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Purpose: We aimed to develop a nanocarrier formulation incorporating fenbendazole (FEN)
and rapamycin (RAPA) with strong efficacy against A549 cancer cells. As FEN and RAPA
are poorly soluble in water, it is difficult to apply them clinically in vivo. Therefore, we
attempted to resolve this problem by encapsulating these drugs in polymeric micelles.
Methods: We evaluated drug synergy using the combination index (CI) values of various molar
ratios of FEN and RAPA. We formed and tested micelles composed of different polymers.
Moreover, we conducted cytotoxicity, stability, release, pharmacokinetic, and biodistribution
studies to investigate the antitumor effects of FEN/RAPA-loaded mPEG-b-PCL micelles.
Results: We selected mPEG-bh-PCL-containing FEN and RAPA at a molar ratio of 1:2
because these particles were consistent in size and had high encapsulation efficiency (EE, %)
and drug loading (DL, %) capacity. The in vitro cytotoxicity was assessed for various FEN,
RAPA, and combined FEN/RAPA formulations. After long-term exposures, both the solu-
tions and the micelles had similar efficacy against A549 cancer cells. The in vivo pharma-
cokinetic study revealed that FEN/RAPA-loaded mPEG-b-PCL micelles had a relatively
higher area under the plasma concentration—time curve from 0 to 2 h (AUCy , ,) and 0 to 8 h
(AUCy_g 1,) and plasma concentration at time zero (C,) than that of the FEN/RAPA solution.
The in vivo biodistribution assay revealed that the IV injection of FEN/RAPA-loaded mPEG-
b-PCL micelles resulted in lower pulmonary FEN concentration than the IV injection of the
FEN/RAPA solution.

Conclusion: When FEN and RAPA had a 1:2 molar ratio, they showed synergism.
Additionally, using data from in vitro cytotoxicity, synergism between a 1:2 molar ratio of
FEN and RAPA was observed in the micelle formulation. The FEN/RAPA-loaded mPEG-
b-PCL micelle had enhanced bioavailability than the FEN/RAPA solution.
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Introduction

Lung cancer is a leading cause of malignant tumor-related death. Non-small cell
lung cancers (NSCLC) account for < 80-85% of all lung cancers that reach
advanced stages.' Numerous treatment methods have been developed for NSCLC.
However, radiation therapy and chemotherapy have limited efficacy and do not
markedly improve survival.> Therefore, novel lung cancer treatment strategies with
lower toxicity and greater efficacy are needed.’
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Combination therapy of drugs with various anticancer
mechanisms has emerged as an effective treatment strategy
for reducing chemoresistance, overcoming tumor hetero-
geneity, and obtaining synergistic anticancer efficacy.’
A typical example is “Triolimus,” a formulation made by
encapsulating three drugs (paclitaxel, rapamycin, 17-
AAG) in poly(ethylene glycol)-block-poly(d,l-lactic acid)
(PEG-b-PLA). Triolimus simultaneously targets several
major pathways using drugs with different mechanisms:
paclitaxel, a microtubule stabilizer; rapamycin,
a mammalian target of rapamycin (mTOR) inhibitor; and
17-AAG, a heat shock protein 90 (Hsp90) inhibitor. These
Triolimus agents also exhibit synergistic cytotoxicity and
improved aqueous solubility, as well as potent tumor
growth inhibition in xenograft models, providing a strong
basis for further preclinical and clinical development.>* In
addition, several preclinical and clinical studies have been
conducted on the relevance of this combination drug in
Koot et al showed that

Riminocelles™, a formulation of co-encapsulated pacli-

nanocarrier formulations.
taxel and clofazimine, demonstrated superior efficacy in
preclinical studies.” Batist et al demonstrated for the first
time, that CPX-1, a liposome formulation co-encapsulated
with irinotecan and floxuridine, was well tolerated and
exhibited antitumor activity in patients with advanced
solid tumors in a Phase 1 study.® Therefore, administering
various chemotherapeutic drugs together as appropriate
nanocarrier formulations may be a promising strategy for
cancer treatment.

Fenbendazole (FEN; [5-(phenylthio)-1H-benzimidazol-
2-yl] carbamic acid methyl ester) is a benzimidazole
anthelmintic agent that is widely used against various
parasites infecting different animal species.””'® FEN
binds tubulin which is an essential structural protein in
microtubules. Hence, its anti-parasite action is based on
interference with tubulin microtubule equilibrium.'"!'?
FEN has demonstrated very low toxicity in various animal
species including dogs.'>'® Moreover, several studies
conducted on cancer cell treatment reported positive
effects of FEN. Chu et al demonstrated that benzimida-
zoles such as FEN and albendazole destroyed microtu-
bules, induced apoptosis, and inhibited drug resistance in
human ovarian cancer cells.'” Dogra et al showed that
FEN exerts antitumor efficacy by disrupting microtubule
dynamics, regulating genes involved in several cellular
pathways, and activating p53."® Aycock-Williams et al
reported that FEN, when administered alone, inhibited
the proliferation of human prostate cancer cell lines to

a greater extent than vitamin E succinate (VES).
Furthermore, there was a synergy of efficacy between
FEN and VES.'"” Han et al demonstrated that FEN elicited
anticancer effects against HL-60 cells by producing reac-
tive oxygen species (ROS).?° Dogra et al showed that FEN
inhibited proteasomal function, activated the mitochon-
drial pathway, and caused apoptosis in human lung cancer
cell lines.>' Despite its numerous anticancer effects, clin-
ical application of FEN is difficult owing to its low solu-
bility in water.>**

Rapamycin (RAPA) is a carboxylic lactone-lactam
macrolide antibiotic that was originally isolated from the
bacterium Streptomyces hygroscopicus.>**° It was initially
developed as an antifungal agent. Nevertheless, it subse-
quently presented with potent anti-proliferative/anti-cancer
and immunosuppressive efficacy.”*® It was reported that
RAPA inhibited tumor growth in several cancer types,
including colon cancer,”’>" breast cancer,’'~? and lung
cancer.*> RAPA inhibits the protein kinase mTOR (mam-
malian target of rapamycin) that plays a key role in cyto-
kine-mediated cell proliferation. In the G1-S phase, RAPA
induces cell cycle arrest, prevents IL-2-stimulated T cell
proliferation, and causes immunosuppression.**>® Several
studies have also reported synergistic effects between
RAPA and a drug with mechanisms resembling those of
FEN. Shafer et al showed that RAPA potentiated paclitaxel
efficacy against endometrial cancer by inducing apoptosis,
inhibiting cell proliferation, and potentially increasing
tubulin acetylation and neutralization.’” Marimpietri et al
suggested that vinblastine and RAPA triggered dramatic
G,-M phase cell cycle arrest and almost fully depleted
cells actively synthesizing DNA in neuroblastoma.’®
Zhou et al demonstrated that co-targeting with temsiroli-
mus (mTOR inhibitor) and vinblastine (microtubule-desta-
bilizing agent) was more effective  against
hepatocellular carcinoma than single targeting with tem-
sirolimus or vinblastine.>” Based on the foregoing studies,
we predicted that a combination of FEN and RAPA should
effectively and synergistically inhibit cancer cells.
However, RAPA is also poorly soluble in water and is
difficult to convert into clinically and commercially accep-
table injectable formulations.*’

Polymeric micelles are potentially invaluable as they
4143 When

a hydrophobic drug is encapsulated in a micelle, it can

can overcome low water solubility.
be completely dispersed in water and formulated for intra-
venous injection.** Polymeric micelles have amphiphilic

properties including hydrophobic cores and hydrophilic
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shells. Hence, they can enable the solubilization of hydro-
phobic drugs.*’ In addition, they are biodegradable, bio-
compatible, nontoxic, and have high vascular permeability
at the target site because they are small (< 100 nm).***
We used three candidate polymers to design an optimal
micelle formulation. Methoxy poly(ethylene glycol)-
b-poly(caprolactone) (mPEG-b-PCL) is a diblock copoly-
mer with a hydrophobic PCL core and a hydrophilic PEG
shell. Degradation products of these copolymers are easily
excreted, nontoxic, and do not accumulate in vivo.*®*
Moreover, as mPEG-b-PCL has a simple structure and is
biocompatible, it has been widely used in drug delivery
systems to increase drug solubility.’®>' Methoxy poly
(ethylene glycol)-b-poly(p,L-lactide) (mPEG-b-PLA) has
several advantages, such as reduced systemic toxicity,
improved drug solubility and pharmacokinetic profile,
and prolonged circulation time in the blood by reducing
renal clearance.’> Finally, Soluplus® enables the forma-
tion of micelles with a good solubilizing ability for poorly
soluble drugs and has a low critical micelle concentration
(CMC) value (0.76 x 1072% w/v).>*>°

In the present study, we used micelles to solubilize
a combination of the microtubule inhibitor FEN and the
mTOR inhibitor RAPA. We then evaluated the combina-
tion index (CI) of FEN and RAPA and selected the optimal
drug ratio. We also investigated the physicochemical prop-
erties of micelles, in vitro cytotoxicity, in vitro release, and
pharmacokinetic profiles.

Materials and Methods

Material and Reagents

Methoxy  poly(ethylene glycol)-b-poly(D,L-lactide)
(mPEG [4000]-b-PLA [2200]) was purchased from
Advanced Polymer Materials, Inc. (Montreal, QC,
Canada). The mPEG-b6-PCL (MW 2000:2000 Da) was
purchased from PolySciTech® (West Lafayette, IN,
USA). Soluplus® [Polyvinyl caprolactam-polyvinyl acet-
ate-polyethylene glycol graft copolymer (PCL-PVAc-
PEG)] obtained from BASF (Ludwigshafen,
Rhineland-Palatinate, Germany). RAPA and genistein

was

were purchased from LC Laboratories® (Woburn, MA,
USA). FEN, dimethyl sulfoxide (DMSO), thiazolyl blue
tetrazolium bromide (MTT), fert-butanol, cremophor EL®,
and dimethylacetamide (DMA) were purchased from
Sigma-Aldrich Corp. (St. Louis, MO, USA). Distilled
water (DW) was purchased from Tedia (Fairfield, OH,
USA). Acetonitrile (ACN) and ethanol (EtOH) were

purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Methanol (MeOH) was purchased from Honeywell,
Burdick & Jackson (Ulsan, Korea). All other reagents
were used as received without additional purification and
were at least HPLC grade.

Cell Line and Cell Culture

The AS549 cells used here were human alveolar basal
epithelial adenocarcinoma cells and were purchased from
the American Type Culture Collection (Manassas, VA,
USA). Roswell Park Memorial Institute medium (RPMI
1640), Dulbecco’s phosphate-buffered saline (DPBS),
penicillin-streptomycin solution, trypsin, and fetal bovine
serum (FBS) were purchased from Corning Inc. (Corning,
NY, USA). The A549 cell medium consisted of RPMI
1640 medium supplemented with 10% (v/v) FBS and 1%
(w/v) penicillin-streptomycin solution. The cells were
grown at 37°C under a 5% CO, atmosphere.

Combination Index (CI) Analysis

The CI analysis was performed using the Chou-Talalay
method to evaluate drug-drug interactions.>® CI was cal-
culated as follows:

Combination index(CI) =

where (D), and (D), are the 50% inhibitory concentrations
(ICsp) values of each drug in the combination and (Dy),
and (Dy), are the ICso values of the drugs. This equation
defines antagonism (CI > 1), additivity (CI = 1), and
synergism (CI < 1).

Preparation of FEN- and RAPA-Loaded

Polymeric Micelles

FEN/RAPA-loaded polymeric micelles were prepared
from three polymers by the freeze-drying method
(Figure 1).>”* Various FEN/RAPA ratios were dissolved
along with the polymers in 1 mL fert-butanol and stirred in
water at 60°C for 3 min. Then 1 mL DW was added and
the FEN/RAPA-polymer mixture was vortexed, quickly
frozen at —70°C for 1 h, put in a freeze-dryer (Advantage
Pro; SP Scientific, Warminster, PA, USA), and lyophilized
for 24 h. Then 1 mL DW at 60°C was added to rehydrate
the mixture. The FEN/RAPA-loaded micelle solution was
centrifuged at 16,600 x g for 5 min at 4°C (Hanil Science
Inc., Gimpo, Korea) and the supernatant was collected and
sterilized and purified using a non-pyrogenic sterile syr-
inge filter with 0.2 um pore size (Corning, NY, USA).
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Figure | Fenbendazole (FEN)/rapamycin (RAPA)-loaded micelle preparation using freeze-dryer.

Physicochemical Micelle Characterization
The particle size, polydispersity index (PDI), and zeta
potential of the FEN/RAPA-loaded micelles were mea-
sured with a dynamic light scattering (DLS) device
(Anton Paar, Litesizer 500, Graz, Austria). The angle of
the size measurement was automatically selected between
side scatter (90°) and back scatter (175°). FEN/RAPA-
loaded micelle encapsulation efficiency (EE, %) and drug
loading (DL, %) were obtained by HPLC and calculated as
follows:

weight of drug in micelles

DL(%) = 100
(%) weight of feeding polymer and drng
2
EE(%) — weight of drug in micelles <100 3)

weight of feeding drug

Data for the micelle sample analyses are expressed as
means + SD of three separate experiments.

Transmission Electron Microscopy Study
Transmission electron microscopy (TEM) (JEOL Ltd.,
Tokyo, Japan) was used to observe the ultrastructure of
the FEN/RAPA-loaded mPEG-b-PCL micelles. The
micelle samples were diluted in DW, dropped onto copper
grids, dried at room temperature for 2 d, and examined at
accelerating voltage of 200 kV.**%

In vitro Drug Release Assay

The dialysis method was used to measure the in vitro rates of
encapsulated FEN and RAPA release from micelles.®’ FEN/
RAPA-loaded mPEG-H-PCL micelles were placed in
a dialysis membrane bag (MW cutoff = 20 kDa) and
immersed in 2.0 L phosphate-buffered saline (PBS; pH
7.4). The PBS was maintained at 37°C, constantly stirred
at 200 rpm with a magnetic bar, and replaced with fresh
medium at 8, 24, 72, 168, and 240 h to maintain the sink.
Twenty-microliter samples were collected at 0, 2, 4, 6, 8, 24,
48, 72, 168, 240, and 336 h and diluted 10x with ACN. The
FEN and RAPA concentrations were measured by HPLC.
Data were processed in SigmaPlot v. 10.0 using the Peppas
model.

In vitro Stability of FEN/RAPA-Loaded
mPEG-b-PCL Micelle

Stability tests were performed for 2 wk at 4°C (refrigeration),
25°C (room temperature), and 37°C (water bath) conditions.
Twenty-microliter micelle samples were collected on days 0,
1,2,5,7,and 14. Their particle sizes and PDI were measured
with a DLS device. Data were processed in SigmaPlot v 10.0
(Systat Software, San Jose, CA, USA).

In vitro Cytotoxicity Assay
Cytotoxicity is a biological index and confirms drug-
induced cell death.> Here, cytotoxicity was assessed by
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the MTT assay.®® A549 cells were seeded in 96-well plates
at 5000/well density. After incubation at 37°C and under
5% CO, for 24 h, the medium was removed, and the cells
were treated with free FEN, free RAPA, free FEN/RAPA,
FEN-loaded mPEG-b-PCL  micelles, RAPA-loaded
mPEG-b-PCL micelles, or FEN/RAPA-loaded mPEG-
b-PCL micelles. The free drugs were dissolved in 100
pL DMSO, diluted 1000x with RPMI 1640 medium, and
used as the initial concentration. The drug-loaded mPEG-
b-PCL micelle solutions were diluted 10x with RPMI 1640
medium and used as the initial concentration. After 48 h,
the medium was removed and 100 pL. MTT solution
(0.5 mg/mL) was added. After incubation for 4 h, the
MTT solution was removed and 100 uL of DMSO was
added followed by gentle shaking for 10 min at 200 rpm
on an orbital shaker (N-BIOTEK, NB-101S, Bucheon,
Korea). A microplate reader (Molecular Devices, Spectra
Max ID3, San Jose, CA, USA) measured the absorbance at
540 nm. Data were processed in GraphPad Prism v. 5
(GraphPad Software, La Jolla, CA, USA).

In vitro Clonogenic Assay

A clonogenic assay is conducted to evaluate in vitro cell
survival based on the growth of a single cell into a colony.-
4 A549 cells were seeded in six-well plates at 200/well
density. After 24 h, the cells were treated with free FEN,
free RAPA, free FEN/RAPA, FEN-loaded mPEG-5-PCL
micelles, RAPA-loaded mPEG-b6-PCL micelles, or FEN/
RAPA-loaded mPEG-b-PCL micelles. After 2 wk incuba-
tion, the medium was removed and the colonies were
stained with 1 mL crystal violet solution (0.5% w/W).
After 30 min incubation, the plates were rinsed with
clean water. The number of colonies with more than 50
cells was counted. Colony formation was calculated as
follows:®>

Colony
formation(%) — Number of colonies in control group

“)

In vivo Pharmacokinetic Study

The animal testing and experimentation protocols were
approved by the Institutional Animal Care and Use
Committee (IACUC) of Chungbuk National University,
(No. CBNUA-1502-21-01; date:
February 10, 2021). Sprague-Dawley rats (male; age 7-8

Korea approval

wk) were obtained from Samtako Bio Korea (Osan, Korea)
and used in the in vivo studies. The rats were maintained in

Number of colonies in treated group
= x100

cages containing aspen shavings and provided with suffi-
cient water and food. Free FEN and RAPA were dissolved
in Cremophor EL*:DMA:EtOH:DPBS (10:10:20:60, vA/A/
v) and used as controls.®® The rats were divided into six
groups administered intravenous (IV) injections of FEN
solution, FEN-loaded mPEG-b-PCL micelles, RAPA solu-
tion, RAPA-loaded mPEG-b-PCL micelles, FEN/RAPA
solution, or FEN/RAPA-loaded mPEG-b-PCL micelles in
a tail. FEN was administered at 5 mg/kg and RAPA was
administered at 30 mg/kg. About 500 pL of blood was
collected from the infraorbital plexus at 5, 15, 30, 60, 120,
240, and 480 min after IV injection, centrifuged at 2450 x g
for 5 min to obtain plasma, and stored at —70°C in a deep
freezer. The FEN and RAPA pharmacokinetic parameters
were calculated in SigmaPlot v. 10.0 (Systat Software, Inc.,
San Jose, CA, USA). A one-compartment model was used
for FEN, and a two-compartment model was used for
RAPA. In addition, the AUC value for a specific time
period was calculated using the trapezoidal rule.

Biodistribution Study

A Dbiodistribution study was conducted to analyze the
tissue distribution patterns of FEN and RAPA at 8 h after
IV administration of drug. The rats were euthanized with
CO; and their livers, spleens, kidneys, hearts, lungs, and
muscles were excised. Each sample was washed in PBS
and stored at —70°C in a deep freezer.

High-Performance Liquid
Chromatography (HPLC) Analysis

Assay Conditions

The HPLC system (Waters, Milford, MA, USA) consisted
of a 2695 separation module and a 2996 photodiode array
detector. It measured FEN, RAPA, and genistein (internal
standard, IS) sample concentrations. The temperature of
the Fortis C18 chromatography column (5 pm; 4.6 mm
x 250 mm) (Fortis Technologies Ltd., Cheshire, UK) was
maintained at 30°C. FEN, RAPA, and genistein were
eluted in isocratic mode. The sample injection volume
was 10 pL and the flow rate of the mobile phase (ACN:
water (70:30, v/v)) was 1.0 mL/min. FEN, RAPA, and
genistein were detected at 295 nm, 277 nm, and 259 nm,
respectively, and their retention times were 5.33 min, 20.3
min, and 3.5 min, respectively. A calibration curve was
plotted by correlating the concentration of each drug with
its corresponding peak area and the sample concentrations
were interpolated from it.
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Preparation of Biological Samples

Samples stored at —70°C were thawed at room temperature
before measuring their FEN and RAPA concentrations. Then
100 pL plasma sample, 200 pL. MeOH, and 25 pL IS were
mixed in a 1.5-mL microtube (Corning, Axygen® 1.5
MaxyClear Microtube, NY, USA) and centrifuged at
16,600 x g for 5 min at 4°C. Supernatants were passed
through a 0.2-pm filter and their FEN and RAPA concentra-
tions were measured by HPLC. To establish the distribution
patterns of the FEN and RAPA remaining in the tissues after
administration, 0.2 g of each tissue was taken, combined with
0.8 mL PBS, and pulverized with a Teflon pestle in a glass
Potter-Elvehjem-type homogenizer (IKA Works Inc., Ultra
Turrax T-25, Staufen, Germany). Then 200 pL plasma, 400
pL MeOH, and 50 pL IS were put in a microtube and the
FEN and RAPA concentrations in the samples were analyzed
as previously described.

Statistical Analysis

ANOVA was run using GraphPad Prism v. 5.0 (GraphPad
Software, La Jolla, CA, USA) to identify statistically sig-
nificant differences between experimental data. To obtain
the P-value, Tukey’s test was used as a post hoc test. P <
0.05 indicated statistical significance.

Results

Evaluation of Synergy Between FEN and

RAPA

The ICsq values of FEN, RAPA, and their combinations at
various molar ratios were determined in A549 cells (Table 1).
The ICsq value of FEN was 11.7 uM. The viability of A549
cells exposed to the highest concentration of RAPA was >

Table | IC5, Values of Fenbendazole (FEN) and Rapamycin
(RAPA) and Combinations Thereof Based on the Control
Variable (n = 5-6)

Table 2 Cl Values Based on Fenbendazole (FEN):rapamycin
(RAPA) Rations (n = 5-6)

FEN:RAPA (Molar Ratio) Cl

11:1 < 0.56
4:1 <034
2:1 <0.80
1:1 <1.14
1:2 <053
1:4 < 0.65
l:11 < 0.64

50%. Hence, the ICsq value surpassed that concentration. The
CI for various FEN:RAPA molar ratios were calculated using
the ICsqo values for FEN and RAPA (Table 2).67 When the
FEN:RAPA molar ratio was 1:1, the CI was < 1.14.
Therefore, synergy between FEN and RAPA could neither
be ruled out nor confirmed. Other drug combinations showed
synergism as their CIs were < 1.

Physicochemical Characterization of FEN/
RAPA-Loaded Micelles

To determine the optimal FEN:RAPA molar ratio to enclose
in the micelle, we assessed the antitumor efficacy of RAPA
and the solubilities of FEN and RAPA
polymers.® Considering the CI, the molar ratios of FEN and
RAPA were set to 1:1 and 1:2. EE (%), DL (%), particle size,
PDI, and zeta potential of micelles synthesized from various

in various

polymers were calculated (Table 3). When micelles were
prepared by fixing the polymer quantity to 100 mg, the
mPEG-b-PLA micelles containing FEN and RAPA at
a molar ratio of 1:2 had the best EE (%) and DL (%).
Nevertheless, the sizes of the micelles fabricated from
mPEG-b-PLA did not converge to a single peak. Therefore,
we selected mPEG-b-PCL micelle with FEN and RAPA at
amolar ratio of 1:2, as they were uniform in size and had high
EE (%) and DL (%). We compared FEN/RAPA-loaded
mPEG-b-PCL micelles containing different amounts of poly-
mer and determined that 100 mg polymer was ideal. The size
distribution graph showed that mPEG-b-PCL encapsulated
with FEN and RAPA in a 1:2 ratio had a size of less than 100
nm (Figure 2A), and in the TEM image, the micelles showed
a uniform spherical shape (Figure 2B).

Stability Test of FEN/RAPA-Loaded

mPEG-b-PCL Micelles
The size and PDI of the FEN/RAPA-loaded mPEG-
b-PCL micelles were measured at 4°C, 25°C, and

Drug I1Cs50 (UM)

FEN RAPA
FEN:RAPA (11:1) 6.28 0.571
FEN:RAPA (4:1) 3.60 0.901
FEN:RAPA (2:1) 7.98 3.99
FEN:RAPA (1:1) 9.86 9.86
FEN:RAPA (1:2) 3.65 729
FEN:RAPA (1:4) 3.20 12.8
FEN:RAPA (1:11) 1.56 17.1
FEN 1.7 -
RAPA - > 339
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Figure 2 (A) Particle size distributions of fenbendazole (FEN)/rapamycin (RAPA)-loaded micelles according to feeding polymer type. (B) Transmission electron microscopy

(TEM) images of final FEN/RAPA-loaded mPEG-b-PCL micelle formulation. (n = 3).
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Figure 3 Changes in (A) size and (B) PDI of fenbendazole (FEN)/rapamycin (RAPA)-loaded mPEG-b-PCL micelles after 2 wk at various temperatures. (n = 4).

37°C for 2 wk (Figure 3). At 4°C, the mean micelle size
was < 50 nm until day 7 but had increased to ~100 nm
by day 14. At 20°C and 37°C, the micelle size had
increased to > 1000 nm after 1 d incubation.

In vitro Cytotoxicity Assay

The ICsq values of free FEN and the FEN-loaded mPEG-
b-PCL micelle were 2245 nM and 8695 nM, respectively
(Figure 4A and B). The ICsq values of free RAPA and
RAPA-loaded mPEG-b-PCL micelle were 18,904 nM and
668,291 nM, respectively, and this difference was statisti-
cally significant (p < 0.001) (Figure 4C and D). The ICs,
values of free FEN/RAPA and FEN/RAPA mPEG-b-PCL
micelle were 1384 nM and 5535 nM, respectively
(Figure 4E and F). The Cls of free FEN/RAPA and FEN/
RAPA-loaded mPEG-5-PCL micelle were 0.25 and 0.22,

respectively. These findings indicate a synergistic effect
between the two free drugs and between the two drugs in
micelles.

In vitro Clonogenic Assay

A clonogenic assay was performed to evaluate the inhi-
bitory efficacy of drugs against cancer cell proliferation
after prolonged exposure. We compared colony forma-
tion after the free FEN and FEN-loaded mPEG-b-PCL
micelle treatments for 2 wk and found that no colonies
developed at 2090 nM in either treatment (Figure 5A).
At 209 nM and 20.9 nM, however, the free FEN inhib-
ited colony formation slightly more effectively than the
FEN-loaded mPEG-56-PCL micelle. Both the free RAPA
and the RAPA-loaded mPEG-h-PCL micelle treatments
almost equally inhibited colony formation at all tested
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Figure 4 In vitro cytotoxicity assay of A549 cells treated with (A) free fenbendazole (FEN), (B) FEN-loaded mPEG-b-PCL micelles, (C) free rapamycin (RAPA), (D) RAPA-
loaded mPEG-b-PCL micelles, (E) free FEN/RAPA, and (F) FEN/RAPA-loaded mPEG-b-PCL micelles. (n = 6).

concentrations (Figure 5B). The FEN/RAPA-loaded
mPEG-b-PCL micelle further inhibited colony formation
unlike the free FEN/RAPA at 80 nM, 8 nM, and 0.8 nM
(Figure 5C). However, all data showed no statistically

significant difference.

In vitro Drug Release Profile

The drug release profiles of FEN and RAPA in FEN/
RAPA-loaded mPEG-b-PCL micelles are shown in
Figure 6. There was 17% and 45% FEN release at
24 h and 72 h, respectively. There was 36% and 64%
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Figure 5 In vitro clonogenic assay of various formulations encapsulating fenbendazole (FEN), rapamycin (RAPA), or combination of FEN plus RAPA. A549 cell colony
formation in (A) Free FEN and FEN-loaded mPEG-b-PCL micelle, (B) Free RAPA and RAPA-loaded mPEG-b-PCL micelle, (C) Free FEN/RAPA and FEN/RAPA-loaded

mPEG-b-PCL micelle. (n = 3).
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Figure 6 Fenbendazole (FEN) and rapamycin (RAPA) release profiles from FEN/RAPA-loaded mPEG-b-PCL micelles. (n = 3).

RAPA release at 24 h and 72 h, respectively. After 240 h,
> 90% of both drugs had been released from their
micelles.

In vivo Pharmacokinetic Study

Rat plasma concentration-time profiles after IV injection of
various FEN and RAPA formulations are shown in Figure 7.
RAPA was detected in plasma until 8 h after IV injection
whereas FEN decreased to a level below the limit of detec-
tion (LOD) after 4 h. The mean plasma FEN concentration

after FEN-loaded mPEG-b6-PCL micelle injection was 1.6x
greater than it was at 5 min (p < 0.01) and 15 min (p < 0.05)
after injection of FEN solution. The plasma RAPA concen-
tration after RAPA-loaded mPEG-b-PCL micelle injection
was 2x greater than it was at 5 min after injection of RAPA
solution (p < 0.001), 1.7x higher than it was at 15 min after
injection of RAPA solution (p < 0.001), and 1.6x than it was
at 30 min after injection of RAPA solution (p < 0.001).
Plasma RAPA concentration after FEN/RAPA-loaded
mPEG-b-PCL micelle injection was 1.4x greater than the
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Figure 7 Plasma concentration-time profiles of fenbendazole (FEN) and rapamycin (RAPA) in rats. (A) FEN concentration in rat plasma after 5 mg/kg intravenous (IV)
injection of FEN solution and FEN-loaded mPEG-b-PCL micelle. (B) RAPA concentration in rat plasma after 30 mg/kg IV injection of RAPA solution and RAPA-loaded mPEG-
b-PCL micelle. (C) FEN concentration in rat plasma after 5 mg/kg IV injection of FEN/RAPA solution and FEN/RAPA-loaded mPEG-b-PCL micelle. (D) RAPA concentration
in rat plasma after 30 mg/kg IV injection of FEN/RAPA solution and FEN/RAPA-loaded mPEG-b-PCL micelle. (n = 3).

plasma RAPA concentration at 5 min after injection of FEN/
RAPA solution (p < 0.05). However, the plasma FEN con-
centration after FEN/RAPA-loaded mPEG-b-PCL micelle
injection did not significantly differ from the plasma FEN
concentration after injection of FEN/RAPA solution. The
plasma concentrations of both drugs were higher at < 60
min after IV micelle administration than they were at < 60
min after injection of the IV solution. We calculated para-
meters related to FEN and RAPA (Tables 4 and 5). The area
under the plasma concentration-time curve from 0 to 8 h
(AUCy_g,) for RAPA after RAPA-loaded mPEG-b-PCL
micelle injection was 1.3x higher than that after the injection
of the RAPA solution (p < 0.001). The AUC,_g, of RAPA
after FEN/RAPA-loaded mPEG-b-PCL micelle injection
was 1.2x higher than AUC, g, of RAPA after injection of
the FEN/RAPA solution (p < 0.05). The area under the

plasma concentration-time curve from 0 to 2 h (AUC, ;)
of FEN after administration of FEN micelle was 1.6x higher
than AUC, 5, of FEN after the injection of FEN-loaded
mPEG-b-PCL solution (p < 0.01). However, the AUC 5},
of FEN after the injection of FEN/RAPA solution and after
FEN/RAPA-loaded mPEG-b-PCL micelle administration
did not significantly differ.

Biodistribution Study

FEN and RAPA distributions in specific organs were
observed 8 h after IV injection. The FEN concentration
in the lungs at 8 h after the administration of FEN solution
was higher than the FEN concentration in the lungs at 8
h after the injection of FEN-loaded mPEG-b-PCL micelle
(p < 0.05) (Figure 8A). Furthermore, the pulmonary FEN
concentration at 8 h after IV injection of FEN/RAPA
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Table 4 Pharmacokinetic Parameters of Fenbendazole (FEN) After Intravenous (IV) Injection of FEN Solution, FEN-Loaded mPEG-

b-PCL Micelle, FEN/RAPA Solution, and FEN/RAPA-Loaded mPEG-b-PCL Micelle into Rats (n = 3)

Parameter FEN Solution FEN Micelle FEN in Combination Solution FEN in Combination Micelle
Dose (ug~kg") 5000 5000 5000 5000

AUC, 5}, (pg~min-mL") 1580 + 264 2570 £ 157 1560 + 367 1950 + 248

C, (pg-mL") 37.2 £ 647 58.2 + 13.1 308 £ 14.2 429 * 6.96

V4 (mL~kg") 137 £ 26.6 89.3 £ 228 197 £ 115 118 £ 183

Relative bioavailability - 162 - 125

Abbreviations: AUC,_,;, area under the plasma concentration-time curve from 0 to 2 h; C,, plasma concentration at time zero; Vg4, volume of distribution.

Table 5 Pharmacokinetic Parameters of Rapamycin (RAPA) After Intravenous (IV) Injection of RAPA Solution, RAPA-Loaded mPEG-

b-PCL Micelle, FEN/RAPA Solution, and FEN/RAPA-Loaded mPEG-b-PCL Micelle into Rats (n = 3)

Parameter RAPA Solution RAPA Micelle RAPA in Combination Solution RAPA in Combination Micelle
Dose (ug'kg ') 30,000 30,000 30,000 30,000

AUCq_gp, (ug-min-mL™") 12,000 * 426 15,800 £+ 1750 11,700 £ 403 14,100 £ 1160

Co (ugmL™) 111 +8.04 239 £ 259 127 = 12.1 172 £ 72.0

Vg (mLkg ") 271 £ 203 127 + 145 237 £ 228 194 £ 71.3

Relative bioavailability (%) | — 132 - 121

Abbreviations: AUC_g;, area under the plasma concentration-time curve from 0 to 8 h; C,, plasma concentration at time zero; Vg4, volume of distribution.

solution was higher than the pulmonary FEN concentra-
tion at 8 h after the administration of FEN/RAPA-loaded
mPEG-b-PCL micelle. However, the RAPA concentrations
after standalone RAPA and combined FEN/RAPA injec-
tions were similar in the livers, spleens, kidneys, hearts,
lungs, and muscles (Figure 8B).

Discussion

We previously performed FEN-loaded Soluplus® micellar
studies.”® Based on these studies, we hypothesized that if
a micellar formulation was made by encapsulating FEN
with other anticancer drugs, it would be more effective
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than a single formulation on cancer cells. FEN is an anti-
mitotic agent similar to vinblastine and paclitaxel, and
RAPA is a drug that inhibits mTOR signaling in cancer
cells. We predicted that these two drugs would exhibit
synergistic effects by simultaneously targeting multiple
key pathways with different mechanisms of action.
However, both FEN and RAPA have low bioavailability
as they are poorly soluble.®**” To overcome this defi-
ciency, the bioavailability of both agents could be
increased by processing them into injectable formulations.
To this end, we adopted polymeric micelles as carriers to
co-encapsulate FEN and RAPA. Polymeric micelles are
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Figure 8 Biodistribution of (A) fenbendazole (FEN) and (B) rapamycin (RAPA) in each tissue 8 h after IV injection. (p < 0.05) (n = 3).
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relatively more stable and comparatively less likely to get
degraded in the blood than other nanocarriers.”’ Moreover,
their small size enables them to accumulate in tumors via
enhanced permeability and retention (EPR).”!

To evaluate the potential synergy between FEN and
RAPA, the CI was calculated at various molar ratios of these
drugs. When the FEN:RAPA molar ratio was 1:1, the CI was <
1.14. Therefore, true synergism could not be confirmed.
However, other FEN:RAPA molar ratios demonstrated
synergy of efficacy. Based on the solubilities of both drugs
in the polymers and the pharmacokinetic RAPA dose with
anticancer efficacy, FEN:RAPA molar ratios of 1:1 and 1:2
were selected. We encapsulated these drug combinations in
various polymers and selected the mPEG-b-PCL micelle as
the carrier for FEN:RAPA at a molar ratio of 1:2 because its
particles were consistent in size and had high EE and DL
capacity. We measured and compared the sizes of the FEN/
RAPA-loaded mPEG-b-PCL micelles at 4°C, 25°C, and 37°C
for 2 wk and found that they remained at < 50 nm for 7 d at
4°C. At the other temperatures, however, the particle sizes
significantly changed within 1 d. Therefore, it is recommended
to store the micelles at 4°C to maintain their stability.

Cytotoxicity evaluations based on the MTT assay showed
that the ICs, value of free RAPA was substantially lower than
the ICso value of RAPA-loaded mPEG-b-PCL micelle. The
free FEN and free FEN/RAPA also had lower ICs values than
the FEN- and FEN/RAPA-loaded mPEG-b-PCL micelles,
respectively. Several situations can be considered as the reason
why free drugs are more potent than micelle formulation in
in vitro condition. First, it may take some time for FEN and
RAPA to be released from the micelle and uptake into the
cancer cell.*” Second, the process of endocytosis of micelles
into cancer cells may take some time.”*’* In any case, nano-
particles have many advantages in in vivo situations, so if
actually administered in the body, the results may be incon-
sistent with in vitro. In the cytotoxicity evaluation by clono-
genic assay, the free FEN at 209 nM was 1.6x more effective at
inhibiting colony formation than the FEN-loaded mPEG-
b-PCL micelle at the same concentration. Both the free
RAPA and the RAPA-loaded mPEG-b-PCL micelle were
nearly equally effective at inhibiting colony formation at the
same concentrations. However, FEN/RAPA-loaded mPEG-
b-PCL micelle at 0.8 nM was 1.5x more effective at inhibiting
colony formation than free FEN/RAPA at the same concentra-
tion. The ICsq value of the free RAPA and the ICs( value of the
RAPA-loaded mPEG-b-PCL micelle significant differed
according to the MTT assay results. Nevertheless, there was
no significant difference between free RAPA and RAPA-

loaded mPEG-b-PCL micelles in terms of colony inhibition
efficacy according to the clonogenic assay.

In the in vivo pharmacokinetic study, when both the
FEN-loaded mPEG-b-PCL micelle and the FEN solution
were administered at 5 mg/kg, FEN in the FEN-loaded
mPEG-b-PCL micelles exhibited 1.6x higher AUCq_,y,
1.6x higher C, than the FEN solution. The FEN-loaded
mPEG-b-PCL micelle maintained high FEN concentra-
tions in the plasma for a longer period than the FEN
solution. Compared with the FEN solution, the relative
bioavailability of FEN-loaded mPEG-b-PCL micelles to
FEN was 162%. When 30 mg/kg RAPA solution and
RAPA-loaded mPEG-b-PCL micelle were administered,
RAPA in the RAPA-loaded mPEG-5-PCL micelles dis-
played 1.3x higher AUC,_g,, and 1.6x higher C, than the
RAPA solution. Compared with the RAPA solution, the
relative bioavailability of RAPA-loaded mPEG-5-PCL
micelles to RAPA was 132%. After IV injection of the
FEN/RAPA solution and FEN/RAPA-loaded mPEG-
b-PCL micelles, in terms of FEN, the AUC, ,, and C,
of the FEN/RAPA-loaded mPEG-b-PCL micelle were
higher than those of the FEN/RAPA solution. Similarly,
in terms of RAPA, the AUC,_g;, and C, of the FEN/RAPA-
loaded mPEG-b-PCL micelle were higher than those of the
FEN/RAPA solution. Compared with the FEN/RAPA solu-
tion, the relative bioavailability of FEN/RAPA-loaded
mPEG-b-PCL micelles to FEN was 125% and the relative
bioavailability of FEN/RAPA-loaded mPEG-b-PCL
micelles to RAPA was 121%. Therefore, the FEN/RAPA-
loaded mPEG-b-PCL micelle was predicted to apparently
have superior bioavailability to the FEN/RAPA solution.”®
It is believed that the performance will be improved if the
drug stays in the body for a long time and exhibits an
increased EPR effect by controlling the release rate of the
drug through the modification of the micelles.

In the biodistribution study, RAPA showed similar
distributions in the livers, spleens, kidneys, hearts, lungs,
and muscles regardless of solution or micelle formulations.
In contrast, in FEN, solution accumulated at a higher con-
centration in the lungs than the micelle after both the
single and combination treatments.

Conclusion

A combination of two drugs with different modes of action
might have greater anticancer efficacy than single drug treat-
ments as there could be a synergy of efficacy between both
agents. Here, we evaluated whether there is synergy between
FEN and RAPA as each of these drugs has demonstrated
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anticancer efficacy. As they are poorly soluble, however, we
loaded them into a polymeric micelle to increase their bioa-
vailability. FEN and RAPA at 1:2 a ratio and the drug
combination at a 1:2 ratio encapsulated in mPEG-b-PCL
micelles both showed synergism. We evaluated the physico-
chemical properties of micelles according to the various
polymers and established the optimal formulation consisted
of mPEG-b-PCL micelles containing FEN and RAPA at
a molar ratio of 1:2. We assessed the in vitro cytotoxicity of
FEN, RAPA, and FEN/RAPA combinations against cancer
cells. In the in vivo studies, we intravenously injected these
formulations into rats and calculated the pharmacokinetic
parameters of FEN and RAPA such as AUCy_,;,, AUCq_gp,
Co, and V4. The micelle formulations showed relatively
greater bioavailability than the drugs dissolved with solubi-
lizing agents. We believe that the findings of the present
study lay an empirical foundation for ongoing research into
the clinical administration of FEN/RAPA polymeric micelles
for anticancer therapy.
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ACN, acetonitrile; ANOVA, analysis of variance; AUC,_
o, area under the plasma concentration-time curve from 0
to 2 h; AUC_gy, area under the plasma concentration-time
curve from 0 to 8 h; C,, plasma concentration at time zero;
CI, combination index; DL, drug loading; DLS, dynamic
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dimethyl sulfoxide; DPBS, Dulbecco’s phosphate-buffered
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FBS, fetal bovine serum; FEN, fenbendazole; HPLC, high-
performance liquid chromatography; ICsy, half maximal
inhibitory concentration; MeOH, methanol; mTOR, mam-
malian target of rapamycin; MTT, 3-(4,5-dimethylthiazol-
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RAPA, RPMI, Park
Memorial Institute; TEM, transmission electron micro-
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