed using the Student’s t-test (*P<0.05 versus 4 °C). Data represent the means + SD (n=3).

temperature, randomization in the hydrocarbon chain
packing of the bilayer occurs, thereby reducing the mem-
brane rigidity.** Thus, considering the instability of lipo-
somes at elevated temperatures, the prepared liposomes
were stored at 4 °C throughout the study and used for
subsequent experiments within 7 days.

Cellular uptake behavior of the liposomes
To visualize the cell uptake behavior, Dil was used as a
hydrophobic fluorescent probe, yielding a stable vesicle in
terms of particle size and no significant leakage for at least
72 hrs in all liposomal preparations. Prior to the cellular
uptake evaluation, the expression of FR protein was verified
by Western blotting in the selected cell lines (5637, HT1376,
and MBT?2), which fell into the high positive category for FR
expression. As shown in Figure 4A, all cell lines expressed
FR-a at substantial levels, even though the level of expres-
sion differed, revealing the order of 5637> HT1376 >
MBT2. Using these FR+ cell lines, to confirm the folate
selectivity of FL, quantification of the cellular uptake of
liposomes was evaluated using flow cytometry (Figure 4B).
In all cell lines, the fluorescence curves were shifted to the

right by the liposomal formulation-treatment compared with
those of untreated cells (Isotype). The degree shift from FL
was greater than that from CL, indicating that folate modifi-
cation markedly enhanced the cellular uptake. The internali-
zation of FL into MBT?2 cells was less than that into other
cells, which might be due to the relatively lower level of FR
expression in MBT2 cells among the studied cell lines as
folate-mediated biomolecule uptake is well-recognized to be
proportional to the FR density on the membrane of target
cells.** To address this issue, in a previous study we designed
multifunctional liposomal nanocarriers for FR-specific intra-
cellular drug delivery using folate and Pep-1 peptide as a dual
ligand for surface modification.?

Furthermore, to confirm the FR-mediated intracellular
uptake of FL, a competitive assay was performed via chal-
lenge with folic acid. As shown in Figure 4C, in all cell lines,
the cellular uptake level of FL was significantly suppressed
by folic acid-pretreatment. MFI values in the folic acid-
untreated group differed according to cell type, resulting in
decreasing order of 5637 (84.2) > HT1376 (72.2) > MBT2
(60.1), whereas the values were similar (approximately 38.2)
in all cell lines for the folic acid-pretreated group. These
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Figure 4 FR expression and comparison of the liposomal cell uptake in FR-positive cell lines.

Notes: (A) Western blot for FR-expression. GAPDH was used as a loading control to ensure the equal loading of gels. (B) Flow cytometry results for treatment effect after
2 h incubation. (C) Competitive assay of FL internalization under folic acid-untreated or folic acid-pretreated condition. (D) Confocal images for the time-dependent
intracellular translocation of FL. White scale bar represents 100 ym. Data represent the means + SD (n=3). Statistical analysis was performed using the Student’s t-test

(*P<0.05 versus the paired group).

Abbreviations: FR-q, folate receptor o; CL, conventional liposome; FL, folate-modified liposome.

findings indicated that free folic acid competed with folate-
conjugates and inhibited the FR-mediated internalization,
wherein the degree of competition was dependent on the
level of FR expression. In addition, we also investigated the
time-dependent translocation behavior of FL using CLSM
(Figure 4D). During the initial 15 mins, no fluorescence was
observed regardless of cell type. Subsequently, intracellular

translocation was time- and cell type-dependent. After
30 mins, compared with the negligible fluorescence in
MBT?2 cell lines, weak red-fluorescence appeared on the
cell surface of 5637 and HT1376 cell lines, the intensity of
which gradually increased over time. After 2 hrs, scattered
dot-like fluorescence appeared throughout the cytoplasm of
HT1376 and MBT?2 cell lines, whereas strong fluorescence
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appeared in 5637 cells. These results are consistent with
numerous reports highlighting the efficiency of FR-specific

drug targeting.***’

Enhanced growth inhibitory effects of Rap-

loaded formulations in URCa cell lines
Next, we evaluated whether R-FL could enhance the
growth inhibition in URCa cell lines expressing FR.

Treatment with Rap, R-CL, or R-FL yielded cytotoxicity
effects in URCa cell lines in a dose-dependent manner
between 24 and 72 hrs of exposure time (Figure 5A).
Exposure of the 5637 cell line to Rap or to R-CL at low
concentration (1 pg) for 48 hrs resulted in only <10%
decreased cell viability; however, treatment with R-FL
reduced viability by 40%. HT1376 cells exhibited the
greatest sensitivity to all Rap-formulations among the
tested URCa cell lines, with 10 pg R-FL treatment for
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Figure 5 Effects of Rap-loaded formulations on growth inhibition in URCa cells.

Notes: (A) MTT assay with various concentration of Rap-loaded formulations. Data represent the means + SEM (n=6). (B) Colony forming assay with Rap-loaded

formulations (I pg/mL).

Abbreviations: Rap, rapamycin; R-CL, rapamycin-loaded conventional liposome; R-FL, rapamycin-loaded folate-modified liposome.
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24 hrs inducing <50% decrease of cell viability compared
to that from Rap or R-CL. Notably, even the low FR-
expressing MBT2 cell line exhibited 50% reduction in
cell viability upon exposure to 10 pg R-FL for 24 hrs.
Thus, R-FL could induce cytotoxicity more effectively
than Rap or R-CL depending on the cell type and experi-
mental conditions. Similarly, treatment with R-FL at a
concentration of 1 pg resulted in the largest inhibitory
effect on the anchorage-dependent colony forming activity
of the 5637 cell line compared to that from Rap or R-CL
(Figure 5B). Furthermore, R-FL induced >60% decrease in
the anchorage-independent colony forming ability of the
MBT?2 cell line although it only slightly enhanced the
inhibitory effect of Rap on this ability in the HT1376
cell line. Taken together, these results suggested that R-
FL may have fortified the activities of Rap in suppressing
the viability and tumorigenic potential of URCa cell lines.

mTOR inhibition and autophagy induction
of Rap-loaded formulations in URCa cell

lines

Rap, which functions as an mTOR inhibitor in mammalian
cells, has been widely applied as an immunosuppressive
and anticancer therapeutic agent through enhancing T-cell
immunity*® and suppressing tumor cell growth.** Rap-sen-
sitive mTOR complex 1 (mTORC1) regulates translational
signaling through phosphorylation of the p70 ribosomal
protein S6 kinase (p70S6K) and eukaryotic initiation factor
4E binding protein 1 (4EBP-1).°”" Hypothesizing that
mTOR phosphorylation at Ser2448 is blocked by Rap, we
next evaluated the effect of Rap, R-CL, and R-FL on
mTOR Ser2448 phosphorylation, which in turn targets
p70S6K and 4EBP-1.°% All Rap-loaded formulations inhib-
ited mTOR signaling along with the downstream proteins
(Figure 6A), which was not consistent with the finding that
URCa cell lines exhibited the highest sensitivity to R-FL
(Figure 5). Therefore, these results suggested that the R-FL-
induced growth inhibition in URCa cells did not directly
involve inhibition of the mTORCI activity.

Next, we sought to determine the relative activation of
adenosine monophosphate-activated serine/threonine pro-
tein kinase (AMPK) upon treatment with Rap-loaded for-
mulations, along with that on the beneficial AMPK—
mTORCI signaling pathway, which serves as a target for
cancer treatment.”>>* As shown in Figure 6B, R-FL treat-
ment induced phosphorylation of AMPK in all URCa cell
lines, even though Rap or R-CL yielded greater induction

in the HT1376 cell line. Notably, it has been reported that
mTOR and AMPK can induce phosphorylation of the
autophagy-inducing protein ULK-1 at distinct sites.”>>°
Moreover, activated mTORC]1 suppresses ULK1 by phos-
phorylating it at Ser 757, whereas downregulation of
mTORCI1 activity in turn led to phosphorylated ULKI
(Ser 555) by AMPK activation, resulting in subsequent
autophagic initiation.”” Therefore, we asked whether R-
FL treatment could activate autophagy-initiation proteins
consequent to the activation of AMPK in URCa cells. As
expected, R-CL and R-FL suppressed ULK1 phosphoryla-
tion at Ser 555 and induced phosphorylation at Ser 757 in
URCa cell lines. Consistent with the result from the acti-
vation of AMPK-mTORCI1 signaling by R-CL or R-FL,
ULKI1 phosphorylation at Ser 555 was reduced to a greater
extent in the R-CL- or R-FL-treated cell lines compared to
that in Rap-treated cells. This effect was sufficient to
induce autophagy initiation by suppression of ULK1 phos-
phorylation at Ser 555 even when Rap treatment could not
induce AMPK activation in the MBT2 cell line, potentially
through release from the mTORCI-suppressed ULKI1
phosphorylation at Ser 757.

Furthermore, to confirm that the R-FL-induced autop-
hagy initiation was related to auotophagosomal elongation
for the induction of cell death, Beclin, p62, ATGS5, and
LC3-I/IT in URCa cell lines were assessed upon treatment
with Rap or R-FL (Figure 6C). Bafilomycin Al (Baf), an
inhibitor autophagic vacuole maturation, was used as a
positive control. No significant changes in autophagoso-
mal elongation-related proteins were observed in URCa
cell lines treated with Rap or R-FL. However, Baf induced
an accumulation of p62 and ATGS5 in all URCa cell lines,
whereas Beclin-1 was slightly induced in Baf-treated
HT1376 and MBT2. The increases in LC3-II accumulation
were observed in URCa cell lines treated with Baf, result-
ing in blockage of the autophagosomal elongation to com-
plete autophagy. Therefore, treatment with Rap or R-FL
led to switching from autophagy to the synergistic induc-
tion of cell death. Moreover, it has been reported that Rap
is the most potent inducer of autophagy,’® which is con-
sistent with the result shown in Figure 6B and C, indicat-
ing a similar role as Rap-induced autophagy. Because p62
and ATGS5 accumulate and aggregate when autophagy is
inhibited,” inhibition of this behavior might result from
Baf treatment in the URCa cell lines. Furthermore, we
observed increases in LC3-1I accumulation in URCa cell
lines treated with Baf, resulting in blockage of the autop-
hagosomal elongation to complete autophagy. Consistent

submit your manuscript

6260

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Yoon et al

A 5637

HT1376

MBT2

Un Rap R-CL R-FL

Un Rap R-CL R-FL

Un Rap R-CL R-FL

o ] [ e e e[S

‘-‘--H-ﬁ——””-ﬂ-‘mTOR

|

l “ e ea p-4EBP-1

[q,j 4EBP-1

[ - | PPT0S6

L-_d - P - - 7050

S {...ﬂ ——— . Actin

B 5637

HT1376

MBT2

Un Rap R-CL R-FL

Un Rap R-CL R-FL

Un Rap R-CL R-FL

""‘ mnat -_| ’m“.‘ {- . -.-.l p-AMPK

L e e ] .- -

- ’ AMPK

Tl

L - *‘ p-ULK1(S555)

R A R

L L

) -l p-ULK1(S757)

-

- Uk

LT T AT T T BT Y weo

C 5637

HT1376

MBT2

Un Rap R-FL Baf

Un Rap R-FL Baf

Un Rap R-FL Baf

- e e W e o | Beclin

'-"--’ ‘----H---‘_JpGZ

’aﬂ--

---q

- — ‘ ATG5

-

.

-— - a LC3B-I
-— LC3B-II

[———— —— -~ [!g!g}Actin

Figure 6 Effects of Rap-loaded formulations on mTOR inhibition and autophagy induction in URCa cells.

Notes: (A) Inhibition of phosphorylation of mTOR and mTOR downstream proteins. (B) Induction of AMPKa activation and ULK phosphorylation at Ser757.
(€) Accumulation of p62/ATGS5 and cleaved LC3B-Il. Actin was used as a loading control.

Abbreviations: Un, untreated; Rap, rapamycin; R-CL, rapamycin-loaded conventional liposome; R-FL, rapamycin-loaded folate-modified liposome; Baf, bafilomycin Al.

with this, a recent study demonstrated that autophagy may
function as a potential antitumor mechanism; in addition,
Rap exhibits anticancer activity against human tumors by
inducing autophagy.®® Therefore, our findings suggested
that the inhibition of mTOR phosphorylation and induc-
tion of autophagy through the activation of AMPK in Rap-
loaded liposomes could enhance the sensitivity to Rap in
URCa cell lines.

Characteristics of gel formulations

The thermo-sensitive gel-forming capacities of the drug/lipo-
some-free P407 hydrogel (P407-Gel) and Rap-loaded lipo-
some-dispersed P407-Gel (R-CL/P407 and R-FL/P407) were
evaluated with regard to G-Temp, G-Time, and G-Dur
(Table 2). P407-Gel exhibited similar results as in an earlier
report:** G-Temp 21 °C; G-Time 29.1 seconds; and G-Dur
12.13 hrs. Liposomal dispersion did not affect the gel-
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Table 2 Gel forming capacities of Rap-free P407 and Rap-loaded
liposomal gel

P407-Gel | R-CL/P407 | R-FL/P407
G-Temp (°C) 2 2 2

G-Time (seconds) | 29.1%0.3 28.9+0.5 28.7+0.7
G-Dur (hours) 12.13£0.3 12.09:0.1 12.110.1

Note: Values represent the mean * SD (n=3).

Abbreviations: G-temp, gelation temperature; G-time, gelation time; G-Dur, gel
duration; Rap, rapamycin; P407-Gel, poloxamer 407-based hydrogel; R-CL/P407,
rapamycin-loaded conventional liposome dispersed in P407-Gel; R-FL/P407, rapa-
mycin-loaded folate-modified liposome dispersed in P407-Gel.

forming property, indicating that no interactions occurred
between liposomes and P407. The G-Temp below room
temperature was expected to indicate gelation following
intravesical instillation, whereas the gel exists in a fluid-
state under refrigerated storage. The G-Time within 30 sec-
onds was considered appropriate to effect rapid gelation in the
bladder to avoid dilution by urine. These values indicated that
the prepared formulations exist in liquid-state but would
transform into gel shortly following instillation into the blad-
der. The G-Dur over 12 hrs might be sufficient to support

therapeutic effect as the urination-restricted period in con-
ventional intravesical therapy is generally a 2 hr-cycle.®’
Thus, we expect that the liposomal gels would not completely
be eliminated by a single urination but undergo partial ero-
sion, liberating the liposomal vesicles and thereby providing a
better environment for Rap therapy. Owing to these thermo-
reversible gelation properties, it is expected that the liposomal
gel formulation would contribute to increased contact time in
the bladder, of which the temperature is around 37 °C.

In vitro drug release from liposomal gels

Drug release profiles of liposomal gels were evaluated by
measuring the amount of liposomal Rap and free Rap sepa-
rately. As shown in Figure 7A, the cumulative amount of
liposomal Rap (R-CL and R-FL) increased linearly
(R>>0.99) with time, indicating zero-order release kinetics.
However, the release of free Rap was negligible, representing
<5% over 12 h. Thus, it appeared that Rap release took place
while encapsulated in the liposomal vesicles, without mole-
cular diffusion of the free drug. In this case, the liposome
may act as a reservoir within the gel matrix, lowering the
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Figure 7 Drug release and gel erosion characteristics of Rap-loaded liposomal gels.
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Notes: (A) In vitro drug release profile as a function of time. (B) Gel erosion profile as a function of time. (C) Correlation between liposomal Rap release and gel erosion.

Data represent the means + SD (n=3).
Abbreviations: Rap, rapamycin.
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diffusion rate from the inner gel structure to the outer
medium.*® The release of liposomal vesicles was further
verified by observing the size distribution of any particulates
in drug release medium, of which the size and ZP of R-CL/
P407 and R-FL/P407 samples were determined as 158.5 nm
and 160.1 nm on average, and —7.56 mV and —15.19 mV,
respectively, in three independent experiments. These results
were nearly close to the size and ZP of Rap-loaded lipo-
somes, indicating that liposomal vesicles released intact from
the gel matrix while encapsulating Rap. Moreover, during the
release study, we found that the mass of gel matrix gradually
decreased over time. Figure 7B depicts the gel erosion beha-
vior by plotting the weight of the remaining gel against the
time. The graphs revealed a linear decrease, suggesting zero-
order decay in both R-CL/P407 and R-FL/P407.

To further interpret the drug release behavior of both
liposomal gels, the relationship between the gel erosion and
the Rap release was analyzed (Figure 7C). Good linearity
with a high correlation coefficient (R*>0.99) was observed,
indicating that Rap was released from the gels in an erosion-
controlled manner. Considering the experimental set-up
using the membrane-less method, in which the gel is not
confined by a membrane but rather placed in an aqueous
environment, gel erosion might reasonably represent a pre-
dominant factor.” In addition, drug diffusion from the gel
mainly depends on the mesh size within the gel matrix, with
the hydrodynamic radius of the drug molecule playing a
concordantly important role.”> A typical mesh size of the
hydrogel in its swollen state was reported as 5-100 nm,**
whereas the size of R-CL and R-FL was approximately
150-160 nm, implying that rather than molecular diffu-
sion, gel erosion served as a main driving mechanism for
Rap release from liposomal gels. Therefore, we could
expect that, after intravesical administration of liposomal
gel, Rap-encapsulating liposomes would be released first
into the bulk medium by means of gel erosion, followed by
intimate contact of the liposomal vesicles with biological
membranes for permeation. This behavior might be bene-
ficial for successful intravesical drug delivery by provid-
ing prolonged drug delivery, ensuring efficient drug
exposure to tumor tissues.

In vivo antitumor efficacy of liposomal
gels in an orthotopic bladder cancer

mouse model
To evaluate the antitumor activity of liposomal gel formula-
tions in vivo, we successfully established an orthotopic

bladder cancer model using C3H mice by intravesical instil-
lation of MBT2/Luc cells. Six days after tumor implanta-
tion, all mice produced BLS and thus were randomly
divided into three treatment groups (designated as day 0).
There was no significant difference in BLS intensity
between groups at the time of randomization. BLS from
the ROI was expressed using a colored scale, with red
representing the most intense BLS and blue representing
the least intense BLS (Figure 8A). From day 4, the scale
was normalized to eliminate any possible disturbance from
the background signal and to facilitate the relative compar-
ison of tumor growth between treatment groups. In the
control group, the red-colored BLS increased with time,
indicating the tumor growth. However, in Rap-loaded lipo-
somal gel-treatment groups, the red signals became weaker
and/or even absent, representing the effective suppression of
tumor growth. Specifically, R-FL/P407 was most effective,
showing no or weak red-signals with significantly reduced
progression. To compare the tumor growth quantitatively,
the changes in BLS were expressed as ROI (Figure 8B).*?
For the first 4 days, the control group showed a slight
increase in ROI values, whereas R-CL/P407- and R-FL/
P407-treated groups revealed little or negligible changes.
Similar trends were observed at 7 days; however, significant
differences were observed between treatment groups after
this period, including steep increase in the control group,
moderate increase in the R-CL/P407 group, and mild
increase in the R-FL/P407 group. The R-CL/P407 and R-
FL/P407 groups differed significantly on day 11 (P=0.0273)
and day 14 (P=0.0088). Thus, owing to FR-target function-
ality, R-FL/P407 was superior to R-CL/P407 in suppressing
tumor growth.

At the termination of the experiment, Western blotting
was performed on harvested tumors to evaluate the effi-
cacy of Rap (Figure 8C). The tumors from the mice treated
with R-FL/P407 revealed reduction of the levels of mTOR
phosphorylation, which induced downregulated phosphor-
ylation of p70S6 and 4EBP-1 as compared with the levels
in control and R-CL/P407-treated tumors. Moreover, R-
FL/P407-treated tumors exhibited greater cleavage of the
113 kDa PARP molecule than that detected in the control
or R-CL/P407-treated tumor. Consistent with the in vitro
results, R-FL/P407 treatment downregulated the mTOR
singling pathway and increased PARP cleavage (an apop-
totic marker) in the orthotopic bladder cancer mouse
model. These results suggested that R-FL/P407 signifi-
cantly retards tumor growth in vivo by inducing apoptosis
through inhibition of mTOR phosphorylation

International Journal of Nanomedicine 2019:14

submit your manuscript

6263

Dove


http://www.dovepress.com
http://www.dovepress.com

Yoon et al Dove
Control R-CL/P407 R-FL/P407
A (Mouse No.) (Mouse No.) (Mouse No.)
2 3 4 5 6 71
AR 130
ot
E 1 0 (%7:;?:?;:\2/50
Color scale
Min 1.94e3
Max 5.49e5
E&O
L ’ 2.0 x 108
1.0 foamee, )
Color scale
Min 8.59%4
Max 3.56e6
B c Control R-CL/P407 | R-FL/P407
12 1 L‘r---— - — ‘p-mTOR
10 o IContrOI *-- o ] v+ + + mTOR
% 8 1 AR-CLIP407 - e e |« =] PPTOSE
X6 ® R-FLIP407 ~ ' p70S6
9 4 ——— ——— . — -‘ p-4EBP-1
W | me 4EBP-1
2 *% r g : ;
.‘ Clvd PARP
O ——
0 2 4 6 8 10 12 14 — e — — — — - — Actin
t t t t
Time (day)

Figure 8 Comparison of in vivo antitumor efficacy of different samples in the orthotopic bladder cancer model in C3H mice.

Notes: (A) In vivo imaging acquired via BLS. For statistical analyses, tumor bioluminescence following treatment was normalized against the initial bioluminescence on day 4.
(B) ROI-time plots for quantitative comparison (*P<0.05, **P<0.01 versus R-CL/P407). Arrows indicate instillations. Data represent the means + SD (n=7). (C) Inhibition of
mTOR signaling and induction of cleaved PARP. The blots are representative of three independent experiments.

Abbreviations: R, rapamycin; R-CL, rapamycin-loaded conventional liposome; R-FL, rapamycin loaded folate-modified liposome; P407, poloxamer 407; BLS, biolumines-

cence signal; ROI, region of interest.

Significant suppression of tumor growth in the R-FL/
P407-treated group might have occurred for several reasons.
First, owing to the thermo-sensitive property of P407, lipo-
somal gels formed in the bladder shortly after intravesical
instillation of R-FL/P407, thus increasing the residence time
that afforded a better environment for drug absorption. In
general, intravesically administered drugs are easily
washed-out or diluted by urination, highlighting the need
for repeated administration.'® In the present experiment, the
liposomal gel was sufficiently durable (over 12 hrs of G-
Dur), providing the potential to play a role as a drug
reservoir. Second, continuous release of Rap-loaded liposo-
mal vesicles from the hydrogel matrix would be beneficial
for tumor suppression. As the main driving mechanism of
Rap release from the gel matrix was regulated by erosion,

the exposure of R-FL to bladder URCa cells could be

extended for a longer period. Third, the FR-mediated endo-
cytosis might further facilitate the drug absorption. Folate-
modified liposomal nanocarriers would efficiently bind to
FR-expressing cancer cells, then intracellularly translocate
by receptor-mediated endocytosis and liberate Rap to
induce autophagy-mediated apoptosis. Overall, our findings
indicate that extended residence time and continuous release
of liposomal drugs in the bladder were realized by employ-
ing thermo-sensitive P407 hydrogels; ultimately, by virtue
of the folic acid-modification, enhanced uptake of Rap was
attained through increased adherence of liposomal vesicles
to the bladder cancer cells. In the current study, rodents
were used, but for a more reliable research basis, larger
animals should be adopted regarding genetics and morphol-
ogy to mimic the human bladder pathology and biochemical
characteristics.
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Conclusion

Rap-loaded folate-modified liposomal hydrogel (R-FL/
P407) was successfully fabricated by encapsulating Rap
into FL with homogeneous dispersion throughout the
P407-based thermo-reversible hydrogels. Using FR-posi-
tive URCa cell lines, beneficial effects of R-FL were
demonstrated with regards to cell growth inhibition,
mTOR inhibition, and autophagy induction. Liposomal
gel formulations exhibited good gelation properties and
drug release from the gel matrix was erosion controlled.
In the MBT2/Luc orthotopic bladder cancer mouse model,
R-FL/P407-treated groups showed enhanced in vivo anti-
tumor efficacy. Together, these findings indicate that R-FL/
P407 might serve as a promising system for targeted Rap
delivery to FR-expressing bladder cancer.
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Figure S| Stability evaluation of R-CL during storage at 4 °C (e) and 25 °C (A) for 4 weeks.
Notes: Data represent the means + SD (n=3).
Abbreviations: PDI, polydispersity index; ZP, zeta potential.
Table SI Composition and physical characteristics of prepared liposomes
Dil-loaded liposomes
CL FL
Composition (mol ratio)
SPC 90 89.5
Cholesterol 10 10
DP,«F - 0.5
Dil (added) 10 10
Physical properties
Size (nm) 156.3£0.32 156.7+0.63
PDI 0.16+0.04 0.14+0.03
ZP (mV) —7.48+0.59 —16.25+0.48
EE (%) 44.5+0.32 44.2+0.27

Notes: Values represent the mean * SD (n=3).

Abbreviations: CL, conventional liposome; FL, folate-modified liposome; SPC, soy phosphatidylcholine; DP,«F, distearoylphosphatidylethanolamine-polyethylene glycolyoo-
folate; Dil, I,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency.
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