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Nanomedicines have become an attractive platform for the development of novel drug delivery
systems in cancer chemotherapy. Polymeric nanoparticles (NPs) represent one of the best well-
investigated nanosized carriers for delivery of antineoplastic compounds. The “Pegylation strategy”
of drug delivery systems has been used in order to improve carrier biodistribution, however, some
nanosized systems with PEG on their surface have exhibited poorly-cellular drug internalization.
In this context, the purpose of the present study was to compare in vitro performance of two
paclitaxel (PTX)-loaded NPs systems based on two biocompatible copolymers of alpha tocopheryl
polyethylene glycol 1000 succinate-block-poly(e-caprolactone) (TPGS-b-PCL) and methoxyPEG-
block-poly(e-caprolactone) (MPEG-b-PCL) in terms of citotoxicity and PTX cellular uptake. Fur-
thermore, TPGS-b-PCL NPs were also copared with the commercially available PTX nano-sized
formulation Abraxane®. Both TPGS-b-PCL and mPEG-b-PCL derivates were synthesized by ring
opening polymerization of e-caprolactone employing microwaved radiation. NPs were obtained by a
solvent evaporation technique where the PTX content was determined by reverse-phase HPLC. The
resulting NPs had an average size between 200 and 300 nm with a narrow size distribution. Also
both NPs systems showed a spherical shape. The in vitro PTX release profile from the NPs was
characterized employing the dialysis membrane method where all drug-loaded formulations showed
a sustained and slow release of PTX. Finally, in vitro assays demonstrated that PTX-loaded TPGS-
b-PCL exhibited a significant higher antitumor activity than PTX-loaded mPEG-b-PCL NPs and
Abraxane® against an estrogen-dependent (MCF-7) and an estrogen independent (MDA-MB-231)
breast cancer cells lines. Furthermore TPGS-b-PCL NPs showed a significant increase on PTX
cellular uptake, for both breast cell lines, in comparison with mPEG-b-PCL NPs and Abraxane®.
Overall findings confirmed that NPs based on TPGS-b-PCL as biomaterial demonstrated a better
in vitro performance than NPs with PEG, representing an attractive alternative for the development
of novel nanosized carriers for anticancer therapy.

Keywords: TPGS-b-PCL Polymeric Nanoparticles, Paclitaxel, In Vitro Anti-Tumoral Activity,
Cellular Uptake.

1. INTRODUCTION platform in drug delivery systems.' Nanosized carri-
In recent years, novel anti-cancer therapy strategies ers exhibits countless advantages, some of them related
based in nanomedicines have become an attractive  with (i) improved drug aqueous solubility, chemical sta-

bility, efficacy and safety, (ii) prolonged drug biodistribu-
*Author to whom correspondence should be addressed. tion after an intravenous administration, (iii) reduced side
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effects and, (iv) sustained drug release, (v) passive drug
targeting due to the extravasations of polymers and nano-
sized system from tumor blood vessels and their retention
in tumor tissues (Enhanced Permeability and Retention
(EPR) effect) and (vi) active drug targeting.*® Particularly,
polymeric nanoparticles (NPs) development based on bio-
compatible polymers for antineoplastic drug delivery has
attracted much interest for novel cancer chemotherapy.”®
Initially, hydrophobic polymers were the most employed
NPs-former biomaterials. However, these NPs systems
denoted the rapid blood clearance by the reticuloendothe-
lial system (RES), leading to inefficient EPR effect after
intravenous injection. To overcome this drawback, the NPs
were modified in their surface with hydrophilic materials
that could prevent NPs premature blood clearance, favor-
ing its preferential accumulation in solid tumors by EPR
effect.’

Among various FDA approved polymers, the biocom-
patible and biodegradable poly(e-caprolactone) (PCL) has
been widely studied to prepare NPs for pharmaceutical
applications.!® However, its hydrophobic nature along with
its slow degradation rate and the fast PCL NPs uptake by
the RES, make them inappropriate for intravenous drug
delivery systems.!!' In an attempt to overcome these issues,
PCL copolymerization with others monomers was investi-
gated. Therefore, NPs based on copolymers with a suitable
hydrophobic—hydrophilic balance could reduce the addi-
tion of blood proteins and modify the matrix degradation
rates.!? It has been widely studied the copolymerization
of PCL with polyethylene-glycol (PEG),'*!> where the
hydrophilic nature of the NPs surface avoid recognition by
RES improving NPs circulation time in blood.’ Although
this surface “PEGylation strategy” has been demonstrated
to improve the pharmacokinetics and biodistribution of a
different antineoplastic compounds,'® some drug delivery
“nanosized” systems with PEG on their surface present
poorly-cellular drug internalization,'”-!'® which results in
significant loss of activity of the delivery system. In this
context, the study of other hydrophilic materials that could
replace PEG represents a pending agenda that must be
resolved for antineoplastic chemotherapy. A simple strat-
egy would be to use PEG derivatives that can improve
the cellular uptake without losing the biodistribution and
pharmacokinetics of PEG.

One surfactant used recently for surface coating is the
D-a-tocopheryl polyethylene glycol 1000 succinate (vita-
min E TPGS or TPGS), which is a water-soluble deriva-
tive of natural source vitamin E and PEG."” It is a
biocompatible, non-ionic surfactant which has been widely
applied in pharmaceutical formulations because it could
enhance the solubility and bioavailability of some poorly
absorbed drugs.?*2! Furthermore, TPGS can be used in
NPs formulations, where it acts as an emulsifier or coating
material to improve encapsulation efficiency and cellular
uptake.??> TPGS has potential effects for cancer chemother-
apy since it could inhibit the P glycoprotein (P-gp) known
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as an efflux pump which mediates multidrug resistance
in tumor cells. Thereafter TPGS could enhance anticancer
drug permeation.”> Moreover, it has been reported that
TPGS exhibited in vitro and in vivo antineoplastic activ-
ity on different cancer cell lines by promoting cellu-
lar apoptosis.?* Therefore, a biocompatible derivate of
D-a-tocopheryl polyethylene glycol 1000 succinate-block-
poly(e-caprolactone) (TPGS-b-PCL) represents an inter-
esting approach to improve the antineoplastic efficacy of
NP formulations.

In this framework, the present study evaluated the
in vitro performance of anticancer drug paclitaxel
(PTX)-loaded TPGS-b-PCL NPs versus PTX-loaded
methoxy(polyethyleneglycol)-block-poly(e-caprolactone)
(mPEG-b-PCL) NPs and the drug commercially available
nanosized-formulation Abraxane®. Both biocompatible
amphiphilic block copolymers were synthesized by ring
opening polymerization employing microwave radiation
with the same hydrophilic-hydrophobic balance. Then,
NPs were obtained by a solvent evaporation technique and
characterized in terms of drug loading, size and size dis-
tribution and surface morphology. Also the in vitro PTX
release profile from the NPs was characterized employing
the dialysis membrane method. Finally, to determine if
PTX-loaded TPGS-b-PCL NPs could achieve better per-
formance in vitro than mPEG-b-PCL NPs and Abraxane®,
we report their antitumor activities and PTX cellular
uptake against an estrogen-dependent (MCF-7) and an
estrogen independent (MDA-MB-231) breast cancer cells
lines. Moreover the inhibition of P-gp efflux pumps was
assessed for all formulations with and without verapamil.

2. EXPERIMENTAL DETAILS

2.1. Materials

Paclitaxel (PTX) of purity 99.9% was purchased
from Rhenochem AG (Switzerland), D-a-tocopheryl
polyethylene-glycol 1000  succinate (TPGS, MW
~1513 g/mol) was from Eastman Chemical Com-
pany (USA), methoxy(polyethylene glycol) (mPEG,
MW~5,000 g/mol), e-caprolactone (e-CL, MW
114.14 g/mol), tin(Il) 2-ethylhexanoate (SnOct, MW
405.12 g/mol) were purchased from Sigma-Aldrich
(USA). Tetrazolium compound [3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium], inner salt (MTS) and phenazine methosulfate
(PMS) were purchased from Promega Corporation (USA).
Clinical formulation Abraxane® was supplied by Aventis
Pharmaceuticals, USA. All solvents such as acetone, ace-
tonitrile and dichloromethane (DCM) were of analytical
or high performance liquid chromatography (HPLC) grade
and were used following the manufacturer’s instructions.

2.2. Synthesis of mPEG- and TPGS-PCL Copolymer
The copolymer synthesis, for both derivates, was per-
formed as previously described.”® Briefly, a household
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microwave oven (Whirlpool®, WMD20SB, microwave fre-
quency 2450 MHz, potency 800 W, Argentina) with ten
power levels was adapted in the laboratory to enable the
connection of a condenser. PCL copolymers were syn-
thesized by the ring opening polymerization of &-CL by
mPEG and TPGS for mPEG-b-PCL and TPGS-b-PCL,
respectively; both in presence of SnOct as a catalyst. In
the first case, mPEG (0.8 g) was poured into a 250 mL
round-bottom flask and dried. Then, &-CL (12.0 g) and
SnOct (0.04 g) were added, and the round-bottom flask
was placed in the centre of the microwave oven and con-
nected to the condenser. The reaction mixture was exposed
to microwave radiation for:

(1) 1 min at power 4,

(ii) 8 min at power 2 and

(iii) 1 min at power 4.

The total reaction time was 10 min, under reflux. Then,
the crude was dissolved in dichloromethane (50 mL) and
precipitated in methanol (500 mL) to isolate the product.
The product obtained was recuperated by filtration, washed
several times with methanol, dried until constant weight
at room temperature and stored at 4 °C until use. Finally,
a white to yellowish solid was obtained. For the sec-
ond copolymer (TPGS-b-PCL), TPGS (3.0 g) was poured
into a 250 mL round-bottom flask and dried. Then, ¢-CL
(20.0 g) and SnOct (0.04 g) were added, and the round-
bottom flask was placed in the centre of the microwave
oven and connected to the condenser. In this case, the reac-
tion mixture was exposed to microwave radiation for:

(1) 1 min at power 5,

(ii) 2 min at power 3,

(iii) 2 min at power 3,

(iv) 5 min at power 3 and

(v) 1 min at power 5.

The total reaction time was 11 min, under reflux. Then,
the derivate was treated following the same procedure
described for mPEG-b-PCL synthesis. Finally, a white to
yellowish solid was obtained.

Finally the chemical compositions of the mPEG-b-PCL
and TPGS-b-PCL copolymer were determined from proton
nuclear magnetic resonance ('H-NMR) spectra in deuter-
ated chloroform (Sigma) at room temperature on a Bruker
MSL300 spectrometer (300 MHz, Germany). Number-
and weight-average molecular weights (Mn and Mw) and
molecular weight distributions (Mw/Mn polydispersity,
PDI) were determined by gel permeation chromatography
(GPC) using a Knauer GPC instrument (Berlin, Germany)
provided with a refractive index detector. A set of 50A,
100A and M2 (Phenomenex Inc., Torrance, CA, USA) and
104A (Waters, Inc., Milford, MA, USA) columns ultrasti-
ragel column, conditioned at 25 °C was used to elute sam-
ples at ImL/min HPLC-grade tetrahydrofuran flow rate.
Polystyrene standards (Polymer Laboratories, Shropshire,
UK) were used for calibration.
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2.3. Preparation of PTX-Loaded NPs

PTX-loaded NPs were prepared using mPEG-b- and
TPGS-b-PCL by a solvent evaporation technique as pre-
viously described.” First, a stock solution of PTX in
dichloromethane (1.4 mg/mL) was prepared. Then, mPEG-
b- or TPGS-b-PCL (42 mg total weight) was added to a
3 mL of PTX stock solution and vortexed until complete
dissolution. This solution was poured slowly into distilled
water (100 mL) containing TPGS (0.03% w/v) and emulsi-
fied by sonication using a probe sonicator (Q700 ultrasonic
liquid processor, Qsonica, USA) at an output of 50 W for
60 seconds. The resulting emulsion o/w was stirred under
magnetic stirring overnight at room temperature. Then, the
sample was vacuum-filtered through filter paper (VWR®
Grade 410 Filter Paper, Qualitative, 1 uwm) and the sus-
pension was frozen at —20 °C and lyophilized for 48 h
employing a freeze-dryer (FIC-LO5, FIC, Scientific Instru-
mental Manufacturing, Argentina) for 48 h. PTX-free NPs
were used as controls.

2.4. Determination of PTX Content in NPs

The PTX content was determined by a high perfor-
mance liquid chromatography (HPLC) where the analyti-
cal method was previously validated.?® Briefly, a reversed
phase C18 column (4.6 mm x 250 mm, 5 wm, Fluophase
PFP, Thermo, USA) with a mobile phase composed of ace-
tonitrile/water (50/50, v/v) were used. The flow rate was
maintained at 1 mL/min and the detection wavelength was
227 nm (UV-detector, Shimadzu SPD-10A, Japan). Sample
solutions were injected (Plus autosampler, Shimadzu SIL-
10A, Japan) at a volume of 20 wl. The linearity range was
establish between 0.05 and 50 wg/mL with standard solu-
tions of PTX dissolved in acetonitrile (correlation coeffi-
cient of R? =0.996) and the limit of quantification was
0.005 pg/mL. NPs were dissolved in acetonitrile and vig-
orously vortexed to get a clear solution. Finally, drug load-
ing (DL) and efficiency encapsulation (EE) of drug-loaded
NPs were calculated according to Eqs. (1) and (2):

DL (%) = (Weight of PTX in the NPs

/Total weight of NPs) x 100 (1)
EE (%) = (Weight of PTX in NPs

/Initial weight of PTX used) x 100 (2)

2.5. NPs Characterization

The hydrodynamic diameter (Dh) and polydispersity index
(PDI) of PTX-loaded NPs prepared with mPEG-b- and
TPGS-b-PCL copolymers were determined by Dynamic
Light Scattering (DLS, Zetasizer Nano-Zs, Malvern Instru-
ments, UK) provided with a He-Ne (633 nm) laser and
a digital correlator ZEN3600. Measurements were con-
ducted at a scattering angle of 6 = 173° to the incident
beam. Samples were equilibrated at 25 °C for at least
3 min prior to the analysis. Previously, the instrument was
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calibrated with standard latex NPs provided by Malvern
Instruments (UK). Zeta potential was measured using the
same instrument at 25 °C. Experimental values were the
average of three different formulations.

The morphology of lyophilized PTX-loaded NPs was
characterized by means of Field Emission Gun Scan-
ning Electron Microscopy (FEG-SEM, Zeiss Supra 40 TM
apparatus Gemini column, Germany) operating at an accel-
erating voltage of 3.0 kV. NPs were coated with a thin
layer of gold (thickness of 5—-10 nm) by sputtering method.

2.6. In Vitro PTX Release

In vitro release profiles of PTX from mPEG-b-, TPGS-b-
PCL NPs and Abraxane® were performed using the dialy-
sis method over 96 h. Systems containing 0.5 mg of PTX
were dispersed in phosphate buffer USP 30 (pH 7.4, 5 mL)
containing 0.5% v/v of polysorbate 80. The resulting sus-
pension was placed into a dialysis bag (regenerated cel-
lulose dialysis membranes; molecular weight cut off of
3500 g/mol; Spectra/Por® 3 nominal flat width of 45 mm,
diameter of 29 mm and volume/length ratio of 6.4 mL/cm;
Spectrum Laboratories, Inc., USA), sealed, and placed in
a Falcon® conical tube (50 mL) containing the release
medium (PBS, pH 7.4 containing 0.5% v/v of polysor-
bate 80, 45 mL). Polysorbate 80 was added to increase
the intrinsic solubility of PTX in the release medium and
to ensure sink conditions.?’” Then, each Falcon® conical
tube was placed in an orbital water bath and maintained
at 37.0£0.5 °C with stirring rate of 40 rpm. The release
media (45 mL) was sampled at predetermined time inter-
vals (1, 2, 4, 6, 8, 24, 48, 72 and 96 h) and replaced
with equal volume of fresh medium pre-heated at 37 °C.
The samples were analyzed for PTX content by HPLC as
described above (with minor modifications) with correc-
tion for the volume replacement. Assays were carried out
in triplicate and the results are expressed as mean=+ S.D.

2.7. In Vitro Cytotoxicity

Human breast cancer cell lines (MCF-7 and MDA-MB
231) were obtained from the American Type Culture
Collection (ATCC) (Rockville, MD, USA). Cells were
maintained in Dulbecco’s minimum essential medium
(DMEM®) supplemented with 2 mM L-glutamine (Invit-
rogen, Argentina), 10% fetal bovine serum (FBS) and
50 pg/mL gentamycine (Invitrogen, Argentina) at 37 °C
(humidified atmosphere of 5% CO,). For in vitro cyto-
toxicity assays, cells were seeded in clear 96-well plates
(Corning Costar, Fisher Scientific, USA) at a density of
5,000 cells/well and incubated 24 h to allow cell attach-
ment. Then, cells were incubated with PTX, Abraxane®
and PTX-loaded mPEG-b-PCL NPs and TPGS-b-PCL
NPs for 48 and 72 h. The final concentration of PTX
was in the range of 0.1 and 50 ug/mL. Drug-free NPs
and blank culture medium were used as controls. After
the each predetermined incubation period, the medium
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was removed, the wells were washed with PBS and fresh
medium was added. Finally, a solution of water-soluble
tetrazolium salts (WST), prepared according to manufac-
tures instructions (CellTiter 96® aqueous non-radioactive
cell proliferation assay, Promega), was added and the cells
were incubated for 2 h. Finally, absorbance at 490 nm
was measured using a microplate reader (Biotrak II Plate
Reader, Amershan Bioscienes, Piscataway, New Jersey,
USA). PTX concentrations required to inhibit growth
by 50% (IC50) were determined from concentration-
dependent cell viability curves. Assays were done by
triplicate. Values were expressed in terms of percent of
untreated control cells set as 100%.

2.8. In Vitro Cellular Uptake

To evaluate the cellular uptake of PTX encapsulated within
NPs modified with mPEG or TPGS on the particle surface,
we determined PTX by HPLC assay of collected MCF-
7 and MDA-MB 231 cells, which were incubated with
various PTX formulations for different incubation times.
Briefly, MCF-7 or MDA-MB231 cells were seeded into
6-well plates at 4 x 10° cells/well and cultured at 37 °C
in the presence of 5% CO, for 24 h to permit the attach-
ment of cells. The cells were then incubated with PTX,
free- and PTX-loaded mPEG-b-PCL NPs, and free- and
PTX-loaded TPGS-b-PCL NPs at 25 pug/mL of PTX for
0.5, 2, 4 and 6 h, respectively. At predetermined time-
points, the cells were washed with 1.5 mL ice cold PBS
to terminate the uptake and remove the drug or systems
that were adsorbed on the cell membrane. Then, the cells
were washed with PBS and 0.25 mL trypsin PBS solution
(2.5 pg/mL) was added. The cell lysate was centrifuged at
13,000 rpm (MiniSpin® plus™, Eppendorf, Germany) for
10 min. Drug content in the supernatant after centrifuga-
tion was measured by HPLC method and obtained values
were normalized by protein content in each sample deter-
mined using BCA protein assay kit (Pierce Corporation,
Beijing local agent, China) according to the manufacturer’s
protocol. Statistical analysis of intracellular/cell PTX lev-
els as delivered by the different nanocarriers, Abraxane®
and the PTX solution at 6 h was performed by one-way
ANOVA test and Dunnett’s Multiple Comparison post-
hoc test using GraphPad Prism version 5.02 for Windows
(GraphPad Software, USA). Statistical significance was
defined as p < 0.05. All experiments were repeated in
triplicate.

2.9. Inhibition of P-gp Efflux Pumps

To evaluate the effect of systems on P-gp inhibition, the
uptakes of different formulations of PTX (25 wg/mL):
PTX with and without 100 uM verapamil, PTX-loaded
mPEG-b-PCL NPs with and without 100 uM verapamil,
and PTX-loaded TPGS-b-PCL NPs with and without
100 uM verapamil, were tested on MCF-7 and MDA-MB
231 cells. At this concentration, verapamil did not cause

J. Nanosci. Nanotechnol. 15, 1-11, 2015



Bernabeu et al.

In Vitro Cytotoxicity and Cellular Uptake in MCF-7 and MDA-MB-231 Cells

significant cytotoxicity in both cell lines.?® Then, the cells
were incubated with test solutions at 37 °C for 2 h, the
test solutions were removed. Subsequently, the cells were
washed by 4 °C PBS thrice, and the amount of PTX in
both cells lines were assayed by HPLC. Statistical anal-
ysis of intracellular/cell PTX levels as delivered by each
formulation in absence and presence of verapamil at 2 h
was performed by ¢-test using GraphPad Prism version
5.02 for Windows (GraphPad Software, USA). Statistical
significance was defined as p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Copolymer Synthesis and Characterization

In order to evaluate the in vitro performance on nanosized
carriers loaded with the antineoplastic poorly-water solu-
ble PTX, we synthesized two copolymers (mPEG-b-PCL
and TPGS-b-PCL) via ring opening polymerization of
&-CL initiated by PEG in presence of SnOct (Fig. 1). The
chemical compositions were determined from 'H-RMN
spectra by calculating the ratio of the integral peaks areas
corresponding to the Ethylene Oxide (EO, repeating units
of TPGS or mPEG) from methylene protons at 6 = 3.6—
3.65 ppm and the CL e-mehylene protons at 6 = 4.0-
4.1 ppm. Both amphiphilic derivates presented an identical
hydrophobic/hydrophilic balance. The copolymers com-
positions can be determined as EO:CL = 16:84 (molar
ratio). Mn and Mw values were determined by GPC,
where the analysis revealed the presence of an unimodal
molecular weight distribution. The Mn value of mPEG-
b- and TPGS-b-PCL copolymers was determined to be
14,482 and 12,062 g/mol, respectively; whereas that the
Mw resulted be 29,993 and 21,285 g/mol, respectively.
These results show a PDI of 2.07 and 1.76, respectively.
Results were in good concordance with the theoretical
composition.

3.2. Preparation and Characterization of
PTX-Loaded Nanoparticles

Both copolymers, mPEG-b-PCL and TPGS-b-PCL, were
used for produce PTX-loaded NPs by a solvent evapo-
ration technique as previously described.”® The DL (%)
content of TPGS-b-PCL and mPEG-b-PCL NPs was 6.0
and 8.6% w/w, respectively; these values represented an
EE (%) of 66.3 and 94.6%, respectively (Table I).

The size and size distribution of the PTX-loaded NPs
prepared by both copolymers are presented in Table I.
The size of the two NPs formulation was between 240
and 300 nm. This data represents an excellent size range
for cellular uptake of nanosized carriers as it has been
previously described.? Interestingly, the Dh of the PTX-
loaded TPGS-b-PCL was much smaller than that of the
mPEG-b-PCL NPs; this result is probably related with the
TPGS component of the copolymer since it presents a self-
emulsifying function.?

Also, PDI values followed a similar trend where the
mPEG-b-PCL-based NPs exhibited a grater polydisper-
sion than their counterparts prepared with TPGS-b-PCL.
In this case, NPs prepared with TPGS-b-PCL presented
a PDI value of 0.25, while mPEG-b-PCL NPs showed a
value of 0.30 (Table I). This effect could be also attributed
to the self-emulsifying effect of TPGS. Another inter-
esting parameter to investigate is the zeta potential of
a colloidal dispersion. It is well known that NPs zeta
potential is a crucial factor for nanosized carrier stability
in suspension due to the electrostatic repulsion between
the NPs. In the present study PTX-loaded NPs showed
a negative surface charge with zeta potential values of
—31.7 mV and —35.5 mV for mPEG-b-PCL and TPGS-
b-PCL, respectively (Table I). This result might be related
with the presence of ionized carboxyl groups of the PCL
segments.’® Thereafter, the repulsion among the highly
negatively charged NPs provides extra stability. For both

H\<o /\/\/\ﬁio{\/\okom

mPEG-b-PCL

“JROA/\/\L&{O\/%OJ\/\TO

TPGS-b-PCL

Figure 1. Chemical structures of mPEG-b-PCL and TPGS-b-PCL.
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Table 1.
as mean+S.D. (n = 3).

PTX payload, encapsulation efficiency, size, size distribution (polydispersity) and zeta potential values of NPs at 25 °C. Results are expressed

Copolymer Size (nm) Polydispersity Zeta potential (mV) Drug loading (% w/w) Encapsulation efficiency (%)
mPEG-b-PCL 303+13 0.30+0.03 -31.7+0.2 8.6+22 94.6
TPGS-b-PCL 240+ 10 0.25+0.01 —355+1.1 6.0+0.5 66.3

formulations, we did not observe significant changes in the
surface charge.

3.3. Morphological Characterization

The surface morphology of the lyophilized PTX-loaded
NPs was investigated by means of FEG-SEM. Figure 2
shows the micrographs for PTX-loaded NPs where the
mean NPs diameter seemed to be between 200 and 400 nm
in diameter and have a spherical shape. In addition, the
TPGS-b-PCL particles seemed to have smooth surface
while mPEG-b-PCL NPs showed a rough surface, within
SEM resolution level. A similar effect has been previ-
ously observed by Zhang et al., where the presence of a
hydrophilic material as PEG can create a porous structure
in the surface of NPs.’! Furthermore, NP size estimated
from the images is consistent with that obtained by DLS.

3.4. In Vitro Release

The in vitro cumulative release profiles of PTX from
mPEG-b-PCL NPs, TPGS-b-PCL NPs and Abraxane® are
shown in Figure 3. All NPs formulations disclosed a sus-
tained and slow release of PTX, where the amount of drug
released in the first 24 h was ~7%, ~6% and ~10% for

200 nm EHT = 3.00 kv

Figure 2. SEM micrographs of PTX-loaded (A) mPEG-b-PCL NPs and
(B) TPGS-b-PCL NPs. Magnification: 50,000 .

6

mPEG-b-PCL, TPGS-b-PCL and Abraxane®, respectively.
After 96 h, the PTX release was ~19% for mPEG-b-PCL,
~21% for TPGS-bh-PCL and ~20% for Abraxane®. As we
see in the Figure 3, the release rate was not affected by the
type of polymer used in the formulations, and also, none
of the formulations showed burst effect. In the case of the
NPs, the slow and continuous release may be attributed to
the diffusion of the drug localized in the core of the NPs
and by the absence of drug absorbed in the surface of the
NPs. For Abraxane®, probably the release rate is due to the
slow dissociation of the complex formed between albumin
and PTX. These results suggest that the drug would be
stable in the systemic circulation and it would be released
slowly at the tumor site.*?

3.5. In Vitro Citotoxicity

The in vitro performance of PTX-loaded NPs was tested in
two human breast cancer cell lines: an estrogen-dependent
(MCF-7) and an estrogen independent (MDA-MB-231)
using the WTS assay for both nanocarrier systems at
48 and 72 h (Figs. 4 and 5). In order to characterize
the in vitro PTX therapeutic effect, the ICy, values were
estimated for each system at every incubation timepoint
and the results are summarized on Tables II and III. For
MCE-7 breast cancer cell line, PTX-loaded TPGS-5-PCL
NPs exhibited a higher citotoxicity than a PTX solu-
tion and the nanosized commercially available formula-
tion (Abraxane®), being this effect more marked as the
PTX concentration was increased. Interestingly, TPGS-
based NPs also exhibited a higher citotoxicity than its
counterpart mPEG-b-PCL-based nanocarrier after 48 h and
72 h of incubation (Figs. 4 and 5). This effect could

25 -
R + Abraxane
. ® mPEG-b-PCL A
3 A TPGS-b-PCL 3
o .
2 454 n
(0]
z
]
S 10
g ;
[6]
8 5-
x J
'_
o
e . . . . .
0 20 40 60 80 100

Time (h)

Figure 3. PTX accumulative release profile from mPEG-b-PCL NPs
and TPGS-b-PCL NPs in comparison with Abraxane® at 37 °C over 96 h.
Data are expressed as mean=+S.D. (n = 3).
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Figure 4. Viability of human breast cancer MCF-7 cells determined by
WST assay after (A) 48 h and (B) 72 h of incubation with PTX solution,
Abraxane®, PTX-loaded mPEG-b-PCL NPs and PTX-loaded TPGS-b-
PCL NPs, employing the same PTX dose for every assay. Notice that
a molar equivalent drug-free mPEG-b-PCL NPs and TPGS-6-PCL NPs
were used. Results are expressed as mean+S.D. (n = 3).

be attributed to the presence of TPGS since it has been
demonstrated that this biomaterial exhibits a selective anti-
cancer activity.*® In addition, the resulting toxicity depends
upon a number of factors such as size, concentration and
chemical properties.* As it is shown on Table II, it was
observed a significant (p < 0.05) decrease on ICs, values
from 46.4 ug/mL to 20.1 wg/mL after 48 h of incuba-
tion for PTX-loaded mPEG-b-PCL and TPGS-b-PCL NPs,
respectively. These results represent a clear enhancement
on the in vitro citotoxicity performance for the drug-loaded
TPGS-b-PCL carrier since a lower PTX concentration is
needed to kill the 50% of the cancer cell at a designed
time. In case of PTX and Abraxane®, their ICy, values
could not be determined in this assay because at the higher
concentration used (50 wg/mL) the viability was greater
than 50%. Similar results have been observed by Zhao
et al. using the same cell line and after 48 h of treatment.®

A similar trend was observed after 72 h where the ICs,
values significantly (p < 0.05) decrease from 41.7 pg/mL,
244 pg/mL and 35.5 pg/mL to 8.7 wg/mL for PTX
solution, Abraxane®, drug-loaded mPEG-b-PCL NPs and
PTX-loaded TPGS-b-PCL NPs, respectively (Table III).
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Figure 5. Viability of human breast cancer MDA-MB-231 cells deter-
mined by WST assay after (A) 48 h and (B) 72 h of incubation with PTX
solution, Abraxane®, PTX-loaded mPEG-b-PCL NPs and PTX-loaded
TPGS-b-PCL NPs, employing the same PTX dose for every assay. Notice
that a molar equivalent drug-free mPEG-b-PCL NPs and TPGS-b-PCL
NPs were used. Results are expressed as mean+S.D. (n = 3).

In this case the increment on citotoxicity activity was 4.8-
fold and 2.6-fold for the TPGS-b-PCL-based nanocarrier
in comparison with PTX solution and Abraxane®, respec-
tively. This indicates that TPGS NP formulation might
require a lower drug concentration than the other formu-
lations to achieve the same in vitro therapeutic efficacy.

On the other hand, it was also observed that PTX-free
NPs based on TPGS exhibited an increased citotoxicity as
the copolymer concentration was increased (Figs. 4 and 5).
For example, the ICs, values showed a significant (p <
0.05) decrease from 41.7 ug/mL to 16.4 pg/mL for PTX
solution and blank TPGS-based NPs after 72 h of incuba-
tion. Moreover there was no significant difference between
the ICs, values for the drug solution and blank mPEG-b-
PCL NPs (Table II).

In order to gain a further insight on the in vitro per-
formance of our novel TPGS-b-PCL NPs, we also evalu-
ated their citotoxicity activity in another breast cancer cell
line denoted as MDA-MB-231. Particularly, this cancer
cells do not express receptors for estrogen, progesterone
and human epidermal growth factor type 2 and they are
denoted as a triple-negative cell line. Breast tumors of this
subtype exhibit poor overall prognosis.*
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Table II.  IC,, (mean=+S.D.) values in MCF-7 and MDA-MB-231 cells after 48 h treatment by PTX solution, Abraxane®, blank NPs and PTX-loaded
NPs.
IC; (ng/mL)
Blank PTX-loaded Blank PTX-loaded
Cell line PTX Abraxane® mPEG-b-PCL NPs mPEG-b-PCL NPs TPGS-b-PCL NPs TPGS-b-PCL NPs
MCEF-7 >50 >50 >50 46.4+0.8 >50 20.1£3.0¢
MDA-MB-231 47.7+£15 43.0£0.7 >50 >50 >50 29.7£1.9%¢

Notes: Multiple comparisons were performed using one-way ANOVA with Tukey post hoc test (n = 3 experiments). “Significant difference compared to PTX-loaded
mPEG-PCL NPs (p < 0.05); ’significant difference compared to PTX (p < 0.05); “significantly difference compared to Abraxane® (p < 0.05).

For MDA-MB-231 breast cancer cell line, we could
only determine the ICy, for PTX, Abraxane® and drug-
loaded TPGS-b-PCL NPs after 48 h of incubation. ICj,
values of the remaining formulations could not be deter-
mined because the cell viability was greater than 50% with
the highest concentration used. In this sense, He et al.
studied the cytotoxicity against these MDR breast cancer
cells line and concentrations of PTX above 100 pug/mL
were required for ICs, determination.”” However, PTX-
loaded TPGS-b-PCL NPs TPGS showed the lowest ICj,
value (29.7+1.9 pg/mL) at 48 h, being significantly
lower than the values for PTX and Abraxane® (Table II).
A similar behaviour was observed after at 72 h of incu-
bation where the ICs, values decrease from 14.0 uwg/mL,
12.1 pg/mL and 26.1 pg/mL to 8.1 ug/mL for PTX
solution, Abraxane®, drug-loaded mPEG-b-PCL NPs and
PTX-loaded TPGS-b-PCL NPs, respectively (Table III).
In this case, a significant (p < 0.05) difference was
observed between the drug-loaded nanocarriers. Another
interesting point to consider is that TPGS can induce apop-
tosis in breast cancer cell lines (MCF-7 and MDA-MB-
231) but not in “normal” (non-tumorigenic) cells.*® In our
results, the presence of TPGS in the copolymer showed
an adjuvant effect with PTX; this effect could enhance the
therapeutic activity of different antineoplastic drugs, rep-
resenting a new concept in the design of drug delivery
systems.

Overall, PTX-loaded TPGS-b-PCL NPs exhibited a bet-
ter in vitro performance than
(i) its counterpart based on mPEG-b-PCL and
(ii) the commercially available Abraxane® for both breast
cancer cell lines.

These results could be attribute to two main effects:
(i) the drug encapsulation within the NPs and
(ii) the citotoxic effect display by TPGS.?

4. CELLULAR UPTAKE

Previously it has been reported that nanoparticulate sys-
tems could enhanced antineoplastic drug uptake by differ-
ent cancer cell lines.?®3%40 One of the main objectives of
the present investigation was the development of a novel
nano-sized carrier based on TPGS as a PEG derivative
which could improve the PTX accumulation within two
breast cancer cell lines. Thereafter the intracellular/cell
PTX levels were assessed in MCF-7 and MDA-MB-231
cell lines employing a PTX concentration of 25 pug/mL;
according with the IC, values obtained in the in vitro
citotoxicity assays. As is shown in Figure 6, the PTX
uptake is related with the incubation time for the nano-
sized carriers. In this case, the longer the incubation time,
the grater intracellular PTX concentration, for both cell
lines. For TPGS-b-PCL NPs it was observed a signifi-
cant (p < 0.05) increase of the intracellular/cell PTX lev-
els in comparison with its counterpart mPEG-b-PCL NPs,
Abraxane® and PTX solution after 6 h. This translates
in an increment of the intracellular/cell PTX concentra-
tion of 1.42, 1.85 and 1.6-fold (MCF-7 cell line) and 1.3,
2.18 and 2.32-fold (MDA-MB-231 cell line) for TPGS-b-
PCL NPs respect to mPEG-b-PCL NPs, Abraxane® and
PTX solution (Table IV). These results are in line with the
in vitro citotoxicity assay data since PTX-loaded TPGS-b-
PCL NPs exhibited the lowest IC, values.

Table III.  IC,, (mean=S.D.) values in MCF-7 and MDA-MB-231 cells after 72 h treatment by PTX solution, Abraxane®, blank NPs and PTX-
loaded NPs.
IC5, (pg/mL)
Blank PTX-loaded Blank PTX-loaded
Cell line PTX Abraxane® mPEG-b-PCL NPs mPEG-b-PCL NPs TPGS-b-PCL NPs TPGS-b-PCL NPs
MCEF-7 41.7£5.0 244432 333478 355+9.0 164+2.4 8.7+£0.7¢ b de
MDA-MB-231 14.0£1.7 12.1+£3.8 254+8.4 26.1+10.1 39.3+6.1 8.1+£2.14¢

Notes: Multiple comparisons were performed using one-way ANOVA with Tukey post hoc test (n = 3 experiments). “Significant difference compared to PTX (p < 0.05);
bsignificant difference compared to Abraxane® (p < 0.05); “significantly difference compared to blank mPEG-PCL NPs (p < 0.05); “significantly difference compared to
PTX-loaded mPEG-PCL NPs (p < 0.05); “significantly difference compared to blank TPGS-PCL NPs (p < 0.05).
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Figure 6. Time-dependent intracellular/cell PTX levels in (A) MCF-7
and (B) MDA-MB-231 breast cancer cell lines for drug-loaded mPEG-
b-PCL NPs and TPGS-b-PCL NPs in comparison with Abraxane® and
PTX solution. Drug amount was normalized by protein concentrations
of the cell lysates. Results are expressed as mean=+S.D. (n = 3). » The
intracellular/cell PTX levels are significantly (p < 0.05) higher for TPGS-
b-PCL NPs in comparison with the other formulations assayed.

Interestingly, for PTX solution the intracellular/cell PTX
levels remained almost unchanged over 6 h for MCF-7
cells. Whereas for Abraxane®, drug levels remained almost
unchanged only during the first 4 h, then a decrease
on PTX values was observed where the drug intracellu-
lar/cell concentration between 4 h and 6 h decrease from
3.2 pg/mg to 1.8 ug/mg (Fig 6(A)). In case of MDA-
MB-231 cells, there was a clear decrease on the intra-
cellular/cell drug levels for PTX solution and Abraxane®,
as is shown on Figure 6(B). For instance, PTX intra-
cellular concentration between 0.5 h and 6 h decrease
from 5.70 pg/mg and 13.39 pg/mg to 4.23 pg/mg and
4.52 uwg/mg for PTX solution and Abraxane®, respec-
tively. These data could be associated with the PTX efflux
from the cancer cell mediated by Multidrug Resistent
Protein.*!-#?

5. CELLULAR UPTAKE WITH VERAPAMIL

The decrease on antitumor drug intracellular/cell levels
due to the increment of drug efflux by P-gp is a key factor
contributing to the development of MDR in cancer cells.*®

J. Nanosci. Nanotechnol. 15, 1-11, 2015

Thus, a high expression of P-gp on tumor cells has been
correlated with a poor response to PTX treatment and a
poor prognosis.** Verapamil has been described as a P-gp
inhibitor which is able to reverse completely the resistance
caused by this efflux pump.* In this sense, some breast
cancer patients who received PTX with verapamil showed
an increase in PTX exposure.*® Thereafter, an additional
PTX cellular uptake assay was performed on MCF-7 and
MDA-MB-231 breast cancer cells with the addition of
verapamil.

On one hand, as is shown on Figure 7(A), there was
no significant increase on PTX uptake for every formu-
lation assayed with verapamil for MCF-7 cells. In this
case, in absence of verapamil, the drug intracellular/cell
levels were 2.24 ug/mg, 4.51 pg/mg, 1.73 pg/mg and
2.22 wg/mg for PTX solution, Abraxane®, mPEG-b-PCL
NPs and TPGS-b-PCL NPs, respectively. Then, with ver-
apamil, the drug uptake remained almost unchanged with
PTX intracellular/cell levels of 2.41 ug/mg, 4.73 wg/mg,
1.46 wg/mg and 1.99 ug/mg for PTX solution, Abraxane®,
mPEG-b-PCL NPs and TPGS-b-PCL NPs, respectively.

7 7 MCF-7 cells
6_
5
4_
3_
2 4
1_
0_

mg PTX/mg protein

c
~
1
*

MDA-MB-231 cells

mg PTX/mg protein
w
*
»*

Figure 7. Cellular uptake of PTX from drug solution, Abraxane®,
mPEG-b-PCL NPs and TPGS-b-PCL NPs in absence and presence of
verapamil in (A) MCF-7 and (B) MDA-MB-231 breast cancer cell line.
PTX amount was normalized by protein concentrations of the cell lysates.
Results are expressed as mean=+S.D. (n = 3). » PTX cellular uptake is
significantly (p < 0.05) different in absence and presence of verapamil.
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Therefore, the effect of verapamil on the cellular uptake
of PTX was no significant, regardless of incubation time.
Similar results have been observed by Baek et al.*’

On the other hand, a different behavior was observed
for MDA-MB-231 cells. Results showed that the uptake
of PTX significantly (p < 0.05) increased from 1.1 pwg/mg
to 1.9 pg/mg without and with verapamil for PTX solu-
tion (Fig. 7(B)). This result clearly denotes that the drug
intracellular/cell levels increased duo to the presence of
verapamil. In this context, similar results were expected for
Abraxane® and mPEG-b-PCL NPs. For instance, the PTX
uptake also significantly (p < 0.05) increased for both for-
mulations in absence and presence of verapamil for MDA-
MB-231 cells (Fig. 7(B)). The PTX intracellular/cell levels
increased from 2.66 wg/mg and 1.34 pwg/mg to 5.60 pg/mg
and 1.71 ug/mg, before and after verapamil addition for
Abraxane® and mPEG-b-PCL NPs, respectively. Interest-
ingly there was no significant increase on drug uptake for
TPGS-b-PCL NPs after verapamil incorporation. In this
case, the PTX intracellular/cell level was 3.45 ug/mg
and 2.74 pg/mg, without and with the presence of vera-
pamil, respectively, denoting the P-gp-inhibiting effect of
TPGS.?

The different results observed between MCF-7 and
MDA-MB-231 cell lines could be explain in terms on
Pg-p expression. It has previously described that MDA-
MB-231 cells express P-gp, however the MCF-7 cells do
not express this transmembrane efflux protein.*** Then,
the P-gp-inhibiting effect of verapamil could be clearly
observed in MDA-MB-231 where a significant increment
on PTX intracellular/cell levels was obtained for TPGS-
free formulations. In case of TPGS-b-PCL NPs, this PEG-
derivate has been also described as a Pg-p inhibitor, and
then the inhibition effect of P-gp by verapamil could not
be observed. Using a similar strategy with verapamil and
other MDR cells, Chavanpatil et al. observed that inhibi-
tion of P-gp restores sensitivity to PTX.*

6. CONCLUSION

In this work, we prepared two amphiphilic block copoly-
mers with PCL, one decorated with mPEG and another
with TPGS to prepare PTX-loaded NPs. Until now, there
was not data exhibited the comparison between mPEG-
b-PCL and TPGS-b-PCL copolymers. We observed that
TPGS-b-PCL NPs presented better antitumoral activity
compared to PEG-decorated NPs and the commercial for-
mulation Abraxane® at different concentrations assayed
on MCF-7 and MDA-MB-231 breast cancer cells. Also,
TPGS-decorated NPs was found to be more effective than
the other formulations to internalize PTX in both cell lines.
This is the first report comparing the in vitro cytotoxicity
and PTX cellular uptake using PEG- and TPGS-decorated
NPs. These results showed that TPGS is a more convenient
alternative to replace PEG in the nanoparticulate systems
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used in cancer. Overall, our novel nanosized carrier repre-
sents an excellent nanotechnological platform to improve
the PTX accumulation within breast cancer cells.
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