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Poly(ε-caprolactone) (PCL) nanoparticles (NPs) offer many possibilities for drug transport because of their good
physicochemical properties and biocompatibility. Doxorubicin-loaded PCL NPs have been synthesized to try to
reduce the toxicity of doxorubicin (DOX) for healthy tissues and enhance its antitumor effect in two tumor
models, breast and lung cancer, which have a high incidence in the global population. PCL NPs were synthesized
using amodified nanoprecipitation solvent evaporationmethod. The in vitro toxicity of PCL NPswas evaluated in
breast and lung cancer cell lines from both humans and mice, as was the inhibition of cell proliferation and cell
uptake of DOX-loaded PCL NPs compared to free DOX. Breast and lung cancer xenografts were used to study
the in vivo antitumor effect of DOX-loaded NPs. Moreover, healthy mice were used for in vivo toxicity studies in-
cluding weight loss, blood toxicity and tissue damage. The results showed good biocompatibility of PCL NPs in
vitro, as well as a significant increase in the cytotoxicity and cell uptake of the drug-loaded in PCL NPs, which in-
duced almost a 98% decrease of the IC50 (E0771breast cancer cells). Likewise, DOX-loaded PCLNPs led to a great-
er reduction in tumor volume (≈36%) in studies with C57BL/6 mice compared to free DOX in both lung and
breast tumor xenograft models. Nevertheless, no differences were found in terms of mouse weight. Only in the
lung cancer model were significant differences in mice survival observed. In addition, DOX-loaded PCL NPs
were able to reduce myocardial and blood toxicity in mice compared to free DOX. Our results showed that
DOX-loaded PCL NPs were biocompatible, enhanced the antitumor effect of DOX and reduced its toxicity, sug-
gesting that they may have an important potential application in lung and breast cancer treatments.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Doxorubicin (DOX), an anthracycline antibiotic with antineoplastic
effect, is used to treatmany types of solid tumors andhematological dis-
eases such as breast, lung and ovary cancers, sarcomas, leukemia, and
Hodgkin's disease (Weiss, 1992). Doxorubicin is a DNA intercalating
agent that causes DNA damage resulting in cell death. In addition, this
y and Regenerative Medicine
ool of Medicine, University of
drug increases the production of reactive oxygen species (ROS) inmito-
chondria (Doroshow, 1983; Govender et al., 2014; Tacar et al., 2013)
and interacts with the enzyme topoisomerase 2 (Top2α), which is
overexpressed in cells with a high proliferation rate, such as tumor
cells (Vejpongsa and Yeh, 2014). Despite DOX having an important an-
titumor effect, its lack of specificity for the tumor tissue makes its use
limited. In fact, one of the major limitations of this drug is the produc-
tion of cardiotoxicity caused by mechanisms such as ROS production
(Angsutararux et al., 2015). For these reasons, it is important to develop
new drug administration pathways to enhance the antitumor effect and
improve specificity for tumor tissues.

Nanoparticles (NPs) of poly(ε-caprolactone) (PCL) have been inves-
tigated as antitumor drug transport and delivery systems because of
their size, biocompatibility, biodegradability and the possibility of
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modifying their surface properties increasing their multi-functionality
(Dash and Konkimalla, 2012; Wei et al., 2009). In fact, many types of
PCL-nanoformulations have been generated (micelles, hydrogels, scaf-
folds, fibers, films, and microspheres) (Dash and Konkimalla, 2012)
loading numerous antitumor drugs with excellent results in both in
vitro and in vivo cancer models (Liu et al., 2012). Recently, the capacity
of PCL NPs to improve the antitumoral effect of classical drugs such us
5-fluorouracil, carboplatin or curcumin in colon cancer, glioblastoma
and glioma, respectively, has been demonstrated (Karanam et al.,
2015; Marslin et al., 2016; Ortiz et al., 2015). Concretely, DOX-loaded
PCL and poly(ethylene glycol) (PEG) NPs and micelles showed a
sustained drug release and great in vitro and in vivo antitumor activity
compared to the free drug (Gou et al., 2009; Zhang et al., 2011). More-
over, micelles of monomethoxy PEG-PCL loaded with DOX showed bet-
ter cell uptake in the B16-F10 melanoma cell line in comparison to free
DOX, as well as a greater suppression of tumor growth and survival of
C57BL/6 mice bearing subcutaneous melanoma tumors (Zheng et al.,
2011). In addition, as demonstrated by Cheng et al. (2012), PCLmicelles
were able to improveDOX release in response to a temperature increase
(40 °C), increasing drug cytotoxicity. Doxorubicin loaded to copolymers
of dextran-β-PCL exhibited greater cytotoxicity (~15%) compared to
free DOX in SH-SY5Y human neuroblastoma cell lines and a significant
increase of cell internalization (Li et al., 2013). PCL and poly(N-
vinylpyrrolidone) (PNVP) (PCL63-b-PNVP90) micelles loading DOX
have recently been developed that enhanced growth inhibition in nor-
mal and resistant lymphoma cell lines from humans and mice in com-
parison with the free drug. Furthermore, these DOX-loaded
nanocarriers did not alter the viability of normal blood cells such as
monocytes, dendritic cells or lymphocytes (93.26%), in contrast to treat-
mentwith free DOX (60.87%) (Hira et al., 2014). Latterly, polymers con-
taining PCL have been developed to release the drug under certain
conditions to make it even more specific to the tumor tissue, such as
photocleavable polymers, or involving the incorporation of cleavable di-
sulfide linkages by the intracellular enzyme glutathione (Kumar et al.,
2015; Lee et al., 2015).

In this context, the aim of our study was to use a formulation of PCL
NPs for transporting DOX in order to potentially improve breast and
lung cancer treatment. Cell proliferation assays with breast and lung
cancer cell lines from both humans and mice, and cellular internaliza-
tion studies using FACScan andfluorescentmicroscopywere performed.
In addition, in vivo studies were carried out to look at the antitumor ef-
fect of DOX-loaded PCL NPs compared to free DOX, mice survival, and
modulation of DOX toxicity. The results showed good biocompatibility
of PCL NPs and a significant increase in DOX antitumor effect when
drug was loaded to PCL NPs. No differences were found in the weight
of mice when the free DOX and DOX-loaded PCL NP treatments were
compared. Interestingly, a modulation of mice survival was observed
with the use of DOX-loaded NPs. Finally, decreased DOX toxicity on
blood and tissue was determined. Thus, the use of DOX-loaded PCL
NPs improves the drug's antitumor effect, something which could be
applied in the treatment of breast and lung cancer.

2. Material and methods

2.1. Materials

All chemicals were of analytical quality from Sigma-Aldrich Chemi-
cal Co. (Spain). Deionized and filtered water was used in all the experi-
ments (Milli-Q Academic, Millipore, Molsheim, France).

2.2. Formulation of DOX-loaded PCL NPs

PCL NPs were prepared by a modified nanoprecipitation solvent
evaporation procedure using a probe sonicator (Branson sonifier
W450 Digital, Branson Ultrasonics, Danbury, CT, USA) (Cirpanli et al.,
2011; Letchford et al., 2009). Concretely, 1 mL of a dichloromethane
(DCM) polymeric solution (1%, w/v) was added drop-wise, under soni-
cation (pulsed mode, with a cycle of 70%, to avoid foaming), to 5 mL of
an aqueous solution containing Pluronic® F-68 (0.3%, w/v). Tempera-
ture control was assured by surrounding the sample vialwith ice during
the sonication process (1 h). Finally, the organic solventwas evaporated
(Büchi Rotavapor® rotary evaporator, Büchi, Flawil, Switzerland), and
the colloidwas subjected to a cleaning process involving subsequent cy-
cles of centrifugation (30min at 9000 rpm, Centrikon T-124 high-speed
centrifuge; Kontron, Paris, France) and re-dispersion in water, until the
conductivity of the supernatant was b10 μS/cm.

DOXentrapment into PCLNPswas based on the above described for-
mulation methodology with an additional step aiming to optimize the
drug loading efficacy: incorporation of a DCM polymeric solution con-
taining adequate quantities of DOX (up to 0.01M) to the aqueousmedi-
um, or addition of the DCM polymeric solution to the aqueous phase
containing increasing drug concentrations (up to 10−2 M). The objec-
tive was to clarify if greater drug entrapment (and loading) efficacies
are possible when DOX molecules are included in direct contact with
the polymer (dissolved in the organic phase to minimize drug escape
to the aqueous phase). Additionally, the impact on DOX entrapment of
the concentration of stabilizing agent (Pluronic® F-68) and polymer
(PCL) was analyzed. To that aim, the concentration of PCL in the DCM
solution and the concentration of Pluronic® F-68 in the aqueous medi-
umwere varied from1 to 5% (w/v) and from 0 to 5% (w/v), respectively.
All the formulations were prepared in sextuplicate.

2.3. Characterization methods

Particle size (mean value ± standard deviation) was determined in
quadruplicate at room temperature by photon correlation spectroscopy
(PCS, Malvern Autosizer® 4700, Malvern Instruments Ltd., UK), after
suitable dilution of the aqueous NP dispersions (≈0.1%, w/v). Stability
of the colloids was investigated during three months of storage at
4.0±0.5 °C inwater bymeasuring both the size andDOX loading. Final-
ly, to confirm the size analysis, aqueous NP dispersions (≈0.1%, w/v)
were visualized by high resolution transmission electron microscopy
(HRTEM, Stem Philips CM20 high resolution transmission electron mi-
croscope, Netherlands).

Surface electrical charge of both blank (DOX unloaded) and DOX-
loaded NPs was investigated by electrokinetic determinations (≈0.1%,
w/v NP concentration in aqueous media) (Malvern Zetasizer® 2000
electrophoresis device, Malvern Instruments Ltd., UK), after 24 h of con-
tact of NPs in water (pH ≈ 6) under mechanical stirring (50 rpm) at
room temperature. Such electrophoretic characterization was expected
to define the type of drug loading (adsorption onto the NP surface, or
entrapment into the nanomatrix).

Ultraviolet-Visible (UV–Vis) absorbance measurements (8500 UV–
Vis Dinko spectrophotometer, Dinko, Spain)were done in quadruplicate
at the maximum absorbance wavelength (481 nm) to quantify drug
concentration in all the formulations. Before determining the amount
of DOX loaded to (or released from) the PCL NPs, the UV–Vis spectro-
photometric method of analysis was validated (and verified) by com-
paring the evaluation of drug concentration in 2 instances: a certain
DOX quantity was dissolved in supernatants of NP syntheses (done in
absence of drug), and the same amountwas dissolved in equal amounts
of water. Drug concentrations estimated (in the first case from the dif-
ference between the absorbance of DOX plus supernatant solution and
that of the supernatant) were found to match within the experimental
uncertainty. These tests were done in sextuplicate, and demonstrated
the accuracy, precision, and linearity of the method, and the absence
of molecular interactions.

DOX loading studies involved UV–Vis determinations of the drug re-
maining in the aqueous supernatant (being obtained upon centrifuga-
tion, 30 min at 9000 rpm, of the NP dispersion) which was deduced
from the total amount of DOX in the aqueous NP dispersion. For the
method to be accurate, the contribution to the absorbance of sources
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other than variations in drug concentration (e.g. Pluronic® F-68), by
subtracting the absorbance of the supernatant produced in the same
conditions but without the drug. DOX incorporation to the NPs was
expressed in terms of drug loading (%) and drug entrapment efficiency
(%):

Drugloading %ð Þ ¼ massofdrugincorporatedintheNPmatrix mgð Þ
massobtainedof NPsloadedwithdrug mgð Þ � 100

Drugentrapmentefficiency %ð Þ
¼ massofdrugincorporatedintheNPmatrix mgð Þ

massofdrugusedintheexperiment mgð Þ � 100

Drug release experiments were performed in quadruplicate follow-
ing the dialysis bag method, and using the nanoformulations that
were investigated later in vitro and in vivo (PCL NPs with the greater
DOX loading values, i.e. ≈49%, Table 1). The bags were soaked in
water at room temperature during 12 h before use. The dialysis bag
(cut-off of 2000 Da, Spectrum® Spectra/Por® 6 dialysis membrane tub-
ing, USA) retained the particles but permitted the free drug to diffuse
into the receiving phase (phosphate buffered saline, PBS, pH 7.4 ± 0.1,
kept at 37.0 ± 0.5 °C). Then, 1 mL of NP dispersion (containing
4 mg/mL of DOX) was poured into the dialysis bag with the two ends
fixed by clamps. The bag was then placed in a conical flask filled with
50 mL of PBS, and was stirred at 150 rpm. At different time intervals
(0.5, 1, 3, 6, 9, 12, 24, 48, 72, 96, 120, and 144 h), 1 mL samples of the
medium were withdrawn for UV–Vis spectrophotometric analysis
(481 nm). An equal volume of the release medium, kept at the same
temperature, was added after sampling to ensure the sink conditions.

2.4. Cell culture

The human cell lines MCF-7 and A549 of breast and lung cancer re-
spectively, were obtained from the European Collection of Cell Culture
and the Scientific Instrumentation Center (University of Granada,
Spain). The LL/2 mouse lung cancer cell line, were purchased from the
American Type Culture Collection (ATCC), and the E0771 mouse breast
cancer cell line were kindly given by Robin Anderson from Peter
MacCallum Cancer Center, (East Melbourne, Australia). Both mouse
cell lines come from the immunocompetent mouse C57BL/6. In addi-
tion, a rat cardiomyocyte cell line (H9C2) obtained from ATCC was
Table 1
Influence of the preparation conditions (DOX, PCL, and Pluronic® F-68 concentrations) for drug
tential (ζ, mV) values of the blank (DOX unloaded) PCL NPs and the DOX-loaded PCL NPs formu
and ζ values of DOX-loaded PCL NPs obtained after drug dissolution in the aqueous media are

[DOX] (M) [PCL] (%, w/v) [Pluronic® F-68] (%, w/v) Size (nm) DOX en

0 1 0.3 73 ± 13 –
10−5 1 0.3 77 ± 9 (79 ± 8) 36.4 ±

10−4 1 0.3 79 ± 6 (80 ± 7) 60.7 ±

10−3 1 0.3 70 ± 8 (73 ± 8) 82.1 ±

10−2 1 0.3 83 ± 7 (69 ± 8) 90.6 ±

10−2 1 0 Macroaggregates –
10−2 1 1 77 ± 9 (85 ± 4) 92.6 ±

10−2 1 3 67 ± 5 (87 ± 2) 86.1 ±

10−2 1 5 77 ± 8 (74 ± 6) 88.3 ±

10−2 3 0.3 75 ± 6 (73 ± 6) 89.8 ±

10−2 5 0.3 80 ± 9 (77 ± 6) 93.6 ±
used for toxicity assays. All cell lines were grown in monolayer in
Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich) with a
supplementation of 10% fetal bovine serum (FBS) and 1% of antibiotics
(Penicillin-Streptomycin) (Sigma-Aldrich) and maintained at 37 °C in
a humidified incubator with an atmosphere of 5% CO2.
2.5. In vitro cytotoxicity of cell lines

Cell proliferation was determined by a modified sulforhodamine B
(SRB) assay as described previously (Melguizo et al., 2015). All the ex-
periments were performed in triplicate. Cells lines were plated in 24-
well plates at different cell densities: 10 × 103, 15 × 103, 20 × 103,
15 × 103 cells/well for MCF-7, A549, LL/2 and E0771, respectively. In ad-
dition, the non-tumor H9C2 rat embryonic cardiomyocyte cell line was
plated at a density of 8 × 103 cells/well. Twenty-four hours later, cells
were treated with DOX, DOX-loaded PCL NPs and unloaded PCL NPs at
concentrations ranged from 0.01 to 10 μM at an incubation time of
48 h. The concentration of unloaded PCL NPs used was equivalent to
the drug-loaded NPs. Untreated cells were used as a negative control.
After the incubation time, cells were fixed with 10% trichloroacetic
acid (TCA), stained with SRB, and the dye was resuspended with a
10 mM, pH 10.5 solution of Trizma and quantified at 492 nm with a
Titertek Multiskan™ colorimeter (Flow Laboratories, Irvine, UK). The
optical density (OD) of treated cells was compared with the OD of un-
treated cells (100% of viability) to determine the percentage of relative
inhibition (%IR) produced by the treatments.
2.6. Flow cytometry assay

To study the rate of incorporation of drug-loaded to NPs compared
to free drug, we subjected the cells to a flow cytometry (FACScan)
assay. All the cell lines were plated in 6-well plates at a cell density of
150 × 103 cells/well in 2 mL of DMEM. After 24 h, treatments at 25 μg/
mL of DOX and DOX-PCl NPs were added to cells and incubated at 0.5,
1, 1.5, 2, and 4 h. After the incubation time, cells were detached by
trypsinization, and the cell pellets were collected by centrifugation at
1500 rpm for 5min and resuspended in 200 μL of PBS solution. Flow cy-
tometry analysis was carried out with a FACSCanto II flow cytometer
(BD Bioscience, San Diego, CA, USA).
absorption on particle size, drug entrapment efficiency (%), drug loading (%), and zeta po-
lated after drug dissolution in the organic phase. Size, entrapment efficiency, drug loading,
given inside curve brackets.

trapment efficiency (%) DOX loading (%) ζ (mV)

– −14 ± 3
2.3 (26.1 ± 3.4) 0.019 ± 0.005 (0.014 ± 0.006) −15 ± 1

(−16 ± 3)
3.7 (37.3 ± 3.1) 0.329 ± 0.063 (0.203 ± 0.044) −15 ± 1

(−16 ± 3)
4.1 (53.3 ± 3.2) 4.462 ± 0.121 (2.908 ± 0.096) −17 ± 2

(−14 ± 1)
3.6 (59.8 ± 4.1) 49.242 ± 3.091

(32.502 ± 3.976)
−15 ± 2
(−15 ± 3)

– –
4.1 (60.5 ± 3.8) 50.226 ± 3.578

(32.859 ± 3.321)
−16 ± 4
(−17 ± 3)

3.3 (55.2 ± 4.4) 46.796 ± 3.014
(30.002 ± 4.112)

−14 ± 3
(−15 ± 1)

4.2 (58.1 ± 3.3) 47.992 ± 3.629
(31.578 ± 3.016)

−14 ± 4
(−13 ± 4)

3.2 (58.7 ± 3.6) 16.269 ± 1.227
(10.635 ± 1.674)

−15 ± 1
(−13 ± 3)

2.9 (62.4 ± 1.5) 10.175 ± 1.016 (6.783 ± 0.962) −16 ± 2
(−15 ± 3)



Fig. 1. DOX released (%) from PCL NPs as a function of the incubation time (h) in PBS
(pH 7.4 ± 0.1) at 37.0 ± 0.5 °C. Data presented as mean value ± standard deviation
(S.D.) (n = 4). Inset: high-resolution transmission electron microphotograph of the NPs
(bar length: 100 nm).
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2.7. Fluorescent microscopy assay

All cell lineswere seeded in a volumeof 300 μL in chamber slides (BD
Biosciences, Erembodegem, Belgium) of 8 wells at a cell density of
5 × 103 cells/well. After 24 h in culture conditions, cells were exposed
to the same dose of free DOX and DOX-loaded PLC NPs as in the cytom-
etry assay (25 μg/mL) at 45min of incubation. After the incubation time,
200 μL of 4% formaldehyde was added to cells for 20 min at room tem-
perature. Then, cells were washed three times with PBS and the cell nu-
clei were stainedwith 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen
™). Drug intracellular location was observed under fluorescence mi-
croscopy using a Leica DM IL LED fluorescence microscope (Leica
Microsystems S.L.U., Barcelona, Spain).

2.8. In vivo antitumoral activity of the DOX-loaded PCL NPs

Two groups of forty female C57BL/6 mice (Charles River, Barcelona,
Spain) were s.c. inoculated in the right hind flank with a half million
of LL/2 or E0771 cells in a volume of 200 μL of phosphate buffered saline
(PBS) to induce s.c. lung and breast tumors, respectively. After nine
days, each group of mice bearing tumors was divided randomly into
groups of ten mice, and each was treated i.v. with DOX (10 mg/kg),
DOX-loaded PCL NPs (with the equivalent drug concentration) and
blank PCLNPs. Besides, therewas one groupof each type of cancer treat-
ed with saline solution as a negative control. The treatments were ap-
plied every three days for a total of five doses. Furthermore, every
three days the weight of mice were monitorized and also the tumor di-
mensions were measured with a digital caliper, and the tumor volume
was calculated with the formula V(mm3) = (a × b2 × π)/6, (being “a”
the largest diameter of the tumor, and “b” the largest diameter perpen-
dicular to “a”). The final point of the experiment when animals were
sacrificed was the day 33 starting from the day of cells inoculation.
The animal studies were approved by the Ethics Committee on Animal
Experimentation of the University of Granada.

2.9. In vivo toxicity study of DOX-loaded PCL NPs

To determine the in vivo toxicity of DOX-loaded NPs, 32 female
C57BL/6 mice were divided randomly into four groups (n=8). Follow-
ing the protocol of Zhu et al. (2015), single doses of DOX (10 mg/kg
body) and DOX-loaded NPs (with the equivalent drug concentration)
were injected i.v. into healthy mice. A group treated with blank PCL
NPs and another untreated group (control) were also included in the
study. Mouse body weight was determined every 48 h until the final
point of the experiment (14 days from the treatment). Tissue (heart,
liver and lung) and blood samples were obtained on the fourth day
after treatments. Tissues from 3 mice of each group were fixed in a 4%
paraformaldehyde (PFA) solution, embedded in paraffin, sectioned
(5 μm) and finally stained with hematoxylin and eosin. The samples
were observed in a Leica DM IL LED microscope (Leica Microsystems
S.L.U., Barcelona, Spain). Blood was extracted from all the mice in
1.5 mL EDTA-coated Eppendorf tubes for the analysis of blood parame-
ters (Mythic 22CT C2 Hematology Analyzer, Orphée SA, Switzerland). A
portion of blood was gently mixed and centrifuged (15 min at
3.000 rpm a 4 °C) to obtain plasma which was then aspirated from the
collection tubes and stored at −80 °C. Three cardiovascular disease
markers, MMP-9 (Matrix metallopeptidase 9), sVACM-1 (vascular cell
adhesion molecule-1) and CRP (C-reactive protein) were evaluated
usingMilliplexMAP Kits (MerckMillipore; Darmstadt, Germany). Opti-
cal densitywas determined using an automated immunoassay analyzer,
the Luminex 200 TM (Millipore, Darmstadt, Germany).

2.10. Statistical analysis

All the results have been expressed as the mean ± the standard de-
viation. Statistical analysis of the in vitro studieswas carried outwith the
Student's t-test. For the in vivo studies, a one-wayANOVAwith a Tukey's
post-hoc test was used to evaluate the differences between groups in
terms of tumor volume and toxicity. Mice survival P was calculated
with the Kaplan-Meier method and then analyzed with the log-rank
test. All the testswere performedwith the Statistical Package for the So-
cial Sciences (SPSS) v. 15.0 with a significance level of 0.05 (α= 0.05).

3. Results

3.1. Characterization of the DOX-loaded PLC NPs

PCL NPs obtained using amodified nanoprecipitation solvent evapo-
ration procedure were characterized by having an average diameter of
b90 nm and a spherical shape (Table 1, Fig. 1). The negative surface
electrical charge of the NPs in water (Table 1) could be attributed to
the dissociation, at pH6, of free acrylic groups included in their chemical
structure (Arias et al., 2010). No differences were observed in particle
size and quality of the colloid when the NPs were loaded with different
amounts of DOX (Table 1). Finally, the colloidal formulations were
found to be stable during a three-month storage period at 4.0 ±
0.5 °C: no appreciable change in particle size and surface electrical
charge, no existence of aggregates/sediments, nor any DOX precipita-
tion and/or release were detected.

Investigation of DOX entrapment in the PCL NPs began by defining
the influence of the initial phase (aqueous or organic) in which the
drug was dissolved (see Section 2.2, Formulation of DOX-loaded PCL
NPs). DOX entrapment efficiency (%) and DOX loading values (%) as a
function of the drug concentration are compiled in Table 1. Both param-
eters were found to be significantly greater whenDOXwas added to the
organic phase, whatever the initially fixed drugquantity. As an example,
when the initial DOX concentration was 10−2 M these parameters rose
from≈59.8% and≈32.5% (when the drugwas in the aqueous phase) to
≈90.6% and ≈49.2% (when DOX was incorporated to the DCM solu-
tion), respectively. This could be a consequence of the difficulty experi-
enced by the drug in escaping from the PCL nanomatrix when it is
placed in deep contact with the polymer. Finally, there may be further
attractive forces between the positively-charged drug molecules and
the negatively-charged NPs, thus electrostatically favoring DOX incor-
poration to the NPs. Antiproliferative and in vivo tumor growth inhibi-
tion studies were performed using the NPs with the greatest DOX
entrapment efficiencies, i.e., ≈90.6%.

Table 1 reveals how drug concentration positively influenced the ef-
ficiency of DOX entrapment into the NPs. It can be further highlighted
that the use of Pluronic® F-68 assured homogeneous distributions of
DOX-loaded NPs, highly uniform and with reduced size, without



Fig. 2. In vitro cytotoxicity of PCLNPs in lung and breast cancer cells. The growth of cell lines A549,MCF-7, LL2 andE0771was evaluated after exposure to awide range (0.5–10 μM)of blank
PCL NPs over a 48 h period. The results are expressed as %RP. The data represents the mean value ± S.D. of triplicate cultures.

28 L. Cabeza et al. / European Journal of Pharmaceutical Sciences 102 (2017) 24–34
significantly affecting DOX entrapment. Similarly, the quantity of poly-
mer did not exhibit an important influence on DOX loading.

Great similarity was found between the electrokinetics (ζ values) of
blank NPs and DOX-loaded NPs (Table 1). In fact electrophoretically
speaking theywere indistinguishable. Given the extraordinary sensitiv-
ity of electrophoresis to tiny changes in colloidal surfaces, this technique
was advantageously used to define the type of DOX incorporation to the
NPs (surface adsorption vs. entrapment within the nanomatrix). Due to
the fact that ζ values did not change upon drug incorporation, it can be
assumed that the DOX molecules were entrapped within the NP
structure.

With regard to DOX release from theNPs, a biphasic processwas ob-
served at pH 7.4, characteristic of PCL nanomatrices (Pohlmann et al.,
2013), where an initial rapid (burst) release phase (up to ≈30% in
12 h) was followed by a phase in which the remaining drug molecules
were released in a more progressive way (over a period of 5.5 days)
Fig. 3. In vitro cytotoxicity of DOX-loaded PCLNPs in lung and breast cancer cells. The growth of
for 48 h, in comparison to free DOX treatment. The results are expressed as %IR. The data repre
(Fig. 1). Thus, themajority of DOXmay be locatedwithin the PCLmatrix
rather than adsorbed onto the particle surface.

3.2. DOX-loaded PLC NPs cell toxicity

Blank PCL NPs showed no toxicity in any of the tested cell lines even
at the highest concentrations. Only a slight decrease (10%) in the per-
centage of relative proliferation (% RP) was detected in the LL/2 cells
when blank NPs were used at 10 μM (Fig. 2). On the other hand, DOX-
loaded NPs showed a significant increase in the inhibition of prolifera-
tion in all cell lines after 48 h of exposure in relation to the free drug
(p b 0.05) (Fig. 3). This increasedDOXcytotoxicity led to a significant re-
duction in the half-inhibitory concentration (IC50) which was 0.71, 0.7,
0.11 and 1.3 μM for DOX and 0.31, 0.09, 0.04, and 0.02 μM for DOX-PCL
NPs in the A549, MCF-7, LL/2 and E0771 cell lines, respectively. The
greatest decreases of the IC50 values were detected in MCF-7 (87.1%)
cell lineswas evaluated after exposure to awide range (0.01–5 μM)ofDOX-loaded PCLNPs
sents the mean value ± S.D. of triplicate cultures.
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and E0771 (98.5%). In addition, a cytotoxic assay was performed with
the non-tumor H9C2 rat embryonic cardiomyocyte cell line (Supple-
mentary material; Fig. 1S).

3.3. DOX-loaded PLC NPs cell internalization assays

Flow cytometry analysis showed that the time-dependent internali-
zation of DOX significantly increased in all cell lines when the drug was
loaded in PCL NPs in comparison to the free drug (Fig. 4). This increase
wasmore evident from2 h of exposure andwasmaintained until 4 h. At
this time, the increase in drug internalizationwith DOX-loaded NPswas
63.2, 35.8, 18.1 and, 33.9% in the A549,MCF-7, E0771 and LL/2 cell lines,
respectively compared to the free drug. These findings were supported
by fluorescence microscopy analysis (Fig. 5) where the fluorescence in-
tensity of all human andmurine cells treated with DOX-loaded PCL NPs
was significantly greater that those treated with free DOX. The intracel-
lular location of the free DOX and drug-loaded NPs was similar (pre-
dominantly nuclear), although the presence of the drug in the
cytoplasm also was detected after treatment with DOX-loaded PCL NPs.

3.4. DOX-loaded PLC NPs effect in breast and lung cancer xenografts

Fig. 6 shows the results obtained in the studies realized with the im-
munocompetent C57BL/6 mice bearing subcutaneous lung or breast tu-
mors. No significant differences were found between the tumor volume
of mice treated with blank PLC NPs and the negative control mice treat-
ed with saline solution in either mice tumor model. Conversely, mice
treated with DOX-loaded PLC NPs showed a significantly higher de-
crease in tumor volume than that observed in mice treated with free
DOX, in both mice tumor models (p b 0.05). At the end point of the
assay, the reduction in tumor volume in both breast and lung xenografts
was similar (≈36%) (Fig. 6A). In addition, a significantly increased sur-
vival rate was detected in mice bearing lung tumors treated with DOX-
PCL NPs compared with the free drug (p b 0.05). However, these differ-
ences were not observed in mice with breast cancer (Fig. 6B). These re-
sults are reflected in the Kaplan-Meier curves, where the fraction
Fig. 4. Uptake of DOX-loaded PCL NPs into lung and breast cancer cells. (A) Graphical represent
after exposure (0.5, 1, 1.5, 2 and 4h) at 25 μg/mLdrug concentration. (B) Representative image o
and breast cancer cells. The data represents the mean value ± S.D. of triplicate analysis.
surviving in mice bearing breast tumors is almost the same for DOX-
and DOX-loaded PCL NP-treated mice (Fig. 6B). Finally, no significant
differences in mice survival were found when performing the log-rank
test between control and blank PCL treated mice in both tumor models.

3.5. DOX-loaded PLC NPs in vivo toxicological study

Firstly, the weight of treated and non-treated mice was measured
every three days throughout the 33 days of previous study to indicate
any possible drug toxicity. As shown in Fig. 7, the negative control
mice and PCL NP-treated mice showed a similar weight evolution indi-
cating the biocompatibility and non-toxicity of the NPs. In addition, no
significant differences were detected between mice treated with the
free drug and drug-loaded NPs in either mice model.

Secondly, tissue and blood toxicity was evaluated. Histological anal-
ysis showed that the myocardial tissue of mice treated with free DOX
showed somemyofibrillar loss, a typical finding due to the cardiomyop-
athy induced by this drug. Interestingly, no myocardial alteration was
observed in animals treated with DOX-loaded PCL NPs in comparison
to the controls (Fig. 8A). Studies of other tissues (liver and lung) showed
no relevant injuries, at least at this DOX concentration (Fig. 8A). In order
to assess the possible myocardial injury, cardiovascular damage blood
markers were analyzed. As shown in Fig. 8B, the blood level of CRP
after free DOX treatmentwas significantly higher (49.7%) in comparison
to the control (p b 0.05). In contrast, no significant differences between
DOX-loaded PCL NP-treated mice and untreated mice (control) were
detected. Additionally, no significant differences were observed be-
tween groups, for the two others blood markers (MMP-9 and sVACM-
1) quantified. Moreover, during the study of toxicity (14 days), no sig-
nificant differences were found in the weight of mice treated with
DOX-loaded PCL NPs and free DOX (Fig. 8C). The blank PCL NPs induced
no significant modifications in any of the tested tissues or blood
markers, nor in weight of the mice (data not shown).

Finally, the blood analysis showed a significant decrease in theWBC
value of the mice treated with free DOX. In contrast, the use of DOX-
loaded PCL NPs did not modify the WBC value compared with the
ation of the presence of DOX-loaded PCL NPs and free DOX in lung and breast cancer cells
fflowcytometry analysis after exposure (4h) toDOX-loadedPCLNPs and freeDOX, in lung



Fig. 5. Representative fluorescence images showing internalization of free DOX and DOX-loaded PCL NPs in lung and breast cancer cells after exposure to a concentration of 25 μg/mL for
45 min. The columns show drug fluorescence images (DOX), cell nuclei stained with DAPI (DAPI), and merged images of the two previous columns (MERGED). Magnification 10×.
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blood used as a control. No statistically significant changes were detect-
ed in RBC or PLT valueswith the use of free DOX or DOX-loaded PCLNPs.
A slight decrease in the MCV value was detected with the use of free
Fig. 6. Treatment of breast and lung cancer xenografts with DOX-loaded PCL NPs. (A) Graphic
administration of DOX-loaded PCL NPs, free DOX and blank PCL NPs into C57BL/6 mice bearin
the mean ± S.D. (n = 10). Graphical representation of LL/2 including a representative ima
survival rates after exposure to the same treatments. Data are represented as the mean valu
rank test.
DOX, DOX-loaded PCL NPs, and PCL NPs. In the same way, slight modi-
ficationswere observed inMHC,MPV and RDVwith the use of these dif-
ferent treatments (Table 2).
al representation of the tumor volume progression (growth inhibition) after intravenous
g subcutaneous tumors induced by the E0771 and LL/2 cell lines. Data are represented as
ge of the tumor volume progression after treatment. (B), Kaplan-Meier curves of mice
e ± S.D. (n = 10). Comparison between treatment groups was performed with the log-



Fig. 7. Bodyweight progression of mice with induced lung and breast tumors after DOX-loaded PCL NP treatment. Weight of mice treated with DOX-loaded PCL NPs, free DOX, and blank
PCL NPs were measured until the final point of the experiment throughout a 33-day period. The data were represented as the mean value ± S.D. (n = 10).
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4. Discussion

Breast and lung cancer are the two types of tumors with the highest
incidenceworldwide. Despite the advances in chemotherapy treatment,
both types of tumors result in a large numbers of deaths (Ferlay et al.,
2013). Themain reason for the failure of current chemotherapy is relat-
ed to its lack of specificity and the induction of high levels of toxicity that
result in very debilitating side effects for patients. This factmakes it nec-
essary to limit the drug dose that then is sometimes not enough to stop
the progress of the disease (Blanco and Ferrari, 2014). Our study shows
the beneficial properties of DOX-loaded PCL NPs in improving the anti-
tumoral activity of the drug against breast and lung tumors. In
Fig. 8. In vivoDOX-loaded PCL NPs toxicity study inmice. C57BL/6micewere treatedwith a sing
group. (A) Tissue toxicity (heart, lung and liver) was analyzed using hematoxylin and eosin
(arrows) when DOX was used. (B) Graphical representation of blood markers of cardiovascula
the mean value ± S.D. (C) Body weight progression. The weight of mice was measured every
mean value ± S.D.
particular, our NPs allowed a greater DOX encapsulation and a biphasic
drug release, increased cellular internalization, and also achieved a clear
decrease in the DOX IC50 value in vitro and a decrease in tumor volume
in vivo, supporting the potential of PCL NPs for anticancer agent delivery
(Gou et al., 2011).

The synthesis of DOX-loaded PCL NPs was based on a modified
nanoprecipitation solvent evaporation procedure (Cirpanli et al., 2011;
Letchford et al., 2009) involving the use of a probe sonicator. This tech-
nique generatedDOX-loadedNPswith an average size of b90 nm (Table
1), which could be sufficient to facilitate cellular uptake and hence pro-
duce a significant concentration of drug molecules within cancer cells
(Decuzzi et al., 2009). The best preparation conditions were defined to
le dose of free DOX and DOX-loaded PCL NPs (10mg/kg). Untreatedmicewere the control
staining (Magnification 20×), revealing signs of cardiotoxicity (myofibrillar disruption)
r damage showing elevated CRP levels when DOX was used. The data are represented as
two days from the day of drug inoculation until day 14. The data are represented as the



Table 2
Analysis of blood parameters in mice treated with DOX, PCL-DOX and PCL NPs.

Blood
parameters

CONTROL DOX PCL-DOX PCL

WBC (103/μL) 6.38 ± 1.41 3.98 ± 0.44⁎ 6.40 ± 1.71 4.49 ± 0.80
RBC (106/μL) 10.27 ± 0.47 9.28 ± 1.08 9.37 ± 0.62 8.16 ± 1.85
HGB (g/dL) 16.27 ± 0.80 15.03 ± 1.70 15.03 ± 1.03 13.26 ± 2.99
HCT (%) 47.75 ± 2.41 42.07 ± 4.99 42.67 ± 2.76 37.06 ± 8.58
RDW 14.08 ± 0.56 14.35 ± 0.32 14.85

± 0.48⁎
14.69 ± 0.32

PLT (103/μL) 634.17
± 80.76

817.33
± 162.57

690.83
± 57.86

615.5
± 224.83

PCT (%) 0.37 ± 0.04 0.47 ± 0.10 0.41 ± 0.03 0.37 ± 0.13
PDW 21.13 ± 1.12 20.08 ± 3.21 22.42 ± 2.52 22.84 ± 3.16

WBC, white blood cells; RBC, total red blood cells; HGB, hemoglobin, HCT, hematocrit;
RDW, red cell distribution width; PLT, total platelets; PCT, plateletcrit; PDW, platelet dis-
tribution width. The data represents the mean value ± S.D. (n = 8).
⁎ p ˂ 0.05 compared to control.
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be those assuring the greatest drug loading. DOX was assumed to be
entrappedwithin the PCLmatrix rather than just adsorbed onto the par-
ticle surface, given the similarities between the electrokinetics (ζ
values) of blank NPs and drug-loaded NPs (Table 1). The biphasic (and
sustained) DOX release profile (depicted in Fig. 1) could be the conse-
quence of an initial fast drug release (loss of poorly entrappedDOXmol-
ecules rapidly diffusing into PBS), followed by a slower second stage in
which the drug fraction deeply embedded within the PCL structure
underwent a longer diffusion path before release (Pohlmann et al.,
2013).

In vitro results showed good biocompatibility of our PCL NPs in
mouse and human tumor cell assays supporting previous data obtained
in neuroblastoma (SH-SY5Y cells), prostate cancer (PC3, DU-145 and
LNCaP cells), lung (A549 cells) and breast (MCF-7 cells) cancer, and
even embryonic kidney cells (HEK-293) (Arunraj et al., 2013; Cheng et
al., 2012; Guo et al., 2015; Li et al., 2013; Sanna et al., 2015). In addition,
no PCL NPs showed toxicity when tested in the non-tumor cell line
H9C2.

Interestingly, the use of PCL NPs to load DOX (DOX-loaded PCL NPs)
produced a significant increase in the drug's antitumoral activity against
all the cell lines tested compared to free DOX, reducing the DOX IC50
value reducing the DOX IC50 value between 2.3 and 2.75 fold for lung
cancer and between 7.8 and 65 fold for breast cancer. By contrast,
DOX-loaded PCL NPs did not increase DOX toxicity in the non-tumor
cell line H9C2. Many authors have also reported an increment in the cy-
totoxic effects of several drugs in some cancers when carried by PCL
NPs. In fact, celastrol-loaded PCL NPs increased drug activity by up to
40% against PC3 prostate carcinoma cells compared with free celastrol
(Sanna et al., 2015), carboplatin was able to reduce IC50 up to 3.06
times in the glioblastoma-astrocytoma cell line U-87MGwhenwas car-
ried by PCL NPs (Karanam et al., 2015) and some triblock copolymers
that included PCL improved the anti-tumor activity of DOX in the
B16F10 melanoma cells (Shi et al., 2014). Recently, Suksiriworapong
et al. (2016) have showed a significant decrease in quercetin IC50 (up
to 4.6) using quercetin-loaded copolymers of PCL-co-d-a-tocopheryl
PEG 1000 succinate in the SK-BR-3 breast cancer cell line. Concretely,
DOX-loaded PCL NPs improved the activity of DOX in lung and breast
cancer in comparison to other nanoformulations. In fact, we showed a
higher decrease in A-549 proliferation with PCL-DOX NPs than the one
described by Arunraj et al. (2013) using DOX-loaded chitin-PCL com-
posite nanogels. This NPs showed an IC50 1.6 fold higher than DOX, de-
spite of their good cellular internalization.Mesoporous silicaNPs loaded
with DOX induced a smaller IC50 decrease than DOX-loaded PCL NPs in
the same breast cancer cell line (MCF-7) (Gao et al., 2011). Furthermore,
DOX-loaded PCL NPs induced higher cytotoxicity than calcium phos-
phate-reinforced polymer (Min et al., 2012) or Smac peptide-conjugat-
ed NPs (Li et al., 2015) in breast cancer cells. For example, the DOX IC50
decrease demonstrated by Li et al. (2015) in the MDA-MB-231 breast
cancer cells (2.22 fold) was lower than the one induced by PCL-DOX
NPs inMCF-7 and E0071 breast cancer cells (7.8 fold and 65 fold respec-
tively). Recently, Eatemadi et al. (2016) also showed a DOX IC50 de-
crease using DOX-loaded PCL-polyethylene glycol NPs in both T47D
(1.84 fold) and MCF7 (1.85 fold) breast cancer cell lines.

The transport of drugs, including DOX, towards the tumor cell may
be facilitated by PCL NPs, resulting in increased antitumoral activity
(Zheng et al., 2011). Karanam et al. (2015) showed a significant increase
in the presence of the fluorochrome fluorescein isothiocyanate (FITC) in
the U-87 MG cells when it was carried by PCL NPs (1 and 4 h of expo-
sure). Fluorescence microscopy and FACScan analysis demonstrated
that DOX-loaded PCL NPs penetrated efficiently into breast and lung
cancer cells with a significant increase of drug uptake by the cell
through time in comparison to free DOX. Recently, Suksiriworapong et
al. (2016) showed that coumarin-6-loaded P (CL)-TPGS NPs were also
able to increase NP cell uptake in SK-BR-3 cells through time (1, 2 and
4 h). The greater antiproliferative effect of DOX-loaded NPs compared
to free drug could be related to an increased cell uptake in tumor cells,
due their endocytic pathway deregulation (Mellman and Yarden,
2013; Elkin et al., 2015). This fact could be the reason for the non-en-
hanced toxicity of DOX-loaded PCL NPs in the non-tumor H9C2 cells. In-
terestingly, although the intracellular localization of DOX (nucleus/
cytoplasm) was similar after treatments with DOX-loaded NPs and
free DOX, a greater presence of DOX in cytoplasm was detected with
the use of the PCL NPs. These results support studies showing a higher
cytoplasmic location of DOX when loaded in PCL NPs in comparison to
free DOX, possibly due to the continuous release of DOX from the poly-
mer (Cheng et al., 2012; Li et al., 2013). Other studies showed a cyto-
plasmic localization of the FITC-loaded copolymer using copolymers of
PEG-PCL-polyethylenimine (PCIF) loaded with DOX and FITC in the
4T1 mouse breast cancer cell line while the intracellular location of
DOX was predominantly nuclear (Guo et al., 2015). Recently, a prefer-
ential cytoplasmic localization around the nucleus was also observed
with the use of coumarin-6-loaded PCL-PGS NPs (Suksiriworapong et
al., 2016).

When DOX-loaded PCL NPs were administered tomice bearing sub-
cutaneous tumors of breast and lung cancer, a significant volume reduc-
tion (≈36%) in both tumors was demonstrated in comparison to those
treated with free DOX (Fig. 6A). This increased antitumoral activity of
the drug was accompanied by a clear increase in the survival rate, but
only in the case of mice bearing lung tumors. There are not many in
vivo studies with similar PCL NPs, but Wang et al. (2013) showed
more limited results using curcumin and DOX cotransported in the mi-
celles of PEG-PCL NPs in C57BL/6 mice bearing subcutaneous tumors
from the LL/2 cell line in comparison to the free drug. Similar tumor vol-
ume progression was observed with some DOX-loaded polymer-caged
nanobins or DOX-loaded non-mineralized micelles in lung or breast
cancer xenograft models induced with MDA-MB-231 cells (Lee et al.,
2010; Min et al., 2012). Recently, lipidic nanoformulations, such as
nanostructured lipid carriers and liposomes, also improved the DOX an-
titumor activity in a breast cancer in vivomodel induced by the 4T1 cell
line (Fernandes et al., 2016). However, unlike DOX-loaded PCL NPs,
none of these latter nanoformulations were assayed for cardiotoxicity
or hematological toxicity.

In addition, PCL NPs may be improved by usingmagnetic nanoparti-
cles, as recently shown by Tang et al. (2016) who obtained an increased
DOX accumulation around the tumor tissues (murine hepatocarcinoma
from the H22 cell line) using magnetic PCL-PEG micelles. Other drugs
such as quercetin and genistein have shown improved in vivo antitumor
activity thanks to the use of PCL NPs. Quercetin-loaded monomethoxy
PEG-PCL and genistein-loaded TPGS-b-PCLNPs induced a greater reduc-
tion in the tumor volume of BALB/c mice bearing colon tumors from the
CT26 and HeLa cell lines, respectively (Xu et al., 2015; Zhang et al.,
2015). The treatmentwaswell tolerated, not inducingmajor alterations
in the weight of the mice.
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Finally, themodulation of DOX toxicity through associationwith PCL
NPs was analyzed in the mice. Administering a single dose of free DOX
(10mgof DOX/kg bodyweight) induced somemyocardium injury, sup-
ported by a significant increase in the CRP cardiovascular damagemark-
er in serum. In addition, free DOX altered blood parameters in mice,
inducing a significant decrease in the WBC value. Interestingly, the
DOX-loaded PCL NP treatment neither modified the WBC value nor al-
tered the tissue histology or cardiovascular damage blood markers
(MMP-9, sVACM-1 and CRP) compared to the control mice. These
blood markers are currently used to detect cardiovascular diseases
(Chua et al., 2016; Ky et al., 2014; Okur et al., 2016) and it is known
that they increase in blood when DOX is administered, particularly in
the case of CRP (Ky et al., 2014). These results therefore suggest that
DOX-loaded PCL NPs reduce the classical drug toxicity in myocardium,
as well as blood toxicity. In fact, modulation of the DOX biodistribution
caused by the use of a nanocarrier (PCL NP) may be correlated with
changes in the accumulation of DOX in cardiac tissue (Chen et al.,
2013, 2016; Tran et al., 2014; Xie et al., 2014). Neither free DOX nor
DOX-loaded PCL NP treatments caused weight loss or other alterations
in tissues, such as the lungs (pulmonary congestion) or liver (hepato-
cytes necrosis), probably due to the DOX dosage administered (Zhu et
al., 2014). In this context, decreased DOX toxicity with the use of PCL
NPs as the carrier, has also been recently described by Sun et al.
(2016), demonstrating less modulation of the WBC and MPV blood pa-
rameters inmicewithmelanomawith the usemonomethoxy PEG-PCL-
DOX NPs in comparison to the free drug. Similar results were reported
by Chen et al. (2016) when DOX and PTX-loaded PCL NPs were used
to co-treat BALB/c nude mice bearing subcutaneous KBv tumors.
5. Conclusion

In conclusion, the in vitro analysis of DOX-loaded PCL NPs demon-
strated a significant increase of DOX cytotoxicity in all lung and breast
cancer cells tested, in comparison to free DOX, causing a decrease of
up to 98% of the drug IC50 (E0771 cell line). Biodegradable PCL
nanocarriers showed good biocompatibility even at the highest concen-
trations. In addition,DOX-loaded PCLNPs increased drug internalization
in both breast and lung tumor cells. An analysis of breast and lung can-
cer xenografts showed a greater reduction in tumor volume (up to 36%)
whenDOX-loaded PCLNPswere used in comparison to freeDOX.More-
over, DOX-loaded PCL NPs were able to reduce DOX toxicity in vivo
without causing myocardial injury or modulation of blood cell parame-
ters. The resultswith theDOX-loaded PCLNP formulation suggest that it
has significant potential for further translation into clinical applications.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ejps.2017.02.026.
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