Journal of Controlled Release 167 (2013) 68-75

Contents lists available at SciVerse ScienceDirect

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Poly(styrene oxide)-poly(ethylene oxide) block copolymers: From “classical”
chemotherapeutic nanocarriers to active cell-response inducers

A. Cambén *1, A. Rey-Rico ™', S. Barbosa **, J.F.A. Soltero €, S.G. Yeates ¢, J. Brea ¢, M.I. Loza €,
C. Alvarez-Lorenzo ™€, A. Concheiro ”¢, P. Taboada ***, V. Mosquera ?

@ Grupo de Fisica de Coloides y Polimeros, Departamento de Fisica de la Materia Condensada, Santiago de Compostela, Spain

b Departamento de Farmacia y Tecnologia Farmacéutica, Santiago de Compostela, Spain

¢ Departamento de Ingenieria Quimica, Universidad de Guadalajara, Boul. M. Garcia Barragdn #1451, Guadalajara, Jalisco 44430, Mexico
4 Organic Materials Innovation Center, School of Chemistry, University of Manchester, Manchester M13 9PL, United Kingdom

€ Instituto de Farmacia Industrial, Universidad de Santiago de Compostela, 15782-Santiago de Compostela, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 12 September 2012
Accepted 14 January 2013
Available online 23 January 2013

Two poly(styrene oxide)-poly(ethylene oxide) (PSO-PEO) triblock copolymers with different chain lengths
were analyzed as potential chemotherapeutic nanocarriers, and their ability to inhibit the P-glycoprotein
(P-gp) efflux pump in a multidrug resistant (MDR) cell line were measured in order to establish possible
cell-responses induced by the presence of the copolymer molecules. Thus, EO3350,4EO33 and EO35S010EO3g
polymeric micelles were tested regarding doxorubicin (DOXO) entrapment efficiency (solubilization test),
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pz{ﬁ;; micelles physical stability (DLS), cytocompatibility (fibroblasts), release profiles at various pHs (in vitro tests), as
Doxorubicin well as P-gp inhibition and evasion and cytotoxicity of the DOXO-loaded micelles in an ovarian MDR

NCI-ADR/RES cell line and in DOXO-sensitive MCF-7 cells. EO33S014EO33 and EO33S0;0EOsg formed spherical
micelles (~13 nm) at lower concentration than other copolymers under clinical evaluation (e.g. Pluronic®),
exhibited 0.2% to 1.8% loading capacity, enhancing more than 60 times drug apparent solubility, and retained
the cargo for long time. The copolymer unimers inhibited P-gp ATPase activity in a similar way as Pluronic
P85, favoring DOXO accumulation in the resistant cell line, but not in the sensitive cell line. DOXO loaded
in the micelles accumulated more slowly inside the cells, but caused greater cytotoxicity than free drug solu-
tions in the NCI-ADR-RES cell line, which overexpressed P-gp. Hence, PSO-PEO block copolymers offer inter-
esting features as new biological response modifiers to be used in the design of efficient nanocarriers for
cancer chemotherapy.
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1. Introduction

Advances in materials science offer tremendous opportunities to
develop novel nanocarriers able to improve the pharmacokinetics
and the local bioavailability of a variety of drugs, apart from providing
additional functionalities [1-4]. Among the diverse nanoparticulate
systems suitable for encapsulating and delivering drugs, micelles
formed by amphiphilic polymers occupy a relevant position [5,6].
Self-assembly of biocompatible copolymers consisting of two or
more blocks with different hydrophobicity may result in the formation
of micelles with a hydrophobic core and a hydrophilic shell. Copolymers
bearing hydrophilic poly(ethylene oxide) (PEO) blocks lead to sterically
stabilized micelles that show prolonged blood circulation, and passively
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accumulate in solid tumors [4]. The most widely studied amphiphilic
copolymers are those composed of PEO and poly(propylene oxide)
(PPO) blocks, particularly the linear and bifunctional poloxamers
(Pluronics®) and the X-shaped poloxamines (Tetronic®). PEO-PPO
block copolymers have gained popularity over the last decades due to:
i) their commercial availability; ii) proven fair solubilization capacity
and sustained drug deliverys; iii) high biocompatibility of most varieties;
iv) inhibition of different efflux transporters overexpressed in multidrug
resistant (MDR) cells; v) ability to enhance drug transport across cellular
barriers; and vi) regulatory status, i.e., approval of some varieties by US
FDA and EMA to be used in pharmaceutical formulations and medical de-
vices [7-9]. Nevertheless, PEO-PPO block copolymers display several
drawbacks, such as uncomplete micellization of unimers and limited
drug solubility and colloidal stability upon dilution in the bloodstream
particularly when the EO/PO ratio is high.

To achieve a more efficient aggregation and micelle stability, a series
of other block copolymer counterparts of similar architecture but
with the PPO segment replaced by a more hydrophobic one such as
poly(butylene oxide) (PBO), poly(styrene oxide) (PSO) or phenylglycidyl
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ether (PG) has been developed by the Attwood and Booth's group in col-
laboration with us during last years [10-13]. The micelles of these copol-
ymers showed improved solubilization capacity and stability [11,14,15].
In particular, PSO-based block copolymers are of interest due to the
wide availability of architectures and molecular weights [12], their
ability to self-assemble into micelles of different shapes at very low con-
centrations depending on their relative block lengths [16], and their low
glass transition temperature (ca. 40 °C), which enables the incorpora-
tion of termolabile drugs [11,17]. Despite the micellization and solubili-
zation ability of some PSO-based copolymers have been previously
studied [10,12,13,16], as far as we know only one study has analyzed
the role of PSO-PEO copolymer micelles as carriers of an anticancer
drug (docetaxel) [18]. Moreover, in contrast to the well-demonstrated
inhibitory activity of several PEO-PPO Pluronic® and Tetronic® block
copolymers against drug efflux transporters overexpressed in MDR
cells [8,19,20], no reports are available about the potential capabilities
of PSO-based copolymers as efflux-pump inhibitors.

Hence, we evaluate the ability of copolymers EO33S0;4EO33 and
EO035S010EOsg to dissolve and chemically protect doxorubicin (DOXO),
analyzing the colloidal stability, the drug release profiles, the safety,
and the in vitro efficacy of the drug-loaded polymeric micelles as an
antitumoral formulation. The EO/SO ratio and the block lengths of both
copolymers were selected to attain an optimal compromise between
chain solubility, micelle formation ability, and core size that lead to
enhanced drug solubility, while ensuring renal clearance of unimers as
required for non-biodegradable polymers [21]. Shorter PEO blocks, as
those of EO,4S0;0EO¢ [16], and longer PSO blocks compromise copoly-
mer solubility. By contrast, longer PEO and shorter PSO blocks may
lead to greater cmcs with the subsequent increase in material expense
to solubilize the required amount of drug [12]. EO33S0,4EO33 and
EO035S010EO3g may also help to elucidate the effect of copolymer archi-
tecture in solubilization and controlled release performance by compar-
ison with the data reported for PSO diblock copolymers [18]. On the
other hand, the ability of the present copolymers to inhibit the
P-glycoprotein (P-gp) efflux pump was investigated for the first time.
DOXO accumulation in an in vitro model of MDR cell line with high
expression of P-gp (ovarian tumor cell line NCI-ADR-RES) was evaluated
and compared with that achieved in a non-resistant cell line (breast can-
cer cell line MCF-7). Moreover, the effect of the copolymers on P-gp
ATPase activity was analyzed and compared to that caused by Pluronic®
P85, the most efficient cell sensitizing block copolymer so far described
[8,19]. Overall, the results indicate that the micellar systems based on
PSO-PEO block copolymers improves DOXO encapsulation and its sys-
temic delivery, resulting in lower cytotoxicity and enhanced chemother-
apeutic activity by the combined effect of the controlled drug release and
the inhibition of the P-gp efflux pump.

2. Materials and methods
2.1. Materials

E0335014EO33 and EO35S01oEO35 (Table 1) were synthesized as pre-
viously described [10]. Weight-averaged (M,,) to number-averaged
(M,) molecular weight ratios were determined at 25 °C using a Waters
gel permeation chromatography (GPC) system (Waters, Milford, MA).
M,, values were estimated from 'H NMR spectra recorded on a Bruker
ARX400 spectrometer (Bruker, Milton, ON, Canada). Pluronic® P85

Table 1
Molecular characteristics of the copolymers.
M,* (g mol~!) SO content* (Wt.%) M,/M,** M, (g mol™')
EO33S014EO35 4790 40.0 1.01 4850
E035S010EO35 5055 34.1 1.02 5130

*Estimated from NMR data; **Determined by GPC; M,, was calculated from M, and M,,/M,,
ratio. Uncertainty: M, to £3 %; wt.% SO to &1 %, M,,/M,, to £0.01.

was supplied by BASF (New Milford, CT, USA). Verapamil (VER),
calcein AM, and doxorubicin hydrochloride (DOXO - HCI) were from
Sigma-Aldrich. DOXO base for solubilization inside copolymer mi-
celles was obtained by means of aqueous precipitation of DOXO " HCI
(1 mg/ml) adding triethylamine (three moles per drug mol) and meth-
ylene chloride. Hereinafter, DOXO refers to DOXO base. Water was dou-
ble distilled and degassed before use. All other reagents were analytical
grade.

2.2. Drug solubilization

Solubilization of DOXO (intrinsic solubility in water 0.1-
0.5 mg dm~3) [22] in micellar copolymer solutions (0.2 wt.%) was
tested in triplicate following a methodology previously reported [15]
(see Supplementary Material).

2.3. Physical stability of the drug-loaded micelles upon dilution

DOXO micellar solutions were diluted (1/50) with either 0.01 M
phosphate buffer pH 7.4 or cell culture medium with 10% FBS and
incubated at 37 °C, and the drug concentration was monitored over
time by UV spectrophotometry. In parallel, changes in the size of
drug-loaded micelles were monitored by dynamic light scattering
at 37 °C using an ALV-5000F (ALV-GmbH, Germany) instrument
with vertically polarized incident light (A=488 nm) supplied by a
diode-pumped Nd:YAG solid-state laser (Coherent Inc., CA, USA)
operated at 2 W, and combined with an ALV SP-86 digital correlator
(sampling time 25 ns to 100 ms) as previously reported [10] (see
Supplementary Material).

2.4. In vitro DOXO release

Aliquots (4 mL) of DOXO-loaded micellar systems (0.2 wt. % copol-
ymer) in 0.01 M phosphate buffer pH 7.4, 0.01 M sodium citrate buffer
pH 5.5, or cell culture media at pH 7.4 or 5.5 were placed into dialysis
tubes (SpectraPore®, MWCO 3500), and immersed into the same medi-
um (500 mL) used to prepare the micellar solutions. The medium was
kept at 37 °C and replaced every 6 h to maintain sink conditions. The
released drug concentration was spectrophotometrically monitored at
480 nm, by removing a small volume (20 pL) that was diluted in meth-
anol in order to fit the calibration curve range. Assays were carried out
in triplicate.

2.5. Copolymer cytocompatibility evaluation

The cytocompatibility of the bare copolymer micelles was first
assessed using BALB/3T3 clone A31 mouse embryonic fibroblast cells
(CCL 163, ATCC), following a previously reported procedure [23]
(see Supplementary Material for further details).

2.6. Cellular uptake of DOXO after incubation with unimers and empty
polymeric micelles (P-gp inhibition)

MDR NCI-ADR/RES and drug-sensitive MCF-7 cells (American
Type Culture Collection, MD, USA) were separately seeded in a
24-wells plate (1.5x 10 cells/well, 1000 uL/well) in supplemented
RPMI 1640 and EMEM medium, respectively, for 48 h. The medium
was replaced by serum-free one containing 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, 25 mM, pH 7.4). Polymer sam-
ples were added (20 pL; final concentrations in the medium 0.001%,
0.01% and 0.2%) and cells incubated at 37 °C for 30 min. Polymer-free
medium and VER solution (100 pM) were used as blank and positive
control, respectively. Immediately after 30 min incubation, 50 L of a
DOXO solution (100 mM in water) was added and the samples incubat-
ed for 60 additional minutes. The medium was removed and the cells
washed (PBS, 3x500 pL) to remove DOXO and copolymer residues.
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Quantification of DOXO inside the cells was carried out as previously
reported [20] (see Supplementary Material for details). Confocal mi-
croscopy analysis (Leica TCS-SP2, LEICA Microsystems Heidelberg
GmbH, Germany) was carried out upon cell staining with Bodipy®
phalloidin (30 pL/mL) in 0.2% Triton X-100 (permeabilizer), and subse-
quent washing and mounting on glass slides using anti-fading solution.
Visualization was made at 20x and 63x using green channel for
doxorrubicin (Aexc. 561 nm) and red channel for Bodipy® Phalloidin
(Aexc. 633 nm, see Supplementary Material for details).

2.7. Cellular uptake of calcein AM after incubation with the polymers

The calcein AM assay was performed following the method de-
scribed by Dong et al. [24] (see Supplementary Material for details).

2.8. P-gp ATPase assay

The effect of EO33S014EQ33, EO335010EO35 and Pluronic P85 at
0.001%, 0.01% and 0.2 wt.% on the ATPase activity of Pgp was measured
using Pgp-Glo™ Assay System with P-glycoprotein (V3601, Promega
Biotech Ibérica, SL, Madrid, Spain) following the manufacturer's proto-
col. Na3VO,4 and verapamil (12 pM) were used as controls of inhi-
bition and stimulation, respectively. The luminescence of the samples
detected using a Tecan Ultra Evolution (Tecan, Switzerland) reflected
the ATP level, which negatively correlated with the activity of P-gp
ATPase.

2.9. Cellular uptake of DOXO-loaded polymeric micelles (P-gp evasion)

NCI-ADR/RES seeded in 24-wells plates (1x 10° cells/well) in RPMI
1640 medium with 2 mM L-glutamine, 10% FBS and 1% penicillin/
streptomycin over sterile glass covers. After 48 h, culture medium was
replaced with RPMI 1640 medium with HEPES 25 mM (pH 7.4). Cells
were incubated with formulations containing DOXO for 1 and 24 h at
37 °C. Then, DOXO formulations were removed and the cells were
washed and stained as explained above. As a control, the cells were in-
cubated with DOXO solution (50 M) in PBS at pH 7.4.

2.10. In vitro cytotoxicity of drug loaded-polymeric micelles

Human NCI-ADR/RES and MCF-7 cells were seeded in 96-well
plates (15,000 cells/well) as described above. Then, DOXO-loaded mi-
cellar systems or DOXO - HCI solutions (100 pM and 50 pM final con-
centration) in PBS pH 7.4 were added. As controls, copolymers at 0.01
and 0.2% (final concentrations) were used. Cytotoxicity was evaluated
at 24 and 48 h applying the crystal violet method (see Supplementary
Material for details).

3. Results and discussion

The molecular characteristics of copolymers EO33504EO33 and
EO033S0;10EOsg and the physico-chemical properties of their micelles
in diluted and concentrated regimes were previously characterized
in detail [25]. Briefly, EO335S0,4EO33 and EO33S0,0EOss displayed very
low cmc in aqueous medium (2.5x 1072 and 3.7 x 10> wt.%, respec-
tively), and formed monodisperse spherical micelles of ca. 13 nm in di-
ameter and association numbers of 37 and 14, respectively (Table S1
and Fig. S1 in Supplementary Material).

3.1. Solubilization capacity

Some PSO-PEO block copolymers have shown superior solubiliza-
tion ability compared to Pluronic® and Tetronic® ones [14,15,17].
Optimization of the SO/EO ratio and the blocks length can enhance
their performance. Apparent solubility of DOXO was tested in
0.2 wt.% copolymer solutions (above the cmc) by adding different

amounts of drug in order to evaluate the impact of the feeding amount
on the entrapment efficiency and the total drug loaded. In general, the
higher the drug/copolymer weight ratio, the lower the entrapment effi-
ciency was (Table 2) due to drug saturation of the micelles. EO33S4EO33
copolymer exhibited a slightly larger solubilization capacity, which can
be attributed to its longer hydrophobic block and subsequent higher af-
finity of the micelle core for hydrophobic drugs. Nevertheless, both co-
polymers encapsulated DOXO very efficiently with a hydrosolubility
excess of 30 mg/L; i.e., more than 60 times the aqueous solubility of
free DOXO. The maximum loading capacity was ca. 1.8%, with entrap-
ment efficiencies ranging from 20% to 50% depending on the drug feed-
ing concentration. These values are also slightly larger than those
reported for DOXO in previous solubilization studies with other
block copolymers, such as PEO-based poly(pL-lactic-co-glycolic acid),
PEG-PLGA, poly(caprolactone), PEO-PCL, or poly|[N-(2-hydroxypropyl)
methacrylamide-lactate], PEG-p(HPMAm-Lac), that had entrapment
efficiencies of ca. 23%, 48% or 5%, respectively [26-30].

3.2. Size distribution and physical stability of DOXO-loaded
polymeric micelles

Size is critical for the biodistribution profile and the interactions of
micelles with cells. Drug incorporation could increase the micellar
size due to either the enlargement of the core [31] and/or the fusion
of drug-containing micelles into larger ones [32]. However, both
non-loaded and DOXO loaded-micelles showed similar narrow and
monodisperse intensity distribution functions by DLS. The loaded mi-
celles could be readily freeze-dried and their initial size distribution
was recovered upon reconstitution in aqueous solution (Fig. 1A).
The micellar sizes also remained stable upon extensive incubation,
which points to a great micelle stability and the capability of the
PEO stealth layer to avoid protein binding and subsequent micellar
aggregation (Fig. 1B and Supplementary Material, Fig. S2A).

DOXO-loaded copolymer micellar solutions were strongly diluted
(1/50) in medium with or without 10% FBS to mimic the events after
body administration, and the drug concentration was monitored over
time. In any tested medium, the loaded-polymeric micelles were
physically stable until 10-12 days. DOXO solubility remained above
86% of the initial value for EO33514EO33 and ca. 75% for EO35S01oEO3g
when incubating in the cell culture medium (Fig. 1C). In the absence
of proteins, DOXO solubility remained slightly larger: ca. 92% and 85%
for EO33514EO33 and EO35S01¢EQss, respectively, at 20 days of incuba-
tion (Supplementary Material Fig. S2B). The observed slightly lower
stability of E033S0,0EO3g micelles possibly arises from a less com-
pact/smaller hydrophobic core and higher cmc. In addition, the colloi-
dal stability of EO33S014EO33 and EO33S0;oEO3g micelles is apparently
larger than that previously reported for EO455015 and EO4550,¢ diblock
copolymers [18]; nevertheless, it is necessary to bear in mind that the
latter copolymers were subjected to stronger destabilizing conditions
which might accelerate their disintegration. Also, micellar stability of
E0355014EO33 and EO33S0,¢EOsg is greater than that of some structural-
ly related PBO-PEO and PPO-PEO block copolymers, for which the drug

Table 2
Doxorubicin loaded amount (D.L.), entrapment efficiency (E.E.) and solubilization ca-
pacity (Scp) of the copolymers at 0.2 wt.%.

Feeding drug/polymer % E0335014EO33 E0355010EO35

(w/w) DL, % EE.% Se DL,% EE.% Se
mgg! mgg!

01 005 467 04 005 518 05
05 02 523 24 02 460 22
1 03 368 34 04 447 42
2.75 10 376 102 10 386 105
425 14 345 145 09 221 93
6 18 308 161 13 212 116
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Fig. 1. Intensity fraction size distribution of (—) non-loaded, (- - -) DOXO-loaded and
(--) reconstituted freeze-dried DOXO-loaded E0335014EO33 micelles (A); temporal
evolution of the size of DOXO-loaded E0335014EO33 (M) and EO0355010EO35 (O)
micelles under strong dilution in cell culture medium (B); and %DOXO that remained
solubilized in the polymeric micelles over time when diluted with cell culture medium
at 37 °C ().

solubilized decreased more than 60% upon extended incubation
[18,23,32].

3.3. In vitro release

DOXO0-loaded micellar solutions (0.2 wt.% copolymer) were dialyzed
against pH 7.4 and 5.5 buffer and serum-containing (10 % FBS) media
using dialysis tubing that ensured that no micellar diffusion occurred.
In general, in vitro cumulative DOXO release profiles at both neutral
and acidic conditions in the presence of FBS showed a burst followed
by a sustained release pattern (Fig. 2). At pH 7.4, ca. 25% DOXO was
released from both micellar systems in the first 5 h of incubation, and
then a more sustained release was observed with ca. 35 % released at
60 h. In general, the amount of drug released from EO35SO;9EO3g
micelles was slightly larger than from the EO335014EO33 ones, probably
as a consequence of the observed slightly lower micelle stability due to a
less compact hydrophobic core of the former polymer, which may favor
the formation of hydrophilic channels [32]. The drug release rate was

higher at pH 5.5, which is consistent with previous reports [27,33,34]
(for modelization of release profiles, see Supplementary Material). At
pH 5.5, EO35S010EO3g and EO33S014EO33 micelles released, respectively,
ca. 39% and 47% of the initially loaded DOXO during the first 5 h and ca.
76% and 63 % at 60 h. As occurred for the stability micellar tests, no
significant differences in the release profiles were observed when
serum was not present in the medium (Supplementary Material,
Fig. S3). The faster release under acidic conditions is originated from
the reprotonation of the amine group of DOXO, which involves an in-
crease in its hydrophilicity and a decrease in the affinity for the hydro-
phobic blocks. This in turn favors its escape from the micellar core by
an out-diffusion process through the core-shell structure whose diffu-
sion rate depends on factors such as copolymer crystallinity, viscosity,
and drug association state [35]. Reprotonation would enable DOXO to
be preferentially released in acidic tumor sites, compared to healthy
tissues. In this regard, it is plausible that copolymer micelles are passive-
ly targeted to the tumor tissue through the EPR effect with minimized
DOXO release along circulation in the bloodstream. After accumulation
in the vicinity of the tumor cells, DOXO could be selectively released
from the micelles in the acidic solid tumor microenvironment for pas-
sive cellular uptake [33]. More importantly, intact copolymer micelles
might be also taken up by tumor cells through nonspecific endocytosis
and located preferentially at the acidic endosome compartments, in
which the decreasing pH values might induce a faster DOXO release
and a subsequent diffusion in the cytosol. This cellular uptake mecha-
nism could bypass, to certain extent, the multidrug resistance (MDR)
effect, which is often observed when free DOXO penetrates in the cell
by passive diffusion.

34. Cytocompatlblllty OfE0335014E033 and EO038S010EO38

Cytocompatibility tests were carried out against the BALB/3T3 fi-
broblast cell line because of its high sensitiveness to the presence of
toxic species. The LDH assay enabled to measure if this cytosolic
enzyme was released to the culture medium due to increased mem-
brane permeability, indicating cell damage or lysis [36]. For the
lowest concentration tested (0.1 wt.%) viability extents of ca. 100%
were observed for both copolymers, decreasing up to ca. 92%
(for EO38S010EO35) and 84% (for EO3350,4EO33) when copolymer
concentration increased up to 1.66 wt.% (Fig. 3). In order to prevent
false positives caused by possible delayed LDH release from cells
after induction of cell apoptosis or necrosis, the activity of the mito-
chondrial dehydrogenase enzyme was studied by means of the MTT
assay. While cell viability for EO33S014EO33 was ca. 100% in the
whole range of concentrations analyzed, proliferation in the presence
of EO38S010EO3g was lower and slightly decreased as the copolymer
concentration increased: 95% at 0.1 wt.%, 82.5% at 1.0 wt.%, to ca. 60%
at a concentration of 1.66 wt.%, respectively. In any case, none of the
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Fig. 2. In vitro drug release from DOXO-loaded E0335014EO33 (filled symbols) and
E035S0,0EO35 (open symbols) micelles in cell culture medium (10 % FBS) at pH 7.4
(squares) and 5.5 (circles).
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copolymer concentrations led to cell viabilities below 50% [37]. There-
fore, both copolymers can be considered as safe and non-toxic, being
even more cytocompatible than most of the commercially available
and FDA-approved Pluronic® and Tetronic® block copolymers [20,32].

3.5. Inhibition of P-gp efflux pump and intracellular DOXO accumulation

Over-expression in cancer cells of efflux transporters belonging to
the ATP-binding cassette proteins superfamily, such as P-gp and
MDR-associated proteins (MDR phenotype), severely limits the effi-
cacy of the chemotherapeutic treatments [19,38,39]. Efflux of drug
molecules in the basolateral-to-apical direction leads to drug removal
from the target organ or tissue, and results in subtherapeutic concentra-
tions and very often in therapeutic failure. It has been reported that dif-
ferent PEO-PPO copolymers, such as Pluronic® [8] or Tetronic® [20],
PEO-PCL [40], and some natural polymers such as anionic gums and
polysaccharides [41], effectively inhibit the activity of the efflux
pumps and enhance the accumulation of their substrates in target tis-
sues and organs. The interaction of the individual unimers with the
lipid microenvironment surrounding P-gp and the copolymer-induced
ATP depletion in MDR cells have been pointed out as possible mecha-
nisms for chemosensitization of these cells [8]. We have evaluated the
P-gp inhibitory performance of EO3350,4EO33 and E035S0,0EO35 by
measuring the intracellular accumulation of DOXO (an exclusive sub-
strate of P-gp) in the ovarian tumor cell line NCI-ADR-RES, which is an
adequate in vitro model of MDR cells with a relatively high expression
of P-gp [42], and also, for comparative purposes, in the drug-sensitive
breast cancer cell line MCF-7. The inhibitory P-gp performance of the co-
polymers at 0.001 (below cmc), 0.01 and 0.2 wt.% (concentration used in
solubilization and drug release experiments) was assessed and com-
pared with that attained with the well-characterized selective and effi-
cient P-gp inhibitors verapamil, VER, [43] and Pluronic® P85 [8,19].
Preincubation of MCF-7 cells with any of the polymers or VER did not sig-
nificantly increase (ANOVA, post-hoc T3 Dunnet) the intracellular accu-
mulation of DOXO (Table S3 in Supplementary Material). Compared to
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Fig. 3. Viability of BALB/3 T3 fibroblasts exposed to EO33S014EO53 (dark gray bars) and
E035S0,0EOsg (light gray bars) solutions, measured by means of LDH (A) and MTT (B)
assay. Mean £ SD (n=3).

the accumulation level achieved when DOXO solely solution was applied
to the NCI-ADR-RES cells, the preincubation with VER 100 M led to
a 2.12-fold increase in DOXO accumulation, fpoxo. Preincubation of
NCI-ADR-RES cells with EO33$O]4E033 and EO3SSO]0EO38 at 0.2 wt.% in-
creased DOXO accumulation by 1.58 +0.18 and 1.34 4- 0.12-fold, respec-
tively. Preincubation with the polymers at 0.001 and 0.01 wt.% led to
similar DOXO accumulation levels (Table S3 in Supplementary Material).
DOXO accumulation levels were statistically higher (P<0.01, ANOVA
test, post-hoc T3 Dunnet) than those achieved without preincubation
(only DOXO). In contrast, EO335014EO33 and EO35S010EOsg did no in-
crease the accumulation of calcein-AM, a lipid soluble dye recognized
as a substrate for both P-gp and MRP transporters [44], which highlights
the complexity of the different efflux pumps mechanisms and their
interrelation (see Supplementary Material for details on calcein-AM
accumulation studies).

To gain further insight into the mechanism by which EO3350,4EO33
and EO03gSO;0EOsg enhanced DOXO accumulation in the P-gp
overexpressed cells, the P-gp ATPase activity was recorded. VER is
a potent P-gp substrate that leads to ATP consumption and caused
2.68 +0.37-fold increase in ATPase activity compared to the basal
activity registered in the presence of ortovanadate, which is in agree-
ment with previous results [45]. This effect is the opposite of that
recorded for Pluronic P85, which below 0.01% led to a decrease in
ATPase activity to the half. As previously observed [19], the effect of
Pluronic P85 on P-gp ATPase disappeared at 0.2%, indicating that only
the unimers are able to inhibit the activity. Interestingly, EO3gS0;0EOsg
and, more remarkably, EO3350,4EO33 behaved as Pluronic P85 (Table S3
in Supplementary Material). Namely they inhibited P-gp ATPase.
The stronger inhibitory effect of EO335014EO53, even greater than for
Pluronic P85, could be related to its greater hydrophobicity and, thus,
to an enhanced ability to alter the conformation of the efflux protein
and the ATP-binding domains [19]. In the case of E035S010EOss, the
inhibitory effect increased from 0.001% to 0.01% and then leveled off,
which is also typical of a unimer concentration-dependent inhibitory
effect [19].

Although the P-gp inhibitory effect has been found to be stronger at
copolymer concentrations close to the cmc [19,20], we have not
observed a detrimental effect on DOXO accumulation when the
copolymers concentration raised from 0.001 to 0.2 wt.% (Table S3 in
Supplementary Material), which in terms of successful pharmacothera-
py, may be beneficial because of the greater ability of copolymers at
0.2 wt.% (due to the larger number of micelles available) to solubilize
the drug inside the polymeric micelles and act as efficient drug carriers.
At this latter concentration, EO35S010EO35 and E03350,4EO33 unimers
in equilibrium with the micelles might be enough to inhibit the P-gp
pump.

To evaluate the integrity of the NCI-ADR-RES monolayers and
qualitatively assess the localization and intensity of DOXO inside
cells, cells preincubated with 0.2 wt.% copolymer and, then, treated
with DOXO solely solutions were observed under confocal microsco-
py (Fig. 4). All the specimens showed the nuclear localization of
DOXO [46]. Cells exposed to VER or to the copolymers were more
stained than the non-pretreated cells, confirming that DOXO efflux
was inhibited to some extent. The relatively similar fluorescence in-
tensity provided by the DOXO/VER and the DOXO/copolymer systems
is in agreement with the quantitative analysis described above that
showed no statistical differences in the accumulated DOXO between
the systems.

3.6. Cellular uptake and in vitro cytotoxicity of DOXO-loaded polymeric
micelles (P-gp evasion)

In order to avoid DOXO cardiotoxicity and to enhance its chemo-
therapeutic activity, it is crucial to deliver the drug and to sustain its re-
lease in the cytoplasm and right into the nucleus of cancerous cells. We
tested the cellular uptake of DOXO-loaded polymeric micelles in the
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NCI-ADR-RES cell line at 37 °C and compared to that achieved with free
DOXO solely solutions at 1 and 24 h after incubation (Fig. 5 and Supple-
mentary Material Fig. S4). After exposure of the cells to free DOXO, drug
accumulation was rapid but limited. DOXO fluorescence intensity after
24 h incubation in the presence of free drug was rather lower than
after 1 h. Free DOXO may cross the cell membrane by passive diffusion,
a pathway that in MDR NCI-ADR-RES cells is affected by P-gp. The ob-
servations suggest that DOXO previously uptaken was extruded out of
NCI-ADR-RES cells by the P-gp efflux pump. On the contrary, for the
DOXO-containing polymeric micelles, drug accumulation increased as
a function of time. Low accumulation inside the cells at short incubation
times (1 h, Fig. S4) can be related to the relatively low release of DOXO
from the micelles at such time (see Fig. 2). Confocal images after 24 h of
cell incubation in the presence of the drug-loaded polymeric formula-
tions showed an important increase in the drug fluorescence staining
inside the cells as a consequence of DOXO accumulation after micelle
release. It has been previously shown that as a result of the self-
quenching effect of DOXO in nanoparticles, fluorescence is only ob-
served when DOXO is released [47]. A more intense fluorescence is
noted for larger drug concentrations entrapped in the polymeric micelle
cores (see Fig. 5). The spotty fluorescence pattern observed for the drug
loaded in the polymeric formulations is typical of cytoplasmatic locali-
zation of the drug, in contrast to a more intense and continuous pattern
observed for usual nuclear accumulation of free DOXO. This suggests
that DOXO-loaded micelles might be taken up by an endocytosis-
mediated mechanism, being initially located within the endosome ves-
icles, and enabling DOXO release in the cytosol in a sustained manner
due to the endosome acidic environment. At the same time, micelle
escape from endosomes and transport to cytoplasmatic organelles
could contribute to the observed spotty fluorescence pattern [48]. In
contrast, free DOXO would be transported into cells via a passive diffu-
sion mainly from the cytosol to the nucleus where would be avidly
bound to the chromosomal DNA, generating the continuous fluores-
cence pattern [35].

Finally, the cytotoxicity of the DOXO-loaded polymeric micelles in
NCI-ADR-RES and MCF-7 tumoral cell lines was evaluated applying
the crystal violet method (Fig. 6A and B). This procedure correlates
well with others such as the MTT assay, which could not be used in
this case because DOXO interferes in the formation of formazan

Fig. 4. Confocal microscopy images of NCI-ADR-RES cells alone (A); in the presence of
50 M DOXO (B); pretreated with 100 pM VER (C), and with 0.2 wt.% E0335014EO33
(D) and then incubated with 50 pM DOXO. Scale bar 50 um.

crystals and make the assay unreliable [48]. As a control, we have pre-
viously tested the potential cytotoxicity of the empty polymeric mi-
celles of EO335014EO33 and EO33S040EQsg in these cancerous cell lines.
Both block copolymers were observed to be safe and non-toxic, with
NCI-ADR-RES and MCF-7 viabilities larger than 95% after 24 h of incuba-
tion. The viability of NCI-ADR-RES cells scarcely decreased to ca. 87%
after 48 h of incubation with EO335014EO53 at the highest concentration
tested (1.66 wt.%, see Fig. S5 in Supplementary Material), in agreement
with the results obtained with murine fibroblasts (Fig. 3). MCF-7 cells
resulted to be slightly more sensitive; EO335S014EO33 and EO35S010EO3g
at 0.2 wt.% led to 21% and 17% inhibition of cell growth after 48 h of
incubation (Fig. 6B). Pluronic P85 placebo micelles (0.2 wt.%)
resulted to be more cytotoxic and caused 37% and 77% inhibition of
NCI-ADR-RES cell growth (Fig. 6A) and 16% and 61% inhibition of
MCF-7 cell growth after 24 h and 48 h of incubation, respectively
(Fig. 6B). Growth inhibition caused by Pluronic P85 itself is in agree-
ment with previous reports and related to damage in cell membrane
[49].

The enhancement in cell toxicity observed upon incubation with
DOXO-loaded polymeric micelles can be ascribed to the cytotoxic
effect of the loaded drug. In particular, the cytotoxic activity of the
DOXO-loaded EO335014EO33 and E033SO;0EO3g micelles increased
from 24 h to 48 h of incubation, which strongly supports the idea
that both the sustained release and increased intracellular accumula-
tion of DOXO lead to a more pronounced cell death. The growth inhi-
bition of NCI-ADR-RES cells doubled from 24 h (ca. 30 % inhibition) to
48 h (ca. 60 % inhibition) (Fig. 6A), which is compatible with an in-
creased accumulation inside the cell and a subsequent sustained
drug release from the micelles. The cytotoxicity of the drug-loaded
polymeric micelles was also larger than that of free DOXO solutions
in NCI-ADR-RES cells, even when the free drug concentration was
greater than that encapsulated inside micelles [35]. No significant dif-
ferences in cell toxicity were observed between the two copolymers.
The highest cytotoxicity recorded for DOXO-loaded Pluronic P85 mi-
celles can be related to the concomitance of the drug internalization
and the marked deleterious effect of this copolymer on NCI-ADR-RES
cells (Fig. 6A). As expected, MCF-7 cells resulted to be more sensitive
to the treatment with DOXO, both free or encapsulated in the polymeric
micelles (Fig. 6B). The ICsq values of DOXO for both cell lines at 24 and
48 h are summarized in Table S4.

Provided that both EO0335014EO33 and E035S010EO3g are hlghly
cytocompatible, DOXO carried by the polymeric micelles would enter
the cells most likely via internalization followed by entrapment of the
micelles in endosomes/lysosomes. In this way, the drug may evade
the P-gp pumps, favoring its cellular accumulation and, hence, increas-
ing the cytotoxic activity when released from the polymeric micelles
[37]. The enhanced cytotoxicity of the drug-loaded micelles might be
originated from both the endocytic intracellular transport [41], which
increases the drug cellular uptake, and the contribution of the polysty-
rene oxide-based block copolymers to the sensitization of cells, favoring
DOXO-induced apoptotic cell death, as reported for Pluronic® and its
derivatives [12,20,21,41,46].

4. Conclusion

The results obtained here with the present PEO-PSO block copoly-
mers highlight the role of a judicious choice of the hydrophobic block
and the relative block lengths to achieve a successful cytotoxic effect
of the drug-loaded polymeric nanocarriers on cancer cells. Aqueous
solutions of block copolymers EO335014EO33 and EO3gS0,0EO3g self-
assemble at very low concentrations to form cytocompatible spherical
micelles suitable for sterilizing filtration and administration by paren-
teral route. These polymeric micelles efficiently entrap DOXO and
display a release profile with an initial burst phase at very short times
followed by a more sustained rate. The observed pH-dependent release
may prompt drug accumulation in tumoral tissues due to the acidic pH
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Fig. 5. Confocal microscopy images recorded using a DOXO (left column) or a Bodipy®
Phalloidin (middle column) filter, and superimposed images (right column) of
NCI-ADR-RES cells after 24 h of incubation in culture medium solely (A-C, control);
with 50 uM free DOXO (D-F); with 0.2 wt.% EO335014EO33 micelles loaded with
10 uM DOXO (G-I) or 50 uM DOXO (J-L), and with 0.2 wt.% EO35SO;0EO3g micelles
loaded with 10 pM DOXO (M-0) or 50 uM DOXO (P-R). Scale bar 50 pum.

conditions in both cell membrane surroundings (caused by hypoxia)
and in some intracellular compartments (i.e., lysosomes). The cytotoxic
activity of the DOXO-loaded polymeric micelles is exclusively ascribed
to the DOXO therapeutic action. Confocal microscopy images showed
that DOXO progressively accumulates inside the MDR cells (evading
efflux pumps), prolonging their residence inside and, consequently, en-
hancing cytotoxicity over that observed for free DOXO solutions. More-
over, EO3350,4EO33 and E035S0;0EO3g unimers have certain ability to
inhibit P-gp efflux pump, as occurs for some Pluronic® and Tetronic®
block copolymers. Hence, the role of the present copolymers evolve
from plain “inert drug nanocarriers” to relevant “biological response in-
ducers” as a consequence of complementation of the drug-cytotoxic ac-
tivity with a moderate inhibition of the P-gp activity, which highlights
the complexity of the cell response to the presence of the block copoly-
mer micelles.

A 100
75 +
50

25

cell growth inhibition (%)

0+ = =
10 20 30 40 50 80

incubation time (h)

wy)

100

cell growth inhibition (%)

30 40
incubation time (h)

Fig. 6. Growth inhibition of NCI-ADR-RES (A) and MCF-7 (B) cells exposed to polymer-
ic micelles (0.2 wt.%) loaded with 50 uM DOXO, or to 50 uM and 100 pM free DOXO
solutions. From left to right, columns correspond to DOXO-loaded EO335014EO33 mi-
celles, DOXO-loaded E033SO;0EO33 micelles, DOXO-loaded Pluronic P85 micelles,
100 pM free DOXO, 50 pM free DOXO, empty EO335014EO33 micelles, empty EO3S010EOsg
micelles, and empty Pluronic P85 micelles, respectively. Mean +SD (n=3).
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