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The development of specific tyrosine kinase inhibitors (TKIs) revolutionized the treatment of chronic
myeloid leukemia (CML). However, chemoresistance of tumor cells to TKIs has already been described,
and several mechanisms account for the multidrug resistance (MDR) phenotypes, including the over-
expression of P-glycoprotein (P-gp). This decreases the rate of healing and complete tumor remission.
Nanotechnological tools have been studied to allow advances in this field. Poloxamers (Pluronics®) have
been proposed as drug carriers to improve therapeutic efficacy and decrease side effects, even in cancer

gzﬁ‘g/:rrilrsl:erapy therapy, due to their ability to inhibit P-gp. Antipsychotic phenothiazines have been described as potent
Leukemia cytotoxic drugs against several types of tumor cells in vitro. Here, we show that nanostructured micel-

lar systems containing the phenothiazine derivative chlorpromazine (CPZ) potentiated the cytotoxicity

Nanostructured systems
of free CPZ and increased the selectivity against CML tumor cells, demonstrating the pharmacological

Multidrug resistance

Poloxamers
Phenothiazines

potential of these poloxamer-based nanostructured systems containing CPZ in cancer therapy.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative disor-
der characterized in 95% of cases by the presence of Philadelphia
chromosome (Ph) and formed by the reciprocal translocation
between chromosomes 9 and 22 with the fusion of BCR (break-
point cluster region) and ABL (Abelson) region, resulting in the
BCR-ABL gene [1,2]. The chimaeric protein codified by this gene
displays a tyrosine kinase activity related to the pathogenesis of
Ph-positive CML [1]. Currently, the pharmacological inhibition of
the BCR-ABL tyrosine kinase activity with imatinib mesylate and
its derivatives represent the main chemotherapeutic approach for
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CML treatment. However, chemoresistance of tumor cells to these
tyrosine kinase inhibitors, which decreases the effectiveness of
treatment, has been described [3]. Several mechanisms account for
the multidrug resistance (MDR) phenotypes, including the overex-
pression of P-glycoprotein (P-gp) [4]; therefore, constant screening
of novel compounds and new approaches to increase the efficiency
and selectivity of chemotherapy are needed.

Accordingly, nanotechnological tools have allowed significant
advances in this field. Poloxamers or Pluronics® (PL) are copoly-
mers of poly (ethylene oxide) and poly (propylene oxide) with
potential for wide pharmaceutical application, including drug car-
riers. The proportion between ethylene oxide (EO) and propylene
oxide (PO) units determines the amphiphilic characteristic of the
copolymers, which directly influences its micellar organization and
biological effects [5,6]. In these systems, amphiphilicity is mea-
sured as hydrophilic-lipophilic balance (HLB) values that vary from
1 to 30, depending on the proportion of EO and PO units [7,8]. Dur-
ing the last decade, the applications of PL-containing systems were
investigated in innovative pharmaceutical formulations [9], such
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as gels for tissue repair [10] and drug delivery systems [11,12].
Regarding its potential use in antitumor chemotherapy, these sys-
tems formed by poloxamers may increase the aqueous solubility of
drugs and improve drug delivery, increasing the efficiency and the
selectivity of the therapy associated with the decrease of adverse
effects [13]. In addition, PL with low hydrophilic-lipophilic balance
(HLB) such as P85, L61, and L81 may act in cancer cells that exhibit
the MDR phenotype and reverse the resistance to antitumor drugs,
especially given the ability to inhibit P-gp [14].

Recently, it was reported that phenothiazines are able to induce
cell death in several types of cancer cells in vitro [15-17], and the
cytotoxic potency depends on the chemical structure of phenoth-
iazines [18]. Chlorpromazine (CPZ) is a phenothiazine derivative
traditionally used for the treatment of psychiatric disorders [19].
However, it presents alternative therapeutic applications, includ-
ing the use as adjuvant in antitumor therapy for decreasing emesis
in oral doses of 25 and 100 mg [20,21]. Recent studies using tumor
cell lines indicate that phenothiazines are able to inhibit P-gp [22]
and decrease cell viability by inducing apoptosis and/or suppress-
ing the cell proliferation [16]. All these data suggest CPZ may act
not only as an adjunct pharmacological but also as a cytotoxic drug
able to contribute to the success of cancer therapy.

Since development of tumor resistance impairs the efficacy
of antineoplastic drugs and consequently the patient’s lifespan,
studies involving novel formulations capable of reversing the
MDR phenotype and enhancing the antitumoral chemotherapy are
needed. Thus, in this study we investigate the effects of CPZ in
nanostructured formulations containing F127 alone or in binary
systems containing 17R4 and L81 in a drug resistant CML model.
For the first time, nanostructured micellar system formed by tri-
block copolymers known as poloxamers associated with CPZ was
demonstrated as a promising weapon in the war against leukemia.

2. Materials and methods
2.1. Micellar systems preparation

Pluronics® (PL) and chlorpromazine hydrochloride (CPZ) were
purchased from Sigma-Aldrich (MO, USA). The polymeric system
containing CPZ was prepared in aqueous solutions, as previously
described [23]. CPZ solution (6 mM) was mixed with three differ-
ent micellar solutions: one of them containing 15% (w/w) Pluronic®
F-127 (F127) and the others in binary mixtures containing 14.5%
(w/w) F127 plus 0.5% (w/w) Pluronic® L-81 (F127/L81) or 14.5%
(w/w) F127 plus Pluronic® 17R4 (F127/17R4). PL and drug were
weight and mixed (under magnetic stirring at 100 rpm) in ultra-
pure water, during 12h, in the dark and at 4°C. After total PL
dissolution (solutions became transparent), the polymeric disper-
sions were then left at 4°C until the use [24,25].

2.2. Micellar hydrodynamic diameter and micellization
thermodynamics

A light scattering technique was used to determine the micel-
lar hydrodynamic diameter, mean distribution, polydispersity, and
zeta potential parameters. Measurements were performed using
a particle analyzer Zetasizer ZS (Malvern®, UK) at a fixed angle of
173° at 25 and 37°C in order to simulate the micelles behavior at
room and body temperatures. PL systems (7.5% w/v) were filtered
in a polycarbonate membrane (pore 0.22 wm), and the measure-
ments were performed at least five times for each sample. In order
to obtain information about the process of micelization, PL-systems
were weighed (~ 30 mg), placed in sealed aluminum pans, and ana-
lyzed by a calorimeter (TA Instruments, New Castle, DE, USA) using
three thermal cycles of heating and cooling from 0°C to 50°C (rate

of 5°C/min) with an empty pan as a reference. Analyses were per-
formed in triplicate, and thermograms were created by plotting
heat flux (cal/g.s) versus temperature ( °C). From these data, ther-
modynamic parameters were obtained, including the Gibbs free
energy (AG°)(Eq. (1)), enthalpy (AH°) and entropy (AS°) variation
(Eq. (2)) [26], where R is the gas law constant (8.31]Jmol~1.K-1), T
is the critical micelle temperature or temperature for micellization
(Tm)in K, and x is the concentration of the polymer in mole fraction
units.

AG° :RTCMT.IH(X) (1)
AG® = AH® — TAS® (2)

2.3. Small-angle X-ray scattering (SAXS)

The SAXS experiments were performed at SAXS 1 beamline
in the National Laboratory of Synchrotron Light (LNLS, Campinas,
SP, Brazil) using an incident beam energy of 8.3keV (A=1.488A)
with distance between sample and detector of 1007 mm (MarCCD
detector with a diameter of 165 mm) and measuring range (brand
measuring range) from 0:13 to 3:34nm™1,

2.4. Drug loading, entrapment efficiency percentage and in vitro
drug release profile determination

For drug loading (DL, %) and entrapment efficiency (EE, %)
percentages determination, an aliquot of each micellar formula-
tion was diluted in ethanol:water (7:3 v/v) solution and analyzed
by UV-vis spectrophotometry at 310nm, considering a previ-
ously determined analytical curve for CPZ prepared in the same
hydroethanolic solution (y =0.0103 +0.00492x, R2 =0.99916). Drug
loading (DL, Eq. (3)) and entrapment efficiency (EE, Eq. (4)) were
determined as follow:

DL(%) = (Ccpzinmicellarphase ¢ ppinmicellarsample) x 100 3)
EE(%) = (Ccpzinmicellarphase ¢ (o,) x 100 (4)

where Ccpz is CPZ concentration, Cpy is Pluronic concentration, and
Ciotal 1S the total CPZ concentration into the samples.

In vitro release assays were performed using a membrane
diffusion model in vertical Franz-type cells with 1.76cm? area
(Automatized Microette Plus®, Hanson Research, CA, USA), and
an artificial membrane (cellulose acetate sheets, MWCO 1000 Da,
Spectrum Lab) was used as a barrier. The donor compartment
was filled with 1 mL of the different PL-CPZ preparations, and the
receptor compartment was filled with 7.0 mL of buffer (0.02 M
HEPES, 0.154M NaCl, pH 7.4) at 37°C under constant magnetic
stirring (350 rpm). Aliquots of 1.0 mL obtained from the recep-
tor compartment at regular intervals during 24 h were analyzed
by UV-vis spectrophotometry at 255nm, and the drug concen-
tration was obtained from a previous analytical curve in pure
water (y=0.0315x +0.00743; R2 =0.9993). Data were expressed as
released CPZ concentration (M) as a function of time (h) for each
sample.

2.5. Cell culture

The CML cells used in this study were K562 [27] and Lucena
1 [28]. Lucena 1 is a vincristine-resistant cell line derived from
K562 cells that overexpress P-gp, and it was generously provided
by Prof. Vivian Mary Barral Dodd Rumjanek (Federal University
of Rio de Janeiro, UFR], Brazil). Both cell lines were grown in
RPMI-1640 medium (Sigma-Aldrich, MO, USA), pH 7.2—in the pres-
ence of 60 nM vincristine for Lucena 1-supplemented with 10%
fetal bovine serum (Gibco SBF, Invitrogen, Grand Island, NY, USA),
100U/mL penicillin and 100 mg/mL streptomycin, in a 5% CO,
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atmosphere at 37 °C (Panasonic MCO-19AIC). For the experiments,
cells were centrifuged (160g for 10 min) and suspended in supple-
mented RPMI medium.

2.6. Cytotoxicity assays

The cytotoxicity of the PL-CPZ in leukemia cells was screened
by using the MTT reduction test and the trypan blue dye exclu-
sion assay. For MTT, cells (1 x 10°/mL) were incubated in 96-well
microplates for 24h in the presence of CPZ and PL-CPZ. MTT
(0.25 mg/mL) was added to each well, and then the solution was
incubated for 4 h. Then, 100 p.L of 10% SDS (prepared in 0.01 M HCl)
was added and incubated overnight to dissolve the formazan crys-
tals, and the plates were read at 570 nm with 630 nm as reference
(BiochromAsys Expert Plus Microplate Reader, Biochrom Ltd., UK).
Cell viability was calculated in relation to the control (absence of
drugs), considered as 100%. For trypan blue, cells (1 x 10°/mL) were
added to 24-well microplates in the presence of CPZ and PL-CPZ
for 24 h. After the addition of 0.016% (w/v) trypan blue, cells were
counted using a hemocytometer in a Leica DM IL LED inverted opti-
cal microscopy (Leica Microsystems, Germany). The percentage of
viable cells was also calculated in relation to control, which was
considered to be 100%. The half maximal effective concentration
(ECs0) was calculated using the following equation:

y = Al + [(A2—A1)/(1 + 1000gx0-x)p)] (5)

Fit to a nonlinear dose-response curve using Microcal (TM)
Origin® version 9.1 software (Microcal Software Inc., Northamp-
ton, MA, USA), where A1 is the minimum y (fixed at 0), A2 is the
maximum y (fixed at 100), log x0 is X value at y equal 50, and p is
the hill slope.

2.7. Annexin V-FITC/PI double-staining flow cytometry analysis

Cells (1 x 10°/mL) were added to 24-well microplates in the
presence of CPZ and PL-CPZ for 24 h. Then, the cells were cen-
trifuged (160g for 10 min) and suspended in binding buffer (0.14 M
NaCl, 2.5mM CacCl,, 0.01 M HEPES, pH 7.4) plus 5.0 uL Annexin
V-FITC (BD Biosciences, San Jose, CA, USA) and 5.0 p.g/mL PI (BD
Biosciences). The mixture was incubated in the dark at room tem-
perature for 20 min. After the addition of 0.3 mL of binding buffer
to each tube, the fluorescence measurements were performed in
a FACSCanto II flow cytometer (BD Biosciences), acquiring 10,000
events per sample. Data analysis and graphs were done using Flow
Jo vX.0.7 software (Ashland, OR, USA).

2.8. P-gp activity

P-glycoprotein activity was estimated by the measurement
of intracellular accumulation of rhodamine 123 (Sigma-Aldrich,
MO, USA) by flow cytometry and fluorescence microscopy. Lucena
1 cells (1 x 10°/mL) were pre-treated with 3.2 uM cyclosporine
A (CsA), 20 uM CPZ, 0.5% F127/L81, or 20 uM F127/L81-CPZ for
30min. After the addition of 3.2 wM rhodamine 123 and incu-
bation for 60 min, cells were centrifuged (160g for 10 min) and
washed 3 times in PBS. The intracellular fluorescence of 10,000
events was measured in a FACSCanto II flow cytometer (BD Bio-
sciences) using the 488 nm blue laser. Signals were acquired in the
FITC channel (530/30), and cell debris were removed by appropriate
gating. Data analyses were done using the Flow Jo vX.0.7 software
(Ashland, OR, USA). For microscopy, during the staining procedure
1.0 wg/mL Hoescht 33324 (Life Technologies) was added in the last
10 min of the incubation procedure with rhodamine 123. Cells were
placed in glass bottom dishes (35-mm dishes with a 0.17-mm thick
cover glass on the bottom; Greiner Bio-One, Germany), and the
images were acquired on a widefield Leica DMI 6000 B microscope

Table 1

Hydrodynamic diameter, size distribution, zeta potential and themodynamic parameters of nanostructured micellar systems composed by F-127 associated with L81 plus CPZ.

AH°(k].mol-1) AG°(k].mol-1) AS°(k].mol.K-1)

Tendset (°C)

Tm (°C)

Tonset (°C)

Zeta Potential (mV)

Hydrodynamic Diameter

Formulations

(nm)/Average Distibution (%)

37°C

25°C

-4.14 —0.0039

7.06

28.38

16.97

13.73

49.40+1.21/86.4+0.6 -10.0 + 0.7

5.15+0.09/13.1+0.9

61.48 +1.22/85.9+1.5
547+0.11/11.3+0.8

PLF127/L81

—4.15 —0.0035

6.06

28.85

17.22

13.29

0.22 + 0.1

18.26+0.42/95.2 £ 2.4
170.9+14.35/45+1.8

21.18+£0.43/86.7+ 1.6
466.3+8.03/13.3+1.6

PL F127/L81/CPZ
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(Leica Microsystems, Germany) using HC 40 x /0.85 dry and HCX
APO U-V-1 100 x /1.3 oil plan apochromatic objectives coupled to
an ultrafast Leica DFC365 FX digital camera (Leica Microsystems,
Germany). The digital camera was controlled by the software LAS
AF version 4.0 (Leica Microsystems, Germany). For the acquisition
of Hoescht 33342 and rhodamine 123 fluorescence emission, A4
(ex 340-380, DC 400, em 450-490) and Y3 (ex 525-565, DC 565,
em 572-648) cube filters were selected, respectively.

2.9. Statistical analyses

Values are the mean of at least three independent experiments
run in triplicate. Data for each assay are expressed as mean + S.E.M.
Statistical analyses were performed by one-way analysis of vari-
ance (One-way ANOVA followed by Bonferroni post hoc test) with
significance defined as p <0.05.

3. Results

3.1. Characterization of pluronics/chlorpromazine micellar
systems

Quasi-elastic light scattering (QLS), differential scanning
calorimetry (DSC), and small-angle X-ray scattering (SAXS) were
used to study the drug-micelle interaction and micellar structure of
Pluronic® triblock copolymer micelles (unique or binary systems)
in the presence or absence of CPZ. Hydrodynamic diameter analysis
at 25°C (room temperature) and 37 °C (physiological temperature)
are presented in Table 1. At 25°C, the systems were formed by
micelles around 60 nm, except for F127/L81-CPZ, which exhibited
amicellar size around 50 nm. On the other hand, the hydrodynamic
diameters were relatively smaller at 37 °C and presented a distri-
bution from 17 to 24 nm. The incorporation of 0.5% PL-L81, PL-17R4
and/or 6 mM CPZ to the micellar systems formed by F127 did not
significantly alter the micellar size distribution in relation to F127
alone.

The zeta potential ({) is a physico-chemical parameter that
consider the electrophoretic mobility (u), according to the Smolu-
chowsky equation &=um/e, where 7 is the viscosity and & the
dielectric constant of the medium. Then, the zeta potential is a
measurement of the electric field potential reflecting changes on
the micellar surface charge and their interaction with other formu-
lation components (such as drugs, salts, polymers, surfactants, etc.)
[29]. The zeta potential value for F127/L81 system was —10.0 mV
(at37°C), in agreement with that reported for other Pluronics, such
as P123[30,31] and F127/P105 mixed micelles containing doxoru-
bicin and paclitaxel [32]. However, in the presence of CPZ the zeta
potential was changed for+0.22 mV, probably due to the CPZ pro-
tonated amino group incorporation (pKa ¢pz =9.3), resulting in the
zeta potential shift to a more positive range.

DSC analyses revealed similar micellization temperatures (Tr,)
and one endothermic peak in the absence or presence of CPZ incor-
porated into the systems (Table 2). Regarding the thermodynamic
parameters, AH° values were found to be 7.06 and 6.06 kjmol~!
with a AG® of —4.14 and —4.15 for F127/L81 and F127/L81/CPZ,
respectively. These data indicate an endothermic process and that
the incorporation of CPZ into the micelles did not significantly
alter the enthalpy variation. Probably, the CPZ incorporation into
the micellar core promoted the dehydration of the PPO units and
elicited a tendency to form more ordered micellar aggregates, as
shown by AS° values.

The supramolecular organization of the nanostructured micellar
systems was determined by SAXS measurements. Fig. 1A presents
the comparative analysis of the results obtained at 25°C for PL
systems in the presence and absence of CPZ. Data analyses of q
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—e—F127
—4—FI127+CPZ
2q1 (F127)

5 10"
s
2 10° 2y g I biznmas ooz
'5 q, (F127/17R4)
g
-3
E 10 .(.b.).l Ll ....|.2.(.1.’.Lflf."..‘.’“"'”’z‘ L
104 qW (F127/L81+CPZ)
v
10° * Wy TE
q1 (F127/L81) *
10° £ (¢) 1 (2
1 1 1 1 1 1 L |
03 04 05 06 07 0809 1
-1
q (nm )
B 1804 —=—CPZ
—<—F127-CPZ
150 F127/17R4-CPZ
—O—F127/L81-CPZ
=120
=
2
~ 90
o
© 60
30
O l. T T T T T T
0 4 8 12 16 20 24
Time (h)

Fig. 1. Structural information and in vitro release analysis of the Pluronics-based
nanostructured micellar systems. (A) SAXS measurements at 25°C. (a) F127, (b)
F127/17R4, and (c) F127/L81, with or without CPZ. (a.u.: arbitrary units) (B) Release
profile for CPZ in aqueous solution (closed square) and embedded in different micel-
lar systems. CPZ concentration was determined by a standard curve using known
concentrations of CPZ (0—25 nM). The release constant values and correlation coef-
ficients obtained from these data are presented in Table 2.

and 2qq peaks were sufficient to determine the correlation peaks
(supplementar material, table S1). The three systems designed
for incorporation of CPZ, namely, F127, F127/17R4, and F127/L81,
exhibited similar structural profiles with correlation between
peaks of 1:2.04. The incorporation of CPZ caused a slight peak
shift in all experimental conditions that do not represent changes
in the lamellar organization system, since correlation 1:2 (F127-
CPZ=1:2.03; F127/17R4-CPZ=1:2.02; F127/L81-CPZ=1:2.05) was
maintained. Similar results were observed for both 25°C and 37 °C
temperatures. Considering the relative positions found (1: 41/2;
91/2) 3 lamellar organization phase is proposed, which presented
relative positions of, although it was not possible to visualize the
peak scattering referring to 91/2 due to the supramolecular struc-
ture in the lamellar phase organization.
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Table 2
Entrapment efficiency (EE%), drug loading (DL%), release constant (k. ), and correlation coefficient (R?) obtained for F127 or F127 associated with 17R4 or L81 plus CPZ.
EE (%) DL (%) Release constant (Ke) R?
Higuchi model (uM.h=1/2) Zero order (WM.h1) Higuchi model Zero Order

CPzZ - - 34.93(+1.13) 28.33(+£0.12) 0.9907 0.9534
F127-CPZ 69.0+4.3 443436 6.28 (£0.19) 443 (£0.20) 0.9914 0.9544
F127/17R4-CPZ 64.2+1.8 39.9+1.0 5.53 (+0.20) 4.70 (£0.10) 0.9882 0.9455
F127/L81-CPZ 100.0+0.6 63.6+0.8 5.74 (£0.17) 4.83 (£0.21) 0.9924 0.9633

" Statistically different from CPZ (P<0.05).

3.2. Drug loading, entrapment efficiency and in vitro drug release
profile

Drug loading (DL) and entrapment efficiency (EE) percentages
were determined for all formulations (Table 2). The highest EE of
CPZ was observed for the F127/L81 micellar system (100.0 4-0.6%)
compared to F127/17R4 (64.2 £1.8%) and F127 (69.04+4.3%). At
the same manner, the higher DL was also obtained for F127/L81
(63.6 £0.8%), confirming that PL micelles (as unique or binary sys-
tems) were able to carry high amounts of CPZ. Since the CPZ:PL
molar ratio was 1:1.8 (i.e. 6:11 mM) for all formulations, these dif-
ferences between the systems can be attributed to the composition
of each binary system. In fact, Pluronic L81 presents PPO block
intermediate lengths (between 30 and 60 units) with hydrophilic
lipophilic balance (HLB) of 2 and higher PPO in relation to PEO
chains (~7:1 PPO:PEO ratio), whereas Pluronic 17R4 is a reverse
(PPO-PEO-PPO) copolymer with HLB value of 7, explaining the dif-
ferences in terms of DL and EE observed after association with a
more hydrophilic PL, such as F127 (HLB=22), due to the formation
of mixed micelles with relatively more hydrophobic core, specially
for the system F127/L81.

The release profile of CPZ from PL/CPZ systems was evalu-
ated during 24h compared to the diffusion of CPZ in aqueous
solution, since it is the maximal nominal concentration. All eval-
uated micellar polymeric systems (F127/CPZ, F127/L81/CPZ, and
F127/17R4/CPZ) exhibited a slow CPZ release rate without signif-
icant differences among them, resulting in a CPZ concentration
released approximately 80% lower in micellar systems than CPZ
in aqueous solution after 24 h (Fig. 1B). This profile indicates that
the cytotoxicity observed, described ahead, is promoted by the
CPZ-containin nanostructured micellar system and not only by the
released CPZ. The release mechanisms of CPZ from PL micelles seem
to fit to the Higuchi model, as described by diffusion by Fick’s law
according to the equation: Q; =Kyt!/2 (Ky = coefficient of release,
Q: =amount of drug released). Higher correlation coefficients (R?)
assuming Higuchi’s model was found compared to that obtained
using the parameters of zero-order kinetics (Table 2); this demon-
strates that these micellar systems follow the pattern of CPZ release
by diffusion. All these data suggest that CPZ stays preferentially
inside the micellar systems in aqueous colloidal dispersions.

3.3. Enhancement of the cytotoxicity of CPZ by pluronics mono
and binary nanostructured systems and increased selectivity
against tumor CML cells

The cytotoxicity of PL-CPZ nanostructured systems was com-
pared with free CPZ in the chronic myeloid leukemia K562 cell
line and vincristine-resistant K562-derived Lucena 1 cells. Lucena
1 exhibits the MDR positive phenotype associated with the over-
expression the P-glycoprotein [28]. Firstly, the cell viability in
both cell lines was determined by MTT and trypan blue assays
using increasing CPZ concentration in the three micellar systems,
namely, F127,and F127/L81 and also with free CPZ for comparative
purposes (Fig. 2A). From these concentration-response curves con-
structed with data obtained with CPZ concentration raging from 2.5

to 30 WM, the ECsg values were calculated (as described in Mate-
rials and Methods section) and presented in Fig. 2B. Lucena 1 and
K562 cells were equally sensible to CPZ (free drug) as observed
by the similar ECsq values in both cell lines (~ 14 wM). In K562
cells, all three nanostructured micellar systems (F127, F127/17R4,
and F127/L81) were able to potentiate the effect of CPZ, decreas-
ing the ECsp from 14 to 9 wM. However, Lucena 1 cells were more
resistant to the cell death induced by the micellar polymeric sys-
tems containing CPZ than K562. Nevertheless, even in Lucena 1,
F127/L81-CPZ and F127/17R4-CPZ systems was able to potenti-
ate the effect of CPZ, significantly decreasing the ECsg values to
9 and 12 pM, respectively. It is noteworthy that F127/L81-CPZ
became the vincristine-resistant cell line Lucena 1 as sensitive as
K562 cells to death, presenting the chemotherapeutic potential of
this nanostructured system against Ph-positive chronic myeloid
leukemias and also in non-responsive MDR-positive derivatives.
Similar results were found using the trypan blue exclusion test
to exclude any redox artifact in the MTT assay (Fig. 2A, right
panels). These curves were presented only for the most potent
micellar system (F127/L81-CPZ compared to CPZ) to show that the
potentiation occurred in all concentrations. As an experimental
control, the cytotoxicity of F127/L81 without CPZ was evaluated
using increasing concentrations of polymers equivalent to those
used inFig. 2B (from 0.0625 to 0.075%), and only a slight cytotoxicity
(<20%) was observed in both cell lines (Fig. 2C).

The selectivity of the nanostructured systems against leukemia
tumor cells in relation to normal cells was also evaluated using
human peripheral mononuclear blood cells (PBMC) exposed to CPZ
and F127/L81-CPZ (Fig. 2D). The comparison of K562 and Lucena 1
cells with normal PBMC at the same nominal concentration of CPZ
(20 M) revealed that CPZ per se exhibits a selective cytotoxicity,
preferentially killing tumor cells. However, the difference between
the cytotoxicity percentages (delta) in tumor cells versus PBMC was
39% for CPZ and 48,6% for F127/L81-CPZ in K562 cells and 30,5% for
CPZ and 48,3% for F127/L81-CPZ in Lucena 1 cells. This indicates
that the nanostructured F127/L81-CPZ system increased the selec-
tivity of the drug against leukemia tumors cells in almost 20% of
the total cells. An additional important finding that must be dis-
cussed is that F127/L81 did not promote any potentiation of the
cytotoxicity of CPZ in normal cells. This reflects an improvement
of the therapeutic window with the possible use of these nanos-
tructured systems containing CPZ in the antitumor chemotherapy
in CML patients.

These findings prompted further investigation to determine
whether the F127/L81 micellar systems could promote changes in
CPZ-induced cell death profile. In this regard, K562 and Lucena 1
cells were analyzed by annexin V-FITC/propidium iodide-double
staining flow cytometry, and the representative plots (Fig. 3A)
and the quantification of replicates (Fig. 3B) were presented. The
cytotoxicity obtained in this assay was similar to those obtained
with the trypan blue exclusion test. Viable cells, visualized as
double negative staining in the left down quadrant (An~/PI7),
were decreased ~65% by CPZ (20 wM) and ~ 80% by F127/L81-CPZ
(0.05% PL containing 20 wM CPZ). Also, the three cell populations
related to death (An—/PI*, An*/PI-, and An*/PI") increased with
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Fig. 3. Nanostructured micellar system F127/L81-CPZ induces apoptosis in both leukemia cell lines. Cell death profile was analyzed by double staining flow cytometric
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analysis and statistical significance among samples. An: Annexin V-FITC; PI: propidium iodide; + and—are positive and negative staining, respectively. * Different from CPZ

(p<0.05).

CPZ or F127/L81 incubation. However, a detailed analysis of these
populations showed that An—/PI* and An*/PI~ presented a slight
increase (around 2-4%) in both cell lines when CPZ were
compared to F127/L81-CPZ, while An*/PI* population (right up
quadrant, late apoptosis) exhibited the higher increase in rela-
tion to CPZ (8% in K562 cells and 16% in Lucena 1). Further
investigation is required to reveal details in signaling path-
ways and molecular mechanisms of F127/L81-CPZ-triggered cell
death.

3.4. Inhibition of the P-glycoprotein activity by F127/L81-CPZ

The action of Pluronics as well as the phenothiazine deriva-
tive trifluoperazine on P-gp activity was already proposed [33,34].
Several studies have employed phenothiazines or Pluronics sepa-
rately, as P-gp inhibitors, associated to antitumor drugs in order to
reestablish the susceptibility of resistant tumor cells to these drugs
or to increase their cytotoxic efficiency in responsive tumor cells
[35-37]. However, the effects of the association between Pluron-
ics and phenothiazines in tumor cells are unknown. Thus, a flow

assessed by MTT reduction test in normal and leukemia cells obtained with 20 wM CPZ and 20 M F127/L81-CPZ. The human peripheral blood mononuclear cells (PBMC) were
stimulated with 5 pg/mL phytohemagglutinin. The percentage of viable cells was calculated in relation to control (untreated), considered as 100%. The data are presented as
mean + S.E.M. of three independent experiments. *Statistically different from CPZ (p <0.05). #Statistically different from K562 and Lucena 1 leukemia cells (p <0.05).
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cytometric assay using MDR-positive Lucena 1 cells loaded with
rhodamine 123 (Rho-123), a usual P-gp substrate, was performed
to evaluate whether the potentiation of CPZ cytotoxicity promoted
by its association with F127/L81 is related to the inhibition of P-gp
activity. The classical P-gp inhibitor cyclosporine A (CsA) was used
toreach the maximal Rho-123 accumulation. As observed in Fig. 4A,
despite the unexpected finding that 20 uM CPZ did not inhibit the P-
gp activity (left panel, gray histogram), 0.05% F127/L81 (equivalent
t0 0.0017%L81) efficiently promoted such inhibition with retention
of 60% of Rho-123 (middle panel, gray histogram) when considering
the relative fluorescence intensity above 103 (limit shown in the fig-
ure). The association F127/L81-CPZ resulted in a higher retention of
Rho-123 (86%) (right panel, gray histogram). The images obtained
by widefield fluorescence microscopy in the same experimental
conditions confirmed the retention of Rho-123 due to P-gp inhibi-
tion by F127/L81 and F127/L81-CPZ inresistant Lucena 1 cells. Also,
it is possible to observe nuclear alterations suggestive of apoptosis
induced by CPZ due to Hoescht 33324 staining.

4. Discussion

Ordinarily, gene expression in tumor cells is differentially mod-
ulated in relation to normal cells, mainly, those genes that encode
apoptosis-related proteins to escape cell death [38]. When exposed
to the selective pressure of drugs, tumor cells are also able to over-

express genes related to MDR proteins [39]. Some of these changes
already reported in cancer are directly associated with the lack
of responsiveness to currently antitumor drugs and unsuccessful
chemotherapy. Therefore, prospective studies about compounds
with potential to induce cell death by different pathways and with
potential to increase the effectiveness of classical chemothera-
peutic agents can contribute significantly to the improvement of
cancer therapy. Considering the advances in the nanotechnology
field during the last decade, formulations capable to improve drug
delivery and drug effectiveness have been studied as an alterna-
tive to potentiate and/or ameliorate the effectiveness of antitumor
drugs [40-42].

Pluronics are rising as a promising alternative for drug delivery
in cancer therapy. Recent studies showed that Pluronics organized
in mono- or binary systems generating nanostructures improved
the delivery of paclitaxel to tumor cells as well as decreased its
systemic toxicity [11,43]. The combination of doxorubicin and
F127 also exhibited promising results in resistant tumor cells
[44,45], and, in this case, the combination with low HLB poloxamers
improved the pharmacological effects [46].

The present study was conducted using F127 alone or in associa-
tion with two other poloxamers, Pluronic 17R4 (reverse poloxamer)
and L81. The hydrodynamic diameter is a parameter commonly
used to study the formation of Pluronics-based micellar sys-
tems. The inclusion of 0.5% Pluronics (L81 and 17R4) associated
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with F127 in binary systems (at the same final PL concentra-
tion) resulted in nanoscale micelles with average diameters of
approximately 60 and 25nm at 25 and 37°C, respectively. This
temperature-dependent diameter decrease was expected, since
higher temperatures favor the dehydration of the propylene oxide
unit [47]. A recent study showed an increase in the micellar mean
size and a decrease in the polydispersity with the decrease of tem-
perature and with the presence of drugs and small molecules [48].
The size of a nanostructured drug carrier is important in medicine
because particles smaller than 80 nm have a higher circulating life-
time since they are not promptly captured by the mononuclear
phagocyte system in spleen, and particles smaller than 20-30 nm
are eliminated by renal excretion [49,50]. Thus, the diameter range
obtained by PL-CPZ allows the micellar systems to circulate by
small blood capillaries, which may be decisive to the success of
the leukemia chemotherapy.

Results from the hydrodynamic diameter and calorimetry anal-
ysis showed the formation of nanostructured systems composed of
PLF127-L81 mixed micelles, with thermoreversible properties and
one phase transition. In addition, the supramolecular architecture
analysis of the nanostructured micellar systems evaluated by SAXS
revealed a lamellar organization phase at concentrations<18%
(w/v), since the formation of hexagonal or centered cubic phases
occurs only between 63 and 80% (w/v) at 25°C, for PL F127 [51].
The data obtained from the determination of micellar diameter
associated with the results of X-ray scattering at low angles con-
firmed that association of CPZ to the systems did not significantly
change their organization.

According to the in vitro release data, all three nanostructured
micellar systems (F127, F127-17R4, and F127-L81) containing CPZ
exhibited similar drug release constant values. In vitro release data
revealed that the observed similarity in supramolecular organiza-
tion for the PL systems resulted in similar CPZ release constant
rates. However, a decrease of 80% in relation to CPZ in aqueous solu-
tion confirmed that the PL systems are highly effective in incorpo-
rating CPZ, as confirmed by drug loading and entrapment efficiency
results, even considering the structural differences regarding the
number of PEO/PPO units and HLB between PLF127 and PLL81, and
also considering that PL 17 R4 is areverse co-polymer. It is notewor-
thy that despite the amphiphilic characteristic of CPZ depending
on pH (pKa~9.0) [52], this drug presents a high hydrophobicity,
as observed by the octanol/water partition coefficient (3.62), even
at acidic pH [18,53]. Such chemical features are predictive of the
location of CPZ near the micellar core of OP units in PL micellar sys-
tems, and this drug distribution certainly influenced its low release
rate observed in aqueous or buffered systems. Also, the slow release
profile associated to induction of cell death suggests that this is not
a drug release system, but acting together as PL-CPZ.

Comparative analysis of PL-CPZ in leukemia K562 and its
vincristine-resistant derivative Lucena 1 cells indicated that this
association was able to improve not only the drug delivery but
also potentiates the CPZ effect. Interestingly, in the resistant cell
line, the presence of L81 was essential for effective potentiation of
CPZ. This finding may be related to its ability to inhibit P-gp, whose
expression is five times higher than K562 cell line [28].

The multidrug drug resistance (MDR) phenomenon has been
widely investigated and associated to the overexpression of P-gp,
which is a common feature in tumors that exhibit a multidrug
resistance phenotype, including leukemia, breast cancer and hep-
atocellular carcinomas [54,55]. Among the different mechanisms
proposed for MDR modulators are (i) their binding to Pgp inhibiting
direct orindirectly the ATPase activity [56],and (ii) their interaction
with membranes modifying its fluidity and indirectly the microen-
vironment of Pgp [57]. The presence of multiple drug binding sites
in P-gp seems to be consensual. This protein promotes efflux of
several drugs from tumor cells, decreasing their intracellular con-

centration and consequently their action, resulting in increased
tumor resistance to chemotherapeutic agents, such as imatinib,
methotrexate, and vincristine. In contrast, P-gp can be inhibited by
other drugs, such as verapamil, cyclosporine A, and trifluoperazine
[22,58,59] probably through direct interaction with Pgp [60]. It was
shown that, at low concentrations, phenothiazines stimulated the
ATPase activity of P-gp, which was inhibited at higher concen-
trations, without any correlation with their hydrophobicity (logP
values)[61].Interestingly, trifluoperazine decreased the expression
of P-gp in a adriamycin-resistant leukemia model [62], evidenc-
ing another possible associated mechanism that contributes to the
MDR reversal.

Despite the inhibition of P-gp described for phenothiazine
derivatives in other cell types [63,64], we did not observe this
for CPZ in Lucena 1. In fact, it was shown that CPZ increased
the cytotoxycity of doxorubicin in P388 mouse leukemia cells at
low micromolar concentrations due to a MDR reversal effect [65],
but it was not observed for human vincristine-resistant Lucena 1
leukemia cells. However, the combination of CPZ with the nanos-
tructured micellar system F127/L81 resulted in a strong P-gp
inhibition demonstrated by Rho-123 retention; this confirms that
the presence of Pluronic®L81 was crucial for the potentiation of
CPZ cytotoxicity in this resistant leukemia cell line. As well as phe-
nothiazines, the sensitization of Pluronics in MDR positive cancer
cells has also been described [66,67] and the mechanisms seems to
involve their action on ATPase acitivity [68] and also changing the
membrane fluidity [69].

A mild cytotoxicity displayed by the F127/L81 system was
shown due to the presence of L81, a hydrophobic poloxamer that
is able to affect the structure and function of a membrane [5].
Furthermore, poloxamers with low HLB complexes inhibited the
electron transport in the mitochondrial respiratory chain, causing
dissipation of the transmembrane potential, ATP depletion, and
free radical generation [14]. Nevertheless, other effects seem to
be involved in the potentiation of the cytotoxicity of PL-CPZ, since
the micellar systems without L81 (e.g., F127/17R4) did not exhibit
cytotoxicity but potentiated the effect of CPZ in K562 cells. It was
observed that free CPZ induced apoptosis in both leukemia cell
lines as indicated by positive staining with annexin V-FITC, and the
presence of F127/L81 associated with CPZ did not change this pro-
file. Thioridazine, a phenothiazine derivative, was effective against
cancer stem cells when co-delivered with doxorubicin using poly-
meric micelles composed by acid-functionalized poly(carbonate)
and poly(ethylene glycol) diblock copolymer [70]. However, the
advantage of the CPZ-containing Pluronics micellar systems is the
active participation of this pharmaceutical excipient in the cytotox-
icity. In fact, the decrease in ECsg values for cytotoxicity in cancer
cells promoted by the association of CPZ with Pluronic micelles
contributes is crucial to avoid the side effects described for phe-
nothiazines [71].

Finally, considering that CPZ is an ‘old’ drug approved by
regulatory agencies worldwide, these results evidence the phar-
macological potential of Pluronics-based nanostructured systems
containing CPZ in leukemia treatment, including those who are
not responsive to available drugs due to the presence of the MDR
phenotype.
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